UNIVERSITA DEGLI STUDI DI MILANO
FACOLTA DI AGRARIA

"~ Graduate School in Molecular Sciences and Plant, Ied and
Environmental Biotechnology

PhD programme in Food Science, Technology and Biatkenology

Bioactives in milk-derived products:
bacterial production of immunomodulatory casein
hydrolysates and tools for identification of an
immunogenic bacterial protein

Scientific field AGR/15 — AGR/16

MILDA STUKNYT E

Tutor: Prof. Ivano De Noni
Co-tutors: Dr. Simone Guglielmetti and Prof. Diddora
PhD Coordinator: Prof. Maria Grazia Fortina

XXIV cycle
2010/2011






Jonui



Contents

CONTENTS

ABSTRACT ..ttt ettt e e et e e e e e s e e e e 6

RIASSUNTO ...ttt e e s e e e s e e e e e e e e e e e e e e aennees 7

PREFACE ...ttt ettt e e ettt e e e e e e e e e e e e e e e e e e e e e e 8
REFERENGCES ... .ottt ettt e e e 10

1 IMMUNOMODULATORY ACTIVITY OF BOVINE CASEIN HYDROLYSATES
PRODUCED AFTER DIGESTION WITH CELL ENVELOPE-ASSOCIAD

PROTEINASES OF LACTIC ACID BACTERIA. ..ottt 13
11 STATE OF THE ART ..ttt ottt e e 14
1.1.1 Biologically active peptides: the definition. . .cco........ccccoeiiiiiiiiiiiiiiiiie 4.1
1.1.2 Production mechanisms of biopeptides: focus orptbésolytic system action of
LA B e e e ———— ke e e b et e e h et e e oAb bt e e eR b e e e e ahbe e e bt e e e abree e anraeaen 14
1.1.3 Accessibility of biopeptides by human host...............cccoiiiiiiiiiiee 16
1.1.4 Milk protein hydrolysates as a source of biolodicaktive peptides................ 16
1.1.5 Casein-derived biopeptides: focus on peptides ayapy immunomodulatory
= Tod 111/ PSP
1.2 AIMS OF THE STUDY ..ottt
1.3 MATERIALS AND METHODS. ..ottt
1.3.1 Bacterial strains and culture CONAItIONS ... eeeveeerirreeeniiee e
1.3.2 Determination of CEPpft) gene fragments .............cccccvvvvneeen
1.3.3  Preparation Of CHS........uuiiiiiiie e
1.3.4 Evaluation of sodium caseinate hydrolysis by-RPLC
1.3.5 Cultivation of Caco-2 CellS ......ccooiiiiiiii e
1.3.6  Construction of stable NkB reporting Caco-2 cellS........cccccvvvvvevicccennnnnns
1.3.7 Evaluation of immunomodulatory activity of CHS ...,
1.3.8  Statistical @NalySIS.........uuuuiiiiiiiiiiit e
14 RESULTS AND DISCUSSION ... ..octiiiiiiiiiiie e
1.4.1 Proteolytic activities of lactic acid bacterial@trs.............cccccvvevevviiieeeeeennnnnn.
1.4.2 Immunomodulatory activities of CHS...........ccccmvviiiiiiiiiiiiceceeeee e
15 CONCLUSIONS ...ttt ettt esnne s
1.6 REFERENGCES ...ttt
2 LACTOBACILLUS HELVETICUSIIMLhS S-LAYER PROTEIN-SPECIFIC BINDERS
FROM ANTIBODY LIBRARIES. ..ottt ettt 41
2.1 STATE OF THE ART .ttt ottt e s 42
2.1.1  S-layer proteins ofactobacillUSSPP.....evveeiieiieiiaeaaiiiii b e 42
2.1.2 Binders from phage antibody libraries. ... 3.4
2.1.21  Phage diSPlay......cccccoueiiiiiiieiieeie ettt 44
2.1.2.2  Antibody lIDraries.......cccoeiiiiiii it e e e 46
2.1.2.3  Selection of binders from phage displayed libraries..........c.ccc.c.ce...... 47
2.2 AIMS OF THE STUDY ..ottt 49
2.3 MATERIALS AND METHODS. ..ottt 50
2.3.1 Bacterial strains and culture CONItioNS ... ceeeerereinneeereeneee e 50.
2.3.2 Extraction and purification of S-layer protein framhelveticusMIMLh5........ 50
2.3.3  SDS—PAGE ... i 51
2.3.4 RP—HPLC of S-layer protein ...........ccooiiiiemeeeiiiieeeeeee s 51
2.3.5 Evaluation of immunomodulatory activity df. helveticusMIMLh5 S-layer
0] (01 (= o I U PR ORI 51
2.3.6 Determination of molecular mass of S-layer protgirmass spectrometry....... 51



Contents

2.3.7 Determination of S-layer coding gene sequence frofrelveticusMIMLh5 and

TES BNAIYSIS ..ottt ettt et e e e e e e e e e e e e e e e aan b ae e e et e e e e e aaeaeaaaeaaaaaaaan 52
RS I OTo -1 1] o o] fo To=To [1 ] £ PP PEURRPPR 52
2.3.9 Synthetic human antibody libraries, vectors angdriephage.........ccccccceeeeee. 52
2.3.10 Panning on mMiCrotiter WellS ............cooi i e e ee e 53
2.3.11 Screening for the binding specificity of phage bodies to purified S-layer
o]0 (= o 1P 54
2.3.12 Screening for the binding specificity of phage loties to S-layer protein-
CONtAINING LAB SITAINS ...vvviiiiiiiie e ettt e e e e e e e e e e e s s s renr e e e e e e e e e e e e e e e s 54
2.3.13 Preparation of anti-S-layer binder (anti-S-layerF\s®hoA-6<His fusion)
extracts for Western bBIOttNG .........uuuewiicecccc e e e 55
2.3.14 Preparation of LAB total protein extracts for Westblotting.....................o. 55
2.3.15 Detection ofL. helveticusMIMLh5 S-layer protein by Western blotting .....56
2.3.16 Preparation of Grana Padano cheese samples foekvédotting.................... 56
2.3.17 Detection of S-layer protein in cheese samples legtérn blotting.................. 57
2.3.18 StatistiCal @N@lYSIS......ccocuiiieiiiiiiiet et e e e e e e e e e e 57
24 RESULTS AND DISCUSSION ... ..ciiiiiiiiiiiiieeitee ittt sneee s 58
2.4.1 Extraction and purification df. helveticusMIMLh5 S-layer protein................ 58
2.4.2 Evaluation ofin vitro immunomodulatory activity oE. helveticusMIMLh5 S-
oY= o] o) (= o [PPSR 58
2.4.3 Determination of th&. helveticuMIMLh5 S-layer protein molecular mass....59
2.4.4  Prediction of the.. helveticusMIMLh5 S-layer protein sequence............... 60
2.4.5 Selection and basic characterisation of scFv adtésoagainstL. helveticus
MIMLh5 S-layer protein from phage displayed lIDEFi...........ccvvvvviiiiiiieeen 64.
2.4.5.1 Immobilisation ofL. helveticusMIMLh5 S-layer protein.............cccveee... 64
2.45.2  Selection, isolation and testing of binder pool.....................ccocciinies 64
2.45.3 Cloning and screening for individual binders..............ccccccn. 67
2.45.4  Determination of anti-S-layer-scFv antibodies’ birglspecificity.......... 72
2.455  Determination of anti-S-layer-scFv antibodies’ seviy ...................... 74
2.4.6 Detection ofL. helveticusS-layer protein in Grana Padano samples.......... 74
25 CONCLUSIONS ...ttt ettt ettt e e sae e e be e e eneeas 77
2.6 REFERENGCES ...ttt 78
APPENDIX 1. COPIES OF ABSTRACTS OF PAPERS, ORAL CHIMNICATIONS AND
POSTERS ...ttt e ettt e e e 83
APPENDIX 2. INDEX OF TABLES ...ttt 92
APPENDIX 3. INDEX OF FIGURES..........cciittiimmmmmreeeesieee st snee s 93



Abstract

ABSTRACT

During hydrolysis of bovine milk caseins, cell eloge-associated proteinases (CEPSs) of lactic
acid bacteria (LAB) may be able to produce hydralgs that possessn vitro
immunomodulatory activity. We studied the proteiglydctivity against bovine milk caseins
exerted by specific strains of LAB selected onlthsis of a preliminary genomic screening for
the presence of CEPs. The tested strains dematbtditerse hydrolytic ability against
different casein fractionsgs;- and B-casein in particular. The 3 kDa-ultrafiltered dase
hydrolysates (CHs), produced after digestion witbtginases ofLactobacillus acidophilus
ATCC 4356 andLactococcus lactissubsp.lactis GR5 demonstrated immunomodulatory
activity in vitro by significantly decreasing the basal NB-activity in recombinant Caco-2 cell
layers. Both the strains digest@dcasein mostly. However, in the case ladctobacillus
helveticusMIMLh5, the investigation proved that the immunaimtatory activity of obtained
CH was comparable to the one exerted by bactegimdblves (in the absence of caseinate) and
therefore, was not due to the presence of caseinedepeptides. Indeed, the surface layer (S-
layer) protein ofL. helveticusMIMLh5 was identified as a molecule responsible fbe
immunomodulation. Overall, these results emphasiee importance of this bacterial cell-
derived protein while evaluating the immunologieativity of CHs, and it underlines the
necessity to remove such molecule in order to pipessess the bioactivity of CHs deriving
from the proteolytic activity of LAB.

The second part of the research was focussed aetbetion of surface layer (S-layer)-specific
single-chain variable fragment antibodies (scFashew powerful tool for the study of the S-
layer ofL. helveticusMIMLh5, the immunologically active protein, andrfiss identification in
milk-derived products containing. helveticusas a starter or non starter LAB. In this study, a
mix of two human synthetic phage displayed libmirfprotein-directed and hapten-directed)
was used to select scFvs againshelveticusMIMLhS S-layer protein. After three rounds of
panning, four monoclonal scFv binders capable odlibig to thel. helveticusMIMLh5 S-layer
protein and one capable of binding not only to tientioned protein, but also to the S-layer
protein of L. helveticusATCC 15009, which is different only in five aminacids, were
obtained. All five identified novel anti-S-layerFses were expressed Escherichia coliXL1-
Blue, and their basic characterisation was perfdrndmti-S-layer-scFv PolyH4 was used to
develop an assay, based on Western blot analgsigiefection of the S-layer protein in Grana
Padano samples. These results showed promisingafighs of the method for the detection of
the S-layer protein in food matrices.



Riassunto

RIASSUNTO

Composti bioattivi in prodotti derivati dal latte: idrolizzati batterici di
caseina immunomodulanti e strumenti per l'identifi@zione di una proteina
batterica con proprieta immunogeniche

Durante l'idrolisi delle caseine del latte bovire, proteinasi della parete cellulare (CEP) di
alcuni batteri lattici (LAB) possono produrre idezlati in grado di esplicarm vitro attivita
immunomodulante. In questo lavoro, e stata studiatavita proteolitica a carico delle caseine
del latte bovino esercitata da specifici ceppi diBLselezionati sulla base di un preliminare
screening genomico per la presenza di CEP. | ciggpati hanno evidenziato una diversa
capacita idrolitica nei confronti delle diverseZiani caseinichegs;- e B- in particolare. Gli
ultrafiltrati a 3 kDa degli idrolizzati caseinicCH) prodotti dopo digestione con proteinasi di
Lactobacillus acidophilusATCC 4356 e Lactococcus lactissubsp. lactis GR5 hanno
evidenziato attivita immunomodulante vitro risultando capaci di ridurre I'attivita basale di
NF-kB nelle cellule ricombinanti Caco-2. Entrambi i pepanno evidenziato una prevalente
azione idrolitica a carico dell-caseina. Tuttavia, nel caso dactobacillus helveticus
MIMLh5, lo studio ha dimostrato che [lattivita immamodulante del relativo CH era
paragonabile a quella esercitata dai batteri s{@ss@issenza di caseina) e, quindi, non legata
alla presenza di peptidi originanti dalla proteotislla caseina. In particolare, la proteina di
superficie (I'S-layer) diL. helveticus MIMLhS & stata identificata come la molecola
responsabile dell’attivita immunomodulante del Gplesti risultati sottolineano I'importanza
di questa proteina di origine batterica durantedtazione della attivita immunologica di CH
ed evidenziano la necessita di eliminare tale nuddeper valutare correttamente la bioattivita
di CH derivati dall’azione proteolitica di LAB.

La seconda parte della ricerca € stata focalizaata selezione di anticorpi fagiaifgle-chain
variable fragmentscFv) specifici per I'S-layer di. helveticusMIMLh5: per il suo studio e per
la sua identificazione nei prodotti lattiero-caseantenentiL. helveticuscome colture starter o
non-starter LAB. Nel dettaglio, in questo studiedibrerie sintetiche umane di fagi (proteine-
diretti e aptene-diretti) sono state utilizzate pelezionare scFvs specifici per la proteina S-
layer di L. helveticusMIMLh5. Dopo tre turni di panning, sono stati idi€icati quattro
anticorpi monoclonali scFv in grado di riconoscdee proteina S-layer di. helveticus
MIMLh5, ed uno in grado di riconoscere anche I'Seladel ceppo ATCC 15009, proteina che
si differenzia da quella del ceppo MIMLh5 per sthque aminoacidi. | cinque scFvs anti-S-
layer sono stati espressi iBscherichia coli XL1-Blue ed & stata effettuata la loro
caratterizzazione di base. Uno di essi (PolyH4)adosutilizzato per sviluppare un test (sulla
base di Western blot) per rilevare questa proté@inaampioni di Grana Padano. | risultati
ottenuti evidenziano promettenti applicazioni dedtodo per il rilevamento della proteina S-
layer in matrici alimentari.



Preface

PREFACE

There has been increased interest in the studyhefrélationship between nutrition and
immunity due to the hypothesis that consumptionesfain foods may reduce susceptibility for
the establishment and/or progression of immunoldgitseases (Sandré et al., 2001). In the last
decade, the interest in food-derived bioactive igdept has greatly increased (Korhonen &
Pihlanto, 2006; Hartmann & Meisel, 2007; Phelaralet 2009a). It is well documented that
microbiological proteolysis of food proteins (mitkoteins being the most widely studied) can
yield physiologically important bioactive peptid¢dayes et al., 2007a; Korhonen, 2009).
Bovine milk contains a number of potent immunoregaly peptides that affect the immune
system via cellular functions and there is gretdrgst in the immunomodulatory properties of
casein hydrolysates (CHs) (Migliore-Samour et &889; Sandré et al., 2001; Jing & Kitts,
2004; Bennett et al., 2005; Phelan et al., 2009b).

Caseins are the most abundant milk proteins, wbastitute the 78 % of total bovine milk
protein content (Gagnaire et al., 2009). Enzymptateolysis of caseins yields many different
bioactive peptides. A number of these peptides haen identified in milk CHs and fermented
dairy products, as reviewed in a series of recapeps (Ferranti et al., 2004; Rowan et al.,
2005; Hayes et al., 2007a, 2007b; Jensen et d@9;20orhonen, 2009; Phelan et al., 2009a,
2009b). They have been shown to exert both funatiand physiological roles vitro andin
vivo, and because of this they are of particular isteffer food science and nutrition
applications. Biological activities associated withch peptides include: immunomodulatory,
cytomodulatory, hypotensive, antimicrobial, minebaiding, antioxidant, antithrombotic along
with opioid agonist and antagonist activities (Gitl al., 2000; Korhonen & Pihlanto, 2006;
Korhonen, 2009; Phelan et al., 2009a).

These milk casein-derived biologically active pdp8 are inactive within the sequence of a
parent protein, but can be released during gaséstinal digestion, food processing and
fermentation. The latter comprehends the hydrolysjs proteolytic starter or non-starter
microorganisms such as lactic acid bacteria (LABhglan et al., 2009a; Tellez et al., 2010,
2011).

Therefore, the first part of this PhD research wascted towards the investigation of the
immunomodulatory activity of bovine casein hydralies produced after digestion with
proteinases of LAB.

Many LAB have a complex proteolytic system capaffiedegrading caseins (Jensen et al.,
2009; Sadat-Mekmene et al., 2011) and thus not balyng a strong impact on texture and
flavour of cheese in its production chain (Obergakt 1991; Smit et al., 2005), but also
producing bioactive peptides including those witimunomodulatory properties (Matar et al.,
2001; LeBlanc et al., 2002; LeBlanc et al., 2004ll8z et al., 2010, 2011). On the other hand,
LAB such ad.actobacillus helveticysa thermophilic homofermentative LAB traditionaliged

in cheese manufacture (Fortina et al., 1998; Gattl., 2004; Jensen et al., 2009), can exert
their bioactive abilities by themselves, influergithe host's immune system (Vinderola et al.,
2005; Galdeano et al., 2007; Timmerman et al., 20@Beer et al., 2008; Guglielmetti et al.,
2010; O'Flaherty & Klaenhammer, 2010).

It was demonstrated that surface-located molecwesh as heat-shock protein rGroEL
(Bergonzelli et al., 2006) and surface layer (Sefxyprotein (the most abundant bacterial cell
wall protein, Begano¥i et al., 2011; Taverniti & Guglielmetti, 2011; Tawgi et al.,
manuscript in preparation), contribute to this\tti Thus, in the light of immunomodulation,
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the presence of starter and non-starter bacteritres should be considered in fermented milk
products while evaluating their immunomodulatorpperties. Furthermore, the necessity to
have tools for the study of the immunologicallyiaetS-layer protein and for its identification
in milk-derived products containirlg helveticusas a starter or non starter LAB appeared.

Therefore, the second part of this PhD researchfe@sssed on the development of protein-
specific binders by increasingly important phagepliiy technology (Willats, 2002; Bradbury
& Marks, 2004; Kehoe & Kay, 2005; Bradbury et 2011), a new powerful tool for the study
of L. helveticusS-layer protein and for its identification in milerived products containirlg
helveticus
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1.1 State of the Art

1.1 STATE OF THE ART
1.1.1 Biologically active peptides: the definition

Bioactive peptides are described as ‘food-derivethmonents (native or generated) that in
addition to their nutritional value, exert a physgical effect in the body’ (Vermeirssen et al.,
2004). The definition of bioactive peptides inclupeptides generated from food, which can
affect one or more biological processes causingeasorable effect on the functions and
conditions of our body and, ultimately, on heallthis definition implies the exclusion of

peptides with toxic and allergenic effects (Schnezeir et at., 2000).

Today, milk proteins are considered the most imgrdrsource of bioactive peptides and an
increasing number of bioactive peptides have bdentified in milk protein hydrolysates and
fermented dairy products. Bioactive peptides deriiemm milk proteins offer a promising
approach for the promotion of health by means dhikored diet and provide interesting
opportunities to the dairy industry for expansidiit®field of operation (Nagpal et al., 2011).

1.1.2 Production mechanisms of biopeptides: focus on thgroteolytic system action of
LAB

Milk proteins may contain several biologically aetipeptides with sizes varying from 2 to 40
amino acids (Korhonen, 2009; Phelan et al., 2008y are inactive within the sequence of a
parent protein, but can be released during an eatignpre-digestion: (i) gastrointestinal
digestion: hydrolysis with proteolytic enzymes sted into the gastrointestinal tract such as
pepsin and chymotrypsin, (ii) food processing: ®stdal food manufacturing processes,
including biotransformation with isolated enzymasgd (iii) fermentation: microbial enzymes
expressed by microorganisms of the intestinal amaod fmicrobiota (Moller et al., 2008;
Korhonen, 2009).

A large variety of LAB are widely used as starterproduce fermented dairy products. They
are quite fastidious microorganisms and requirexagenous source of amino acids or peptides
for optimal growth. As milk is poor in these low-taoular-weight compounds, its growth
largely depends on their proteolytic system to eahihydrolysis of caseins into peptides and
amino acids (Thomas & Pritchard, 1987). The enzymeslved in milk protein degradation
are: (i) cell envelope proteinases (CEPs), andrifpcellular peptidases (Thomas & Pritchard,
1987). CEPs are the key enzymes of this process $hey are the only enzymes responsible
for the first step of milk casein breakdown inte@gobeptides (Siezen, 1999). The latter are then
transported into the bacteria by a transport sysfemamino acids, and di-, tri- and
oligopeptides and further degraded by a complexsattracellular peptidases (Christensen et
al., 1999).

Moreover, CEPs of intestinal microbiota achieve rojbis of caseins into peptides with
biological activities (Hayes et al., 2007a, 2007A)so in the case of immunomodulatory
peptides, milk fermentation contributes to the gatien of fermented milk with potential

immunological activity. Despite detailed knowledgé the proteolytic systems of LAB as

outlined above, information on the production afdiitive peptides through milk fermentation
and the specific proteinases responsible for bioagteptide release during dairy fermentation
is lacking, with only a few reports available (Hayet al., 2007a)

The cell wall proteinase dfactococcus lactisvas shown tan vitro liberate oligopeptides from
B- and a-caseins, which contain amino acid sequences préserasomorphins, casokinines,
and immunopeptides (Meisel & Bockelmann, 1999). Turther degradation of these peptides
by endopeptidases and exopeptidases of LAB coald e the liberation of bioactive peptides
in fermented milk products. Algaron et al. (200d)niented milk with mutarit. lactis strains
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lacking either aminopeptidase N, PepX or tripegélto test their ability to form peptides with
anti-hypertensive or immunomodulatory activitieadao relate the resultant bioactivity to a
specific mutation. Authors reported that, in sorases, the modified proteolytic systemLof
lactis gave rise to a significant difference in the migtwof peptides produced during milk
fermentation, indicating that the specific peptelastivity of LAB affects the bioactive nature
of the peptides produced.

In Streptococcuthermophilusthe presence of a CEP, PrtS, is less commonithanactis. In

S. thermophilus high CEP activities are associated with high raitidifying capacities
(Shahbal et al., 1991). Strain CNRZ 385 of thiscgge was first characterised by its rapid
growth and high acidification rate in milk (Shahbketl al., 1991). This rapid growth was
correlated with the presence of high proteinasévictassociated with the cell wall ds.
thermophilusstrains. Thus, the main role of PrtS was conclugedoncern the amino acid
supply to the cell via casein hydrolysis. This pioase was later purified and characterised
biochemically as well as geneticallygrnandez-Espla et al., 200h addition,S. thermophilus
cell wall proteinases were proposed be involvedhi development of dairy product health
properties via bioactive peptide productidrefnandez-Espla et al., 200BJowever, no direct
experimental data exist up to date. MacDonald et(H#94) and Ganjam et al. (1997)
demonstrated that bioactive peptides present imhyagermented withS. thermophilusand
Lactobacillus delbrueckisubsp.bulgaricus decreased cell proliferation of IEC-6 or Caco-2
human intestinal epithelial cell lines, which magplain, at least partially, why consumption of
yoghurt has been associated with a reduced incidaiccolon cancer. De Simone and
collaborators (De Simone et al., 1986) tested fiateny production of human peripheral blood
lymphocytes in response to filtered yoghurt devaifli microorganisms, which lets the
assumption that the immunomodulatory activity idependent from the presence of living
microorganisms.

In general,L. helveticusis known to have high proteolytic activity, caugithe release of
oligopeptides from digestion of milk proteins (Loebal., 2011; Sadat-Mekmene et al., 2011).
Laffineur and colleagues (1996) showed tBatasein, fermented with. helveticus modulates
lymphocyte proliferationn vitro. The same bacterial species, selected for thiyatuilproduce
fermented milk with high ACE-inhibitory activity, rpduces a fermented milk with
immunomodulatory properties. Rachid et al. (2006jndnstrated that the administration of
milk fermented withL. helveticusdecreases the growth rate of tumours in a muriodetnfor
mammary carcinoma. In addition, LeBlanc et al. @00sed the straih. helveticusR389 to
ferment milk. The fermented milk was administeredhtice with fibrosarcoma, resulting in a
decrease of tumour size. Moreover, Matar and agliea (2001) tested the helveticusR389
non-proteolytic variant for the ability to produpeptides with immunomodulatory activities.
They reported that protease-deficient variant. ohelveticusR389 failed to induce a general
activation of the immune system, demonstratingnipgortance of the CEP activity of the strain
in the production of peptides with investigatedidgical activity.

Milk fermented byL. helveticusnot only demonstrated anti-tumoural properties biso
induced the total antibody production agaifst coli O157:H7 in mice infected with this
pathogen (LeBlanc et al., 2002; LeBlanc et al., 00

Besides thd.. helveticus other LAB were demonstrated to produce milk pgroteydrolysates
with immunomodulatory properties. In fact, milk fiegnted withLactobacillus paracaseas
shown to produce peptides fr@@dactoglobulin that stimulate IL-10 production adepress the
lymphocyte proliferation (Prioult et al., 2004). t8 and co-workers (1996a, 1996¢)
demonstrated that caseins hydrolysed Lactobacillus caseiGG and digestive enzymes
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generated compounds with suppressive effects orahuimymphocyte activation, modulating
IL-2 expression.

The immunomodulatory activity is independent frone fpresence of livind.. helveticus as
demonstrated by LeBlanc and collaborators (2004) e#tamined the antibody production after
E. coli O157:H7 infection following the administration af cell-free supernatant from.
helveticusfermented milk. They found that the increasedbaay production is not related to
viable microorganism. More recently, Vinderola €t(@007) showed that the supernatant of
fermented milk cultured with. helveticusncreased the immune response independently from
the presence of lactobacilli.

Undoubtedly, identification of the links betweere throteolytic machinery of cultures used in
dairy fermentation and resulting bioactivity prefl of milk will benefit the development of
‘designer’ milk fermentations with specific, taiem and proven health promoting compounds
targeted at niche sections of the food and posgblgrmaceutical industries (Hayes et al.,
2007a).

1.1.3 Accessibility of biopeptides by human host

Only some of the generated biopeptides can cresithastinal barrier (Hara et al., 1984) and
reach the target while maintaining their functigtyal These peptides have to be small
(maximum 3 amino acids) in order to cross the eatge barrier and must be able to resist
complete digestion by peptidases found in the dgtop of enterocytes. The resistance to these
enzymes is conferred by the presence in the antitbsequence residues of proline (Pro), a
sterically bulky amino acid that makes difficultetlaccess of the peptide bond for hydrolytic
enzymes (Korhonen & Pihlanto, 2006). An exampléhés hypotensive tripeptide Val-Pro-Pro,
whose target is the angiotensin converting enzyh@E). It was demonstrated that this peptide
is able to cross the Caco-2 cell layer in significguantities, mainly through a paracellular
diffusion mechanism (Satake et al., 2002). A défermode of transport has been demonstrated
for tripeptide Lys-Pro-Val, derived from-melanocyte-stimulating hormone-MSH), which

is able to inhibit the transcriptional activity oficlear factor kappa-light-chain-enhancer of
activated B cells (NRkeB) in Caco-2 cells in the presence of a transpasfesmall peptides,
called hPepT1, expressed on the apical membramatesitinal cells (Dalmasso et al., 2008),
suggesting that the mechanism of action of bioagieptides may involve intracellular target.

Peptides with dimensions that do not allow absorpthrough the intestinal barrier, may act
only inside the lumen, where they can modulateatttévity of receptors located on the apical
membrane of enterocytes or be “sampled” by dewdrélls, which are in close contact with the
lamina propria of the intestine (Rescigno et &0 D).

1.1.4 Milk protein hydrolysates as a source of biologicdy active peptides

The rich source of proteins and bioactive peptidespresented by milk and its derivatives, by
virtue of its role in health protection of a newbamammal and in the development of his
immunity (Tsopmo et al., 2009; Szwajkowska et 2011). The milk is constituted by a high
protein content, represented by 78 % of the differeasein isoformsafs;, as, B and k;
Gagnaire et al., 2009); the rest part is constitutewhey proteins (mainlg-lactoglobulin and
o-lactalbumin), growth factors, lactoferrin, immunaigulins and other proteins (Table 1.1.1).
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Table 1.1.1.Concentration and biological activity of major boei milk proteins (adapted from
Mills et al., 2011).

Protein Concentration Function
QLY

Total caseins 26.0 lon carrier (Ca, f£CFe, Zn, Cu), precursor of
bioactive peptides

a-caseins 13.0 Precursor of bioactive peptides

B-caseins 9.3 Precursor of bioactive peptides

K-casein 3.3 Precursor of bioactive peptides

Total whey protein 6.3 Anticarcinogenic, weight ragament

B-Lactoglobulin 3.2 Retinol carrier, binding fatty acids, possible
antioxidant

a-Lactalbumin 1.2 Lactose synthesis in mammary gland, Ca carrier,
immunomodulation

Immunoglobulins 0.7 Immune protection

(A, M, and G)

Serum albumin 0.4

Lactoferrin 0.1 Antimicrobial, antioxidative, immamodulation, iron
absorption

Lactoperoxidase 0.003 Antimicrobial

Lysozyme 0.0004 Antimicrobial, synergistic effect ithw
immunoglobulins and lactoferrin

Miscellaneous 0.8

Proteose—peptone 1.2 Function unknown, but precwkbioactive protein
and peptiden vitro

Glycomacropeptide 1.2 Antiviral, bifidogenic

A variety of milk protein-derived biologically awg peptides have been shown to exert both
functional and physiological rolés vitro andin vivo, and because of this they are of particular
interest for food science and nutrition applicasioBiological activities associated with such
peptides include: antibacterial, hypotensive, imomadulatory, mineral binding,
antithrombotic along with opioid agonist and antaigbactivities (Korhonen & Philanto, 2006;
Phelan et al., 2009a, 2009b).

The milk protein-derived bioactive peptides canused in production of functional foods,
foods with scientifically proved beneficial prodes In recent years, the market demand for
these products has increased, especially in Eutdgggn and Australia (Hilliam, 2003). The
development and marketing of functional foods reeginot only understanding of the detailed
mechanisms of action and possible side effectsalsotaspects related to the technological and
industrial-scale production.

1.1.5 Casein-derived biopeptides: focus on peptides displting immunomodulatory
activity

Casein is the main proteinaceous component of rRidkmerly the main physiological role of
casein in the milk system was widely accepted ta beurce of amino acids required by growth
of the neonate. However, the dominant physiolodfieature of the casein micelle system was
later proven to be the prevention of pathologicatification of the mammary gland (Holt,
1997). While no specific physiological property teen proposed for the whole casein system
(or its individual fractions), various peptides diéoh (or inactive) in the amino-acid sequence
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have been the subject of increasingly intense ssu@iPhelan et al., 2009a; Silva & Malcata,

2005).

A number of potentially immunoregulatory peptidesrevidentified encrypted in caseins (Table

1.1.2).

Table 1.1.2.Immunomodulatory peptides derived from milk caséadapted from Silva &

Malcata, 2005, Hayes et al., 2007b, and Nagpal.e2@11).

Precgrsor Fragment Peptide sequence Name Reference
protein
asr-casein 1-23 RPKHPIKHQGLPQE isracidin Lahov & Regelson, 1996
(bovine) VLNENLLRF Minkiewicz et al., 2000
23-34 FFVAPFPEVPGK Maruyama et al., 1987
Jollés et al., 1992
90-96 RYLGYLE Migliore-Samour et al.,
1989
Elitsur & Luk, 1991
90-95 RYLGYL Migliore-Samour et al,,
1989
Elitsur & Luk, 1991
194-199 TTMPLW 0-caso Parker et al., 1984
kinin-6 Migliore-Samour & Jollés,
1988
Hernandez-Ledesma et al.,
2004
asrcasein 1-32 KNTMEHVSSSEESII Coste et al., 1992
(bovine) SQETYKQEKNMAI Hata et al., 1999
NPSK Dionysius et al., 2000
B-casein 1-28 RELEELNVPGEIVE Coste et al., 1992
(bovine) SLSSSEESITRINK Hata et al., 1999
Dionysius et al., 2000
60-66 YPFPGPI B-caso Maruyama et al., 1987
morphin-7  Elitsur & Kuk, 1991
Kayser & Meisel, 1996
63-68 PGPIPN Parker et al., 1984
Migliore-Samour & Jollés,
1988
Coste et al., 1992
Fiat et al., 1993
Dionysius et al., 2000
191-193 LLY Parker et al., 1984
Migliore-Samour & Jollés,
1988
Coste et al., 1992
Fiat et al., 1993
Dionysius et al., 2000
191-209 LLYQEPVLGPVRGP Coste et al., 1992
FPIIV
193-202 YQQPVLGPVR B-caso Maruyama et al., 1987
kinin-10 Kayser & Meisel, 1996
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Precgrsor Fragment  Peptide sequence Name Reference
protein
193-209 YQEPVLGPVRGPFP Minkiewicz et al., 2000
v Sandré at al., 2001
145-160 HQPHQPLPPTVMFP Tellez et al., 2010
PQ Tellez et al., 2011
143-154 WMHQPHQPLPPT
145-154 HQPHQPLPPT
192-202 LYQEPVLGPVR
B-casein  54-59 VEPIPY Parker et al., 1984
(human) Migliore-Samour et al.,
1989
Coste et al., 1992
k-casein  38-39 YG Kayser & Meisel, 1996
(bovine)
106-169 MAIPPKKNQDKTEI Glycomac- Otani & Hata, 1995
PTINTIASGEPTSTP ropeptide Otani et al., 1995
TTEAVESTVATLED
SPEVIESPPEINTVQ
VTSTAV

These milk casein-derived immunomodulatory peptid@ge been shown to modulate various
aspects of immune function (Gill et al., 2000).

Immunomodulatory casein-derived (and in generak+tdrived) peptides may contribute to the
overall immune response and may improve the imnayséem function. It was suggested that
casein-derived peptides are involved in the stithutaof the newborn’s immune system and
probably even have a direct effect on the resistanchacterial and viral infection of adult
humans (Migliore-Samour et al., 1989).

The evaluation of immunomodulatory activity of casderived immunoactive peptides was
made by measuring the proliferation of lymphocythe,secretion of immunoglobulin (1g), IgA
in particular, the phagocytic activity of macropbkagnd the effect on cytokine expression.

Casein-derived peptides showed the ability to matguthe proliferation of human lymphocytes
(Moller et al., 2008). It was manifested that pees derived from whole casein @g;-casein
limit the proliferation of human lymphocytes, whasethose derived frofft andk-casein have,
generally, the opposite effect (Korhonen & Philar&003a, 2003b).

It was also demonstrated that peptides derived frgm pB- andx-casein have been shown to
both stimulate and suppress lymphocyte prolifera{idigliore-Samour & Jollés, 1988; Elitsur
& Luk, 1991; Otani & Hata, 1995; Sitas et al., 1896996b, 1996c). Certain peptides derived
from as;-casein ang-casein have been reported to suppress mitogemeddproliferation of
human lymphocytes and peripheral blood mononuctedls while stimulating lymphocyte
proliferation in the absence of mitogens (KayseM&isel, 1996). Other fragments (fragment
18-20 ofk-casein, fragment 90-96 ofs;-casein) can either stimulate or inhibit lymphocyte
proliferation depending upon the concentration uddliore-Samour et al., 1989; Kayser &
Meisel, 1996). Maruyama et al. (1987) and later $€ay& Meisel (1996) reported that, in cell
culture model system$-casomorphin-7 an@-casokinin-10 were immunoenhancing at high
concentrations and immunosuppressing at low coretos.

19



1.1 State of the Art

It was demonstrated that glycomacropeptide;casein derivative, inhibits the proliferation of
splenocytes of mice (Otani & Hata, 1995) and enbarigA production (Yun et al., 1996).

Peptides derived from the fermentation of milk with helveticusshowed the ability to
stimulate proliferation of lymphocytes and phagarydctivity of pulmonary macrophages
(Laffineur et al., 1996). The observatidnsvitro were confirmed byn vivo studies in mice: the
administration ofL. helveticushydrolysates, followed by infection witk. coli caused an
increase of IgA-secreting B cells. Instead, thie@fwas not observed by administering the
hydrolysis product of a genetically modified, prde-negative, strain of. helveticus
indicating an effect closely related to the progéolactivity of the microorganism (LeBlanc et
al., 2002).

Some casein-derived peptides (residues 54-59 ofahytasein and residues 194-199 of
bovine as;-casein) can stimulate phagocytosis of sheep reddbtells by murine peritoneal
macrophages (Parker et al., 1984; Jollés et &2)1 @xert a protective effect agaikdebsiella
pneumoniagMigliore-Samour et al., 1989) or modulate immuladglin production in mouse
spleen cell cultures (fragment 1-28 of boireasein, (Otani & Hata, 1995; Otani et al., 2001).

CHs have also been shown to have an effect on ingodxpression (Phelan et al., 2009a).
Phelan et al. (2009b) demonstrated that CHs gete@tiThl response by enhancing ConA-
induced interleukin-2 (IL-2) production while hagimo effect on IL-10. Kawahara & Otani
(2004) analysed the effect of the commercially e caseinophosphopeptide preparation
CPP-IIl, consisting mainly of the fragments-CN (1-32) andB-CN (1-28) from bovine
caseins, on the mRNA expression of cytokines inocaaells. CPP-Ill enhanced mRNA
expression of IL-6 and tumour necrosis faaoffNF-o), while IL-1f was not affected. mMRNA
expression of IL-6 was stronger in the presencébath CPPs-Ill and peptidoglycan from
Lactobacillus acidophilusnd lipopolysaccharide (LPS) froalmonella typhimuriunKitts &
Nakamura (2006) showed that only one of the thredyaed CPPs (CPPs-Ill) stimulated IL-6-
induced immunostimulation in intestinal epithelié&ke cells Int-407. In vitro results suggest
that CHs mainly affect the production of Thl cytds and, hence, have a role in cellular
immunity (Phelan et al., 2009a).

However, the mechanisms by which these milk-derpepgtides exert their immunomodulatory
effects or influence cell proliferation are notmntly fully understood (Phelan et al., 2009a).

Several immunomodulatory peptides are multifunclqgreptides. Some of them may modulate
cell proliferation via ACE-inhibitory mechanism. ACinhibitory peptides are known for their
hypotensive properties, because they inhibit theversion of angiotensin | to angiotensin Il,
but have also been found to prevent cleavage alymain, that is mediated by ACE (Jollés et
al., 1992). Bradykinin acts as a mediator of theteinflammatory process and is thus able to
enhance lymphocyte migration, stimulate macrophaged induce the secretion of cytokines
from lymphocytes in culture. It should be notedtthacommon structural feature of several
ACE-inhibitory peptides and some immunomodulatoeptiles is the presence of arginine as
the C-terminal residue (Nagpal et al., 2011).

The other example of multifunctional peptides is thpioid peptideB-casomorphin, derived
from humanB-casein. It inhibitsn vitro the proliferation of human lamina propria lymphtesy
via opiate receptor (Elitsur & Kuk, 1991). On thther hand, opioid peptides stimulate the
maturation and proliferation of T cells and natukdller cells (Rutherfurd-Markwick &
Moughan, 2005). Indeed, the immune system and @pieptides are related: it has already
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been demonstrated that opioid receptors are exqatess T lymphocytes and human phagocytic
leukocytes (Meisel, 1998; Carr et al., 1989).

It has been suggested that arginine in the N- tagr@inal region of a peptide is an important
structural entity recognised by specific membranendoreceptors. A common structural
feature among some immunomodulatory peptides ipthsence of arginine in the C-terminal
(Meisel, 1998; Nagpal et al., 2011).

Caseinophosphopeptides, other class of caseinederpeptides with immunomodulatory
activity, CPP-lll in particular, enhance the preidtive response induced by LPS,
phytohaemagglutinin and concanavalin A (ConA) statian, and immunoglobulin production
in mouse splenocyte cultures (Hata et al., 1998a k4 al., 1999). This immunostimulating
activity was attributed to the o-phospho-L-serigsidue, suggesting that such a bioactivity is
relatively stable to proteinase action in the itited tract (Otani et al., 2000). The research
paper of Otani et al. (Otani et al., 2003) focusowg the effects of CPP-IIl on serum and
intestinal Ig G and Ig A secretion in mice, proubdt oral use of CPP-Ill is beneficial toward
enhancement of the mucosal immunity.
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1.2 AIMS OF THE STUDY

Bovine milk contains a number of potent immunoreguly peptides that affect the immune
system via cellular functions and there is gretdrgst in the immunomodulatory properties of
casein hydrolysates (CHs) (Eriksen et al., 200&ldhet al., 2009a, 2009b). Hydrolysis of
bovine milk caseins by CEPs of LAB can yield a nemf immunologically active
biopeptides, as it was mentioned above in thealitee review. However, until recently little
was known about interactions of these peptides imibstinal mucosae at the immunological
level (Korhonen & Pihlanto, 2006; Phelan et al Q2i0).

Therefore, the aim of the present study was toroéte in vitro the immunomodulatory
activity at the enterocyte level of bovine CHs proed by digestion with CEPs of LAB.

Most specifically the tasks were:
1. Examine proteolysis of bovine caseinate by CEPtvesiLAB.

2. Develop the system based on the response of misfpithelial-like Caco-2 cells and
determine immunomodulatory activitin vitro of CHs, as a source of potential
biologically active peptides.
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1.3 MATERIALS AND METHODS
13.1

Bacterial strains and culture conditions

Table 1.3.1lists the bacterial strains used in this stulythermophilustrains were growat 37
°C in M17 medium(Sigma—Aldrich, Milan, Italy)supplemented with 20 g of lactose litet..
lactis subsplactis was cultivated in M17 medium supplemented with %.%f lactose and 0.5
% of glucose at 30 °CL.. helveticusand L. acidophiluswere grown in MRS broth (Sigma—
Aldrich) supplemented with 1 % of Tween 80 (Sigmédt#eh) at 37°C.

Table 1.3.1.Bacterial strains included in the study.

Species Strain Source

Streptococcus thermophilus 3207 Yogurt obtained in Georgia-Kutaisi
CNRZ 383 Japanese yogurt (Yakult Company)
DSM 20617  Pasteurized milk

Lactobacillus helveticus MIMLh5? Grana Padano cheese natural whey starter
Lh164 Natural whey starter
ATCC 15009 Emmental (Swiss) cheese

Lactobacillus acidophilus La-5° Commercial probiotic strain
LAO3® Commercial probiotic strain
ATCC 4356  Human

Lactococcus lactisubsplactis ~ GRZT Sour cream obtained in Lithuania
GRS Sour cream obtained in Lithuania

4 DISTAM Industrial Microbiology Section Culture Qettion, University of Milan (Milan,
Italy).

P LAB collection of the Institut National de la Rechexgkgronomique (Jouy-en-Josas, France).
© Chr. Hansen A/S Culture Collection (Horsholm, Daki.

4 Sacco Culture Collection (Cadorago, Italy).

T Type strains from German Collection of Microorgans and Cell Cultures (DSMZ,
Braunschweig, Germany) and American Type CulturbeCtion (Manassas, VA, USA).

1.3.2

Determination of CEP genertS for S. thermophilugprtH andprtH2 for L. helveticusprtR for

L. acidophilusand prtP for L. lactis subsp.lactis) fragments was performed by PCR using
specific primers designed for the internal parthef protease genes (Table 1.3.2) on the DNA
extracted from the isolates according the standewvdedures (Sambrook et al., 2001).

Determination of CEP (prt) gene fragments

Table 1.3.2 Primers used in this study.

Primer Sequence (5'to 3) E:(Z)ZE;SSS Reference

PriSf TGTTCCTGACGCAATCGTTCA 680 This study

PrtSr CGTGCATACCGTGTGAACGT

PrtH2-for-3 GTTGGTGCCGCAACTAAATC 430 Genay et &Q09
PrtH2-rev-2 TAGCATTTTGGTCAAAGACA

PrtH-for-1 GGTACTTCAATGGCTTCTCC 470 Genay et alo@®
PrtH-rev-1 GATGCGCCATCAATCTTCTT

PriRf GTTGGTGCAGCAACTAAAGC 427 This study
PrtRr TAGCTTTCTTGTCAAAGACA

23



1.3 Materials and Methods

Primer Sequence (5’ to 3’) product (bp) Reference
P15C AACCAAATCTGATGTTG 560 Nikolic et al., 2009
P0O6C TTTCAGCGGAAGCAACT

The PCR conditions were as follows: predenaturadio®5 °C for 4 min, 30 cycles at 95 °C for
30 s, 61 °C (foprtS), 58 °C (forprtH2, prtH andprtR), 55 °C (forprtP) for 30 s, 72 °C for 1
min, and a single final extension at 72 °C for 7.nAithamplification reactions were performed
in a MyCycler thermal cycler (BioRad lItalia, Milakaly).

1.3.3 Preparation of CHs

Sodium caseinate was prepared from unprocessedédnilk milk. This milk was firstly
skimmed and subjected to sodium caseinate preparatcording to Hammarsten (1882
1883). Bacterial strains were subjected to evalnatif sodium caseinate hydrolysis by CEPs as
described by Arioli et al. (2007) and Hebert et (2008) with slight modifications. Briefly,
overnight culture was harvested by centrifugatiwashed twice with and resuspended in 0.85
% (w/v) NaCl solution. Cell suspensions were indabafor 30 min at bacterial growth
temperature before casein degradation was carti¢dio order to consume residual amino
acids and peptides), washed again with 0.85 % (WACI solution and resuspended to a final
ODgoo Of approximately 10 (which corresponded to apprmtely 18° cells mLY) in 0.1 M
TRIS-HCI buffer (pH 8.0). Cell suspension was mixed with mg mL* of sodium caseinate
dissolved in 0.1 M TRISHCI (pH 8.0) at a ratio 9:1 (v/v). The resulting xtoires were
incubated at bacterial growth temperature withhsliggitation (140 rpm). After 5 h samples
were centrifuged (850& g 4 °C for 10 min), filtered through a Ou2n-pore-size sterile
cellulose acetate membrane filter (Albet-HahnemeieBlarcelona, Spain) and subjected to
ultrafiltration and reverse phase high-performaliqpgid chromatography (RPHPLC) analysis.
Peptides of less than 3 kDa were separated fromlewBis using ultrafiltration through
Ultracel regenerated cellulose ultrafiltration mearte NMWL 3000 (Millipore, Vimodrone,
Italy).

1.3.4 Evaluation of sodium caseinate hydrolysis by RFHPLC

Before analysis, samples were diluted 1:4 with lutsm containing 8 M urea and 0.1 %
trifluoroacetic acid (TFA) in MilliQ-treated watéMillipore). After resting at room temperature
for at least 15 min, samples were analyzed byHER_C on Waters Alliance 2695 instrument
(Waters, Vimodrone, Italy). Proteins and peptidesarseparated at 40 °C on a PLRP-S column
(2.1 mm i.d., 5um, 300 A, Polymer Laboratories Ltd, Church Strettdi). The eluents used
for the separation were: solvent A, 0.1 % TFA inli@itreated water, and solvent B, 0.1 %
TFA in acetonitrile. The linear elution gradientpeessed as the solvent B proportion was as
follows: 0 min, 30 %; O to 5 min, 30 %; 5 to 40 MBD to 50 %; 40 to 41 min, 50 to 95 %; 41
to 45 min, 95 %; 45 to 46 min, 95 to 30 % (run-to-time, 50 min). Proteins and peptides were
eluted at a flow rate of 0.2 mL mirand monitored at 210 nm.

1.3.5 Cultivation of Caco-2 cells

Caco-2 cells were routinely grown as previouslylaixgd (Guglielmetti et al., 2008). In brief,
Caco-2 were cultivated in 9-cm diameter Petri glate Eagle’s minimum essential medium
supplemented with 10 % (v/v) heat-inactivated (30 at 56 °C) foetal calf serum, 100 U thL
penicillin, 100 mg mr* streptomycin, 0.1 mM nonessential amino acids, anthM L-
glutamine (EMEM) and incubated at 37 °C in a wgaéeketed incubator in an atmosphere of
95 % air and 5 % carbon dioxide. The culture medivas changed twice weekly.
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1.3.6  Construction of stable NF«B reporting Caco-2 cells

Stable transfectants of Caco-2 cell line were ola@iafter transfection with the plasmid
pNiFty2-Luc (Figure 1.3.1; InvivoGen, Labogen, RKaly).

NF-KB 5x ELAM

Figure 1.3.1.Genetic map of a plasmid pNiFty2-Luc.

This plasmid contains promoter combining five R
binding sites and the firefly luciferase reporteang luc.
The presence of NKB activating molecules in the cell
activates this transcription factor, which binds toe
Ewr promoter, resulting in the expression of the lueie
gene.

pNiFty2-Luc

hEFUHTLV prom ds01bp

betaGlo pAn SV40 pAn

Transfection was performed and stable recombindottes were selected as described in
Guglielmetti et al. (2010a). Briefly, Caco-2 werartsfected by means of the StoS transfection
kit (GeneSpin, Milan, Italy), in accordance withetinanufacturer’'s protocol. Afterward, cells
were resuspended in fresh EMEM, seeded in 24-vetiép, and incubated for 48 h, in order to
obtain the expression of the antibiotic resistariéimally, stable recombinant clones were
selected by adding into the culture mediumusOmi™? of zeocin (InvivoGen).

1.3.7 Evaluation of immunomodulatory activity of CHs

Recombinant Caco-2 cells were cultured in 24-wkdtgs in presence of 58y mL™* zeocin.
Cell monolayers (approximately>310° cells well*) were carefully washed with 0.1 M TRIS-
HCI buffer (pH 8.0), and 1.35 mL of fresh EMEM menfi, containing 25 mM of HEPES (pH
7.4), was added. Subsequently 0.15 mL of CHs (wkimtiespond to 15Qg of hydrolysed
sodium caseinate) were added into each well. Afisubation at 37 °C for 4 h, 24-well plates
were put on ice for 15 min; recombinant Caco-2scelere detached mechanically from the
bottom of a well, samples were transferred int@ppendorf tube and subjected to sonication at
maximum power for 5 s using a Bandelin SONOPLUSddtbnic Homogenizer (Bandelin
electronic GmbH & Co., Berlin, Germany). Insolulplarticles were removed by centrifugation
and the supernatants were transferred into a nbes One hundredL of supernatants were
aliquoted in duplicate into the wells of a 96-wethite microtiter plate (PerkinElmer, Monza,
Italy) by means of ddotion Automated Pipetting System (Eppendorf, Milan,y}alfThen 12.5

uL of a 10 mM ATP solution (i.e. up to the final aamtration of 1 mM) and 12.5L of 0.1
mM D-luciferin were added and the emitted biolunsicence was immediately measured every
120 s with a VICTOR 1420 Multilabel Counter (PerkinElmer). The maximuwh light-
production curve was considered for comparisonestilts. In a different set of experiments,
recombinant Caco-2 cells were simultaneously seed with IL-13 (2 ng mLY). All CHs
were analysed in duplicate in at least three indépet experiments.

1.3.8 Statistical analysis

The significance of the results in the experimefotsthe evaluation of immunomodulatory
activity of CHs was analysed by unpaired heteroastd Student's test with two-tailed
distribution. Differences dP < 0.05 were considered to be significant.
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1.4 RESULTS AND DISCUSSION
1.4.1 Proteolytic activities of lactic acid bacterial stains

The CEPs of LAB substantiate food fermentation pssc and ensure bacterial growth
(Christensen et al., 1999; Siezen, 1999). Moreabwry have the ability to liberate from food
proteins a large variety of peptides with potentialogical activities (Hebert et al., 2008;
Hernandez-Ledesma et al., 2004). Therefore, elel#@rent LAB strains were selected for
analysis: 3 belonging to the specksthermophilug3207, CNRZ 385, DSM 20617), 3 to the
speciesL. helveticugMIMLh5, Lh164, ATCC 15009), 3 to the specikesacidophilus(La-5,
LAO3, ATCC 4356), and 2. lactissubsplactis strains (GR1, GR5).

S. thermophiluCNRZ 385 possesses a proteolytic activity and E® Ccalled PrtS) has been
extensively characterised (Shahbal et al., 199BhB&l et al., 1993; Fernandez-Espla et al.
2000; Courtin et al., 2002). Also, it was demonstiathatL. helveticusATCC 15009 has cell
surface proteinase activity, as measured by theohygls of fragment f1-23 ofig;-casein
(Pederson et al.,, 1999; Jensen et al., 2009). Mereaaseinolytic properties of daity.
helveticusandL. lactis strains are well documented (Jensen et al., 2R0@lic et al., 2009).
Using specific primers designed for the internat pathe protease genes (Table 1.3.2), in PCR
reactions on the DNA extracted from the isolates ai¢ained the expected length PCR
fragments for bacterial CEP genes in six otherymeal LAB strainsprtS in S. thermophilus
3207, prtH2 in L. helveticusMIMLh5 and Lh164,prtR in L. acidophilusLA03 and ATCC
4356, andprtP in L. lactis subsp.lactis GR5, and confirmed the presence @S in S.
thermophilusCNRZ 385 andortH2 in L. helveticusATCC 15009.L. acidophilusLa-5 andL.
lactis subsplactis GR1 were protease-negativ. thermophiluPSM 20617 was selected as a
protease-negative control (Arioli et al., 2007).

All eight CEP-positive strains were subjected tdism caseinate hydrolysis with the scope to
obtain hydrolysates with immunomodulatory actisti¢lydrolysis profiles, paying the largest
attention for the hydrolysis adis; and 3 caseins as the major potential source of bioactive
peptides with immunomodulatory activitifer(a recent review seRhelan et al., 2009a), were
analysed by RP—HPLC (Figure 1.4.1).
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1.4 Results and Discussion

In accordance to the absence of CEP activitg.ithermophilu®SM 20617, chromatographic
profile showed that sodium caseinate was not hydea after treatment with this strain (Figure
1.4.1). Caseinate profiles in the presence andhénabsence of. thermophiluDSM 20617
cells were demonstrated to be identical (data hotva). On the contrary, in the case of sodium
caseinate hydrolysis witB. thermophilustrain CNRZ 385, after five hours of proteolysis
noticed the decrease pfcasein fraction and a slight digestionogf-casein. The change ;-
casein fraction profile was demonstrated also wdththermophilusstrain 3207, whereas
hydrolysis of-casein was not appreciable.

In the case of. acidophilusstrain ATCC 4356, there is the shift in the looatiof theos:-
casein peak from the “undigested casein” contral likely indicates the cleavage of a peptide
from this casein fraction. This strain strongly etedp-casein, and the proteolytic activity
against this protein was comparable to that obsefee S. thermophilusstrain CNRZ 385.
Instead, LAO3 had no effect gircasein, but digesteds; form. Similarly, but at a different
degree, the three testedhelveticusstrains (MIMLh5, Lh164 and ATCC 15009), demonstdat
to proteolyse onlys; form. Finally, L. lactis subsp.lactis GR5 degradedg-casein and to a
lesser extentts; form, similarly to that revealed f&. thermophilu€NRZ 385 strain.

As all analysed CEP-positive strains demonstrateteplytic activity against sodium caseinate
and showed the diverse hydrolytic ability againffedent casein fractions, this could determine
diverse immunomodulatory activities of derived CHs.

1.4.2 Immunomodulatory activities of CHs

CHs, produced after digestion with proteinasehefdight CEP-positive bacterial strains, were
tested for a potential immunomodulatory activitp. this regard, it has been evaluatibé
capability of hydrolysates to modulate the actimatof transcription factoNF-xB in Caco-2
cells. These cells from human colorectal adenocansa (Fogh et al., 1977), after about two
weeks of differentiationshare the morphological and functional propertiemature intestinal
cells, such as enterocytes or mucus cells, aneéftiver are valuable in vitro tools for studies
related to intestinal cell function and immune ms®.NF-«B reporter system was chosen as
this transcription factor regulates many physiatagjiprocesses, including the innate- and
adaptive-immune responses, cell death and inflalm#Gilmore, 2006; Perkins, 2007). NF-
kB is a critical transcription factahat functions to enhance the transcriptidmany cytokines
(including tumour necrosis factor (TNk)- IL-1, IL-6, and IL-8, which are thought to be
important in the generation of acute inflammatossponses), growth factors, adhesion
molecules, immunoreceptors, and acute-phase psotéintivated NF«B initiates both
extracellular and intracellular regulatory evetiattresult in autoregulation of the inflammatory
cascade through positive and negative feedbacls|(®lackwell & Christman, 1997).

On these bases, eight CHs, produced after digestiin LAB CEPs, were tested for their
ability to modulate NReB activation in recombinant Caco-2 cells. Two dafrth) deriving from
digestion withL. helveticusMIMLh5 and L. acidophilusATCC 4356 CEPs, were found to
significantly decrease the basal MB- activity (Figure 1.4.2), therefore they demontsda
immunomodulatory activity. These hydrolysates wagkected for subsequent analysis.
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Figure 1.4.2.Effects of whole CHs, produced
after digestion with LAB strains on
recombinant Caco-2 cells. Luciferase activity
is expressed as percentual change in relative
luminescence units, assuming the control as
100 %. Control, Caco-2 incubated with
undigested sodium caseinate. The values are
the means (z+ standard deviation) of at least
three independent experiments conducted in
duplicate. Different asterisks (*) indicate
statistically significant differences compared
to control.

Several works in literature indicate the immunomathry activity induced by bovine milk
fermentation products with strains bf helveticus The group of Matar published a series of
papers, demonstrating immunomodulating effects itlisniermented by . helveticusR389 and
evidencing peptidic fractions, responsible for thivity (Matar et al., 1996; Matar et al.,
2001; LeBlanc et al.,, 2002; LeBlanc et al.,, 200#)was clearly demonstrated that the
mentioned strain itself did not induce mucosal @&nthoural immunity (Matar et al., 2001).
Fujiwara and colleagues (Fujiwara et al., 1990)gssted that.. helveticusfermented milk
products induced mitogenic activity.. helveticus5089-fermented milk has demonstrated
immunomodulating effects on lymphocyte proliferatia vitro (Laffineur et al., 1996) and the
ability to stimulate the phagocytic activity of pubnary macrophages. However, both papers
attribute immunomodulatory activity to casein-dedvpeptides and do not take in consideration
the potential activity due to the presencelLofhelveticuscell components in the fermented

milks.

Since we have recently demonstrated thatelveticusMIMLhO5 strain by itself modulates the
immune response (Guglielmetti et al., 2010b), frasamount to avoid the presence of bacterial
cell components in CHs. With this aim CH were diliered using a 3 kDa membrane and the
permeate was tested for ability to modulate ®B-activation in recombinant Caco-2 cells. In
fact, the MIMLh5 hydrolysate after 3 kDa-ultrafdtion did not modulate NkB activation in
recombinant Caco-2 cells, i.e. it lost immunomothraactivity (Figure 1.4.3).
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Figure 1.4.3. Effects of fractionated
(ultrafiltration 3 kDa) CHs, produced after
digestion with LAB CEPs, on recombinant
Caco-2 cells. Control, Caco-2 incubated with
undigested and 3 kDa-ultrafiltered sodium
caseinate. The values are the means (x
standard deviation) of at least three
independent experiments conducted in
duplicate. Asterisks (*) indicate statistically
significant differences compared to control.



1.4 Results and Discussion

This result let us presume the possible presenceuah “hydrolysates” of bacterial cell
components that detach easily from cell surfacemdunydrolysate preparation. We proved the
presumption that the observed difference was dusellocomponents, by incubating the cells
under the same conditions, but in the absence s#itaAlso in this case permeate of 3 kDa-
ultrafiltration did not cause the significant dease in NF«B activation (Figure 1.4.4).

o 1204 Figure 1.4.4.Effects of fractionated (ultrafiltration 3 kDa)
§ CHs, produced after 0 and 5 h digestion withelveticus
g 1007 %‘} MIMLh5 CEP, on recombinant Caco-2 cells in the
£ 80 presence (+cas) and in the absence (-cas) of sodium
2 caseinate. Oh+cas, CH, prepared after 0 h digestigthn
S 60 bacterial proteinase; Oh-cas, hydrolysis reactiooffbr,
° incubated 0 h with bacterial cells; 5h+cas, CH, paged
g 401 after 5 h of sodium caseinate contact with bacterélls;
S allallallwlls 5h-cas, hydrolysis reaction buffer, incubated 5 hhw
£ 207 |8)|8)|S]|8)12 bacterial cells. Control, Caco-2 incubated with igebted

0 5|15||5]|5][S and 3 kDa-ultrafiltered sodium caseinate. The valaee

the means (+ standard deviation) of three independe
experiments conducted in duplicate.

Secondly, we incubated “CH", produced after 0 hedtppn with L. helveticusMIMLh5
proteinase, i.e. the non-hydrolysed casein afeistiort contact with bacterium. In this instance
the non-fractionated sample determined a significdatrease of the basal MB- activity
(Figure 1.4.5), in contrast to the observation tham-fractionated caseinate sample by itself
does not modulate the N&B activation in Caco-2 reporter cell line.

= P <0.01 Figure 1.4.5.Effects of non-fractionated CHs, produced
120 - after digestion (0 h and 5 h) with. helveticusMIMLh5
§ CEP, on recombinant Caco-2 cells in the presena=as$y
& 1004 and in the absence (-cas) of sodium caseinate. &+c
4 {‘ CH, prepared after 0 h digestion with bacterial {ginase;
E 801 Oh-cas, hydrolysis reaction buffer, incubated 0 hhw
° T bacterial cells; 5h+cas, CH, prepared after 5 hsafdium
5 60 1 * caseinate contact with bacterial cells; 5h-cas, foyygkis
) 40 reaction buffer, incubated 5 h with bacterial cel@ontrol,
8 Caco-2 incubated with undigested sodium caseiriEte.
e 201 gllal|8ll4||E values are the means (+ standard deviation) of ehre
EHIZ2NENZIE independent experiments conducted in duplicateerisks
oL [olo]|w][w][O (*) indicate statistically significant differencesompared

to control.

These two results suggest the origin of immunonatduy activity deriving from the tested
bacterium and let us argue the absence ofcRFactivating peptides in CHs, produced by
proteolytic activity of MIMLh5. In general, thesesults underline the importance to consider
bacterial components of the > 3kDa size class vevatuating the immunomodulatory activity
of non-fractionated CHs.
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1.4 Results and Discussion

Subsequently, we continued our investigation wilk bther immunologically active CH,
produced after digestion with CEP lafacidophilusATCC 4356.

Scarce data about immunomodulatory activity Lofacidophilusstrains are present in the
scientific literature. In one case the origin ofstlactivity has been clearly demonstrated by
Konstantinov et al. (2008) who showed that the imamodulatory activity of.. acidophilusis
determined by its S-layer. To our knowledge, théadaboutL. acidophilus ATCC 4356
immunomodulatory activity are absent. Analogouslg, tested the immunomodulatory activity
of the 3 kDa-ultrafiltered CH, produced after digms with the CEP of.. acidophilusATCC
4356. Contrary to CH produced after digestion v@taP ofL. helveticusMIMLh5, the 3 kDa-
ultrafiltered CH produced by.. acidophilusATCC 4356 retains immunomodulatory activity
demonstrating NkeB activation in recombinant Caco-2 cell monolayéfiggure 1.4.3 and
Figure 1.4.6A).
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Figure 1.4.6.Effects of fractionated (ultrafiltration 3 kDa) CHproduced after digestion (0 h
and 5 h) withL. acidophilusATCC 4356 (A) and.. lactis subsp.lactis GR5 (B) CEPs, on
recombinant Caco-2 cells in the presence (+cas) iartie absence (-cas) of sodium caseinate.
Oh+cas, CH, prepared after 0 h digestion with baeteCEP; Oh-cas, hydrolysis reaction
buffer, incubated 0 h with bacterial cells; 5h+c&31, prepared after 5 h of sodium caseinate
contact with bacterial cells; 5h-cas, hydrolysisaction buffer, incubated 5 h with bacterial
cells. Control, Caco-2 incubated with undigested &rkDa-ultrafiltered sodium caseinate. The
values are the means (x standard deviation) of st three independent experiments
conducted in duplicate. An asterisk (*) indicatéatistically significant differences compared
to control.

It can be supposed that non-fractionated CHs comteptides that enhance or suppress<BF-
activation and, therefore, synergistic action @St peptides does not give immunomodulatory
response. For this reason, other six CHs (thactirdad not modulate NkB activation in
recombinant Caco-2 cells), produced after digestioth CEP ofL. helveticusLh164 and
ATCC 15009,L. acidophilusLAOQ3, L. lactis subsp.lactis GR5, S. thermophilus3207 and
CNRZ 385, were ultrafiltered (3 kDa) and testedifomunomodulation. Interestingly, 3 kDa-
fraction of CH produced bl. lactis subsp.lactis GR5 strain significantly decreased the basal
NF-«xB activity in Caco-2 reporter cell monolaye(gigure 1.4.3).To confirm or reject the
possible presence of bacterial cell componenthigftactionated CH, the GR5 strain was also
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1.4 Results and Discussion

incubated for 0 and 5 h in the presence and iratfeence of sodium caseinate. The derived
hydrolysates were ultrafiltered through 3 kDa-meanier and tested for immunomodulatory
activity. The abolishment of NkB activation, obtained with hydrolysates, produeégr 5 h

of digestion withCEP of L. lactis subsplactis GR5, was confirmedjgure 1.4.8).

Further, the anti-inflammatory activity of all 3 kHractionated CHs was tested. For this
reason, recombinant Caco-2 cells were co-stimubaidd3 kDa-fractionated CHs and Il31a
prototypical pro-inflammatory cytokine that plays @entral role in the inflammation
amplification cascade. The addition of 2 ng haf IL-1p to Caco-2 culture medium caused
nearly a twofold increase of NEB activity after 4 h incubation. In this experimemé also
used a synthetic anti-inflammatory tripeptide KPRri(hm, Milan, Italy) (Dalmasso et al.,
2008) as a positive control. After stimulation ly1, tripeptide KPV significantly reduced the
NF-xB activation, while the control hydrolysate (intacidium caseinate, ultrafiltered through 3
kDa membrane) did not have any significant effeéagire 1.4.7).

* P <0.05

Figure 1.4.7. Effects of fractionated
120 (ultrafiltration 3 kDa) CHs, produced

after digestion with LAB CEPs, on
100 ~ % recombinant Caco-2 cells in the presence
80 % of co-stimulation with IL-B KPV, a

synthetic tripeptide KPV, 10 nM. The
60 values are the means (x standard
deviation) of at least three independent
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Finally, we observed that the 3 kDa-fraction of @kbduced byL. lactis subsp.lactis GR5
strain significantly decreased the basal ®RB-activity in the presence of ILBlthus showing
anti-inflammatory activity in recombinant Caco-4ldayers (Figure 1.4.7 and Figure 1.4.8).

* P <0.05

o 1207 . _} Figure 1.4.8.Effects of fractionated (ultrafiltration 3 kDa)
2 | CHs, produced after digestion with lactis subsp.lactis
¢ 100
§ GR5 CEP on recombinant Caco-2 cells in the preserice
g 80 - co-stimulation with IL-B in the presence (+cas) and in the
2 60 absence (-cas) of sodium caseinate. The valuesttae
s i means (x standard deviation) of at least three peledent
o 40 | experiments conducted in duplicate. An asterisk (*)
% a a indicates statistically significant differences qmamed to
5 204 |8||8||8||& control.
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1.5 Conclusions

1.5 CONCLUSIONS
According to the tasks described in the chapterthefollowing conclusions were drawn:

1. In this study different proteolytic specificity @EPs on casein fractions was observed
among the tested LAB strains.

2. The developed stable NEB reporting Caco-2 cell line demonstrated to beecurate
tool for evaluating the immunomodulatory activitfy@Hs.

3. This work established that 3 kDa-ultrafiltered CHspduced after digestion with
CEPs ofL. acidophilusATCC 4356 andL. lactis subsp.lactis GR5, significantly
decreased the basal MB- activity in recombinant Caco-2 cell layers, thus
demonstrating immunomodulatory activity. Both th@ins digeste@-casein mostly.

In the case oL. helveticusMIMLh5, the investigation proved that the immunatatatory
activity of obtained CH was not due to casein-datiypeptides. This activity was strong and
comparable to the one exerted by bacteria thenseas demonstrated by Guglielmetti et al.
(2010b). Indeed, the surface layer (S-layer) protdiL. helveticusMIMLh5 was identified as
responsible for the immunomodulation (Tavernitiabt manuscript in preparation). For this
reason, the second part of the research was fatusséhe development of S-layer protein-
specific binders, a new powerful tool for the stuafythis immunologically active protein and
for its identification in milk-derived products damningL. helveticusas a starter or non starter
LAB.
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2.1 State of the Art

2.1 STATE OF THE ART

Lactobacilli are rod-shaped Gram-positive non-sgorming bacteria characterised by the
formation of lactic acid as a sole or main end pdf their sugar fermentation. Particularly,
the genud.actobacillusis the largest included in LAB with over hundrgzbsies recognised at
present. It is very heterogeneous containing spewigh substantial differences in their
phenotypic, biochemical, physiological and genatygiaracteristics.

L. helveticuss a thermophilic homofermentative microorganiSaveral strains are claimed to
be health-benefiting to their host (Tuohy et ab02; Johnson-Henry et al., 2007; Guglielmetti
et al., 2010) and are therefore currently usedrabigtic supplements in several commercial
products [e.g. “Evolus” (Valio, Finland), “Ferzymlug” (Specchiasol, Italy), “A’Biotica”
(Institut Rosell, Canada), “All-Flora” (New ChaptddSA)]. The species demonstrates high
proteolytic activity, which is favourable in somedustrial processes, for instance highly
contributing to cheese ripening. In fact,helveticushas an important role in the production of
American Swiss, Emmental, Cheddar, Parmesan, PecBomano, Provolone, Grana Padano
cheeses (Lortal, 2004). Due to the long historyusé in food fermentations and in the food
industry as well as lack of pathogenicity,helveticuds a generally recognised as safe (GRAS)
organism, which has received the Qualified Presionpbf Safety (QPS) status by the
European Food Safety Authority (EFSA, 2004).

2.1.1 S-layer proteins ofLactobacillus spp.

Surface (S-) layers are crystalline arrays of pnaigeous subunits present as the outermost
component of cell wall in several species of theugdactobacillus as well as in many other
bacteria and Archaea (Sara & Sleytr, 2000). S-layaromposed from one single protein or
glycoprotein, forming crystalline structure of 5-1Bn with identical pores, which have
diameter of 2—8 nm (Sleytr, 1997). The pores coseptip to 70 % of the lattice surface area
(Sleytr & Beveridge, 1999). S-layer proteins havee tability to self-assemble into
monomolecular crystalline arrays. The S-layer datitan exhibit oblique (p1, p2), square (p4)
or hexagonal (p3, p6) symmetry. From thactobacillus S-layer proteins, only oblique and
hexagonal lattice types have been characterisegu@i2.1.1), but in most cases, only a
periodic structure, without further characterisationas been observed using electron
microscopy analysis. Problems related to electraerascopy ofLactobacillusS-layers have
been reported, and these problems may be one ak#s®ns why the lattice type and lattice
constants have not been determined for most oStheyer proteins of these bacteria (Avall-
Jaaskelainen & Palva, 2005).

Figure 2.1.1. Scanning
electron micrograph of
a freeze-etched
preparation of a
bacterial cell with an S-
layer with oblique (p2;
A) and hexagonal (p6;
B) lattice symmetry.
Scale bar = 100 nm.
Adapted from Sleytr &
Beveridge (1999).
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S-layer proteins are normally the most abundanteli@t proteins, constituting even up to 15 %
of total bacterial protein content (Avall-Jaaske&ii & Palva, 2005). In the case bf
helveticusit forms around 45 % of cell wall dry weight (Meer et al., 1997).

Most of the S-layer proteins of the geruatobacillusappear to be non-glycosylated, and up to
date all knowrL. helveticusS-layer proteins are known not to have this modtfon. The S-
layer monomers are non-covalently linked to eatieroas well as to the supporting cell wall.

The overall lack of identity between the S-layeotpins of different species is a common
characteristic of all bacterial S-layer proteingctobacilli make no exception in this respect
(Avall-J4askeldinen & Palva, 2005; Gatti et al.020 The highest similarity can be found in
the C-terminal region. The N-terminal regions am@renvariable except the signal peptides (N-
terminal secretion signals) that share a high lef/sequence similarity.

Typical characteristics dfactobacillusspp. S-layer proteins, distinguishing them fromeotS-
layer proteins, is small size, ranging from 25 fo kDa and thus being among the smallest
known for the S-layer proteins, which can be up2@® kDa (Avall-Jasskeldinen & Palva,
2005). S-layer proteins of lactobacilli have higintent of positively charged residues, which
makes them highly basic proteins: predicted isdetepoint (pl) values range from 9.35 to 10.4
(Mobili et al., 2010). A characteristic feature lcdictobacillusspp. S-layer proteins is a high
percentage (23-33 %) of amino acid residues wittirdwyl groups and a high content of
hydrophobic amino acid residues, ranging from 34.8 38.7 %, which is a typical feature for
all S-layer proteins (Avall-Jaaskeldinen & Palva0R).

The functional roles ofLactobacillus spp. S-layers are yet poorly characterised. It was
demonstrated that it can be involved in mediatidgesion to different host surfaces, even if
this is not the case for all the microorganismg tieve this protein (Sara & Sleytr, 2000). It
was demonstrated that S-layers lof helveticusand L. acidophiluscan participate in the
interaction between bacterium and its host (Johtsemry et al., 2007; Konstantinov et al.,
2008; Beganovi et al., 2011). Konstantinov and colleagues dematest the ability of the S-
layer protein oflL. acidophilusNCFM to interact with human’s immune system, daiaimg
the modulation of dendritic cell response and ttigvation of T-helpers (Konstantinov et al.,
2008). It is worth noting that the S-layerlafacidophilusNCFM is highly similar to that of.
helveticus Beganow and collaborators found that the S-layer proteininivolved in the
autoaggregation of.. helveticusM92 cells and coaggregation &f helveticusM92 with
Salmonella entericaerovar Typhimurium FP1. Moreover, it enhancesitii@une protection
by reducing the infection b$. entericaserovar Typhimurium FPih vivo (Beganow et al.,
2011).

A general functional principle for all S-layers hast been determined and probably does not
exist, due to the widespread occurrence of S-lpgssessing organisms and their differences in
the overall cell surface structure. Due to theghhy periodic and regularly arranged porous
ultrastructure, S-layers possess great potential vBrious applications in biotechnology,
nanotechnology, nanobiotechnology and biomedicpliegtions (Sara & Sleytr, 2000; Sleytr et
al., 2003; Avall-Jaaskelainen & Palva, 2005; Pumakt 2006; Schuster & Sleytr, 2009;
Hollmann et al., 2010).

2.1.2 Binders from phage antibody libraries

There are two methods for generating of monocl@mibodies. The first one comprehends
mice immunisation followed by hybridoma technolodgy. this technology hybrid cell lines
(called hybridomas) are formed by fusing a spedifiitbody-producing B cell with a myeloma
(B cell cancer) cell that is selected for its dpitio grow in tissue culture and for an absence of
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antibody chain synthesis. The production of monoaloantibodies was invented by Cesar
Milstein and Georges J. F. Kéhler in 1975.

Over the past twenty five years, advances in mddechiology have allowed to use the
bacteriumEscherichia colifor production of recombinant binders (antibodieg)ploying the
phage display technology.

2.1.2.1 Phage display

Definition. In phage display, a foreign peptide, protein ditemaly fragment is expressed on the
phage surface due to the new genetic materialtethénto a phage genome, fused to a capsid
protein-encoding gene. The first report of phagepldying foreign peptides on their surface
was published in 1985 (Smith, 1985).

Antibody formats. Usually only a fragment of the entire antibodpé&ng expressed due to the
size limitations for protein production in bacterldowever, this antigen-recognising part is
enough for the complete functionality. Antibodydgnaents most often used in phage display are
either of single-chain variable fragment (scFv}ab format (Figure 2.1.2).

ﬁ*_nggen *Eﬁmésen COR-L1-L2 -L3  CDR-H1 -HZ2 -H3
inding inding
pocket pocket ¢ ¢ ¢ ¢ ¢ ¢

N , TR

VH VH : o P
Antigen WL GE-linker  %H
binding D
b CH1 CHI b pocket
CL %3 l

WH
CH2 ES-linker

Wi
CH1 CL l
- ) D/I )
B C

Figure 2.1.2.Schematic antibody structure and derived fragmeits.Schematic structure of
an immunoglobulin molecule, (B) Fab and (C) scktitmdy fragments. Immunoglobulin
consists of two identical heavy and light chainsnposed of variable and constant domains.
VH, variable region of heavy chain; VL, variablggien of light chain; CH, constant region of
heavy chain; CL, constant region of light chaineTdntigen-binding site is located at the tip of
the variable domains. (D) The schematic structura scFv fragment gene. A scFv fragment
consists of a VL and VH domains, which are linkewugh a flexible glycine-serine linker.
Hypervariable complementarity-determining regiorGDR) that form the antigen-binding
surface in a folded protein are indicated: CDR-LGDR-L2, CDR-L3, CDR-H1, CDR-H2,
CDR-H3. Adapted from Smith et al. (2004) and Braaokm(2010).

CH2

CH3
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Display systems.Four kinds of display system have been develomedhss namely, phage
lambda, T4 phage, T7 phage and filamentous phhgdilamentous M13 phage being the most
widely distributed (Kehoe & Kay, 2005). In M13 fiteentous phage display, several coat
proteins have been used as targets for the fusioforeign peptides. The first and most
commonly used is the p3 coat protein (Smith, 198&ijch is present at three to five copies in
M13 (Figure 2.1.3). The major coat protein p8 (2&06pies per phage particle) is also used
(Benhar, 2001).

Phage display formats.Phage display systems can be

scFy grouped into two classes on the basis of the vector
/ﬁkgene3pmtem 3 system used for the production of phages (Paschke,
& gene B pratsin (pf) 2006). (1) True phage vectoase directly derived from
the genome of filamentous phage (M13, f1, or fd)l an
g gene B pratein (pB) encode all the proteins needed for the replicatiod
assembly of the filamentous phage. Early phageaisp
' antibody genes formats involved the peptide, protein or antibody
(for vH and W1 fragment-encoding gene fusion to the phage capsid
protein-encoding gene. In this case, they werelaljsgl
?rj 9] gene 3 in a multivalent format, since all copies of theato
@ ;{ protein are translated as fusion proteins (Carmen &
; >< Jermutus, 2002). However, it was not possible spldy
éf)( (F . Iarge_r polypeptldgs or proteins wnhout_affectlriget
| 4 gene 7 and 3 proteins function of capsid protein or decreasing of phage
(p7 and p3) infectivity. These problems are overcome by the afse

Figure ~ 2.1.3.  Schematic phagemids. The second group of phage display sgstem

structure of filamentous M13 utilises (2) phagemid vectgrsvhich produce the fusion

phage and the principle of coat protein. Phagemids are plasmids (approximatély

monovalent  phage display. kilobases) which encode a signal sequence, theephag

Adapted from Smith et al. coat protein and an antibiotic resistance markdre T

(2005). antibody fragment is cloned upstream (for N-fusjoms

downstream (for C-fusions) of the capsid protein

sequence and expression is controlled by the use mbmoter such as lacZ. The relatively
small size of these vectors means that they hayleehitransformation efficiencies than phage
vectors, hence facilitating the construction ofytatibraries of peptide or antibody fragments.
The incorporation of an amber stop codon betweendthplayed protein and the phage coat
protein permits fusion protein expression in suppoe strains oE. coli such as XL1-Blue.
Non-suppressor strains, such as HB2151, will notriporate a glutamine at the amber codon,
thereby resulting in production of only the antigodhoiety. A phagemid cannot produce
infective phage particles alone. A helper phagel{sas VCSM13; for monovalent display) or a
hyperphage (a helper phage with a deletion in thegne, but with wild type p3 phenotype,
thus capable of infecting’FE. coli cells with high efficiency (for polyvalent displaBroders et
al., 2003) is required. The helper phage provides denes which are essential for phage
replication and assembly. Cells already contaitiphagemid vector are superinfected with
the helper phage. Glucose in the growth media sspee the lacZ promoter, preventing
expression of fusion, which would inhibit superctfen. Once the helper phage genome is
incorporated into the cell, the glucose is remoard phage production starts. In addition, lacZ
promoter is being induced with IPTG.

Advantages of phage display technologyl) Fast. One of the major advantages of phage
display technology of antibody fragments comparét standard hybridoma technology is that
the generation of specific fragment can be perfarméhin a couple of weeks (Carmen &
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Jermutus, 2002). As this method is based on miatalyistems, selection and screening are
more amenable to automation than earlier hybridbased approaches. This provides the
potential for high-throughput generation of bindéBabel et al., 2011). (2) The immediate
availability of the antibody gene provides muchitiddal value relative to antibodies obtained
by immunising animals. By permitting control ovelection and screening conditions, display
technologies allow (3) the generation of antibodigainst defined antigen conformations or
epitopes. Because the gene encoding the antibazdgried at the same time as the antibody is
selected, simple subcloning steps aifitevitro display permit (4) the creation of constructs with
added functionalities: fusion to enzymes or biotimyltimerisation. In addition, (5) antibody
specificities can be broadened or narrowed by gpjate selection and screening. Antibody
generation by phage display overcomes immunolodatatance, allowing the selection of (6)
affinity reagents that recognise highly consernvaddts such as histones, haemoglobins and
post-translational modifications. On the other handsitro display technologies allow (7) the
generation of antibodies, which recognise antigiias are neither immunogenic nor highly
conserved (e.g. small molecules and chemical neadiéins). Byin vitro methods it is possible
to select (8) antibodies against pathogens anchgpithat are not obtainable by traditional
immunisation techniques. Unlike antibodies generdig immunisation, thén vitro selected
ones (especially those of human origin) have theeni@l to be used therapeutically as
molecules with improved tolerance by the patients.

The disadvantage of phage display selection obadiés is that quite often antibodies with low
affinities for the target are obtained. Howevertutns to the major advantage iof vitro
methods: once obtained it is possible to furtheprome the antibodies’ affinity, specificity,
expression or stability. The improvement of antipadfinity even to femtomolar range became
possible (the affinities of antibodies obtaineditoynunisation are limited to ~100 pM by the
physiological mechanism of B-cell activation) (Bbady et al., 2011).

In their recent paper Andrew Bradbury and colleagiigradbury et al., 2011) raise a question:
why antibodies selected by vitro methods (even if being so powerful tools) are witely
perceived as valuable research reagents? Theirearisvthat difficult patent situation exists,
which resulted in restriction of this technology ttte high-margin therapeutic markets for
commercial use. The authors note that in this kegbridoma technology was never patented,
and achieved relatively wide acceptance withinartsperiod. They conclude that the situation
for some of the core phage display patents is naanging rapidly, as most platform patents
have either expired or will do so over the next f@ars.

2.1.2.2 Antibody libraries

Generally, three types of antibody libraries can distinguished: immunised, naive and
synthetic (Hoogenboom & Chames, 2000; Carmen & darsy 2002).The primary difference
between these libraries is their origin. Immunibtaries are mainly derived from the immune
repertoire of immunised animals, whereas most naive synthetic libraries are of human
origin.

Immunised libraries are created to obtain antibodies specific for @age antigen. They are
assembled from rearranged variable domain genésasofrom immunised donors (Clackson
etal., 1991).

Naive libraries have been derived from germline immunoglobulinuseges (Soderlind et al.,
2000). Construction of naive libraries involvesatilely straightforward molecular biology
techniques such as reverse transcription of mRM#Hpwed by polymerase chain reaction
(PCR) with germline-specific primers to amplify ttig and \{ gene segments from the cDNA
template, and restriction-based cloning to incoapmthe rearranged antibody segments into an
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appropriate phagemid display vector. Finally, tleetors are transformed infe. coli cells to
generate the antibody repertoire.

Synthetic libraries are grafted from a single synthesised antibodyemdé. Construction of
synthetic libraries involves rearranging, ¥nd \{ gene segmenia vitro and randomising the
complementarity determining regions (CDRs) by P@R eandomised oligonucleotide primers,
introducing varying loop lengths (Knappik et al00B; Brockmann et al., 2011).

2.1.2.3 Selection of binders from phage displayed libraries

Panning is the process for the selection and isolabf specific antibodies from antibody
libraries by their binding activity. In principlé,involves the selection of binders/antibodies on
the basis of their affinity. The isolation of a oled antibody generally involves repeated rounds
of panning, with each successive round resultinghan enrichment of the desired antibody.
Each round of antibody selection can be divided a®posing of phage to immobilised target,
removal of nonspecific phage, and the elution angldication of phage antibodies for the next
round (Figure 2.1.4).

Analyls

G @
Exposure of phage
to immobilised target
C
@ Specific § : i 8 Non-specific
binder §: ing &4

binder

E
Amplification \ , Elution

Infection

Figure 2.1.4.The phage display cycle.
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Figure 2.1.4.(continued)A) A library of variant DNA sequences encodingtjukgs or proteins

is created and cloned into phage or phagemid gesoasefusions to a coat protein gene. (B)
The phage library displaying variant peptides opgins is exposed to target molecules and
phage with appropriate specificity are captured. (@n binding phage are washed off —
although some non-specific binding may also ocd&jyBound phages are eluted by conditions
that disrupt the interaction between the displapegtide or protein and the target. (E) Eluted

phage are infected into host bacterial cells andréhy amplified. (G) This amplified phage
population is in effect a secondary library thagi®atly enriched in phage displaying peptides
or proteins that bind to the target. If the bio-pémg steps (B) to (E) are repeated the phage
populated becomes less and less diverse as thdapiopubecomes more and more enriched in
the limited number of variants with binding capgcifG) After several (usually three to five)

rounds of bio-panning monoclonal phage populatiomsyy be selected and analysed

individually. Adapted from Willats (2002).
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2.2 AIMS OF THE STUDY

Recently, the potential health-promoting propertasthe pharyngeal level of the dairy
bacteriumL. helveticusMIMLh5 were evaluatedn vitro andex vivo The strain was proposed
as a potential pharyngeal probiotic because ahthty to adhere to human epithelial cell lines
and to efficiently antagonise group A streptocoacithese cells (Guglielmetti et al., 2010).
Furthermore,L. helveticusMIMLhS appears to be a promising probable modulaib the
immune system, which is able to reduce ®dB-activation, to influence cytokine secretion a th
epithelial level, and potentially to skew the imrewsystem toward a Thl response.

It was already demonstrated that the probioticvagtiof L. helveticuscan be due to the
presence of the S-layer protein (the case of sthé®2; Beganou et al.,, 2011). It was
suggested that. acidophilus NCFM is the first probiotic bacterium identifiechat is
functionally involved in the modulation of dendciticells and T cells functions and this
immunomodulatory activity is due to its S-layer tg@in (Konstantinov et al., 2008). It is worth
noting that the S-layer protein bf acidophilusNCFM is highly similar to that df. helveticus

A new study is now in progress to identify the lesieil cell components involved in the
immunomodulatory properties df. helveticus MIMLh5 (Taverniti et al., manuscript in
preparation).

For the reasons mentioned above we were interéstedow whether the S-layer protein lof
helveticusMIMLhO5, the potentially immunologically importarpirotein, is present in food
products, namely in Grana Padano cheese, whoseahathey starter (NWS) it was isolated
from.

Therefore, the aim of the present study was tordeébe the presence of tHe helveticus
MIMLh5 S-layer protein in Grana Padano cheese.

Most specifically the tasks were:

1. To set up an efficient extraction protocol to obtgiure extracts of. helveticus
MIMLh5 S-layer protein.

2. To determine the mass and the sequence df.thelveticusMIMLh5 S-layer protein.

3. To select the.. helveticusMIMLh5 S-layer protein-specific binders, by empioy the
antibody phage display technology.

4. To set up an assay for the detectioh. ohelveticusMIMLh5 S-layer protein in Grana
Padano cheese.
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2.3 MATERIALS AND METHODS
2.3.1 Bacterial strains and culture conditions

Table 2.3.1lists theLAB strains used in this studly. helveticusstrains were growat 42°C in
MRS broth (Sigma-Aldrich, Milan, Italy) supplemented with 1 % of Tween 80 (Sigma
Aldrich). L. acidophilusand L. delbrueckii subsp.bulgaricus were cultivated in the same
medium at 37C. Escherichia coliXL1-Blue [recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl
lac [F' proAB lacl9Z4M15 Tn10 (Tef)]] (Stratagene, Santa Clara, CA, US#Was grown in
Luria—Bertani (LB) broth or SB medium at 3T, if not indicated diversely

Table 2.3.1.LAB strains included in the study.

Species Strain Isolation source Reference
L. helveticus MIMLh5# Grana Padano cheesé&uglielmetti et al., 2010
NWS
ATCC 15009 Emmental (Swiss) Orla-Jensen, 1919
cheese
SLho2 Fermented milk product Unpublished
L. acidophilus ATCC 4356 Human Efthymiou & Hansen, 1962
NCFM® Human intestine Sanders & Klaenhammer,
2001
L. delbrueckii ATCC 11842  Bulgarian yogurt Orla-Jensen, 1919

subspbulgaricus

& DISTAM Industrial Microbiology Section Culture Qettion, University of Milan (Milan,
Italy).

® Isolated from “Narine” (Vitamax-E, Yerevan, Armapi Sacco S.r.l. Culture Collection
(Cadorago, Italy).

¢ Isolated from “Probactiol” (MetagenicSan Clemente, CA, USA

T Type strains from American Type Culture Collect{Manassas, VA, USA).

2.3.2  Extraction and purification of S-layer protein from L. helveticus MIMLh5

Extraction of the S-layer protein frofn. helveticusMIMLhS was performed with LIiCl as
described previously (Lortal et al., 1992; Smitakf 2001; Johnson-Henry et al., 2007; Agave
BioSystems, 2011). Briefly, 500 mL of an overnightiture of MIMLh5 was harvested by
centrifugation at 3000 g for 20 min at°@ and washed with 1 volume of cold sterile MilliQ
water. The cell pellet was extracted with 0.1 vaduai 1 M LiCl solution for 30 min at room
temperature in the presence of Protease Inhibitwektail (Sigma—Aldrich, St. Louis, MO,
USA) with slight agitation and centrifuged. Thelqallet was then extracted with 0.1 volumes
of 5 M LiCl solution for 1 h at room temperaturetire presence of Protease Inhibitor Cocktail
and centrifuged once more. The supernatant wasrdit through a 0.2um filter and
exhaustively dialysed for 36 h at 4C against distilled water using 12000 kDa cut-off
membranes (Sigma—Aldrich), which were prepareddfalysis by boiling in 2 % of NaHCO
and 1 mM EDTA solution. Each time changing the wald01 % of Protease Inhibitor
Cocktail was added. The dialysate was collectedcamtkrifuged at 20000 g for 20 min af@.
The supernatant was removed and the pellet resdsden several millilitres of sterile MilliQ
water, shelf frozen and freeze dried. Protein cotte#on was determined by using the
Bradford microassay method using bovine serum ailb{BSA) as a standard. Protein purity
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was determined by sodium dodecylsulphate—polyacrida gel electrophoresis (SDS-PAGE)
and RP—HPLC analysis.

2.3.3 SDS-PAGE

S-layer protein and total bacterial lysates wesuspended in SDS—PAGE (Laemmli) sample
buffer (31.25 mM Tris pH 6.8, 12.5 % glycerol, 1 S®S, 0.005 % bromophenol, 2.5 6
mercaptoethanol), boiled for 5 min, and separated®% SDS—PAGE in TRIS—glycine—-SDS
buffer on Mini-PROTEAN 3 system (Bio-Rad lItalia, llsh, Italy). Gels were stained with
Coomassie brilliant blue G-250 (Sigma—Aldrich).

2.3.4 RP-HPLC of S-layer protein

Samples were analysed by RP-HPLC on Waters AlliaB685 instrument (Waters,
Vimodrone, Italy). Protein was separated af@®mn a PLRP-S column (2.1 mm i.d.uf, 300

A, Polymer Laboratories Ltd, Church Stretton, UKhe eluents used for the separation were:
solvent A, 0.1 % TFA in MilliQ-treated water, andhgent B, 0.1 % TFA in acetonitrile. The
linear elution gradient expressed as the solvemtdportion was as follows: 0 min, 25 %; 0 to 5
min, 25 %; 5 to 35 min, 25 to 55 %; 35 to 36 miB,t6 95 %; 36 to 38 min, 95 %; 38 to 39
min, 95 to 25 % (run—to—run time, 40 min). Proteias eluted at a flow rate of 0.2 mL rfin
and monitored at 210 nm with Waters 2996 Photodfuday Detector (Waters).

2.3.5 Evaluation of immunomodulatory activity of L. helveticus MIMLh5 S-layer
protein

The immunomodulatory activitypf L. helveticusMIMLhS S-layer protein was determined
according to the method described previously (araf.3.7) with some modifications.
Recombinant Caco-2 cells were cultured in 24-wédtgs in presence of 50y mL™* zeocin
until the confluence. Cell monolayers (approximat8l x 10° cells well') were carefully
washed with PBS buffer (pH 7.4), and 0.5 mL of ir&VEM medium, containing 100 mM of
HEPES (pH 7.4) and 100g of theL. helveticusMIMLh5 S-layer protein, was added. Caco-2
cells were stimulated and NEB activation was determined as described abovesathples
were analysed in duplicate in at least three inddpet experiments.

2.3.6  Determination of molecular mass of S-layer proteirby mass spectrometry

For liquid chromatography—-mass spectrometry (LC—MSjalysis, S-layer protein was
resuspended in MilliQ water or dissolved in 8 M arreMass determination analysis was
performed on Waters Acquity UPLC instrument (Watafisnodrone, Italy) connected to a Q-
Tof micro mass spectrometer (Waters) equipped with an ootieigelectrospray source (Z-
spray). Protein was separated at°@on Acquity UPLC BEH300 C4 column (%150 mm,
1.7 um, Waters). The eluents used for the separatior:wsmivent A, 0.1 % formic acid in
MilliQ-treated water, and solvent B, 0.1 % formicidh in acetonitrile. The linear elution
gradient expressed as the solvent B proportionaga®llows: 0 min, 25 %; 0 to 4.78 min, 25
%; 4.78 to 22.78 min, 25 to 55 %; 22.78 to 23.38,B5 to 95 %; 23.38 to 24.58 min, 95 %;
24.58 to 25.18 min, 95 to 25 % (run—to—run time n3A). Protein was eluted at a flow rate of
0.2 mL min! and monitored at 210 nm with Acquity UPLC PhotaféicArray Extended.
Detector (Waters). Mass spectra acquisition wapaed in positive ion mode. The optimised
mass spectrometry conditions were: capillary vatdg00 V, source temperature 10D, and
cone voltage 45 V. The electrospray ionisation JEgs was nitrogen. The Tof analyser
collected data between m/z 500 and 2000. The ajlS spectrum was analysed with the
MassLynx 4.1 software (Waters). MS data were prasgsisingMaxEnt lalgorithm.
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2.3.7 Determination of S-layer coding gene sequence froin. helveticus MIMLh5 and
its analysis

Determination of S-layer coding gene was perforimgd CR using specific primers: SLY ex F,
CTGCAACTGCTATGCCTGT and SLY ex R, ATACGCTTAGTACCATEA on the DNA
extracted from the isolate according the standaodeulure (Sambrook et al., 2001). The PCR
conditions were as follows: predenaturation af@4or 2 min, 35 cycles at 94 for 45 s, 56
°C for 45 s, 72C for 1.5 min, and a single final extension atZ2for 7 min. All amplification
reactions were performed in a MyCycler thermal eydBio-Rad Italia, Milan, Italy). PCR
products were purified using PCR Clean-Up Kit (M@DBLaboratories, Carlshad, CA, USA)
and sequenced with the dideoxy chain—terminationciple (Sanger et al., 1977) employing
Applied Biosystems Big Dye Chemistry v3.1 (AppliBbsystems, CA, USA).

Homology searches of the databases were done hatBLtASTservice at the National Center
for Biotechnology Information (Altschul et al., 1@9 Sequence alignments were performed
using MEGA 5 (Tamura et al.,, 2011) andlign X module ofVector NTI Advanc® 11
(Invitrogen, Finland).

The isoelectric point and the theoretical molecwl@ight of the protein were calculated with
Compute pl/Mwool fromExPASYGasteiger et al., 2005).

2.3.8 Coating procedure

S-layer protein was coated on microtiter wells asgive adsorption. Lyophilised S-layer
protein was dissolved in 5 M LiCl solution in mQ teraup to 50ug mL™ concentration or later
diluted up to 10ug mL™* with 5 M LiCl. MaxiSorg™ and PolySorp" microtitration plates in
12-strip well formats were from Nunc (Roskilde, Deark). The normal coating procedure for
S-layer protein, the preparation of the controt@lés briefly described below. S-layer protein
was diluted in the coating buffer (100 mM TRIS—H@H 9.0) to the final concentration 5.9
mL™ (or 1.0pug mL?Y). Then 200uL of the coating solution was dispensed into eae, w
giving 1 ug (for pannings) and 0.2g (for immunoassays) S-layer protein per well. plaes
were closed in a humidified box and incubated ogditnat room temperature (approximately
25 °C). Then the plates were washed twice in a DELFlAtéRvash (Perkin-Elmer Life
Sciences, Turku, Finland) with DELFIA Wash Solutisumpplemented with Tween 20 (Merck,
Hohenbrunn, Germany) to the final concentratiorb @@ After washing, 25QL of saturation
solution (50 mM Tris—HCI, pH 7.0; 150 mM NaCl; 0.06 NaN;; 6 % D-sorbitol) with BSA
(0.2 % bovine serum albumin fraction V powdgglobulin free, Sigma—Aldrich) or skim milk
(1 %) was added per well. The plates were saturateelnight at room temperature
(approximately 2%C). The saturation solution was aspirated in a DBLFlatewash and the
plates were dried (2%5C, under the laminar hood) for 4 h. Finally thetgtawere packed with
moisture adsorbent into an aluminium zip-bag aondest dry at £C. The control plates were
prepared coating microtiter wells only with satigatsolution, containing BSA or skim milk.

2.3.9 Synthetic human antibody libraries, vectors and heder phage

Synthetic human phage displayed scFv protein ampdehaMolBind libraries (total diversity,
1.40x 10" were provided by the Department of Biotechnologgjversity of Turku (Turku,
Finland) cloned into pEB32x phagemid. The libraies based on a single human framework.
The framework gene is composed of a single humad@appa and a singlechain sequence.
Chains were diversified by Kunkel mutagenesis aitfipms in the antigen binding site (CDR
loops) that make contact to antigens (proteins laaptens, respectively), and subjected to
affinity maturation by VY shuffling (Brockmann et al., 2011). The scFv fragns comprise a
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single polypeptide with the Yand \{ domains attached to one another by a flexiblergha
acid long glycine—serine linker.

The vectors used are shown in Figure 2.3.1.

A Lacl Binding site PelB sar(y) B Lacl binding site PelB SR
Lac FO; E{( LacPO Ljf-"""' '
Lacl teth S o N
EcoO1091 (943
pEB32x . pLKOGH
Pty oIE1 regio 7163bp
] | tetR :
ColEl region

Sfil (2102)
Sfil (2102)
/gvpsin cut site bla
r\ g3 : PhoA
Caml & 146

F1Grev BxHis-tag
Figure 2.3.1.Phagemid pEB32x (A) and expression vector pLKO6H fblis-tagged bacterial
alkaline phosphatase (PhoA) fusions (B).

Phagemid vector pEB32x was used for monovalent gligplay with helper phage VCS M13
(Stratagene, La Jolla, CA, USA). It conferred chtlophenicol resistance. Vector pLKO6H
(containingp-lactamase encoding genald) for ampicillin resistance) was used for screening
antibody clones. In this vector scFv was clonedubh Sfil restriction sites and expressed as
fused to bacterial alkaline phosphatase (PhoA).-tatis from this vector allows affinity
purification using Ni-NTA matrix. Both vectors haeTG inducible Lac promoter. Protein was
directed to periplasm dE. coli by pelB signal sequence. Vectors pEB32x and pLKG@él
derivatives of pAK200 and pAK600, respectively (Kber et al., 1997). They were kindly
provided by the Department of Biotechnology, Unsigrof Turku, Finland. Primer pAKfor 5'-
TGAAATACCTATTGCCTACG-3' was used for sequencingsaf-v fragment from the vector
pLKO6H.

2.3.10 Panning on microtiter wells

Panning is the process for the selection and isolaif specific antibodies by their binding
activity. S-layer coated microtiter wells were padrwith a mixture 1 : 1 of pEB32x scFv
hapten MolBind and pEB32x scFv protein MolBind padipraries (Brockmann et al., 2011).
This phage library mix (2.5 x #0cfu mL?, dilution in TBT-0.05) was first incubated in a lwe
(200 pL well™) not coated with S-layer protein for 1 h at ro@mperature with slow shaking
(Delfia® plateshake, low mode, Perkin-Elmer Life Sciendasku, Finland), upon which the
unbound fraction was transferred to S-layer-coatellis. After 2 h (for the first panning) and 1
h (for the subsequent pannings) of incubation, wlels were washed 3 times (for the first
panning) and 4 times (subsequent panning) with DBIT-then 1 time with TBS-0.1 % Tween
20. The bound phages were then eluted with 200fjitypsin solution (60 pg mtin TBS) for
15 min at room temperature and after neutralise¢tl ®10 volume of trypsin inhibitor (1 mg
mL™in TBS).

The eluate was amplified by infection & coli XL1-Blue. The phages were purified by
precipitation with PEG-8000 (16 % w/v)/NaCl (12 %vyvon ice for 10 min and titrated using
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LB agar plates with tetracycline (10 pg MLand chloramphenicol (28g mL™). The titrated
phage was then diluted to 1 x*1@fu mL" in TBT-0.05 and applied as the input phage for
subsequent pannings.

2.3.11 Screening for the binding specificity of phage antiodies to purified S-layer
protein

To screen for binding specificity of phage library stocks (scFv-p3 fusions)they were
diluted 1:10000 in Red Kaivogen Assay Buffer (Kajeo, Turku, Finland) and analysed by
DELFIA® time-resolved fluorescence immunoassay. In theyasma antigen, the S-layer
protein, was firstly bound to MaxiSofp and PolySorp” microtitration wells, 0.2:g well*, as
indicated above. Then phage samples were inculfated h in slight agitation (DELFIR
plateshake, low mode; Perkin Elmer Life Sciencaskil, Finland) and after washing the plate
Eu-N1-labelled anti-phage Mab (University of Turk@iurku, Finland) was bound. Time-
resolved fluorescence signal of*Ewas measured with Victor 1420 multilabel counterkin
Elmer Life Sciences, Turku, Finland) after 10 miavdlopment with Delfia enhancement
solution.

To screen for binding specificity of individual phage antibody clones the enriched library
was cloned into vector pLKO6H (throudfiil restriction sites), which expresses scFv as @ifus
to PhoA and 8His-tag. Individual clones were inoculated in SBdmen (0.05 % glucose, 10
ug mL? tetracycline, 10qug mL* ampicillin) onto a 96-well V-bottom culture pla¢€orning
Life Sciences, Pittston, USA) covered with a brabth sealing tape (Nunc, Roskilde,
Denmark). Clones were grown for 4—6 h at°8 700 rpm, 70 % humidity. The cells induced
with 100uM IPTG and incubated overnight at 286, 700 rpm. Foperiplasmic extraction, 1/5
volume of freshly preparedx8ysis buffer (350 mM TRIS, pH 8.0, 10 mM EDTA, iy mL*
lysozyme) was added. Plates were incubated 10 miB0&C, 700 rpm and subsequently
centrifuged 10 min at 4C, 3220 g. Supernatants were analysed by alkalsphatase (AP)
chromogenic ELISA assay. In the assay, samplagtedil1:10 with Red Kaivogen Assay Buffer
were incubated for 1 h in the microtitration well®ated with S-layer protein. After washing
the plate 4, substrate, para-nitrophenyl phosphate (pNPP}isal(50 mM TRIS, pH 9.0, 200
mM NacCl, 1 mM MgC}, 5 mM pNPP,) was added. Absorbance of p-nitroplaaat 405 nm
was measured with Victor 1420 multilabel counteeridh Elmer Life Sciences, Turku,
Finland) after 1 h of colour development. A clonaswconsidered to be positive if the specific
signal and relative absorbance,{&-layer-coated well — AsS-layer-uncoated well) were
above 0.5 (Ag).

The test of specificity of the. helveticusMIMLh5 S-layer protein-binding clones was based on
phage binding to different S-layer containing LABafs in suspension, and it was performed
as indicated bellow.

2.3.12 Screening for the binding specificity of phage antiodies to S-layer protein-
containing LAB strains

To screen for the MIMLh5 strain S-layer-specificaglke antibodies, the MIMLh5 S-layer-
positive scFv binder clones were inoculated in 5ahiISB medium (0.05 % glucose, L§ mL

! tetracycline, 10Qug mL™* ampicillin) in culture tubes and cultivated at 32 with 300 rpm
shaking to OD (600 nm) 0.8. The cultures were ieduwith 100uM IPTG and grown further
overnight at 26C with 250 rpm shaking. Cells were harvested byrdegation 3220 g for 10
min at 4°C. The pellet was resuspended in 1 mL (ixe.cbncentrated) of modified Kaivogen
Assay Buffer [MKAB, 50 mM TRIS—HCI, pH 7.5, 0.9 %aRlI, 0.01 % Tween-40, 0.5 % BSA
(fraction V powder, Sigma—Aldrich, St. Louis, MOSW)]. Cells were disrupted by sonication
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and by two subsequent freeze (@) and thaw cycles. The lysate was centrifuged @5y for

5 min at 4°C and the supernatant containing soluble anti-8BrtagFv-PhoA binders was
aliquoted and stored at —2@ before AP chromogenic immunoassay in suspensiothe
assay, lactobacilli cells were grown over nightMRS medium, harvested by centrifugation
3200 g, 5 min at 4C, resuspended in mKAB and “discharged” for 30 atifbacterial growth
temperature. Then cell pellets were washed with BK#d resuspended in the same buffer up
to approximately 10cells mL*. 100uL of cell suspensions were aliquoted (approximaléfy
cells/tube). The number of cells was selected dogtly before by testing different cell
concentrations (e.g. 010 cells mL?Y). 100 uL of 5x diluted in mMKAB lysates, containing
anti-S-layer-scFv-PhoA binders, were added. LAB @etl scFv-PhoA binder suspensions were
incubated for 1 h at room temperature in rotati@dation (13 rpm, Grant-bio PTR-30 rotator,
Grant Instruments, Cambridge, UK). After washing (@he number of washes was selected
empirically) with cold mKAB, a substrate, pNPP, ig@dn was added and suspension was
incubated at room temperature for 2 hours in rotati agitation (13 rpm). Cells were
precipitated by centrifugation at 15700 g, 5 mifC4and the absorbance of p-nitrophenolate in
the supernatant was measured as described aboekné was considered to be a positive
binder to S-layer protein if the specific signal svabove 3.0 or the relative absorbance
(AzosMIMLN5 — A4 b11842) was above 1.0 (Q&).

2.3.13 Preparation of anti-S-layer binder (anti-S-layer sé&v-PhoA-6xHis fusion) extracts
for Western blotting

Anti-S-layer-scFv-PhoA-%His fusion extracts were prepared under native itiomd$ as
indicated below. Briefly, cultures of 40 mL SB (4 mL* tetracycline, 100ug mL*
ampicillin, 0.05 % glucose) were inoculated witlequltures to OD (600 nm) 0.05 and grown at
37 °C with 300 rpm shaking to OD (600 nm) 0.8. The ungs were induced for periplasmic
expression of anti-S-layer-scFv-PhoAHis binders with 100uM IPTG and grown further
overnight at 26C with 250 rpm shaking. Cells were harvested byridfegation 3220 g for 15
min at 4°C. The pellet was resuspended in 1.2 mL of LysifeBy {20 mM sodium phosphate,
500 mM NaCl, pH 7.4) giving the final volume of apgimately 1.5 mL. 2 mg mt of
lysozyme, 5 mM of MgGl 112.5 U of DNase (Ambion, Applied Biosystems, &k,
Finland), 1 mM PMSF were added. Suspensions wergated 30 min at room temperature in
rotational agitation and set on ice. Samples werinér sonicated on ice and centrifuged 15700
g for 5 min at 4°C on table top centrifuge. The supernatant, soldfaletion, was filtered
through 0.2um & syringe filter, pipetted to fresh tubes and staed20°C.

2.3.14 Preparation of LAB total protein extracts for Western blotting

For preparation of total protein extracts, LAB seNere cultivated overnight in MRS medium,
harvested by centrifugation 3220 g for 15 min &C4 Cell pellet was washed, resuspended in
cold PBS buffer, containing 1 mM PMSF and subjedtedisruption by French Press E 1061
machine (Constant Systems, Daventry, UK) as inditaby manufacturer. Briefly,
Lactobacillusspp. cells were resuspended in cold PBS buffertaiming 1 mM PMSF at a ratio
1:5 (wet weight of biomass vs. volume of resuspmnbuffer) and subjected to the pressure of
35000 psi for 3 times consecutively. Cell lysateswallected, aliquoted and stored at =70
before loading on polyacrylamide gel. For Westelatting analysis, 12Qug of total protein
extract (per lane; concentration measured accordljgg was boiled for 5 min in SDS-PAGE
(Laemmli) sample buffer (31.25 mM Tris pH 6.8, 126 glycerol, 1 % SDS, 0.005 %
bromophenol blue, 2.5 $mercaptoethanol) and separated on 10 % SDS—-PAGE.
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2.3.15 Detection ofL. helveticus MIMLh5 S-layer protein by Western blotting

For denaturing conditions, proteins from SDS—PAGs gvere transferred to polyvinylidene
fluoride (PVDF) membrane (Hybond-P, Amersham Biesces, Buckinghamshire, UK) at a
constant voltage of 15 V at room temperature fornli® on a Trans-BISt SD Semi-Dry
Transfer Cell Module (Bio-Rad Laboratories, Richmp@A, USA) in 3-[cyclohexylamino]-1-
propanesulfonic acid (CAPS) electroblotting buffarstem (10 mM CAPS, pH 11, 10 %
methanol). For native conditionsactobacillusspp. total protein extracts were loaded as dots
on the membrane and let to be absorbed passiveljnbvanes were blocked for at least 1 hin 5
% (w/v) non-fat dry milk in TBS (TRIS-buffered sadi, pH 7.5) at room temperature. Further,
blotting was done using anti-S-layer binder (antafer scFv-PhoA-gHis fusion) extracts in
1:200 dilution (in TBS with 0.05 % Tween20) as paiy antibody (incubation overnight at 8
°C in rotational agitation) and horse radish peraga (HRP)-conjugated anti-His mouse
monoclonal IgG1 (5Prime, VWR International, Helsjnkinland) in 1:2000 dilution (in TBS
with 0.05 % Tween20) as secondary antibody (indahafor 1 h at room temperature in
rotational agitation). The membrane was visualigttomogenic detection) with CN/DAB
Substrate Kit (Thermo Scientific, Rockford, USA) lwitvo consecutive substrate exposures.

2.3.16 Preparation of Grana Padano cheese samples for Wesh blotting

Samples from different stages of Grana Padano ehewduration are listed in Table 2.3.2.
They were kindly supplied by the Consorzio Tutelaatz Padano with the following
specifications: dates of production and sample ciidle, registration number, indicating the
manufacturer and the production site.

Table 2.3.2.Grana Padano samples used for the study.

Sample Age g;(t)gucnon Sampling date E§9|strat|on
NWS N/A 01.06.2011. MN437
Curd 48 hours 01.06.2011. 01.06.2011. MN437
Grana Padano “cheese” 2.0 months 03.2011. 30.05.2011. PC540
3.5 months 15.02.2011. 31.05.2011. MN401
3.6 months 13.02.2011. 01.06.2011. MN437
4.0 months 01.2011. 30.05.2011. PC540
5.0 months 11.2010. 27.04.2011. PD711
5.0 months 12.2010. 25.05.2011. MN410
5.0 months 12.2010. 25.05.2011. V1610

N/A, not applicable
" GP can be named as cheese only from thenenth of ripening (Consorzio Tutela Grana
Padano, 2011). For this reason samples below 9hm@me indicated in quotation-marks.

Samples were lyophilised. Skimmed milk powder wsesduas a negative control. PageRUler

Plus Prestained Protein Ladder (Fermentas, Viliitbpania) and lyophilised S-layer protein
of L. helveticusMIMLh5 were used as positive controls. Then, sasplere resuspended in the
extraction buffer up to the concentration of 100 ofglyophilisate per 1 mL of extraction

buffer. The following extraction buffers were us&M LiCl, 5 M urea, 1 % SDS, 4 % SDS,
PBS buffer, 6 M GuHCI, 5 M LiCl with 8 M urea (ratil:1), 8 M urea. Extractions were
performed at room temperature for 1 h in rotaticagitation (Grant-bio PTR-30 rotator, Grant
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Instruments, Cambridge, UK) except those of SDS¢hvivere done at room temperature for 1
h as well as at 10TC for 5 min. Subsequently, samples were centriflg@@D g at 40C for 30
min and freezed at —28C. If necessary, the solidified upper fat phase veasoved with a
wooden toothpick and the thawed intermediate plias@veen precipitate of insoluble material
(if present) and the upper fat) was taken for Wedbéottings.

2.3.17 Detection of S-layer protein in cheese samples byaatern blotting

10-20uL of cheese extracts (the maximum volume being diesbby the membrane) were
loaded as dots on methanol-activated polyvinylid@oeride (PVDF) membrane (Immuno-
Blot™ PVDF Membrane, absorbance rate 2, Bio-Rad Laboratories, Richmond, CA, USA)
and run at a constant voltage of 4 V (approximal€l§9 mA) at room temperature for 1 h on a
Trans-Blof SD Semi-Dry Transfer Cell Module (Bio-Rad Labor#s, Richmond, CA, USA)

in 3-[cyclohexylamino]-1-propanesulfonic acid (CAP&8ectroblotting buffer system (10 mM
CAPS, pH 11, 10 % methanol). Membranes were bloé&edt least 1 h in 5 % (w/v) non-fat
dry milk in TBS (TRIS-buffered saline, pH 7.5) atom temperature. Blotting was done using
anti-S-layer binder (anti-S-layer scFv-PhoAHis fusion) extracts in 1:200 dilution (in TBS
with 0.05 % Tween-20) as primary antibody (incubmatiovernight at 8°C in rotational
agitation) and HRP-conjugated anti-His mouse manwdl IgG1 (5Prime, VWR International,
Helsinki, Finland) in 1:2000 dilution (in TBS with.05 % Tween-20) as secondary antibody
(incubation for 1 h at room temperature in rotagioagitation). The membrane was visualised
(chromogenic detection) with 4-chloro-1-naphthd@/diaminobenzidine (CN/DAB) Substrate
Kit (Thermo Scientific, Rockford, USA) with two cagsutive substrate exposures.

2.3.18 Statistical analysis

The significance of the results in the experimefotsthe evaluation of immunomodulatory
activity of L. helveticusMIMLh5 S-layer protein and screening for the binglispecificity of
phage antibodies was analysed by unpaired hetefasiie Student's test with two-tailed
distribution. Differences dP < 0.05 were considered to be significant.
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2.4 RESULTS AND DISCUSSION
2.4.1 Extraction and purification of L. helveticus MIMLh5 S-layer protein

A generally employed method for the removal of $elaprotein from cell surfaces, LiCl
extraction, was applied for the isolation of théager protein fromL. helveticusMIMLh5. It
allowed obtaining S-layer protein extracts fromfatiént bacterial growth phases: early
exponential (1 point, Of3=0.5), mid-exponential (2 points, @fg=1.5 and 2.5), and stationary
phase (2 points, Qdgy=4.0 and 5.0) (Figure 2.4.1A, indicated by arrovi)e purity of the
extracts was determined from the electrophoregmafniise SDS—PAGE analysis. The obtained
gel demonstrates a single well defined band of @pprately 45000 Da, corresponding to the
S-layer protein of the analysed strain (Figure B4 .electrophoregram of the S-layer protein
from mid-exponential growth phase (point of §&2.5) is presented as an example). The
purity of the extracted S-layer protein was conéichby RP—HPLC analysis (Figure 2.4.1C).
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Figure 2.4.1.Growth curve of.. helveticusMIMLh5 (A): arrows indicate growth phases the S-
layer protein was extracted from. SDS—-PAGE (B) tnedRP-HPLC profile (C) of the S-layer
protein from bacterial mid-exponential growth phg€#s,=2.5).

It was demonstrated that the purity of the extrqieotein does not depend on the bacterial
growth phase: SDS-PAGE and RP-HPLC analyses deratatstone main band and the one
main HPLC peak, respectively.

2.4.2 Evaluation of in vitro immunomodulatory activity of L. helveticus MIMLh5S S-
layer protein

L. helveticusMIMLh5 S-layer protein was tested vitro for a potential immunomodulatory
activity. In this regard, it has been evaluated dépability to modulate the activation of
transcription factoNF-xB in Caco-2 cells: in basal conditions as wellrathe presence of pro-
inflammatory stimulus of interleukin (IL)L In basal conditions, the obtained results
demonstrated a significant decrease of the biolasgence, i.e. the activation of XB, with
S-layer samples from all bacterial growth phaségufie 2.4.2A).
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Figure 2.4.2. Effects of S-layer protein extracts from differénthelveticusMIMLh5 growth
phases (indicated by QE) on recombinant Caco-2 cells in basal conditioA3 &nd in the
presence of co-stimulation with IL#1B). Luciferase activity is expressed as percentbange
in relative luminescence units, assuming the cdéram 100 %. Control, Caco-2 incubated
without S-layer protein. The values are the meansténdard deviation) of at least three
independent experiments conducted in duplicate. a&terisk (*) indicates statistically
significant differences compared to control.

Further, the anti-inflammatory activity of all Syler extracts was tested. For this reason,
recombinant Caco-2 cells were co-stimulated withay®r protein extracts from different
bacterial growth phases and 1B;1a prototypical pro-inflammatory cytokine that ydaa
central role in the amplification of inflammatorgszade. The addition of 2 ng fhbf IL-1pB to
Caco-2 culture medium caused nearly a twofold aeeeof NF<B activity after 4 h incubation.
After stimulation by IL-B, all five S-layer extracts significantly reducégk tNF«B activation,

while the control (EMEMnedium with IL-18, but without S-layer) did not have any significant
effect (Figure 2.4.2B).

2.4.3 Determination of the L. helveticus MIMLh5 S-layer protein molecular mass

Determination oL. helveticusMIMLh5 S-layer protein size was performed by SDBGE. It
was calculated to be approximately 45 kDa (FiguelB). To specify the molecular mass of
the protein, an electrospray ionisation-mass spew@try analysis after fractionation in ultra
performance liquid chromatography (UPLC-ESI-MS) wesformed. According to ESI-MS
analysis the molecular mass lof helveticusMIMLh5 S-layer protein was determined to be
43853 Da (Figure 2.4.3) in agreement with the eizthe other known S-layer proteins from the
genuslLactobacillus(Avall-Jaaskelainen & Palva, 2005).
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Figure 2.4.3.ESI-MS spectrum of tHe helveticusMIMLh5 S-layer protein and reconstructed
mass spectrum indicating an average mass valu8&s3!Da.
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2.4.4  Prediction of the L. helveticus MIMLh5 S-layer protein sequence

PCR amplification with specific primers was usedrpbfy the S-layer protein gene from the
genome ofL. helveticusMIMLh5. A single PCR product was obtained frdm helveticus
MIMLh5 chromosomal DNA (data not shown). The theima molecular mass obtained from
the deduced amino acid sequence (Table 2.4.1)eof .thhelveticusMIMLh5 S-layer protein
was 46798 Da (with signal peptide) and 43853 Dath@it signal peptide). The later
corresponded to the molecular mass obtained by spesdrometry analysis.

Table 2.4.1.Amino acid composition of the S-layer proteirLohelveticusMIMLh5.

Amino acid Quantity Molar ratio (%)
Ala (A" 45 11.0
Arg (R) 5 1.2
Asn (N) 38 9.3
Asp (D) 25 6.1
Cys (C) 0 0.0
GlIn (Q) 10 2.4
Glu (E) 9 2.2
Gly (G) 24 5.9
His (H) 3 0.7
lle ()" 22 5.4
Leu (L) 12 2.9
Lys (K) 43 10.5
Met (M)" 3 0.7
Phe (F} 11 2.7
Pro (PY 13 3.2
Ser (S) 30 7.3
Thr (T) 51 12.4
Trp (W)! 0 0.0
Tyr (Y) 23 5.6
val (V)" 43 10.5
Total 410 100

" hydrophobic amino acids (according Avall-Jaaskel&i& Palva, 2005)
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The S-layer protein of. helveticusMIMLh5 has a high content of hydrophobic aminodaci
residues (36.3 %), which is a typical feature fbrSalayer proteins. As observed for other S-
layer proteins (Avall-Jaaskeldinen & Palva, 20@83p the MIMLh5 S-layer has a low content
of sulphur-containing amino acids (0.7 %), whichrigks from methionine residues. A
characteristic feature for all S-layer proteingluiding the ones derived frohactobacillus is a
high percentage of amino acids with hydroxyl gro(gesine and threonine): 19.7 % in a case of
MIMLh5 S-layer. From the basic amino acids, thargscontent of S-layer proteins is usually
relatively high, 10 %, and this can also be noted.f helveticusMIMLh5 S-layer protein (10.5
%).

The isoelectric point (pl) of the protein is highedto the presence of positively charged amino
acid residues: it was calculated to be 9.39, wisinttesponds to the pl of the other known S-
layer proteins from the genusictobacillus(pl 9.35 to 10.4, Avall-Jaéaskelainen & Palva, 2005
The protein is weakly soluble in agueous solutiansl is completely soluble in high ionic
strength solutions such as 5 M LiCl and 8 M urea.

The overall sequence similarity of all up to dagégenced S-layer proteins within the genus
Lactobacillusis very small. However, similarities between théagers ofL. helveticusandL.
acidophilusexist (Avall-Jaaskelainen & Palva, 2005). A simitla search using the deduced
amino acid sequence of the helveticusMIMLh5 S-layer protein was performed. It revealed
rather high overall sequence similarity (84 % ofsensus positions) with other S-layerd_of
helveticusand three S-layer proteins lof acidophilus The dendrogram shows the presence of
tree types of S-layer proteins within the spedieselveticus(Figure 2.4.4). The first type
comprehends S-layer protein bf helveticusMIMLh5 as well as the S-layer proteins bf
acidophilus A high level of sequence homology was demongdratethe N-terminal and C-
terminal parts that are supposed to be respon&blmembrane anchoring and self-assembly,
respectively (Figure 2.4.5). These results arggie@ment with previously published data about
L. helveticusS-layer proteins (Gatti et al., 2005).
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Figure 2.4.4.Neighbour-joining dendrogram generated from the Stdl\WW alignment of the
mature S-layer proteins most closely related to $hkayer protein ot. helveticusMIMLN5.
Database accession numbers are indicated in paeseth Bar indicates substitution/site.
Bootstrap values of the main internodes (500 reypdis) are shown. Proteins used in this study
are circled.
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2.4 Results and Discussion

245 Selection and basic characterisation of scFv antillies againstL. helveticus
MIMLh5 S-layer protein from phage displayed librari es

ScFv antibodies fot. helveticusMIMLh5 S-layer protein were obtained by phage Higp
technology.

2.45.1 Immobilisation of L. helveticus MIMLh5 S-layer protein

The first step of scFvs selection againhshelveticuaMIMLh5 S-layer protein was the purified
protein immobilisation on the surface, i.e. coatirfignicrotiter wells.

Two different surfaces, MaxiSof) and PolySorp, were employed for coating. MaxiSoth
and PolySorp" surfaces were developed by Nunc (Roskilde, Denméok immunology
assays. These surfaces are different in their pbgsemical properties. The MaxiSotp
surface is a modified, highly charged polystyrendace with high affinity to molecules with
polar or hydrophilic groups. The surface has a highding capacity for proteins. The
PolySorg" surface is more hydrophobic than the MaxiS¥rpurface. It has high affinity to
molecules of a more hydrophobic character. Thiasaris particularly suited to non-protein
antigens. However, the S-layer protein of MIMLh5ntains 36.3 % of amino acids with
hydrophobic side chains (Table 2.4.1). For thisoeaalso the PolySolY surface was used in
our experiments.

For S-layer protein coating we selected passivéirmpatrategy. This strategy was supposed to
be advantageous because of the exceptional propietitg S-layer protein to self-assembly on
surfaces in its native conformation (Agave BioSyste2011; Horejs et al., 2011).

The insolubility of the protein in aqueous solusantroduced additional difficulties in coating
procedure, as for coating the protein should baildel For this reason, we completely
solubilised the protein in LiCl and then dilutedhvcoating buffer.

For coating we selected a buffer system, whichéas$ similar to that of the S-layer protein
(9.39) and is compatible with LiCl-solubilised peats: Tris—HCI buffer of pH 9.0

Subsequently, plates were blocked with two differelocking agents: milk (the traditional
blocker used in phage selection) and bovine setbom@n (BSA, thinking to avoid the further
possible cross-reactions of selected binders, wiEte supposed to be applied on milk-derived
products).

There are no means to monitor the binding effidacthe microtiter well of unknown target in
the coating stage. Therefore, the comparison oflibgn efficacy to two different surfaces,
MaxiSorp™ and PolySorp", could be performed only in the subsequent stagier the
preselection of S-layer protein binders.

2.4.5.2 Selection, isolation and testing of binder pool

Selection and isolation.A mix of two synthetic phage display MolBind libies pEB32x
(scFv-p3 fusions), protein-directed and hapteneté®, was used for the selection of scFvs
against the S-layer protein.

The pre-selection step on BSA-blocked plates withemtigen (S-layer protein) was used to
remove the phage binders, which showed specificitthe blocker as well as to the surface
plastics.

Three rounds of panning were performed. The panschgme is presented in Figure 2.4.6.
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Mix of pEB32x-scFv
protein and hapten
MolBind libraries

1% round MaxiSorp™ PolySorp™
S-layer S-layer
BSA-blocked BSA-blocked
2 round MaxiSorp™ PolySorp™
S-layer S-layer
Milk-blocked Milk-blocked
34 round MaxiSorp™ MaxiSorp™ PolySorp™ PolySorp™
! S-layer S-layer S-layer S-layer
BSA-blocked Milk-blocked BSA-blocked Milk-blocked

Figure 2.4.6.Panning scheme for the selection of scFvs, spdoifitheL. helveticusMIMLh5
S-layer protein, from pEB32x-scFv MolBind libraries

The first panning was done on MaxiSBfpand PolySorp" plates, blocked with BSA. The
second round was performed on MaxiS8rmand PolySorp” plates, blocked with milk,
thinking to avoid the pre-selected binders at tret found, specific to milk proteins. The third
round was done on MaxiSdfpand PolySorp* plates, blocked with milk or BSA, in order to
have the maximal variety of obtained binders.

To monitor the enrichment of the panning procegsyt and output phages of each round were
titrated (Table 2.4.2). The titre of the eluted gd®m dropped after the second round and
increased strongly after the third.

Table 2.4.2. Overview of antibodies’ selection against the helveticus MIMLh5 S-layer
protein.

Panning round

1 2 3
MaxiSorp  PolySorp MaxiSorp PolySorp MaxiSorp MaxiSorp  PolySorp  PolySorp
BSA- BSA- Milk- Milk- BSA- Milk- BSA- Milk-

blocked blocked blocked blocked blocked blocked blocked blocked
Phages
applied 6.48 x 16° 648 x 16" 258x 16" 4.20x 168" 3.42x16' 342x16" 23x16' 2.30x 16
(input)?*
Phages
eluted 1.33x 18 9.30 x 18 2.33x 16 9.74 x 16 2.27x 108 1.35x 18 571 x 16 6.86 x 10
(output)
S“kgm”” - - 382x10  1.08x16 681x16 151x18 854x18  3.85x 16

controf

Phage
recovery 0.21x100 0.14x10" 090x1F 231x10 066x100 3.95x10° 248x1F  2.98 x 1¢
percentage
gl,'j‘gﬁ;‘;‘t‘” - - 1.64 111 0.73 1.12 1.50 x40 5.51 x 16°

#The calculated empirical input.

® In phage selection experiments the backgrounditgnduring the first panning round is not
calculated, because the enrichment of specific dsgafter the first panning round is never
visible.
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The decreased background/output ratio and thedserkphage recovery percentage (quantity
of eluted phage divided by quantity of input phagdder the third panning round (in
comparison with the second one) indicated thatedobound to the S-layer protein were
enriched after 3 rounds of panning.

Testing. To screen for binding activity of selected fourmghk pools (scFv-p3 fusions) to the
helveticusMIMLh5 S-layer protein the dissociation enhancedthanide fluoroimmunoasay
(DELFIA®) was used and time resolved fluorescence (TR fEa’* was measured (Figure
2.4.7).
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Figure 2.4.7.Binding of the enriched phage pools (on MaxiS8rand PolySorp" plates) to
the immobilised S-layer protein afte?*2and 3% rounds of panning. White columns represent
time resolved fluorescence values (counts) of pmhat anti-S-layer-scFv-p3 particles (diluted
1:10000) bound to immobilised S-layer proteiohelveticusMIMLh5, blocked with BSA or
milk; and black columns represent values of bindiagolocking agent (BSA or milk). Time
resolved fluorescence counts are presented onaithgic scale.

S-layer protein-binding clones were strongly ereithafter 3 rounds of panning on both

surfaces, MaxiSorf and PolySorp" (Figure 2.4.7). These results are in agreemetht pliage
count data (Table 2.4.2).

After the 3° panning round, both MaxiSofp pools and both PolySofp pools were similar
among themselves for the S-layer protein bindinigeréfore, individual clones were further
isolated from one of the MaxiSdfp and one of the PolySoPp phage pools: '3Maxi-BSA
and 3-Poly-BSA.
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2.4 Results and Discussion

2.4.5.3 Cloning and screening for individual binders

Subcloning. MaxiSorg™ BSA-blocked and PolySol BSA-blocked scFv pools (scFv-p3
fusions) were subcloned into pLKO6H for expressisnperiplasm-expressed His-tagged PhoA
(anti-S-layer-scFv-PhoAs@is) fusions (Figure 2.4.8).
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bla:: 4G

Figure 2.4.8.Cloning scheme to obtain individual anti-S-layeFgdinders: PhoA fusion.

Single clones of transformants were cultivated hie tvells of a microtiter plate and 84
individual scFv-PhoA-gHis binders were produced.

Screening for the binding activity of individual phage antibodies to purified S-layer
protein. In order to evaluate the specificity of 84 scFhoR binders for detecting thk.
helveticusMIMLhO5 purified S-layer protein, an AP chromogertitISA assay was performed
on immobilised S-layer protein on MaxiS¥pplates (Figure 2.4.9).

Thirty seven individual clones (44 %), in which safxhibited the strongest interaction with S-
layer protein, were selected.
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Figure 2.4.9.Characteristics of individual anti-S-layer protegtFv binders (step 1). White columns represent pR®mogenic assay

absorbance at 405 nm of monoclonal anti-S-layervseRoA-6His particles bound to immobilised S-layer protefii. helveticusMIMLhA5,

blocked with BSA; black columns represent bindmglocking agent (BSA). Antibody selection threghak described in chapter 2.3.11) is

indicated with a horizontal line.



2.4 Results and Discussion

Screening for the binding activity of monoclonal sev antibodies to S-layer protein-
containing (Slp+) bacterial cells A similar AP chromogenic ELISA assay was performeth
37 selected scFv-PhoA binders in order to evaltla@ specificity towards non-purified S-
layer proteinpresent on intact bacterial cells bf helveticusMIMLh5. To this aim, we
developed an assay in which antibodies were added suspension of bacterial celis (
suspensiomssay) (Figure 2.4.10).
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Figure 2.4.10.Characteristics of individual anti-S-layer protestFv binders (step 2). White
columns represent pNPP chromogenic in suspensicgayagbsorbance at 405 nm of
monoclonal anti-S-layer-scFv-PhoAddis particles bound td.. helveticus MIMLh5 cells;
black columns represent binding to delbrueckii subsp.bulgaricusATCC 11842 (Lb11842;
Slp-) cells. Antibody selection threshold (as dést in chapter 2.3.12) is indicated with a
horizontal line and an arrow.

Assay buffer (mKAB) and the lysate &. coli XL1-Blue cells (which do not express any
binder) were included as negative controls to destmate the pNPP background absorbance.
StrepA G09-scFv and Tropo37-scFv binders that wedxtained from pannings with proteins,
not related to the S-layer protein, were used gstie controls to demonstrate the preliminary
background binding signal of pNPP chromogenic assay

It was found that fifteen out of 37 scFv binder6.64%) were specific binders to helveticus
MIMLh5 (Slp+), but not toL. delbrueckiisubsp.bulgaricus ATCC 11842 (Slp—, a species
phylogenetically closely related ta helveticus but lacking the S-layer protein). Fourteen of
them had high relative expression levels

Finally, in suspensiorassay was performed with diverse S-layer contgihiacterial cellsL.
helveticusMIMLh5 (contains our analysed S-layer protein) helveticusATCC 15009 has the
S-layer protein similar to that of MIMLh5, and drge from MIMLh5 in only five amino
acids),L. helveticusSLh02 (harbours the S-layer protein, belongingh® second type of S-
layer proteins, related to that bf helveticusMIMLh5; Figure 2.4.4),L. acidophilusATCC
4356 and NCFM (two identical S-layer proteins, mlggnetically related to that of helveticus
MIMLh5) (Figure 2.4.5).L. delbrueckiisubsp.bulgaricusATCC 11842 is a bacterial species
phylogenetically related tb. helveticusbut it does not have the S-layer protein (Slpifeen
Slp+ bacterial cell-specific scFv binders were gsedl (Figure 2.4.11).
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Figure 2.4.11.Characteristics of individual anti-S-layer protestFv binders (step 3). White
columns represent pNPP chromogenic assay absorba®@5 nm of monoclonal anti-S-layer-
scFv-PhoA-6His particles bound td.. helveticusMIMLh5 cells; black columns represent
binding to L. delbrueckii subsp.bulgaricusATCC 11842 (Slp-) cells; diverse grey columns
represent absorbance at 405 nm of monoclonal ateiy&r-scFv-PhoA-gHis particles bound

to bacterial cells harbouring phylogenetically-reda S-layer proteins (Figure 2.4.5).

The assay demonstrated that fourteen scFv antibodeognised only. helveticusMIMLh5
cells. One antibody, anti-S-layer scFv-Pho#Hs PolyF5, was less specific and recognised
both, L. helveticusMIMLh5 and L. helveticusATCC 15009 S-layer proteins present on

bacterial cells. It is worth noting that bindersly?t! and PolyH5 had very low background
binding level.

Sequencing. DNA of the fifteen monoclonal binders, in which tia8-layer-scFv-PhoA
exhibited the best interaction with. helveticusMIMLh5 S-layer protein, was sequenced:
MaxiA9, B2, B3, B9, B11, C5, C10, C11, D4, D5, Ae® G10, H4, H5, F5. Six of them were
different: PolyH4, PolyH5, PolyF5, MaxiC5, MaxiClkind a group of ten identical binders
(MaxiA9, B11, B2, B3, B9, C10, D4, D5, PolyE9, PGI§0) represented by MaxiB9, which
according specificity to bacterial cells, harbogriphylogenetically-related S-layer proteins,
seems to show the highest affinity and the highrgtession level (Figure 2.4.11). MaxiC5 was
discarded, because the phagemid formed a concaigamer not shown). The deduced amino
acid sequences were aligned with human synthdtie camework scFv gene) (Figure 2.4.11),
on the basis of which the pEB32x MolBind librariesre constructed (Brockmann et al., 2011).

The framework gene and anti-S-layer-scFvs difféarethe CDR1 and CDRS3 regions of both
heavy and light chains and CDR2 of heavy chainchvtdorresponds with the phage library
design rules (Brockmann et al., 2011). The onlyyPBlbinder was selected from pEB32x
MolBind protein-directed library, because it hasygtophan (W) as the last amino acid in the

CDR-L3 loop, the fingerprint of this library. Acadingly, the remaining binders were selected
from pEB32x MolBind hapten-directed library.
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2.4 Results and Discussion

2.4.5.4 Determination of anti-S-layer-scFv antibodies’ bindng specificity

A more detailed analysis of the anti-S-layer schingling pattern was achieved by determining
anti-S-layer-scFv binders’ specificity by Westertotbng. For this, five selected scFvs
(MaxiB9, MaxiC11, PolyF5, PolyH5 and PolyH5) wengpeessed in liquid cultures asidis-
tagged PhoA fusions. Falenaturing conditions, they were applied as primary antibodies on
LAB lysates (selected as described above), sephlateSDS—-PAGE (denaturing conditions)
and blotted on a PVDF membrane. The binding of soWas detected by an anti-His HRP-
conjugate and visualised with a CN/DAB Liquid Subtt System by chromogenic detection
(Figure 2.4.13).
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Figure 2.4.13.Specificity of anti-S-layer scFvs towards purifiédayer protein of. helveticus
MIMLh5 and S-layer protein-containing LAB lysatesdenaturing conditions as revealed by
Western blot. The SDS-PAGE gel was stained withm@ssie brilliant blue G-250 to reveal
the whole protein profile. CN/DAB substrate wasduge visualise the binding of scFvs
(MaxiB9, MaxiC11, PolyF5, PolyH4, PolyH5). Lanepkotein molecular weight ladder; lane
2, L. helveticusMIMLh5 purified S-layer protein; lanes 3-7, lyssitef Slp+ LAB strainsL.
helveticusMIMLhA5 (lane 3);L. helveticusATCC 15009 (lane 4).. helveticusSLh02 (lane 5);
L. acidophilusATCC 4356 (lane 6)i.. acidophilusNCFM (lane 7); lane 8, lysate of Slp~
delbrueckii subsp.bulgaricusATCC 11842 strain, used as a negative control.rshends
revealed by scFvs are indicated by arrows.

The purified S-layer protein frorh. helveticusMIMLh5 (lane 2) was separated in the SDS—
PAGE as a single band (Figure 2.4.13). LAB celatgs were separated into a mixture of bands
(lanes 3-8), representing the total bacterial pmatentent.
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2.4 Results and Discussion

Binders MaxiB9, MaxiC11, PolyH4, PolyH5 stronglyw to the purified S-layer protein of
the L. helveticusMIMLh5 (Figure 2.4.13, lane 2) as well as to thp@ximately 45 kDa band,
representing the S-layer protein in the lysatehefMIMLh5 strain (Figure 2.4.13, lane 3). ScFv
PolyF5 bound not only to the purified S-layer protef L. helveticusMIMLh5 and MIMLh5
cell lysate, but also to the lysatelafhelveticusATCC 15009 (Figure 2.4.13, PolyF5, lane 4).
This result is in agreement with the data obtaipesViously within suspensiorassay (Figure
2.4.11).

All binders (especially MaxiB9, MaxiC11 and PolyHShowed relatively high background
binding. It is not surprising, since antibodiedested in pannings by phage display technology,
normally do not demonstrate very high binding affinTo increase the binder’s affinity, the
subsequent step of affinity maturation is requiflddogenboom & Chames, 2000; Barderas et
al., 2008). However, this was not a task of thes@né study.

Summarising, the binding specificity of five difeatt anti-S-layer binders was tested by
Western blotting in denaturing conditions. Four tbém, MaxiB9, MaxiC11, PolyH4 and
PolyH5, were specific to only the denatured S-lagket. helveticusMIMLh5 strain. PolyF5
was less specific and recognised the denaturege®-faotein of bothlL. helveticusMIMLh5
and ATCC 15009 strains.

To test the binding specificity of five differenhtaS-layer binders to the S-layer imative
conditions, anti-S-layer scFvstHis-tagged PhoA fusions were applied as primarybadtes

on non-denatured LAB lysates, dot-blotted on a P\Wbémbrane and visualised as described
above (Figure 2.4.14).

12 3 4 T2 3 4
5 6 7 % Maxi 5 6 7 8 Maxi
B9 CN

NN\ NN AN

1 2 3 4 1 2 3 4 1 2 3 4
bt ®
5 6 78 Poly 5 6 7 8 Poly 5 6 7 8 Poly
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Figure 2.4.14.Specificity of anti-S-layer scFvs towards purifiedayer protein of.. helveticus
MIMLh5 and S-layer protein-containing LAB lysates mative conditions as revealed by
Western dot-blot. CN/DAB substrate was used toalis the binding of scFvs (MaxiB9,
MaxiC11l, PolyF5, PolyH4, PolyH5). 1, protein molzuweight ladder; 2,L. helveticus
MIMLh5 purified S-layer protein; 3—7, lysates op8ILAB strains:L. helveticusMIMLh5 (dot
3); L. helveticusATCC 15009 (dot 4).. helveticusSLh02 (dot 5)L.. acidophilusATCC 4356
(dot 6); L. acidophilusNCFM (dot 7); 8, lysate of Slp= delbrueckiisubspbulgaricusATCC
11842 strain, used as a negative control. Sharg d®tealed by scFvs are indicated by arrows.
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2.4 Results and Discussion

MaxiC11, PolyH4 and PolyH5 strongly bound to thehelveticusMIMLhS purified S-layer
protein and to the lysates bf helveticusMIMLh5 and ATCC 15009. MaxiB9 demonstrated
high binding to the lysates of all tested LAB stsaiThis could be justified by the binder’s low
specificity in native conditions. PolyF5, as in ttese of denaturing conditions, was specific to
both,L. helveticusMIMLh5 and ATCC 15009, S-layer proteins.

As in the case of denaturing conditions, also itiveaconditions all binders showed relatively
high background binding. It is not surprising, takiinto account not only the binders’ low
affinity, but also the presence of other histidawetaining bacterial proteins that exist in the
intact bacterial protein extract, which is concated in one dot (but not fractionated as in the
case of denaturing conditions). It is worth notihgt in the case of PolyH4 binding to the lysate
of L. delbrueckiisubsp.bulgaricus ATCC 11842 strain (Slp-), the dot was almost iiiés
These results confirm the high specificity of sé¥alyH4 to the S-layer protein &f helveticus
MIMLh5. Therefore, this binder was further tested $ensitivity (chapter 2.4.5.5) and used to
detect the. helveticusIMLh5 S-layer protein on Grana Padano cheese kmnp

2.455 Determination of anti-S-layer-scFv antibodies’ seriivity

In order to test the anti-S-layer scFv PolyH4 g@nsi, the L. helveticusMIMLhS S-layer
protein detection limit with this antibody was daténed. For this reason, different quantities of
the L. helveticusMIMLh5 S-layer protein solution were spotted om tmembrane: Lg, 500
ng, 100 ng, 10 ng, 1 ng, 500 pg, 100 pg, 10 pg,lapd. The anti-S-layer scFv PolyH4 was
used for Western blotting as primary antibody, tielchromogenic detection was performed as
described in chapter 2.3.15. The blotogram revetilegresence of tHe helveticusMIMLh5
S-layer protein in the range of quantities starfiogn 500 pg — 1 ng (Figure 2.4.15).

1 2 3 4 5

Figure 2.4.15. Sensitivity of anti-S-layer scFv

PolyH4 against different quantities of thie.

helveticus MIMLh5 S-layer protein. 1, protein

6 7 3 9 10 molecular weight ladder; 2, 1g; 3, 500 ng; 4,
100 ng; 5, 10 ng; 6, 1 ng; 7, 500 pg; 8, 100 pg; 9,
10 pg; 10, 1 pg of thé. helveticusMIMLh5 S-
layer protein.

This result is in agreement with indirect CN/DABqgLid Substrate System chromogenic
detection limit.

2.4.6  Detection ofL. helveticus S-layer protein in Grana Padano samples

L. helveticusMIMLh5 was isolated from NWS used in the produatiof Grana Padano, a
protected-designation-of-origin cheese, producedpacific areas of Northern lItaly (ltalian
Presidential Decree, 1955). The monitoring of bdattgpopulation dynamics during Grana
Padano cheese productions was documented (Zagb, &0&7), and the persistence lof
helveticusstrains in its NWS and the first maturation phasas described (Gatti et al., 2004;
Lazzi et al., 2004; Rossetti et al., 2008; Sanliaetlal., 2008). However, no information is
present concerning the fate of the immunologicatiportant S-layer protein of this bacterium
during the Grana Padano cheese production andnipenocess.

To select the optimal conditions for the S-layestein extraction from cheese samples, we used
the NWS, as a sample with the highest probabilitypbssess the largest amounts Lof
helveticusS-layer protein (Zago et al., 2007). We perforrBeldyer extraction from NWS with
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2.4 Results and Discussion

several different reagents: (1) 5 M LiCl (Lortaladt, 1992; Smit et al., 2001), (2) 1 % and 4 %
SDS at room temperature and boiling (extractiortqual used to obtain total bacterial protein
extracts; Austin et al., 1990), (3) 5 M and 8 Mai(Podlény et al., 2011), (4) 6 M guanidine
hydrochloride (GuHCI, Boot et al., 1993; Sillanpé&fal., 2000; Garrote et al., 2004), (5)
combining 5 M LiCl and 8 M urea, (6) phosphate-buéld saline (PBS). The obtained extracts
were spotted on the blotting membrane, and the/&-larotein was detected using a single anti-
S-layer scFv PolyH4 as the most specific bindethvitie lowest background binding as
revealed previously (Figure 2.4.13 and Figure 2).$pecificity of anti-S-layer scFv PolyH4
against Grana Padano NWS extracts, obtained aftatntent in different conditions, is
presented in Figure 2.4.16.

Figure 2.4.16.Selection of S-layer protein extraction conditiopecificity of anti-S-layer
scFv PolyH4 against Grana Padano NWS extracts @djained after treatment in different
conditions: 1, 5 M LiCl room temperature (R/T)52M urea R/T, 3, 1 % SDS R/T, 4, 1 % SDS
100 <, 5, 4 % SDS R/T, 6, 4 % SDS 11007, PBS R/T, 8, 6 M GUHCI R/T, 9, 5 M LiCl and 8
M urea R/T, 10, 8 M urea R/T. Purifieéd helveticusMIMLh5 S-layer protein (S) was used as
positive control. Protein molecular weight laddédr) (was used as Western blotting positive
control. Milk (B) and extraction buffers (C) wersed as negative controls.

6 M GuHCI demonstrated too harsh conditions byblysdestroying the blotting membrane.
SDS extraction gave negative results (Figure 24.3:665). After extraction with 5 M LiCl, 5 M
urea, 5 M LiCl with 8 M urea, and 8 M urea it wasspible to visualise the signals (Figure
2.4.16A 1-2, 9-10). PBS extract gave a signal, founed a particulate material on the
membrane (Figure 2.4.16A 7). No detectable sigrmahfthe negative controls proved that all
the observed positive dots must be binding fromvscknd not unspecific phage particle
binding (Figure 2.4.16B 1-10). However, the stratgmsitive signal was obtained with the S-
layer-specific extraction agent, 5 M LIiCl (Figured26A 1). For this reason, the extraction
buffer 5 M LiCl was selected to extract the S-lapeotein from all selected Grana Padano
samples.

NWS, curd and seven “cheese” samples from five &Radano cheese maturation phases were
selected as indicated in chapter 2.3.16. S-layetepr was extracted with 5 M LiCl and the
extracts were applied on the blotting membranei-8dayer scFv PolyH4 was used as primary
antibody for the S-layer protein detection (FigRré.17).

75



2.4 Results and Discussion

Figure 2.4.17.Detection ofL. helveticusMIMLh5
) S-layer protein in Grana Padano NWS, curd and
“cheese” samples with anti-S-layer scFv PolyH4
binder: 1, NWS, 2, curd, 3 GP-2.0, 4, GP-3.5, 5,
6 7 & 3 10 GP-3.6, 6, GP-4.0, 7-9, GP-5.0 months, 10,
negative control (milk).

Western blot analysis with anti-S-layer scFv PolyHihder revealed the presence lof
helveticusMIMLh5 S-layer protein in Grana Padano NWS, cundi dcheese” samples from
maturation phases of 2.0, 3.5, 3.6, 4.0 and 5.Qmsdfrigure 2.4.17). The most intense dot was
that of the NWS, as it should contain the highesbant ofLL. helveticuscells (Zago et al.,
2007). Different dot intensities of 5-month samptesild be explained by differences between
manufacturer the samples were taken from.

These results showed promising applications of-&#déiyer scFv PolyH4 binder for the
detection of immunologically importaht helveticusS-layer protein at nanogram quantities in
Grana Padano cheese and other food matrices.
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2.5 CONCLUSIONS
According to the tasks described in the chaptertBefollowing conclusions were drawn:

1. Efficient extraction protocol was set up to obtgore extracts ofL. helveticus
MIMLh5 S-layer protein.

2. L. helveticusMIMLh5 S-layer protein mass was found to be 4383

3. Phage display technology was successfully emplogedelect thelL. helveticus
MIMLh5 S-layer protein-specific binders.

4. Five different anti-S-layer scFv binders were sildcfrom phage display libraries.
Four of them, MaxiB9, MaxiC11, PolyH4 and PolyH5ene specific to only the S-
layer of L. helveticusMIMLh5 strain. PolyF5 recognised the S-layer piotef L.
helveticusMIMLh5 and ATCC 15009 strains.

5. On this basis, an assay for the detectioi.ofielveticusMIMLh5 S-layer protein in
Grana Padano cheese was developed using anti-Ssiefye PolyH4 binder.

The expressed scFvs were applied in Western kdottinalysis and showed promising
application in detection of immunologically impantd.. helveticusMIMLh5 S-layer protein at
nanogram quantities in Grana Padano cheese andfotitematrices.

A following study is now in progress to identifyettpresence and the immunomodulatory
activity of the S-layer protein in Grana Padanoedgeripened more than 5 months and in Grana
Padano cheese submitted to simulated gastroirdésdimestion.
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APPLIED AND ENVIRONMENTAL MICROBIOLOGY, June 2010, p. 3948-3958 Vol. 76, No. 12
0099-2240/10/$12.00  do JAEM.O0109-10
Copyright @ 2010, American Society for Microbiology. All Rights Reserved.

Oral Bacteria as Potential Probiotics for the Pharyngeal Mucosa’

Simone Guglielmetti,'* Valentina Taverniti,' Mario Minuzzo,? Stefania Arioli,'
Milda Stuknyte,! Matti Karp,® and Diego Mora'
Dipartimento di Scienze e Tecnologie Alimentari® (md Dipartimento di Scienze Biomolecolari e Biotecnologie,”

Universita degli Studi di Milano, Milan, Italy,” and Institute of Environmental Eirl,’(r:('('mrg and
Biotechnology, Tampere University of Technology, Tampere, Finland®

Received 15 January 2010/Accepted 100 April 2010

The research deseribed here was aimed at the selection of oral bacteria that displayed properties compatible
with their potential use as probiotics for the pharyngeal mucosa. We included in the study 56 bacteria newly
isolated from the pharynges of healthy donors, which were identified at the intraspecies level and characterized
in vitro for their probiotic potential. The experiments led us to select two potential probiotic bacterial strains
(Streptococcus salivarius RS1 and ST3) and to compare them with the prototype oral probiotic S. salivarius
strain K12, All three strains efficiently bound to FaDu human epithelial pharyngeal cells and thereby antag-
onized Strep d dhesion and growth. All were sensitive to a variety of antibiotics routinely used
for the contml of uppcr respiratory tract infections. Immunological in vitro lcmng on a FaDu layer revealed
different responses to RS1, ST3, and K12. RS1 and ST3 modulated NF-kB activation and biased proinflam-
matory cytokines at baseline and after interleukin-1 (IL-1(3) induction. In conclusion, we suggest that the
selected commensal streptococei represent potential pharyngeal prol ic candidates. They could dlsp]n} a
good degree of adaptation to the host and p potential im dulatory and anti-infl ¥
properties.
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A Dairy Bacterium Displays In Vitro Probiotic Properties for the
Pharyngeal Mucosa by Antagonizing Group A Streptococci
and Modulating the Immune Response”

Simone Guglielmetti,'* Valentina Taverniti,' Mario Minuzzo,? Stefania Arioli,' Ivan Zanoni,’
Milda Stuknyte,' Francesca Granucci,® Matti Karp,” and Diego Mora'

Dipartimento di Scienze e Tecnologie Alimentari' and Dipartimento di Scienze Biomolecolari e Biotecnologie,” Universita degli
Studi di Milano, Milan, Italy; Dipartimento di Biotecnologie e Bioscienze, Universita degli Studi di Milano-Bicocea,
Milan, Ttaly’; and Institute of Environmental Engineering and Biotechnology,

Tampere University of Technology, Tampere, Finland"

Received 26 May 2010/Returned for modification 25 June 2010/Accepted 13 August 2010

The probiotic approach represents an alternative strategy in the prevention and treatment of infectious
diseases, not only at the intestinal level but also at other sites of the body where the microbiota plays a role
in the maintenance of physiological homeostasis. In this context, we evaluated in vitro the potential abilities of
probiotic and dairy bacteria in controlling Streptococcus pyogenes infections at the pharyngeal level. Initially, we
analyzed bacterial adhesion to FaDu hypopharyngeal carcinoma cells and the ability to antagonize S. pyogenes
on FaDu cell layers and HaCat keratinocytes. Due to its promising adhesive and antagonistic features, we
studied the dairy strain Lactobacillus helveticus MIMLRS, also through in vitro immunological experiments.
First, we performed quantification of several cytokines and measurement of NF-kB activation in FaDu cells.
MIMLAS efficiently reduced the induction of interleukin-6 (IL-6), IL-8, and tumor necrosis factor alpha
(TNF-ai), in a dose-dependent manner. After stimulation of cells with IL-1(3, active NF-kB was still markedly
lowered. Nevertheless, we observed an increased secretion of IL-6, gamma interferon (IFN-y), and granulocyte-
macrophage colony-stimulating factor (GM-CSF) under these conditions, These effects were associated with
the ability of MIMLAS to enhance the expression of the heat shock protein coding gene hsp70. In addition,
MIMLAS increased the GM-CSF/G-CSF ratio. This is compatible with a switch of the immune response toward
a THI pathway, as supported by our observation that MIMLAS, once in contact with bone marrow-derived
dendritic cells, triggered the secretion of TNF-a and IL-2. In conclusion, we propose MIMLhS as a potential
probiotic bacterium for the human pharynx, with promising antagonistic and immunomodulatory properties.
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journal homepage: www.elsevier.com/locate/idairyj

Potential immunomodulatory activity of bovine casein hydrolysates produced
after digestion with proteinases of lactic acid bacteria

Milda Stuknyte®*, Ivano De Noni? Simone Guglielmetti?, Mario Minuzzo®, Diego Mora?

* Dipartimento di Scienze e Tecnologie Alimentari e Microbiologiche, Universita degli Studi di Milano, Via G. Celoria 2, 20133 Milan, ltaly
® Dipartimento di Scienze Biomolecolari e Biotecnologie, Universita degli Studi di Milano, Via G. Celoria 26, 20133 Milan, italy

ARTICLE INFO ABSTRACT

Article history: During hydrolysis of bovine milk caseins, cell envelope-associated proteinases (CEPs) of lactic acid
Received 17 December 2010 bacteria (LAB) may be able to produce hydrolysates that possess immunomodulatory activity. In this
RK?‘?’M in revised form study, the selection of LAB by screening for bacterial CEP genes as well as by testing the proteolytic
;L'tz;lezdu:; April 2011 activity on bovine milk caseins was performed. Diverse hydrolytic ability against @si- and f-casein
fractions was observed. Our experiments demonstrated that immunomedulatory activity of obtained
casein hydrolysates {CHs) cannot be attributed to casein-derived bicactive peptides only and underlined
the necessity to thoroughly remove bacterial components before assessing bioactivity of CHs. On this
basis. this study established that 3 kDa-ultrafiltered CHs, produced after digestion with proteinases of
Lactobacitius acidophilus ATCC 4356 and Lacrococcus lacris subsp. lactis GRS, significantly decreased the

basal nuclear factor (NF)-xB activity in Caco-2 cells, demonstrating immunomodulatory activity.
@ 2011 Elsevier Ltd. All rights reserved.
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14" Workshop on the Developments in the Italian PhD Reearch on Food Science
Technology and Biotechnology, 16-18 September, 20(ristano, Italy)

Development of bioprocesses for the production obbd protein hydrolysates containing
bioactive peptides

Milda Stuknyte

The PhD thesis research project is aimed at demaap of bioprocesses for the production of
food protein hydrolysates (FPHSs) containing pegtisdth specific biological activities by
exploiting the activity of Cell Envelope-associateteinases (CEP) of food-grade bacteria, in
particular of lactic acid bacteria (LAB). The finabject is the definition of completely food-
grade bioprocesses, transferable to the indusénal and addressed to preparation of FPHs,
which could be used as ingredients in functionatif
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15" Workshop on the Development in the Italian PhD Remarch on Food Science
Technology and Biotechnology, 15-17 September, 20(bortici, Italy)

Development of bioprocesses for the production obbd protein hydrolysates containing
bioactive peptides

Milda Stuknyte

The first two activities of the PhD thesis projeoe described. Firstly, we performed the
selection of lactic acid bacteria by screening &@at cell envelope-associated proteinases
(CEPs) at the genetic level as well as by testhmg proteolytic activity on milk caseins.
Moreover, fractionation of casein hydrolysates (CHHg means of high-performance liquid
chromatography (HPLC) was performed. Secondly, eeetbped a protocol for thia vitro
biological analysis of CHs, addressed to deterrttieé@ immunomodulatory activity by using a
luciferase reporter gene system. This system ietbas a nuclear factor kappa B (MB)-
inducible reporter plasmid, pNiFty2-Luc, in humaranic adenocarcinoma cells Caco-2.
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10" Symposium on Lactic Acid Bacteria, 28 August — 1 &ptember, 2011 (Egmond aan
Zee, The Netherlands)

Lactic acid bacteria as potential probiotics for tre pharyngeal mucosa

Guglielmetti S, Taverniti V, Minuzzo M, Arioli SStuknyte M, Zanoni |, Granucci F, Karp M,
Mora D

The probiotic approach represents an alternatirategly in the prevention and treatment of
infections in those body sites where the microbiptays a role in the maintenance of
physiological homeostasis. In this context, we eatdd in vitro the potential abilities of oral,
probiotic and dairy bacteria in controllir@treptococcus pyogenasgections at the pharyngeal
level. Initially, we analysed the bacterial adhesan FaDu hypopharyngeal carcinoma cells
and the ability to antagoniZe. pyogenesn FaDu layer and HaCat keratinocytes. Due to their
promising adhesive and antagonistic features, weliesi the oral isolateéStreptococcus
salivarius ST3 and the dairy strairLactobacillus helveticusMIMLh5 also through
immunological in vitro experiments. We performee tiuantification of several cytokines and
the measurement of NEB activation in FaDu cells. Strain ST3 significgnithcreased NkB
activation at baseline, while it had an opposife@fwhen FaDu cells were co-stimulated with
IL-1B. In addition, ST3 biased cytokines production asddine (reduction of ILfland TNFe,
increase of MIP-f and GM-CSF) and after ILBtinduction (reduction on IL-6 and IL-8).
MIMLhK5 efficiently reduced the induction of IL-6,L48 and TNFx in a dose-dependent
manner. After stimulating with IL{}, active NFkB was still markedly lowered. Nevertheless,
we observed an increased secretion of IL-6, #FARd GM-CSF under these conditions. In
addition, MIMLh5 increased the GM-CSF/G-CSF ralibis is compatible with a switch of the
immune response towards a TH1 pathway, as suppbytedr observation that MIMLh5, once
in contact with bone marrow derived dendritic Getigygered the secretion of ThFand IL-2.

In conclusion, we propose ST3 and MIMLh5 as a péeprobiotic bacteria for the human
pharynx, with promising antagonistic and immunomniathry properties.
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16" Workshop on the Developments in the Italian PhD Reearch on Food Science
Technology and Biotechnology, 21-23 September, 20(Lodi, Italy)

Immunomodulatory activity of bovine casein hydrolystes produced after digestion with
proteinases of lactic acid bacteria

Milda Stuknyt

This report presents the results of the first Ph&sis topic, which dealt with the investigation
of immunomodulatory activity of bovine casein hylgsates (CHs), produced after digestion
with proteinases of lactic acid bacteria. The stdéynonstrated that the 3 kDa-ultrafiltered
CHs, produced after digestion with proteinasesadftobacillus acidophiluATCC 4356 and
Lactococcus lactisubsplactis GR5, significantly decreased in vitro the basald-activity

in intestinal epithelial-like Caco-2 celldemonstrating immunomodulatory activity. In trese
of L. helveticusMIMLh5, the immunomodulatory activity was likelyud to the bacterial cell
components present in the whole CH.
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The 4" Interdepartmental Twinning Symposium, 28 September— 2 October, 2011
(Tammela, Finland)

Lactobacillus helveticus MIMLh5 S-layer protein-specific binders from antibody libraries

Stuknyte M, Brockmann E, Huovinen T, Taverniti V, Guglielme® Mora D, De Noni I,
Lamminmaki U

Many strains ofLactobacillus helveticubave been characterised as probiotics. Thesestrai
were reported to exert health benefits such as giroteagainst infection, e.g. by modulating
the immune systeni.. helveticusMIMLh5, isolated from Grana Padano cheese natutaly
starter, was proposed as a potential probioticeiauch for the human pharynx with promising
antagonistic and immunomodulatory properties (Gligletti et al., 2010). The surface layer (S-
layer) protein was identified as being involved tive immunomodulatory properties af
helveticusstrains M92 (Begano&iet al., 2011), MIMLh5 (Taverniti et al., manuscrim
preparation).

Antibodies constitute a powerful tool to study giotfunction, protein localisation and protein-
protein interactions, as well as for diagnostic #mekrapeutic purposes. Single-chain variable
fragment antibodies (scFvs) have considerable fiateior the immunological detection of
small molecules, as well as proteins, in localsanf bacterial surface structures (Bradbury et
al., 2011). In this study, a mix of two large hungmthetic phage displayed libraries, protein-
directed (Brockmann et al., 2011) and hapten-disbctvas used to select scFvs agalnst
helveticusMIMLh5 S-layer protein. After three rounds of pamy four monoclonal scFvs
capable of binding with the. helveticusMIMLh5 S-layer protein and one capable of binding
also with the S-layer protein &f helveticusATCC 15009, which is different only in five amino
acids, were obtained. All five identified novel a8tlayer scFvs were expressedsscherichia
coli XL1-Blue as alkaline phosphatase fusions (Krelgtex., 1997). ScFv-PolyH4 was used to
develop an assay, based on Western blot analgsisletection of the S-layer protein in Grana
Padano cheese ripened for 2-5 months. These reshdtsed promising applications of the
scFv-PolyH4 for detecting immunologically importa®tlayer protein of. helveticusin this
cheese and in other food matrices and underlinechifjh value of the utilised phage display
libraries for obtaining the extremely specific ssFv

91



Appendix 2. Index of Tables

APPENDIX 2. INDEX OF TABLES

Table 1.1.1Concentration and biological activity of major boei milk proteins................... 17
Table 1.1.2lmmunomodulatory peptides derived from milk caseins.................ccoeeeeeennnnnns 18
Table 1.3.1Bacterial strains included in the study..............ccooiiciiiiiiiiiiieeeeee s 23
Table 1.3.2Primers used in this StUdy............coooiiiiiiiii e 23
Table 2.3.1LAB strains included in the Study...........ccccooriiiiiiiiicciiee e 50
Table 2.3.2Grana Padano samples used for the study............cccccvviieiiiiiiiiieeeee e, 56
Table 2.4.1Amino acid composition of the S-layer protein.ohelveticusMIMLhS.............. 60

Table 2.4.2.0verview of antibodies’ selection against the helveticus MIMLh5 S-layer
10 (= o USRS 65

92



Appendix 3. Index of Figures

APPENDIX 3. INDEX OF FIGURES
Figure 1.3.1Genetic map of a plasmid pNIFty2-LUC..........ovviiiiiiiiieeeee e 25

Figure 1.4.1RP-HPLC patterns of sodium caseinate digests after iwurs of incubation with
WhOlE CellS Of LAB SIFAINS. ...ccoiiiiiiiie ittt et 27

Figure 1.4.2Effects of whole CHs, produced after digestion WiffB strains on recombinant
L0 1o 0 B o =1 RS PRPTPPSRPN 29

Figure 1.4.3Effects of fractionated (ultrafiltration 3 kDa) CHproduced after digestion with
LAB CEPs, on recombinant Caco-2 CeLlS...........coooiiiiiiiiiiiii e 29

Figure 1.4.4.Effects of fractionated (ultrafiltration 3 kDa) CHgroduced after 0 and 5 h
digestion withL. helveticusMIMLh5 CEP, on recombinant Caco-2 cells in thegemece (+cas)
and in the absence (-cas) of sodium caseinate................ooo i 30

Figure 1.4.5Effects of non-fractionated CHs, produced afteredigon (0 h and 5 h) with.
helveticusMIMLh5 CEP, on recombinant Caco-2 cells in the gamrece (+cas) and in the
absence (-cas) Of SOAIUM CASBINALE.........uuuuiiiiiiiiiiieeee e e e et e e e e e e e e e e e e e annnnns 30

Figure 1.4.6Effects of fractionated (ultrafiltration 3 kDa) CHproduced after digestion (0 h
and 5 h) withL. acidophilusATCC 4356 (A) and.. lactis subsp.lactis GR5 (B) CEPs, on
recombinant Caco-2 cells in the presence (+cas) iantthe absence (-cas) of sodium caseinate

.......................................................................................................................................... 31
Figure 1.4.7 Effects of fractionated (ultrafiltration 3 kDa) CHproduced after digestion with
LAB CEPs, on recombinant Caco-2 cells in the presesf co-stimulation with ILA............ 32

Figure 1.4.8Effects of fractionated (ultrafiltration 3 kDa) CHproduced after digestion with
L. lactis subsplactis GR5 CEP on recombinant Caco-2 cells in the presexiaco-stimulation

with IL-14 in the presence (+cas) and in the absence (-casdpdium caseinate.................. 32
Figure 2.1.1Scanning electron micrograph of a freeze-etcheghgmagion of a bacterial cell
with an S-layer with oblique (A) and hexagonal I@)ice symmetry...........cccccceeeeiiiiiiiiiinnne. 42
Figure 2.1.2Schematic antibody structure and derived fragments............ceeveeeeeeeeeeninnnn.n. 44
Figure 2.1.3.Schematic structure of flamentous M13 phage amdpttinciple of monovalent
1= T TS0 11 o] = Y SSERRR 45
Figure 2.1.4The phage display CYCle........ccooi i 47
Figure 2.3.1Phagemid pEB32x (A) and expression vector pLKOBH kblis-tagged bacterial
alkaline phosphatase fUSIONS (B)........uuuruiiiiiiiiiiieieee e e e e e e e e e e e s e e s e seenneanes 53
Figure 2.4.1Growth curve ofL. helveticusMIMLh5 (A). SDS-PAGE (B) and the RP—HPLC
profile (C) of the S-layer protein from bacterialdvexponential growth phase................... 58

Figure 2.4.2 Effects of S-layer protein extracts from differénthelveticusMIMLh5 growth
phases (indicated by QE) on recombinant Caco-2 cells in basal conditioA3 &nd in the
presence of co-stimulation With ILBIB)...........eeiiiiiiiii e 59

Figure 2.4.3ESI-MS spectrum of tHe helveticusMIMLh5 S-layer protein and reconstructed
RS I o1=Toa £ U] o o TP PP TTUUUPPPPPPPRPRIN 60

Figure 2.4.4.Neighbour-joining dendrogram generated from the SBAlW alignment of the
mature S-layer proteins most closely related toSHayer protein oE. helveticusMIMLh5..62

93



Appendix 3. Index of Figures

Figure 2.4.5.Similarity of amino acid sequences of S-layer pratdrom LAB used in this

L] (0 o | S EURTT T 63
Figure 2.4.6Panning scheme for the selection of scFvs, spdoifitheL. helveticusMIMLh5
S-layer protein, from pEB32x-scFv MolBind libraries. ... 65
Figure 2.4.7Binding of the enriched phage pools (on MaxiS8rand PolySorp” plates) to
the immobilised S-layer protein aftél'2nd 3° rounds of panNNiNg..........cccoovvvveveereeen. 66
Figure 2.4.8Cloning scheme to obtain individual anti-S-layeFebinders........................... 67
Figure 2.4.9Characteristics of individual anti-S-layer protedgFv binders (step 1)............ 68
Figure 2.4.10Characteristics of individual anti-S-layer protesnFv binders (step 2).......... 69
Figure 2.4.11Characteristics of individual anti-S-layer protesFv binders (step 3).......... 70

Figure 2.6.12Alignment of scFv sequences of fifteen selectey&-protein-specific binders
With @ framework SCFV PrOtBINL......uueiiiiiie e e e e e e e e ennnes 71

Figure 2.4.13Specificity of anti-S-layer scFvs towards puriffeédayer protein of.. helveticus
MIMLh5 and S-layer protein-containing LAB lysatesdenaturing conditions as revealed by
WWESTEIN DIOL ...t e s e e e e e e e e e e anbne s 72

Figure 2.4.14Specificity of anti-S-layer scFvs towards puriffeédayer protein of.. helveticus
MIMLh5 and S-layer protein-containing LAB lysates mative conditions as revealed by

WeESEErN dOt-DIOL . ... e —————————— 73
Figure 2.4.15Sensitivity of anti-S-layer scFv PolyH4 againstfatiént quantities of thé.
helveticUSMIMLINS S-layer Proteinl.........ccceeeii i e e e e 74
Figure 2.4.16Selection of S-layer protein extraction conditions...........cccccvveevvieieeieeeeeeennn, 75

Figure 2.4.17Detection ofL. helveticusMIMLh5 S-layer protein in Grana Padano NWS, curd
and “cheese” samples with anti-S-layer scFv Polyibiidder............ccccccvvvveeeeeeeeneiiiieenn 6

94



