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Abstract

Abstract

Various gastrointestinal (GI) diseases, for example inflammatory bowel disease, are linked
to impaired barrier function, chronic inflammation and dysbiosis of the resident
microbiota. Faecalibacterium prausnitzii, an abundant obligate anaerobe of the healthy
human microbiota, has reduced abundance in the GI tract of people with these diseases,
and has been suggested to exert beneficial effects. Only a few studies have investigated its
mechanisms of action, partly due to the difficulty of co-culturing live obligate anaerobes
with oxygen-requiring human cells. The novel apical anaerobic co-culture model used in
this study allows this co-culture through the separation of anaerobic and aerobic
compartments. This model was used to investigate the effects of live F. prausnitzii (strains
A2-165, ATCC 27768 and HTF-F) on intestinal barrier integrity, measured by trans-
epithelial electrical resistance (TEER) of the intestinal epithelial cell line Caco-2, and on
immune homeostasis, specifically on Toll-like receptor (TLR) activation. Method
development was required to adapt these assays to the novel model and to optimise the
growth of F. prausnitzii co-cultured with Caco-2 cells and TLR-expressing cell lines while
maintaining their viabilities. Firstly, the optimised co-culture conditions were used to
determine the effect of the three F. prausnitzii strains on barrier integrity of healthy and
tumour necrosis factor alpha (TNF-a) treated Caco-2 cells. Live and growing F. prausnitzii
did not alter the TEER across healthy Caco-2 cells. However, under TNF-o mediated
inflammatory conditions, dead F. prausnitzii decreased TEER, whereas live bacteria
maintained TEER. Secondly, the TLR activation assay was adapted to be carried out in the
novel model. Using the adapted assay conditions it was determined that live F. prausnitzii
induced greater TLR2 and TLR2/6 activation than dead F. prausnitzii. Collectively, these

results indicate greater immuno-stimulatory effects of live F. prausnitzii, via TLR2
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activation, and this effect is potentially linked to its barrier maintaining properties, because
previous research showed enhancement of barrier integrity induced by TLR2 signalling.
This new knowledge contributes to the understanding of how F. prausnitzii may maintain
immune homeostasis in the GI tract. Unravelling the biological mechanisms used by
prevalent species of the human microbiota, such as F. prausnitzii, will ultimately allow

better comprehension of microbial regulation of GI function.

II



Acknowledgements

Acknowledgements

Firstly, I would like to express my sincere gratitude to my supervisors associate Prof
Nicole Roy and Dr Rachel Anderson for their continuous support during my PhD. Thanks
a lot for your time and effort and the many helpful advice and discussions that kept me
positive and motivated throughout my research. Besides my supervisors at AgResearch, |
would like to thank my supervisor Prof Paul Moughan at the Riddet Institute. Furthermore,
I acknowledge AgResearch and the Riddet Institute for funding this research and my PhD

fellowship.

For their technical assistance, I would like to thank Kelly Armstrong, Leigh Ryan and
Stacey Burton, for always taking the time to answer my questions and helping out with the
cell culture in busy times. Also, thanks to Dr Mark McCann and Kelly Armstrong for their
advice on stable transfections and to Dr Eric Altermann for helping me with the
bioinformatics analyses. For developing the prototype II co-culture chamber and the
adapter for the oxygen probe I would like to acknowledge the AgResearch engineering
team, specifically Steve Gebbie and Scott Sevier. My thanks also go to associate Prof
Hermie Harmsen and Dr Muhammad Tanweer Khan for providing the F. prausnitzii
strains used in these studies. For the help with the statistical analysis I am grateful to Dr
Carlos Montoya who was an immense help during the very busy times in the final stage of
my PhD. In addition, I would like to thank Denise Martin for helping with the many
administrative tasks along the road to completing this thesis. Furthermore, my special

thanks go to Natascha Stroebinger for the help with the formatting of this thesis.

A special thanks also goes to my fellow students, it was amazing to share an office with

such great people, and meeting so many people from all over the world. I never wanted to

III



Acknowledgements

miss our lunch breaks which were always fun and contributed a lot to keep up the positive

energies and motivation.

In the end I would like to thank my parents and my brother and sister for their constant
support, despite being on the other side of the world. Finally, for the constant motivation
and moral support I want to thank Carlos. Your positive energies definitely helped me a lot

to complete this work.

IV



Table of contents

Table of contents

ADSETACE ...ttt e et e e ettt e e et e e e e eaeeees I
ACKNOWIEAZEIMENES.......eeiiiiiiiiieiiiiiee ettt e et e e et e e e e etbaeeeeetbaeeeeensnaaeeennnneas I
LSt OF fI@UICS....vviiieeiiiiee et e et e ettt e e e et e e e e esebaeeeeessaeeeeensneaeeenes XIII
LSt OF £ADIES ..ot e e XVII
ADDTEVIATIONS. ..ottt ettt ettt ettt e et e et e et e e et e e etteeennaeeenbeeennneeenns XIX
INELOAUCTION ...ttt e et e et e et e e e e eaaee s 1
CHAPTER ONE: Review of literature’............c.ccooooviviiiieiiieeieeeecceeeceeeeee e 3
1.1. Human gastrointestinal miCrODIOta. .........ccouviiieiiiiiiieeiiiiiee et
L. 1.1, COMPOSIEION . ...eeieiiiiiieeeiiiiieeeeeiiieeeestteeeeestteeeeesabaeeeesssnseeeeeannsaeeeensssreeeenssseeesanns 4
1.1.2. Establishment and compositional changes associated with ageing ..................... 8
1.1.3. The role of commensal bacteria in human health................cccocoiniinnn. 9
1.2. Intestinal barrier fUNCHION.........cuiiiiiiiiiiiii e 10
L.2. 1. COMPONEILS ..eeeiiieiiiiiiiiiiieeeee et ettt ee e e e e e ettt e e e e e e e esibbteeeeeeeeesasannbaaeeeaeeeas 11
1.2.1.1. Structure and regulation of tight Junctions.............cccceeveiiieeriiiiieeeriiieeeens 13
1.2.2. Regulation by commensal and probiotic bacteria............ccocceeevvieeniieenineennnen. 15
1.3. Microbial regulation of immune functions in the gastrointestinal tract ...................... 17
1.3.1. Microbial influence on development and function of the immune system........ 18
1.3.2. The role of innate signalling in maintaining immune homeostasis ................... 19
1.3.3. Microbial modulation of the function of epithelial cells and immune cells....... 26
1.4. Approaches to manipulate the gastrointestinal microbiota to promote health............. 28
1.4.1. Classical probiotiC CONCEPL ......uuuireeiiiiiieeeeiiiiee et e e et e et e e e e e e es 28
1.4.2. Commensal obligate anaerobes as next-generation probiotics.............cccecuveee... 29
1.4.2.1. Faecalibacterium prausnitZii ...........ccccceeervireiiieeniieesiee e 31



Table of contents

1.4.2.2. Bacteroides thetaiotaomMiCrON ..........cc.eeueiiiriiriieieeieeee e 38
1.4.2.3. Bacteroides fragilis ...........coovviieiiiiiiiie e 40
1.4.2.4. Akkermansia muCiniphila ...........c.ccooouiieiiiieiiii e 41
1.4.2.5. Bacteroides UNifOrmiS..........coouoiierieiiiiiiieeeee e 44
1.4.2.6. Segmented filamentous bacteria ............cccvvveeeriiiiieiniiiie e 45
1.5. Dual-environment co-culture models to study host-microbe interactions ................... 46
1.6. Aims and structure of the diSSertation.............cccveeeriiiiieiiiiiieeeeiiiiee et 52

CHAPTER TWO: Faecalibacterium prausnitzii strain characterisation and growth

optimisation in the co-culture model’..............ocooviiiiviiiiiiieeeeeeeeeeeee e, 57
B B §315 (01 1811510 4 OO 58
2.2. Hypothesis and @ImMS..........cccuiiiiiiiiiiieeiiiieeeeiiee e et ee e e eeeeiaeeeeesebaeeeesnnbaeeeennnee 59
2.3  MEEROAS ..ottt et et 60
2.3.1. F. prausnitzii Cell CUILUIE ............coovviiiiiiiiiee e 60
2.3.2. Bacterial culture Mmeditm ..........covuiiiiiiiiiiiieiiee e 60
2.3.2.1. Anaerobic yeast extract, casitone, fatty acid, glucose broth....................... 62
2.3.2.2. Anaerobic brain-heart infusion broth ............ccccooiiniiini 64
2.3.2.3. Anaerobic brain-heart infusion agar............c.ceeeveieeeriiieeeeniiiie e 64
2.3.3. Long term storage of bacterial cultures .............ccccoeeviiiiiiiniiiiiiiniiieeeeieeeee 66
2.3.4. 16S rRNA ZENE SEQUENCING .....eeeeeiiiiieeeiiiiieeeeiiireeeeitieeeeenineeeesenereeeeeansnaeeaannes 66
2.3.4.1. Bacterial DNA eXtraCtiOn ........cccveeeriieeriieeniiieeniieeniieeeniee e e 66
2.3.4.2. Polymerase chain reaction of the 16S TRNA genes ........ccccoeevveeviieenneene 67
2.3.4.3. Sanger sequencing and database COMPATISON .........eevveeeruieeriiieeniiieenieeens 67
2.3.5. Enumeration 0f BacCteria.........ceiivuiiiriiiiiiiiiiiieeeieceeeeee e 70
2.3.5.1. Petroff-Hausser counting chamber..............cceoovviiieiniiiieeiiiiiee e 70
2.3.5.2. Titration of F. prausnitzii viable cells...........cccevviieriiieniieeeie e 71

VI



Table of contents

2.3.6. Gram STAINING......cceeiiiiiiiiiieeeeeeeeiiiiieteeeeeeeessiaaraeeeeeeeessssnansaeeeeeeesssannsssneeeeeeens 71
2.3.7. GIOWLER CUIVES ...eeiiiie ettt ettt e et e et e et e e eneeeeeaeee 72
2.3.8. Culture of intestinal epithelial cells (Caco-2)......ccccvvreeriiiiieiniiieeeeiiieeeeiieeenn 73
2.3.8.1. Maintenance of Caco-2 CellS .........cceeriiiiriiiiiniiieiieeeee e 74
2.3.8.2. Passaging of Caco-2 CelIIS........cccuuiiiiiiiiiieeiiiie e 74
2.3.8.3. Long term storage of Caco-2 cellS........oviiiriiiiiiiiiiiieiiiieeeeiee e 76
2.3.8.4. Recovering Caco-2 cells from liquid nitrogen ...........coccvveeeeriiieeeennieeeenns 76
2.3.8.5. Counting Caco-2 CelIS........uuiieriiiiieiiiiiie et 77
2.3.8.6. Growing Caco-2 cells on Transwell inSerts ..........ccceeeeveiieeeerivieeeeninieeeens 77
2.3.8.7. Measuring TEER to assess differentiation of Caco-2 monolayers.............. 78
2.3.9. Apical anaerobic co-culture model ...........occcveiiiiiiiiiiiniiiie e 79
2.3.9.1. Setting up the apical anaerobic co-culture model..............c.ccccevviieiniininnn. 81
2.3.10. Viability of F. prausnitzii in different culture media...........cccevvienieeneennne 83
2.3.11. TEER and viability of Caco-2 cells using aerobic media.............ccccveerunennee 84
2.3.12. TEER and viability of Caco-2 cells using anaerobic media...........ccccevveeennee 85
2.3.13. Viability of the F. prausnitzii strains in the apical anaerobic co-culture model
using mixtures of cell and bacterial culture media.............coeeeeiveieeiiiiiiiiniiiieeeeee. 86
2.3.14. Trypan blue viability test of Caco-2 cells grown on Transwell inserts............ 87
2.3.15. Neutral red Uptake @SSAY .......cccuvvireeriuiiieeiiiiiee et e e et e e eieeeeeereeeeeseneee s 87
2.3.16. Statistical AaNATYSIS .....cceiuiiiiiiiiiiie e 89
24 RESUIES ..ttt et e 90
2.4.1. 16S TRNA ZENE SEQUENCING.......uvvireeiiiireeeeiiiieeeeiiieeeeeniieeeeeneneeeeeennreeeeesneneeeeas 90
2.4.2. Gram SEAINING . ...eeeeiueireeeeiiieeee ettt e e eeiteeeeeetteeeeeaaatteeeesanaeeeeesnseeeeeeannseeeeennnseeeas 91
2.4.3. GIOWER CUIVES ...ceiiiiiiiiiee ettt e 91
2.4.4. Viability of the F. prausnitzii strains in cell culture medium...............cccceeeeeee. 94

VII



Table of contents

2.4.5. Viability of the F. prausnitzii strains in cell culture medium supplemented with
ACEEALE ..ttt ettt ettt et e sab e st e s e eat 94

2.4.6. Supplementation of cell culture medium with bacterial culture medium.......... 96

2.4.6.1. Effect of ratios of cell and bacterial culture medium on TEER and viability
of Caco-2 cells in conventional cONditions ..........cc..eeevreuiieeeeriiieeeeiiiieeeeriieee e 99

2.4.6.2. Effect of ratios of cell and bacterial culture medium on TEER and viability
of Caco-2 cells in the apical anaerobic co-culture model ..............ccceveevinieeennne. 102

2.4.6.3. Viability of the F. prausnitzii strains in a mixture of cell and bacterial
CUIUTE MEATUIM ....eeiiiiii it 105

2.4.6.4. Viability of the F. prausnitzii strains in the apical anaerobic co-culture

model using mixtures of cell and bacterial culture media...............cccovveiiinnnennnn. 107
2.5, DISCUSSION . ...ttt et ee ettt ettt ettt ettt e eat e ettt e ettt e ettt e ettt e e st e e anbeeesnbeeesabeeesabeeeans 107
CHAPTER THREE: Effect of F. prausnitzii on intestinal barrier function®.................... 115
3.1 INEOAUCTION. ...ttt ettt et et e s e e 116
3.2, Hypothesis and @imS..........ccuuiiieriiiiieeiiiiiee et ee ettt e e e eeessnnaeeeeennes 117
3.3  IMETROAS -t et et 117
3.3.1. Culture of F. PrauSnItZil......c.c..oeooiiuviiiiiiiiiee e 117
3.3.2. Caco-2 Cell CUtUTE......ccouiiiiiiiiiiiee e 118
3.3.3. Trans-epithelial electrical resistance assay using different apical media ........ 119

3.3.4. Trans-epithelial electrical resistance assay with TNF-a-treated Caco-2 cells . 120

3.3.4.1. Viability of F. prausnitzii in co-culture with TNF-a-treated Caco-2 cells 121

3.3.5. Statistical aNalySiS......c.uueiiiriuiiiiiiiiiiiee e 122
B4  RESUIES . 123
3.4.1. Trans-epithelial electrical resistance assay with different apical media.......... 123

VIII

3.4.2. Trans-epithelial electrical resistance assay with TNF-o-treated Caco-2 cells
using 50% BHI as apical medium............cccciiiiiiiiiiiiiiiiie e 123

3.4.3. Trans-epithelial electrical resistance assay with TNF-o-treated Caco-2 cells
using M199 TEER as apical medium............coooviiiiiiiiiiiiiiiiiieeeeeeeeeee e 127



Table of contents

3.4.4. Viability of F. prausnitzii in co-culture with TNF-a-treated Caco-2 cells ...... 131
3.5 DASCUSSION ..ttt et e ettt e e e et e e e et e e e abaeeeas 136
CHAPTER FOUR: Adaptation of the Toll-like receptor activation assay to the apical
anaerobic co-culture MOdel’...............coioiiiiuiieieec e 145
T B §3 15 (0T 1811510 | B USSP 146
4.2. Hypothesis and @IS ..........eeeiiiriiieeiiiiieeeeiieeeeeiee e e et e e e eeireeeeesareeeeessnsaeeeennnsaeeas 147
4.3 IMEENOMS. ¢ttt ettt et e n 148
4.3.1. Culture of HEK293-TLR CellS.....ccccuviimiiiiiiiiiiiiiiiieeeee e 148
4.3.1.1. Maintenance of HEK293-TLR Cells.......ccccceeriiiiniiiiniiieiiieeeeeeieeee 148
4.3.1.2. Passaging of HEK293-TLR cells .......cccceeeviiiiiiiiiiiiieeiiieeeeiieeeeeen 150
4.3.1.3. Long term storage of HEK293-TLR cells..........ccccocveiiiniiiiiiiniiiieeeien. 152
4.3.1.4. Recovering HEK293-TLR cells from liquid nitrogen.............ccccccceunee... 152
4.3.2. Stable transfection of HEK293-TLR cells.......c.cccceeriiiiniiiiniiiiniiiiiieeiieee 153
4.3.2.1. Growth of pNiFty2-Luc-transformed bacteria ............c.cccceeeevriireeeennnnen.. 153
4.3.2.2. Extraction of pNiFty2-Luc plasmid DNA..........ccccoiiiiiiiiiiieiiiieeeeieeen 153
4.3.2.3. Determining zeocin sensitivity of the HEK293-TLR cells........................ 155
4.3.2.4. Stable transfection and selection of stable clones ..............cccoccvvereennneen.. 156
4.3.3. Culture of HEK293-TLR-LUC CelIS ...ccvvriiriiiiiiiiiiiiiieiiceieeeeeeeeseeee 158
4.3.3.1. Passaging of HEK293-TLR-Luc cells using trypsin ...........cccccvveeeeennen. 158
4.3.3.2. Coating of Transwell inserts with collagen I ............cccocociiiiiiiininnn.n. 159
4.3.4. Toll-like receptor activation assay in conventional conditions ....................... 159
4.3.5. Growth optimisation of F. prausnitzii in cell culture medium......................... 162
4.3.5.1. Culture of the F. prausnitzii strains .............cccceeeeevvreeeeiiieeeeeeeieeee e 162
4.3.5.2. Viability of the F. prausnitzii strains in different culture media............... 162

4.3.6. Adaptation of the Toll-like receptor activation assay to the apical anaerobic co-
culture MOdEl......c.ooiiiiiiiii e 163

IX



Table of contents

4.3.6.1. Toll-like receptor activation assay using Transwell inserts...................... 166

4.3.6.2. Determining the viability and attachment of HEK293-TLR2-Luc cells under
different assay CONAItIONS.......c.uuviieriiiiieeiiiiie ettt e e e eeraeee e 167

4.3.6.3. Toll-like receptor activation assay in apical anaerobic conditions............ 168
4.3.6.4. Dissolved oxygen concentration in the apical and basal compartments ... 168

4.3.7. Viability of F. prausnitzii A2-165 in co-culture with HEK293-TLR2-Luc cells

in the apical anaerobic co-culture model.............ccoooiiiiiiiiiiiiiniieee, 170
4.3.8. Statistical ANalYSIS......ccccuuireeriiiiieeiiiiiee et e 172
A4 RESUILS e et et et e e 173
4.4.1. Zeocin sensitivity of HEK293-TLR2 cells .......cccceeveeriiiiieiiiiieeiiieeee, 173
4.4.2. Toll-like receptor activation assay in conventional conditions....................... 175
4.4.3. Viability of the three F. prausnitzii strains in cell culture medium................. 175

4.4.4. Viability of the F. prausnitzii strains in cell culture medium supplemented with
BCEEALE ...ttt 178

4.4.5. Viability of the F. prausnitzii strains in cell culture medium supplemented with
bacterial culture Medium .........c.coooviiiiiiiiiiiiiii e 178

4.4.6. Toll-like receptor activation assay with Transwell inserts.............ccccceevnneee. 181

4.4.7. Approaches to improve the attachment of HEK293-TLR2-Luc cells in the apical

anaerobic co-culture MOdel..........cccuiiiiiiiiiiiiii e 183
4.4.8. Toll-like receptor activation assay in apical anaerobic conditions.................. 191
4.4.9. Apical and basal dissolved oxygen concentrations .............ccceeeeeereveeeeesnnnennnn. 194

4.4.10. Viability of F. prausnitzii A2-165 in co-culture with HEK293-TLR2-Luc cells

with different apical medium COMPOSILIONS.........uvvieeriiiiieeeiiiiie et 195
4.5, DISCUSSION . ..uutiieiiieeeiiiee ettt ettt ettt ettt ettt e sttt e st e ettt e e bt e e e bt e e esabeeesabeeesabeeesabaeenas 199
CHAPTER FIVE: TLR activation by F. prausnitzii in conventional and apical anaerobic
CONAItIONS ...ttt 207
5.1 INETOAUCTION. ..ceieeiiiee e e ettt et e e s 208
5.2. Hypothesis and QiMS. ......cccuviiiiiiiiiiiee ettt ettt e e et e e st e e e e 209



Table of contents

5.3 MEROMS. ...ttt ettt e e natee e 210
5.3.1. Culture of F. PrausnitZii ........c..coovuiieiiiieiiie e 210
5.3.2. Preparation of aerobic brain-heart infusion broth..............cccccoeeviiiiiiinniiinnen. 210
5.3.3. Preparation of the HEK293-TLR-Luc cells for the TLR activation assays .....211

5.3.3.1. Maintenance of HEK293-TLR-Luc cellS.........cccocvveriiieniiiiniieiiieee, 211
5.3.3.2. Seeding HEK293-TLR-Luc cells on Transwell inserts ..............ccccveeeene. 212
5.3.4. Preparation of the positive CONtrolS.........c.evieiriiiiiiiiiiiiieeiiiee e 212

5.3.5. TLR activation assays with live and UV-killed F. prausnitzii in conventional
and apical anaerobic CONAILIONS. ..........ueiiiriuiiieeeiiiiie et e e e 214

5.3.5.1. Determination of the multiplicity of infection for the TLR activation assays

............................................................................................................................ 216
5.3.6. Phylogenetic analysis of bacterial cell envelope marker genes....................... 217
5.3.7. Statistical ANALYSIS ....cccuviiiieiiiiiie et 217

54 RESUIES ..ttt ettt ettt e et 218
5.4.1. TLR2 QCHIVATION ...eeeiutieeiiiieeiiiee ettt ettt e ettt eeeaee e es 219

5.4.1.1. Determination of the multiplicity of infection ............cccccoeeviiiiiiiniinnen. 219

5.4.1.2. TLR2 activation in conventional and apical anaerobic conditions............ 219
5.4.2. TLR2/6 activation in conventional and apical anaerobic conditions............... 222
5.4.3. TLR4 activation in conventional and apical anaerobic conditions.................. 227

5.4.4. Activation of the control cell line in conventional and apical anaerobic

(0700 016 D180} 4 K RSP S O P PO RPPRN 230
5.4.5. Phylogenetic analysis of bacterial cell envelope marker genes....................... 230
5.5, DISCUSSION 1.ttt ettt ettt ettt ettt et ettt e e ettt e ettt e ettt e e bt e e e nbbeeesabeeesabeeesabaeenas 234
CHAPTER SIX: General DISCUSSION. ...ccccuutiruiiiiiiiiieiiieeiiee ettt 247
6.1. BaCK@IOUNG ....oooiiiiiiiiii et 248
6.2, SUMMATY OF TESULILS ..ottt et e e 249

XI



Table of contents

6.3. General discussion, limitations and future perspectives .........ccccveveereveeeernnveeeennnen. 252
6.3.1. Method development ..........c..eiiiiiiiiiiiiiiiee et saaeee e 252
6.3.2. Effect of F. prausnitzii on intestinal barrier function and immune homeostasis
............................................................................................................................... 254

6.4. Concluding re€MATKS ........cceiiuiiiiiiiiiiiie ettt et e et e e e et ee e e iraeeesenrreeeeennes 260

RETETEICES .....ee ettt et e ettt e et e e et e e e e 263

XII



List of figures

List of figures

Figure 1.1 Components of the intestinal barrier. .............ccoooeiiiiiiiniiiiiii e 12
Figure 1.2 Tight junction StIUCLUIE. ........vveiieiiiiieeiiiieeeeiieeeeeieeeeeeiiee e e e siae e e e erreeeeeeneas 14
Figure 1.3 Schematic diagram of TLR distribution and signalling. ...........c.cccceeveeninnnnn. 21
Figure 1.4 Effects of probiotic bacteria divided into three levels of action. ....................... 30
Figure 1.5 Proposed immunomodulatory mechanisms of four examples of obligate
ANACTODIC COMMENSALS. ....eiiiiiiieiiiie ittt et ettt e et e e es 32
Figure 1.6 Comparison of four examples of dual-environment co-culture models............. 48
Figure 1.7 Structure of the diSSertation. ............ceeviieiiiiiiiiiie e 56

Figure 2.1 Schematic diagram of a single well of the apical anaerobic co-culture model. .80

Figure 2.2 Prototype II co-culture chamber used for the apical anaerobic co-culture model.

........................................................................................................................................ 82
Figure 2.3 Gram staining of the three F. prausnitzii strains..............cccceveveeveeneeeneeenneenne. 92
Figure 2.4 Growth curves for the three F. prausnitzii strains in BHI broth........................ 93
Figure 2.5 ODgoonm (A) and normalised change in ODegoonm (%) (B) of the three F.
prausnitzii strains in anaerobic cell culture medium. ...........ccccoeeieviiiiiiiiiiiiieeeeiiee e, 95
Figure 2.6 ODgoonm of the three F. prausnitzii strains in anaerobic M199+NEAA with or
without acetate SUPPlEMENTAtION. .........cvviiiiiiiiiie i e e 97
Figure 2.7 Normalised change in ODsoonm (%) of the three F. prausnitzii strains in
anaerobic M199+NEAA with or without acetate supplementation..............cceeeevvereennnnen.. 98
Figure 2.8 Viability of Caco-2 cells exposed to cell and bacterial culture medium in
conventional conditions (5% CO; in air atmMOSPhETe).........cccvvuvviriiriiiiieeeiiiieeeeiiee e, 100
Figure 2.9 TEER across Caco-2 cell monolayers exposed to mixtures of cell and bacterial
culture medium in conventional conditions (5% CO; in air atmosphere). ....................... 101
Figure 2.10 Viability of Caco-2 cells exposed to mixtures of cell and bacterial culture
medium in the apical anaerobic co-culture model. ............ccccoeeviiiiiiiiiiiiiiiiie, 103
Figure 2.11 TEER across Caco-2 cell monolayers exposed to mixtures of cell and bacterial
culture medium in the apical anaerobic co-culture model. .........cc.cceevviiiniiiiniiiiniieene 104
Figure 2.12 Viability of the three F. prausnitzii strains in cell culture medium
supplemented with bacterial culture medium............cocciiiiiiiiiiii 106
Figure 2.13 Viability of the three F. prausnitzii strains in the apical anaerobic co-culture
model With Caco-2 CeIIS. .....ccuiiiiiiiiiiii e 108
Figure 3.1 Change in TEER across healthy Caco-2 monolayers co-cultured with live F.
prausnitzii using 25 and 50% BHI as apical medium. ...........cccccoevvieviieeniiienieeeiieeen 124

Figure 3.2 Change in TEER across Caco-2 monolayers with or without TNF-a treatment
using 50% BHI as apical Mmedium.............oooiiiiiiiiiiiiiii e 125

Figure 3.3 Change in TEER across healthy Caco-2 monolayers co-cultured with live or
UV-killed F. prausnitzii using 50% BHI as apical medium. ...........cccceeevveeviiveeniieennnenns 126

XIII



List of figures

Figure 3.4 Change in TEER across healthy Caco-2 monolayers co-cultured with live or

UV-killed F. prausnitzii using 50% BHI as apical medium. ..............ccceeevvvrevcrieenneeennne. 128
Figure 3.5 Change in TEER across TNF-o-treated Caco-2 monolayers co-cultured with
live or UV-killed F. prausnitzii using 50% BHI as apical medium. ..............cccccoeuveennenn. 129
Figure 3.6 Change in TEER across Caco-2 monolayers with or without TNF-a treatment
using M199 TEER as apical Mmedium. ..........cccueiieriiiiieeiiiiiie et 130
Figure 3.7 Change in TEER across healthy Caco-2 monolayers co-cultured with live or
UV-killed F. prausnitzii using M199 TEER as apical medium...............ccceeevrvrerneenne. 132
Figure 3.8 Change in TEER across TNF-o-treated Caco-2 monolayers co-cultured with
live or UV-killed F. prausnitzii using M199 TEER as apical medium...............cc........... 133
Figure 3.9 Change in TEER across TNF-o-treated Caco-2 monolayers co-cultured with
live or UV-killed F. prausnitzii using M199 TEER as apical medium. ..............cc.......... 134
Figure 3.10 Viability of the three F. prausnitzii strains co-cultured with TNF-a-treated
Caco-2 cells using 50% BHI as apical medium. .........ccccceevviiiiieiiiiiieeiiiieeeieee e 135
Figure 3.11 Viability of the three F. prausnitzii strains co-cultured with healthy or TNF-a-
treated Caco2-cells using M199 TEER as apical medium. ..........c.ccceeeeviiiieeeninineeennnnen, 137
Figure 4.1 Overview of the stable transfection of HEK-TLR cell lines with a NF-xB
inducible luciferase plasmid...........ccceoieiiiiiiiiiniiiiie e 154
Figure 4.2 Schematic diagram of the TLR activation assay. ..........ccceveuveeriuveeniieeenineennnn 160
Figure 4.3 Adaptation of the TLR activation assay to the apical anaerobic co-culture
INOAEL Lttt 164
Figure 4.4 HEK293-TLR-Luc cells in the apical anaerobic co-culture model................. 165
Figure 4.5 Methods to measure the DO concentrations in the apical and basal
compartments of the co-culture chamber..............cccoooiiiiiiiiiiiiiiii e 169
Figure 4.6 Zeocin sensitivity of HEK293-TLR2 cells. .....c.coovuiiiniiiiniiiiniieeniieeeiee 174
Figure 4.7 TLR activation assay in conventional conditions............cc.cceeevvuveeriiieennnneennnn. 176
Figure 4.8 ODgoonm (A) and normalised change in ODegoonm (%) (B) of the three F.
prausnitzii strains in anaerobic cell culture medium (DMEM). ..........ccooviiiiiinieeiinne. 177
Figure 4.9 ODsoonm of the three F. prausnitzii strains in anaerobic DMEM with or without
acetate SUPPIEMENTALION. .....couuiiiiiiiiiiiie ettt et e et e e et e e e et reeeennnaeeeas 179
Figure 4.10 Normalised change in ODeoonm (%) of the three F. prausnitzii strains in
anaerobic DMEM with or without acetate supplementation. ...........ccceccueveeeviiieeeennnnenn.. 180
Figure 4.11 Viability of the three F. prausnitzii strains in cell culture medium
(DMEM+FBS) supplemented with bacterial culture medium (BHI)..........cc.cccooeieeinin. 182
Figure 4.12 TLR activation assay using Transwell inserts............ccccceeeevniiieeeiniieeeennne. 184
Figure 4.13 TLR activation assay using cells harvested with or without TrypLE............ 188
Figure 4.14 HEK293-TLR2-Luc cells exposed to bacterial culture medium and a mixture
of cell and bacterial culture media in the apical anaerobic co-culture model................... 190
Figure 4.15 Viability of HEK293-TLR2-Luc cells exposed to different apical media in
apical anaerobic and conventional conditions. ...........ccoccueierieiiriiiiniieenieereeeeee e 192

X1V



List of figures

Figure 4.16 TLR activation assay in conventional and apical anaerobic conditions......... 193
Figure 4.17 Basal DO levels when incubating HEK293-TLR2-Luc cells in the apical
anaerobic co-culture MOdel. ...........oooiiiiiiiiii e 196

Figure 4.18 Viability of F. prausnitzii A2-165 before and after the co-culture with

HEK293-TLR2-Luc cells in the apical anaerobic co-culture model. ...............c.ceeeuvveenne. 197
Figure 4.19 Viability of F. prausnitzii A2-165 after 6 h of co-culture with HEK293-TLR2-
Luc cells in the apical anaerobic co-culture model............cc.cooovviiiiiiiiiiiiiniiieeeeiieeeee 198
Figure 5.1 Determination of the MOI for the TLR activation assays.........c.cccceeeveerunenns 220

Figure 5.2 TLR2 activation (observed values) by live and UV-killed F. prausnitzii in
conventional and apical anaerobic CONAItIONS. ..........ccevvviireeriiiieeeriiiee e 221

Figure 5.3 TLR2 activation (fitted values) by live and UV-killed F. prausnitzii in
conventional and apical anaerobic CONAItIONS. ..........ccevvviireeriiiireeiiiie e 223

Figure 5.4 TLR2 activation (fitted values) by F. prausnitzii in conventional and apical
ANACTODIC CONAILIONS. ..eeeitiieriiiieiiiee ittt ettt ettt e et e et e e st e e st e e sabeeeeneee 224

Figure 5.5 TLR2/6 activation (observed values) by live and UV-killed F. prausnitzii in

conventional and apical anaerobic CONAItIONS. ..........ccervviireeriiiireeriiiiee e 225
Figure 5.6 TLR2/6 activation (fitted values) by live and UV-killed F. prausnitzii in
conventional and apical anaerobic CONAILIONS. ...........coevviireeriiiireiriiee e 226
Figure 5.7 TLR2/6 activation (fitted values) by live and UV-killed F. prausnitzii in
conventional and apical anaerobic CONAItIONS. ............cccvvireeriiiireiiiiiee et 228
Figure 5.8 TLR4 activation by the controls and by live and UV-killed F. prausnitzii in
conventional and apical anaerobic CONAILIONS. ............ecvvvireeriiiireeriiiee e 229
Figure 5.9 Activation of the control cell line (HEK293-null-Luc) by the controls and by
live and UV-killed F. prausnitzii in conventional and apical anaerobic conditions. ........ 231
Figure 5.10 Evolutionary relationships of taxa based on the phylogenetic analysis of the
bacterial cell envelope marker gene HSPO0...........cooviiiiiiiiiiiiiiiiiiiiieecieeeeee e 232
Figure 5.11 Evolutionary relationships of taxa based on the phylogenetic analysis of the
bacterial cell envelope marker gene HSP70.........cooeiviiiiiiiiiiiiiiiiieeeee e 233
Figure 5.12 Partial sequence alignment of the Hsp60 protein............cceevveeviieiniieinnenns 235
Figure 5.13 Partial sequence alignment of the Hsp70 protein............ceeveeeviieiniieininenns 236

XV






List of tables

List of tables

Table 1.1 Summary of advantages and disadvantages of four examples of dual-
environment CO-CUlture MOAEIS .........cccouiiiiiiiiiiiiiiiiiie e e 49

Table 2.1 Details of the three F. prausnitzii strains used in this PhD project..................... 61

Table 2.2 Components used to prepare anaerobic yeast extract, casitone, fatty acid, glucose
(YCFAG) DIOtR. ..ottt ettt et s enaee et e e 63

Table 2.3 Components used for the preparation of anaerobic brain-heart infusion broth. ..65

Table 2.4 Oligonucleotide sequences of the forward and reverse primers used for the
amplification of the bacterial 16S TRNA geNe. ......cc.eevvviiiiiiiiiiiiiieeeeeeee e 68

Table 2.5 PCR program used for the amplification of the bacterial 16S rRNA gene. ........ 69

Table 2.6 Composition of the Medium 199 standard medium (M199 Std) used for culturing
CACO-2 CEIIS. ..ottt 75

Table 4.1 HEK293 cell lines expressing different cell surface TLRs used in this study...149

Table 4.2 Composition of the growth media used to culture HEK293-TLR cells (without
SEIECTIVE ANTIDIOTICS ). .eeeeiuiviireeeiiiieeeeiiiie e e ettt e e e ettt e e ettt e e e ettt eeeesatbaeeeennnbaeeesannsneeeennnnns 151

Table 4.3 Summary of experiments to improve the attachment of HEK293-TLR2-Luc cells
N the co-Culture MOAEL........cccuiiiiiiiiiie e 185

Table 5.1 Details of the positive controls used for the TLR activation assays including
concentrations of stock and working SOIUtIONS.............cccoveiiiiiiiiiiiiiiiiieee e, 213

XVII






Abbreviations

Abbreviations

ANOVA Analysis of variance

ATCC American Type Culture Collection

BHI Brain-heart infusion

CD Cluster of differentiation

CFU Colony-forming unit

DAMP Damage-associated molecular pattern

DC Dendritic cell

DMEM Dulbecco's Modified Eagle Medium

DMSO Dimethyl sulphoxide

DNA Deoxyribonucleic acid

DO Dissolved oxygen

DSM Deutsche Sammlung von Mikroorganismen (German Collection of
Microorganisms)

DSS Dextran sodium sulphate

FBS Foetal bovine serum

GALT Gut-associated lymphoid tissue

GI Gastrointestinal

HEK Human embryonic kidney

XIX



Abbreviations

HKLM

IBD

IBS

[EC

IFN-y

IKK

IL

IRAK

IxB

LPS

LSD

M199 Std

MAPK

MOI

MyDg88

NCBI

NEAA

NF-xB

NOD

XX

Heat-killed Listeria monocytogenes

Inflammatory bowel disease

Irritable bowel syndrome

Intestinal epithelial cell

Interferon gamma

Inhibitor of kappa B kinase

Interleukin

Interleukin-1 receptor-associated kinase

Inhibitor of kappa B

Lipopolysaccharide

Least Significant Difference

M199 Standard medium

Mitogen-activated protein kinase

Multiplicity of infection

Myeloid differentiation primary response protein 88

National Center for Biotechnology Information

Non-Essential Amino Acid

Nuclear factor-kappa B

Nucleotide-binding and oligomerisation domain



OD

ODS

PAMP

PBMC

PBS

PCR

PPAR-y

PRR

rRNA

SCFA

SEM

SFB

slgA

TEER

TJ

TLR

TNBS

TNF-a

TOLLIP

Abbreviations

Optical density

Output delivery system

Pathogen-associated molecular pattern

Peripheral blood mononuclear cell

Phosphate-buffered saline

Polymerase chain reaction

Peroxisome proliferator-activated receptor gamma

Pattern recognition receptor

Ribosomal ribonucleic acid

Short-chain fatty acid

Standard error of the mean

Segmented filamentous bacteria

Secretory immunoglobulin A

Trans-epithelial electrical resistance

Tight junction

Toll-like receptor

2,4,6-Trinitrobenzenesulfonic acid

Tumour necrosis factor alpha

Toll-interacting protein

XXI



Abbreviations

TRAF

TRIF

YCFAG

Z0

XX1II

TNF receptor associated factor

TIR-domain-containing adapter-inducing interferon beta

Yeast extract, casitone, fatty acid, glucose

Zona occludens



Introduction

Introduction

The human gastrointestinal (GI) tract is colonised by trillions of commensal bacteria which
are generally known to be critical for human health [1]. It also harbours the largest number
of immune cells within the human body [2]. Maintaining a homeostatic balance between
tolerance towards commensal bacteria and food antigens and immunity against pathogens
is the major challenge for the gut-associated lymphoid tissue (GALT), which is achieved
through tightly regulated host-microbe cross-talk [3]. In addition, the barrier between the
lumen and underlying tissues formed by the intestinal epithelium is vital to maintain
homeostasis in the GI tract as it prevents the entry of unwanted luminal contents into the
body [4]. Various GI inflammatory disorders, such as inflammatory bowel disease (IBD),
irritable bowel syndrome (IBS) or celiac disease, are linked to an increased permeability of
the intestinal barrier and disturbed immune homeostasis resulting in chronic inflammation
[5]. Moreover, inflammatory disorders are associated with changes in the human GI

microbiota composition, referred to as dysbiosis [6].

The incidence of inflammatory disorders is increasing in industrialised countries [7]. Due
to the clear link between dysbiosis and disease, approaches to positively modulate the
composition of the GI microbiota to prevent or treat diseases are gaining increasing interest
[8]. The concept of probiotics is well established, with current probiotic species mainly
belonging to the lactic acid bacteria, such as lactobacilli [9]. In addition, recent evidence
points towards species from the human GI microbiota that may exert beneficial effects on
human health since their abundance is decreased in people with inflammatory diseases. For
example, Faecalibacterium prausnitzii, an abundant member of the healthy human GI
microbiota, is reduced in people with IBD [10-14], IBS [15] and celiac disease [16] and has

therefore been suggested as a marker for a healthy GI tract. Beneficial commensal species
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could be potential candidates for a next generation of probiotics [17]. However, the
mechanisms underlying the beneficial effects of these functional commensals are yet to be
explored. A major limitation in this investigation is the technical difficulty of co-culturing
obligate anaerobic commensal bacteria, which represent over 99% of the bacterial species

in the human GI tract [18], with oxygen-requiring human cells to study their interaction.

Novel dual-environment co-culture models have been recently developed which overcome
this technical difficulty since they allow the co-culture and study of the direct interactions
between live obligate anaerobes with human cells [19-21]. In this PhD dissertation one
such model was used to study the mechanisms by which F. prausnitzii interacts with host

cells. The gained knowledge will open opportunities to improve both intestinal and overall

health.
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" Selected material from this section was published as a critical review in the journal
Nutrients: Maier, E., Anderson, R. C. & Roy, N. C. Understanding How Commensal
Obligate Anaerobic Bacteria Regulate Immune Functions in the Large Intestine. Nutrients
7,45-73,(2014).
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1.1. HUMAN GASTROINTESTINAL MICROBIOTA

The human GI tract is colonised by an estimated 10'* microorganisms. It was long postulated
that microbial cells outnumber human cells by a factor of ten [22], however, recent
calculations suggested roughly equal numbers of bacterial and human cells in the human
body [23]. Some consider the GI microbiota to be a human microbial “organ™ [18]. It is

well established that microbial colonisation of the GI tract is critical for human health.

1.1.1. Composition

The human GI microbiota consists of a diverse community, which is dominated by
bacteria, but also contains archaea, eukaryotes (e.g., fungi, protozoa) and viruses [24].
Most bacterial species colonising the human GI tract belong to the phyla Firmicutes and
Bacteroidetes, while species of the phyla Actinobacteria, Proteobacteria and
Verrucomicrobia exist in lower numbers [18]. The number of bacterial species within the
human GI microbiota has often been estimated to be in the range of 500 to over 1000
species [18,25]. With an increasing number of metagenomic sequencing studies undertaken
over recent years, the GI microbiota is often defined based on its genetic content. Results
of the Metagenomics of the Human Intestinal Tract (MetaHIT) project revealed an
approximate total of 3.3 million non-redundant microbial genes in the human microbiota
derived from faecal samples of 124 European individuals; approximately 150 times more
genes than the human genome [24]. From this result it was estimated that the GI
microbiota of the entire cohort comprised 1000 to 1150 prevalent (more frequent) bacterial
species, with at least 160 prevalent bacterial species per person. In addition, a common
bacterial core was identified, with 18 species shared among all individuals, 57 species
shared among 90% and 75 species detected in 50% of all individuals [24]. Furthermore,

this study demonstrated the predominance of bacteria within the human microbiota
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because 99% of the genes were of bacterial origin. The rest were mostly archaeal and only

0.1% of the genes were of eukaryotic and viral origins [24].

Due to their anaerobic nature, the majority of the bacterial strains in the GI tract is difficult
to culture using standard laboratory techniques. Therefore, progress in molecular biology
techniques including 16S ribosomal ribonucleic acid (rRNA) gene and metagenomic

sequencing has been crucial in unravelling the diversity of the GI microbiota [18,24].

The composition and density of bacteria changes along the GI tract. Bacterial numbers
increase from 10° to 10° bacteria per mL of luminal contents in the stomach and duodenum
to approximately 10° to 10'> per mL in the ileum and colon, respectively [26,27].
Additionally, bacterial diversity increases from proximal to distal locations of the GI tract.
The stomach is often colonised by species of Helicobacter and to a lesser extent
Prevotella, Streptococcus, Veillonella, and Rothia. The genera Streptococcus,
Lactobacillus, Enterococcus and members of the Enterobacteriaceae family are major

constituents of the microbiota in the small intestine [28].

The microbiota composition in the colon is more diverse and shows considerable variation
between individuals. However, several studies proposed that the microbial communities
can be divided into distinct clusters. For example, three predominant variants were
suggested to exist, which were designated as enterotypes [29]. These three enterotypes are
either enriched in Bacteroides (enterotype 1), Prevotella (enterotype 2) or Ruminococcus
(enterotype 3). Enterotypes were shown to be influenced by long-term diet [30]. Another
study identified four distinct community types within bacteria from stool samples [31].
Community type A was characterised by the highest levels of Bacteroides but a lack of
Prevotella and Ruminococcaceae. Community type B had the lowest proportion of

Bacteroides and was dominated by genera within the Firmicutes. Compared to community
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type A, community type C had lower levels of Bacteroides but a higher abundance of
Alistipes, Faecalibacterium and Ruminococcaceae, and also lacked Prevotella. The
relative abundance profile of community type D showed lower levels of Bacteroides
compared to community types A and C but a higher proportion of Prevotella [31].
However, in contrast to the concept of dividing the human GI microbiota into distinct
clusters, several authors also suggested the concept of a continuum or gradient of genera
within GI microbial communities [32-35]. For example, a recent analysis summarising the
combined microbiome data from five studies, which included samples from five
continents, suggested the two taxa Bacteroides and Prevotella as biomarkers, rather than

enterotypes, which are influenced by diet, lifestyle and disease state [35].

In addition to differences in the microbiota composition between proximal and distal parts
of the GI tract, distinct microbial compositions exist in the lumen and the mucosa [18,36].
However, knowledge regarding the mucosa-associated microbiota remains limited, as
invasive methods are required for sampling [37]. The analysis of microbial communities of
different colonic mucosal sites (caecum, ascending colon, transverse colon, descending
colon, sigmoid colon, and rectum) suggested a pattern of patchiness and heterogeneity in
the distribution of mucosal bacteria along the course of the colon, which may indicate the

existence of microanatomic niches [18].

Generally, the mucosa-associated microbiota comprises a higher abundance of Firmicutes
compared to Bacteroidetes [38]. The intestinal mucosa represents a glycan-rich
environment, which is formed by the cell surface glycocalyx and the extracellular secreted
mucus. Bacterial species colonising this milieu are specialised through the production of
mucin-degrading enzymes and mucin-binding extracellular proteins. Although several

mucin-degrading bacteria are increased in number during inflammation, which suggests
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they contribute to the disease pathogenesis, they are also part of the mucosa-associated
microbiota in healthy humans [39]. Species described as mucin-degrading specialists include
prominent commensals such as Bacteroides thetaiotaomicron [40] and Akkermansia
muciniphila [41], both of which have been associated with protective effects in vitro and in

vivo [42-45].

A simplified model of the human GI microbiota has demonstrated the specialisation of B.
thetaiotaomicron to utilise host-derived mucin glycans [46]. Germ-free mice were
colonised with B. thetaiotaomicron and Eubacterium rectale and microbial-microbial and
microbial-host interactions were characterised. B. thetaiotaomicron adapts to the presence
of E. rectale by increasing the expression of various genes involved in the harvest of host-
derived mucin glycans that E. rectale is unable to utilise as a substrate. Furthermore, the
bacterial signals produced by B. thetaiotaomicron induce the production of intestinal
mucosal glycans. Adaptations of E. rectale in response to B. thetaiotaomicron include
decreased production of its glycan-degrading enzymes and increased expression of selected
amino acid and sugar transporters, and generation of butyrate, which is used by intestinal
epithelial cells (IECs). These results demonstrate the niche specialisation of the two
bacterial species as the reciprocal effects on their metabolism enables them to utilise

different nutrients.

The composition of the human GI microbiota is shaped by the influence of various factors,
e.g., host genetics [47]. In addition, it is recognised that diet modulates the microbial
composition in the intestine [48]. For instance, the influence of diet on microbiota
composition is exploited in the use of prebiotics, currently defined as “selectively
fermented ingredients that allow specific changes, both in the composition and/or activity

in the GI microbiota that confers benefits upon host wellbeing and health” [49]. For
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example, the prebiotic inulin increased the proportion of Bifidobacterium adolescentis and

Faecalibacterium prausnitzii in the human GI microbiota [50].

1.1.2. Establishment and compositional changes associated with ageing

Whereas earlier research suggested the human foetus to be microbiologically sterile with
bacterial colonisation of the GI tract starting after birth, evidence is now accumulating that
bacterial exposure may start in utero [51-53]. Bacteria have been isolated from the
meconium of full-term, healthy neonates and shown to belong mainly to the genera
Enterococcus and Staphylococcus [54]. The further colonisation of the GI tract of the
neonate has been shown to depend on the mode of birth. Whereas the GI microbiota of
vaginally delivered infants are characterised by a high abundance of lactobacilli, the
delivery by Caesarean section has been associated with an initial microbiota composition
containing Staphylococcus, Corynebacterium, and Propionibacterium, reflecting the
microbiota composition of the mothers’ vaginal tract or skin, respectively [55].
Additionally, the type of feeding (breast-feeding vs formula) has been reported to influence
the microbial composition of the infants’ GI tract, with a dominance of bifidobacteria
within the GI microbiota of breast-fed babies compared to a more diverse microbiota in
formula-fed babies [56]. The simple microbial composition of the neonate changes rapidly
during the first year of life, with an increase in diversity as a consequence of the increasing
complexity of the diet and environmental exposure. It has been reported that after around
three years the microbial composition of the infant’s GI tract is similar to that of an adult

[57].

The microbial composition of the GI tract changes with ageing [58]. Analysis of the faecal
microbiota of elderly subjects (> 65 years) and younger adults revealed differences in the

core microbiota in the different age groups [58]. These differences include an increased
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abundance of Bacteroides spp. and characteristic prevalence of Clostridium groups in the
elderly. Furthermore, the microbiota composition of the elderly is highly variable [58].
Interestingly, the microbiota composition in elderly correlates with the diet, health status
and living conditions [48]. For example, a decreased bacterial diversity was observed in
the microbiota of people in long-stay care compared to community dwellers [48]. In
addition, ageing has been associated with the development of chronic, low-level
inflammation often described as inflamm-aging [59]. The increased systemic pro-
inflammatory status in the elderly has been associated with the age-related changes in the

composition of the GI microbiota [60].

1.1.3. The role of commensal bacteria in human health

Human health depends largely on the symbiotic benefits of the host-microbe relationship.
The GI microbiota has a protective function through the prevention of the colonisation of
the mucosa by pathogens. This effect is often referred to as colonisation resistance and is
achieved through various mechanisms [61]. Adherent bacteria of the GI microbiota occupy
binding sites on the epithelium and thereby prevent the attachment and invasion of
pathogenic bacteria into epithelial cells [62,63]. In addition, commensal bacteria can
inhibit pathogenic microorganisms directly through production of antimicrobial substances

such as bacteriocins [64], or indirectly by competing for available nutrients [65].

The GI microbiota provides energy and nutrients to the host through the breakdown of
nondigestible products in the large intestine and thereby producing short-chain fatty acids
(SCFAs) such as acetate, butyrate and propionate [66,67]. Butyrate, in particular, has a
central function as the main energy source for colonocytes. Moreover, butyrate exerts anti-
inflammatory properties. For example, butyrate decreased pro-inflammatory cytokine

expression in colonic biopsy specimens and lamina propria mononuclear cells isolated
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from patients with Crohn’s disease [68]. Additionally, the GI microbiota plays an

important metabolic role through synthesising vitamins K and Bi> and folic acid [66].

In addition, bacterial colonisation is necessary for the normal postnatal development of the
GI tract. Germ-free animals that are raised in isolators to prevent colonisation of the GI tract
and other body surfaces by environmental microorganisms [69,70] have impaired
development of the GI tract [71-74]. In particular, the immune system of the GI tract is
underdeveloped in these animals [69]. Furthermore, the indigenous microbiota regulates
intestinal angiogenesis, with adult germ-free mice displaying arrested capillary network
formation [75]. The development of the vascular network could be initiated through
inoculation with a complete microbiota harvested from conventional mice, but also by
colonisation with one of the major members of the GI microbiota, B. thetaiotaomicron
[75]. Recent findings have also demonstrated that commensal Lactobacillus spp. promote
the proliferation of IECs, highlighting the importance of microbial stimuli [76]. This
process is the result of the stimulation of NADPH oxidase 1-dependent reactive oxygen

species generation by the bacteria, which in turn increases cellular proliferation [76].

1.2. INTESTINAL BARRIER FUNCTION

In addition to the absorption of nutrients, the intestinal epithelium also plays an important
role by forming a barrier between the lumen and underlying tissues [4]. Appropriate
intestinal barrier function is crucial in preserving health by preventing pathogens and
harmful substances entering the human body [77]. It is well established that an increased
intestinal permeability, often called a “leaky barrier”, plays a role in the pathophysiology
of several GI disorders like IBD [78], IBS [79] and celiac disease [80]. Additionally, extra-
intestinal disorders like diabetes [81], asthma [82] and multiple sclerosis [83] have been

linked to barrier dysfunction. Ageing is also associated with a decrease in barrier integrity

10
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[84]. The concept of the brain-gut-microbiota axis, a link between the GI microbiota, the
enteric and the central nervous system, indicates possible connections between intestinal
barrier integrity, the GI microbiota and stress related psychiatric disorders as recently

reviewed by Kelly et al. [85].

1.2.1. Components

The barrier between the intestinal lumen containing bacteria, food antigens and toxins and
the internal milieu consists of four components, the physical, chemical, immunological and
microbiological barriers [86] as shown in Figure 1.1. The physical component is formed by
a single layer of [ECs that are connected by the junctional complex to prevent translocation
of luminal antigens. This complex is composed of different protein complexes with tight
junctions (TJs) and adherens junctions together forming the apical junctional complex, gap
junctions serving for intracellular communication and desmosomes which are involved in
cell-cell adhesion [87]. IECs are covered by a mucus layer, which together with
antimicrobial peptides (mainly belonging to the family of defensins and cathelicidins)
forms the chemical component of the intestinal barrier [88-90]. The immunological barrier
is formed by the GALT with its cellular and humoral defence systems [91]. As the
commensal bacteria can block binding sites on the GI epithelium and thereby limiting
pathogen colonisation, they form the microbiological component of the intestinal barrier

[61].

The structure and regulation of TJs representing the physical barrier and the regulation of
intestinal barrier integrity with a specific focus on the regulation of TJ integrity by

commensal and probiotic bacteria are described in more detail in the sections below.

11
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The intestinal barrier can be divided into four components. IECs connected by the junctional

complex represent the physical component. The chemical component is formed by the mucus layer

and antimicrobial peptides. Immune cells of the lamina propria are part of the immunological

barrier. Finally, commensal bacteria are occupying binding sites on the GI epithelium and are

therefore forming the microbiological component of the intestinal barrier. Together the four

components of the intestinal barrier prevent the entry of harmful pathogens and toxins into the

body. Figure adapted from Natividad and Verdu (2013) [92]. (Permission obtained)
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1.2.1.1. Structure and regulation of tight junctions

TJs play an important role in the function of the intestinal barrier, as they connect
neighbouring IECs thereby sealing the paracellular space between the cells and prevent the
entry of pathogens and toxins [93]. However, TJs are not static structures, they are
continuously undergoing processes of disassembly and assembly, which depends on the
influence of various factors, such as exposure to pathogenic and commensal bacteria or

food components as reviewed by Ulluwishewa et al. [87].

TJs are complex structures which consist of at least 50 proteins. These proteins can be
divided into transmembrane proteins, which connect neighbouring IECs, and plaque
proteins, which anchor the transmembrane proteins within the cytoplasma. The
transmembrane proteins can be further divided into tetra-span and single-span proteins.
The tetra-span proteins include occludin, the claudin family of proteins and tricellulin [94-
96]. Tricellulin is a component of TJs in locations where three IECs are joined together

[96].

Junctional adhesion molecules (JAMs) are single-span proteins which belong to the
immunoglobulin (Ig) superfamily [97]. The family of zona occludens (ZO) proteins (ZO-1,
Z0-2, and ZO-3) are plaque proteins which connect the transmembrane proteins occludin
and claudin to the actin cytoskeleton [98-103]. A schematic overview of the structure of

TJs is shown in Figure 1.2.

The constant remodelling of TJs in response to external stimuli is regulated through
various signalling molecules. For example, TJ assembly depends on the activity of protein
kinase C [104]. Furthermore, myosin regulatory light-chain (MLC) phosphorylation by

MLC kinase contributes to the physiological regulation of epithelial TJs [105]. Increased

13
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Figure 1.2 Tight junction structure.

TJs connect neighbouring IECs. They are composed of transmembrane proteins, with occludin,
claudin and tricellulin belonging to the tetra-span proteins and the JAM family of proteins
belonging to the single-span proteins. Additionally, plaque proteins including ZO-1, ZO-2 and ZO-

3 contribute to the formation of TJs and connect the transmembrane proteins with the actin

cytoskeleton. Figure from Ulluwishewa et al. (2011) [87]. (Permission obtained)
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MLC phosphorylation has been shown to be associated with an increased TJ permeability
[105]. Another group of signalling molecules involved in TJ regulation are the Rho family
of small GTPases. For instance, RhoA and Racl small GTPases regulate the structure and
function of TJs [106]. Phosphorylation of TJ proteins is another mechanism contributing to
TJ regulation. One example is the phosphorylation of occludin, which is implicated as a

critical factor during TJ assembly [107].

1.2.2. Regulation by commensal and probiotic bacteria

Numerous studies have investigated the effect of commensal and probiotic bacteria on
intestinal barrier function and have shown that all components (physical, chemical and
immunological) of the barrier can be influenced by bacteria. For instance, specific
probiotic strains are able to improve barrier function by promoting mucus secretion [108]
or by altering expression levels of host cell-derived antimicrobial peptides [109]. Other
strains augment secretory immunoglobulin A (sIgA) production and thus promote immune

exclusion of microbes [110].

In addition, specific commensal and probiotic bacteria increase the integrity of TJs both in
vitro and in vivo as reviewed by Ulluwishewa et al. [87]. For example, the exposure of
Caco-2 cells, a continuous cell line originating from human epithelial colon
adenocarcinoma cells [111], to strains of Lactobacillus plantarum (MB452 and DSM
2648) increased the trans-epithelial electrical resistance (TEER), a measurement for barrier
integrity [112,113]. In case of L. plantarum MB452 the barrier enhancing effect was linked
to an increased expression of genes involved in TJ formation [112]. The probiotic mixture
VSL#3 (Streptococcus thermophilus, B. longum, B. breve, B. infantis, L. acidophilus, L.
plantarum, L. casei and L. bulgaricus) also exerts barrier protecting properties [114,115].

For instance, in mice with dextran sodium sulphate (DSS)-induced colitis a decreased
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expression and redistribution of the TJ proteins occludin, ZO-1, and claudin-1, -3, -4, and -
5 was determined. These detrimental effects of DSS on TJ integrity were prevented
through administration of VSL#3 [115]. Supporting these findings of in vitro and animal
studies, Karczewski et al. have shown an increase in the TJ proteins ZO-1 and occludin in

healthy human subjects administered L. plantarum WCFS1 [116].

Specific probiotic and commensal bacterial strains reduce the negative effects of pathogens
on intestinal barrier function [113,117,118]. For example, pre-treatment of IEC monolayers
with the probiotic L. rhamnosus GG prevented enterohemorrhagic Escherichia coli
(EHEC) O157:H7-induced increase in barrier permeability [117]. Furthermore, the EHEC-
induced redistribution of the TJ proteins claudin-1 and ZO-1 between epithelial cells was
reduced by the probiotic strain. Similarly, the probiotics Streptococcus thermophilus
ATCC 19258 and L. acidophilus ATCC 4356 protected IECs from barrier dysfunction
induced by enteroinvasive E. coli O29:NM [118] and the potential probiotic L. plantarum
DSM 2648 prevented the barrier disrupting effect of enteropathogenic E. coli O127:H6

[113].

Furthermore, some probiotic and commensal bacteria can reduce the barrier dysfunction
induced by the pro-inflammatory cytokines tumour necrosis factor alpha (TNF-a) and
interferon gamma (IFN-y) [119-121]. The probiotics S. thermophilus ATCC 19258 and L.
acidophilus ATCC 4356 and the commensal B. thetaiotaomicron ATCC 29184 prevented
the TNF-a- or IFN-y-induced decrease in TEER and increase in permeability in IEC
monolayers [119]. The deleterious effects of TNF-a and/or IFN-y on the barrier integrity of
IEC monolayers was also attenuated through treatment with the probiotic L. rhamnosus
GG [121] and secreted bioactive factors from Bifidobacterium infantis (a component of the

probiotic mixture VSL#3) [120]. The probiotics protected against TNF-o- or IFN-y-
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induced barrier dysfunction by preventing the rearrangement of TJ proteins and inhibiting

the pro-inflammatory signalling in response to these cytokines [120,121].

1.3. MICROBIAL REGULATION OF IMMUNE FUNCTIONS IN THE

GASTROINTESTINAL TRACT

Various regulatory adaptations exist to maintain the symbiotic relationship between
humans and their GI microbiota [3]. In a healthy intestine, these adaptations prevent a
constant activation of the immune system by commensal bacteria and food antigens but at
the same time enable defence against pathogens. Commensal bacteria are critical for the
development and function of the immune system and contribute to maintaining

homeostasis in the GI tract.

Immune cell populations and their respective functions vary greatly between the upper and
the lower part of the GI tract, as recently reviewed [2]. Immune responses within the small
intestine focus on the defence against pathogens and tolerance towards food antigens. With
the vast increase of the microbial density towards the distal locations of the GI tract, the
focus of the immune responses within the colon is the prevention of inflammatory
responses against the commensal microbiota. First, the thicker mucus layer in the colon
compared to the small intestine provides a physical barrier to prevent the entry of bacteria
into the epithelium. In addition, the large numbers of mucosal immunoglobulin A
producing plasma cells, interleukin-10 (IL-10) producing macrophages and regulatory T
cells in the colon demonstrate the importance of regulatory immune functions within this

part of the GI tract [2].
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1.3.1. Microbial influence on development and function of the immune system

The importance of the GI microbiota in the development and function of the immune
system is widely recognised [122]. Studies using germ-free animals have provided a
valuable tool to investigate how commensal bacteria shape immune function. The absence
of microorganisms in germ-free animals has been associated with an impaired development
of the immune system compared to conventionally housed animals. For example, germ-
free mice have poorly developed Peyer’s patches, lymphoid aggregates of the GALT [69].
Furthermore, germ-free mice have a reduced number of CD4" T cells and immunoglobulin
A producing B cells in the lamina propria compared to colonised animals [123,124].
Differences between germ-free and conventionally housed animals are not limited to the
intestinal immune system. Germ-free animals also display an impaired development of
systemic lymphoid structures with a reduction in B and T cells in the spleen and peripheral
lymph nodes [69,125]. Numerous effects on non-immune systems of the GI tract have also
been reported. These include changes in morphology, absorptive function, electrolyte
handling, bile metabolism, motility, and enteroendocrine and exocrine function as
previously reviewed [70]. It has been shown that germ-free animals exposed to commensal
bacteria develop an immune system similar to conventional animals within several weeks

of inoculation [69].

In addition to the central role of the GI microbiota in the development of the immune
system, an association between alterations in the composition of the microbiota, so-called
dysbiosis, and inflammatory diseases has been reported [12,16,126,127]. For example, IBD
is associated with a reduction in bacterial diversity, an increase in the abundance of
Bacteroidetes and a reduction in the abundance of Firmicutes [128]. However, conflicting

findings have also shown a decrease in the abundance of Bacteroidetes and Firmicutes in
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patients with IBD compared to healthy controls [129]. One explanation for these
inconsistent findings may be differences in the samples analysed. For example, results
obtained from compositional analysis of faccal samples were compared to that of mucosal
tissue samples, which are known to harbour distinct microbial compositions [128,129]. In
addition to the described phylum level changes, specific bacterial species were decreased
in the GI microbiota of patients with inflammatory diseases, e.g., F. prausnitzii was
reduced in IBD [10-14], IBS [15] and coeliac disease [16]. However, it remains unclear if

GI dysbiosis is the cause or the consequence of disease pathogenesis [130].

Induction of inflammation by changes in the composition of the GI microbiota has been
demonstrated using a colitis mouse model. Mice deficient in T-bet, a transcription factor
involved in the regulation of mucosal immune responses to commensal bacteria, developed
spontaneous ulcerative colitis in the absence of adaptive immunity [131]. Remarkably, this
colitis was both vertically and horizontally transmissible to genetically intact hosts as
shown in cross-fostering and co-housing experiments, respectively. The authors suggested
that the loss of T-bet supports the development of a colitogenic microbial community in this
colitis mouse model. The finding that colitis was communicable to wild-type mice

highlights the significance of commensal bacteria in controlling immune function.

1.3.2. The role of innate signalling in maintaining immune homeostasis

Bacteria in the intestinal lumen are recognised by IECs and immune cells via the
expression of pattern recognition receptors (PRRs) [132,133]. These receptors recognise
common structures on microbial surfaces, so-called pathogen-associated molecular
patterns (PAMPs) [133]. PRRs are also activated by endogenous products derived from
damaged tissue, known as damage-associated molecular pattern (DAMPs) [134]. PRRs

comprise several families of receptors, namely the nucleotide oligomerisation domain-like
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receptors, retinoic acid inducible gene I-like receptors and Toll-like receptors (TLRs)
[133]. The best characterised PRRs are the TLRs. Some of the 10 TLRs identified in
humans to date are localised in the cell membrane (TLRs 1, 2, 4, 5 and 6) and recognise
extracellular PAMPs like lipids, lipoproteins and proteins. The others (TLRs 3, 7, 8 and 9)
are found in endosomal membranes to recognise endocytosed PAMPs, primarily nucleic

acids [135].

TLR stimulation triggers downstream signalling cascades leading to the activation of
transcription factors, which induce the release of pro-inflammatory cytokines and
chemokines resulting in the induction of inflammatory immune responses against
pathogens [136]. Activation of TLRs can induce different intracellular signalling pathways
as shown in Figure 1.3 [137]. The first step in signal transduction upon TLR activation is
the recruitment of adapter proteins of which myeloid differentiation primary response
protein 88 (MyD88) and TIR-domain-containing adapter-inducing interferon-f§ (TRIF) are
the most commonly used. The pathways initiated by the two adaptor proteins are referred

to as MyD88 signalling pathway and TRIF signalling pathway [137].

In the MyD88 signalling pathway, MyD88 mediates the binding of interleukin-1 receptor-
associated kinase (IRAK) 1, 2, and 4 to TLRs which leads to their phosphorylation and
association with TNF receptor associated factor (TRAF) 6. This in turn activates the
transforming growth factor beta-activated kinase 1 kinase complex which subsequently
activates the inhibitor of kappa B (IkB) kinase (IKK) complex. The IKK complex catalyses
the phosphorylation of IkB proteins which results in the proteasomal degradation of IkB.
Upon the degradation of its inhibitor IkB, the transcription factor nuclear factor-kappa B
(NF-xB) is translocated into the nucleus. Finally, this signal transduction pathway leads to

the induction of inflammatory cytokines and chemokines upon TLR stimulation. An
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Figure 1.3 Schematic diagram of TLR distribution and signalling.

TLRs are localised in the cell membrane or in endosomal membranes and recognise common
bacterial and viral structures. TLR stimulation triggers downstream signalling cascades leading to
the activation of specific transcription factors. This induces the release of pro-inflammatory
cytokines and chemokines resulting in the induction of inflammatory immune responses against

pathogens. Figure from Jiménez-Dalmaroni et al. (2016) [137]. (Permission obtained)
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alternative pathway is the activation of the mitogen-activated protein kinases (MAPKSs)
p38 and JUN N-terminal kinase, which leads to the activation of the transcription factors
cyclic AMP-responsive element-binding protein and activator protein 1, respectively, and

the subsequent induction of inflammatory cytokines and chemokines [137].

In the TRIF signalling pathway, the adaptor protein TRIF is recruited after TLR3 and
TLR4 activation. This leads to the recruitment of IKKe and TRAF family member-
associated NF kappa-B activator-binding kinase 1 (TBK1) and TRAF3 to the receptor
complexes. TBK1 phosphorylates the transcription factors interferon regulatory factor 3
and interferon regulatory factor 7 which then activate the expression of interferon inducible

genes [137].

It is becoming increasingly evident that innate immune responses are not only induced by
the signalling of single TLRs but rather are a consequence of a complex crosstalk between
different TLRs and other PRRs as recently reviewed [133,135,138]. Cross-activation
contributes to signal amplification in the defence against pathogens whereas cross-
inhibition prevents chronic inflammation. TLR crosstalk is therefore crucial in maintaining

immune homeostasis.

TLR signalling is critical in the innate defence against pathogens. Constant activation of
the immune system of the GI tract through the recognition of the resident microbiota would
be pathological. Therefore, the host needs to be able to distinguish between commensals
and pathogens, and balance tolerance and immunity. This is partly achieved through the
regulated expression and distribution of PRRs in the GI tract [27,139]. For example, IECs
express low levels of TLR2 and TLR4 under healthy conditions, reflecting one of the
mechanisms for the immunological hyporesponsiveness to commensal bacteria [140,141].

Differences in the expression of PRRs between apical and basolateral surfaces of IECs are
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another way to distinguish between pathogenic and commensal bacteria. TLRS, which
recognises bacterial flagellin, is only expressed on the basolateral side of IECs. It has been
shown that pathogenic Salmonella, but not commensal E. coli, translocate flagellin across
the epithelia. Thus, only pathogenic Salmonella activates TLRS and induces epithelial pro-
inflammatory gene expression [142]. Moreover, stimulation of TLRs expressed on the
apical or basolateral surface of IECs induces distinct immune responses. For instance, the
stimulation of apical TLRO triggers anti-inflammatory responses, whereas stimulation of
basolateral TLRO elicits a pro-inflammatory response [143]. Therefore, pathogens that are
able to breach the epithelial barrier, induce inflammation, whereas the recognition of the

commensal microbiota is restricted to the apical surface and induces regulatory responses.

Another mechanism to limit uncontrolled TLR activation by commensal bacteria in the
intestine is the expression of negative regulators of TLR signalling by IECs. One example
is the Toll-interacting protein (TOLLIP), an intracellular adaptor protein which inhibits the
activity of IRAK upon TLR stimulation and consequently limits the production of pro-
inflammatory mediators [141,144,145]. In addition, single immunoglobulin IL-1R-related
molecule (SIGIRR), a member of the IL-1 receptor (IL-1R) superfamily, is implicated in
the negative regulation of TLR signalling and maintenance of colonic epithelial

homeostasis [146,147].

Despite these mechanisms to reduce TLR signalling in the healthy intestine, it is becoming
increasingly evident that a basal level of TLR signalling induced by luminal microbiota
contributes to homeostasis [148]. Evidence for this homeostatic influence of TLR
signalling on the GI epithelium mainly originated from work in TLR knockout mice. For
instance, mouse models with the genes for TLR2, 4, 9 or the adaptor protein MyD88

knocked out have increased susceptibility to colitis induced by DSS [143,148].
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The beneficial effects of TLR signalling in the GI epithelium is an area of intense research
as reviewed by Abreu [149]. TLR signalling promotes epithelial cell proliferation, IgA
production and the expression of antimicrobial peptides [149]. Moreover, the recognition
of the commensal microbiota contributes to maintaining intestinal barrier function through
the regulation of TJ integrity and expression. For instance, TLR2 signalling regulates TJ
integrity in IECs and influences susceptibility to intestinal injury and inflammation as
shown in studies with TLR2 knockout mice [150]. TLR2-ligand induced signalling
activates specific isoforms of protein kinase C in IECs which results in the enhancement of

barrier integrity through translocation of the TJ protein ZO-1 [151].

In addition, TLR2 activation can result in pro- and anti-inflammatory responses, which is
dependent upon the interaction of TLR2 with multiple co-receptors [152]. TLR2
recognises surface structures of Gram-negative and Gram-positive bacteria and yeast, such
as lipoproteins, lipoteichoic acid and zymosan, respectively. TLR2 occurs in the form of
heterodimers with different co-receptors; TLR1 and TLR6. It has been reported both in
vitro and in vivo, that stimulation of the TLR2/6 heterodimer results in the differentiation
of dendritic cells (DCs) towards a tolerogenic phenotype and an increase of IL-10
producing regulatory T cells [153]. However, the activation of the TLR2/1 heterodimer
results in increased production of IL-12p40 and less IL-10 by DCs and promotes the
differentiation of inflammatory T cells. The pro- and anti-inflammatory responses upon
activation of TLR2/1 and TLR2/6, respectively, is a consequence of different cell
signalling pathways activated by the different heterodimers. The pro-inflammatory
response upon TLR2/1 activation is induced by p38 MAPK activation. In contrast, the
regulatory response upon TLR2/6 activation is dependent on c-Jun N-terminal kinase

activation [153].
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In the case of the example above, the differentiation of tolerogenic DCs that promote
regulatory IL-10 immune responses was induced through TLR2/6 activation by a virulence
factor of the pathogen Yersinia pestis [153]. This mechanism allows the pathogen to escape
immune defence mechanisms through blocking inflammation. Similarly, Staphylococcus
aureus, a commensal bacterium which can also cause infections, causes independent pro-
and anti-inflammatory responses through different signalling pathways induced by TLR2
activation [154]. Whereas the anti-inflammatory response is mediated through
phosphoinositol 3-kinase-Akt-mTOR and extracellular signal-regulated kinase signalling,
the pro-inflammatory response is mediated through p38 MAPK [154]. Furthermore, the
pathogen Mycobacterium tuberculosis heat shock protein 60 causes anti-inflammatory
responses through IL-10 production in macrophages which is mediated through TLR2
signalling [155]. The anti-inflammatory effect is induced by p38 MAPK activation and
requires endocytosis of M. tuberculosis heat shock protein 60 [155]. Similar anti-
inflammatory mechanisms may also be used by commensal bacteria to maintain immune

homeostasis in the GI tract.

Results of several studies provide further evidence for anti-inflammatory TLR2 signalling.
For example, TLR2 signalling contributes to the anti-inflammatory effects of Lactobacillus
amylovorus which inhibits TLR4 mediated pro-inflammatory signalling caused by
enterotoxigenic E. coli in Caco-2 cells and pig explants [156]. Similarly, the TLR2
activation and up-regulation of the TLR negative regulator A20 by several bifidobacteria
strains reduces TLR4-induced pro-inflammatory responses to enterotoxigenic E. coli in
porcine IECs [157]. The authors suggested the potential of bifidobacteria strains to activate
TLR2 and to induce the production of A20 as a selection criteria in the screening for
immunoregulatory strains [157]. Furthermore, the TLR2/MyD88 pathway activated by a

single strain of Clostridium butyricum induces anti-inflammatory responses through IL-10
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production by macrophages in the GI tract which protects mice from acute experimental
colitis [158]. The anti-inflammatory effects of polysaccharide A (PSA) produced by the
commensal Bacteroides fragilis, which protects mice from experimental colitis, are also

mediated through TLR2 activation [159,160].

The signalling in response to TLR4 and TLRY activation can also contribute to immune
homeostasis in the GI tract. For example, Assas et al. propose a mechanism for TLR4
activation to indirectly maintain mucosal homeostasis by inducing intracellular signalling
that leads to the release of the anti-inflammatory neuropeptide calcitonin gene-related
peptide [161]. In addition, deoxyribonucleic acid (DNA) derived from L. rhamnosus GG
and B. longum and from five different Lactobacillus species induces anti-inflammatory
effects mediated through TLRO signalling in human [ECs (HT-29, T84 and Caco-2 cells)

when apically applied [162,163].

1.3.3. Microbial modulation of the function of epithelial cells and immune cells

IECs play a more complex role than simply forming a physical barrier between the lumen
and underlying tissues. They also maintain immune homeostasis through sensing the
microbial environment via the expression of PRRs and subsequently regulating the
function of antigen-presenting cells and lymphocytes [26,139]. IEC function is influenced
by commensal bacteria which are able to actively modulate signalling in IECs [26]. These
modulations provide a mechanism for commensal bacteria to be recognised by IECs
without activating a pro-inflammatory immune response, and therefore allowing the co-

existence of humans and their GI microbiota [27].

Some commensal bacteria are able to inhibit PRR-mediated NF-«B activation [42,164].

Under steady-state conditions, this transcription factor is bound by its inhibitor IkB, which

26



Chapter One: Review of literature

prevents its nuclear translocation. The classical NF-kB activation following receptor
stimulation is obtained through tightly regulated phosphorylation, ubiquitination and
proteasomal degradation of IkB, resulting in the translocation of NF-kB into the nucleus
where it activates the transcription of inflammatory cytokines and chemokines [165].
Experiments with nonvirulent Salmonella strains have shown that these commensal bacteria
inhibit this pathway by blocking IkB ubiquitination and subsequent degradation, therefore
preventing NF-kB activation and maintaining epithelial hyporesponsiveness towards the

luminal microbiota [164].

Commensal-derived metabolites are also known to modulate innate immune responses
providing another mechanism for maintaining immune homeostasis and tolerance in the GI
tract. Butyrate, a SCFA and one of the main end products of fermentation of dietary fibre
by bacteria in the GI tract, is a major source of energy for IECs. Moreover, butyrate can
exert direct immunomodulatory and anti-inflammatory effects [166]. For instance, butyrate
inhibits histone deacetylase activity and thereby suppresses proteasome activity by
reducing the expression levels of selected proteasome subunits. This results in the
inhibition of the proteasomal degradation of IkB and consequently limits NF-«kB activation

[167].

Furthermore, IEC recognition of commensal bacteria triggers the production of several
immunoregulatory molecules, for example thymic stromal lymphopoietin (TSLP) and
transforming growth factor B (TGFB) [168,169]. These signals, in turn, promote the
development of mucosal immune cells with tolerogenic properties. This cross-talk between
commensal bacteria, IECs and immune cells is important for maintaining homeostasis and

limiting uncontrolled inflammation in the GI tract [132].
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1.4. APPROACHES TO MANIPULATE THE GASTROINTESTINAL MICROBIOTA

TO PROMOTE HEALTH

With the fast progress in understanding the role of the human microbiota in physiology, the
interest in seeking approaches to manipulate their composition and function to obtain
health benefits and prevent or treat diseases increased. The concept to modify the
microbiota in the GI tract using probiotics and prebiotics is well established. Furthermore,
several bacterial species within the human microbiota that have been associated with
beneficial effects in vitro and in vivo have been suggested as a next generation of

probiotics for future approaches to manipulate the microbiota and optimising health.

1.4.1. Classical probiotic concept

The health promoting effect of fermented foods was discovered more than a century ago by
Elie Metchnikoff [170], a finding that established the origin of the probiotic concept.
Probiotics, currently defined as ‘live microorganisms that, when administered in adequate
amounts, confer a health benefit on the host’ [171,172] mainly belong to the lactic acid
bacteria such as Lactobacillus spp., Bifidobacterium spp. and Enterococcus spp., but also
Escherichia spp. and Saccharomyces spp. are used in probiotic products. Classical
probiotic microorganisms are regarded as “Generally recognised as safe” (GRAS), which
is either supported by results of scientific studies or by experiences made throughout their
long history of use in foods [173]. Commercially used probiotic strains often originate
from the human GI microbiota, e.g. the well characterised Lactobacillus rhamnosus GG
[174]. Applications for probiotics include the prevention or treatment of various disorders

like infectious and antibiotic-associated diarrhoea, IBD and IBS [175].
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The beneficial effects of probiotics are ascribed to different mechanisms, although the
exact mechanism of action at the molecular level often remains unknown. Generally, the
effects of probiotics can be divided into three levels of action as shown in Figure 1.4 [176].
The first level includes effects of probiotic bacteria inside the GI tract, for example
inhibiting the adhesion and growth of pathogens or direct metabolic contributions through
the production of enzymes. The interactions between probiotic bacteria with the mucus
layer and IECs can be described as the second level of action of probiotics. This includes
enhancing barrier function, modulating mucosal immune responses and effects on the
enteric nervous system. With effects reaching beyond the GI tract, the third level of action
of probiotics includes for example effects on the systemic immune system, the nervous

system and the liver [176].

1.4.2. Commensal obligate anaerobes as next-generation probiotics

Classical probiotics mainly belong to the lactic acid bacteria, including lactobacilli, as
discussed above. Lactobacilli are common members of the infant GI microbiota, whereas
their abundance in adults is low, with most Lactobacillus spp. colonising the upper GI tract
[177]. However, the colon, the lower part of the GI tract with the highest bacterial density,
is dominated by obligate anaerobic species [18]. Due to the economic success of
probiotics, research on lactobacilli has greatly accelerated over the last few decades to the
detriment of study on other bacteria. In addition, oxygen-tolerant bacteria such a
lactobacilli provide the technological advantage of an easier incorporation into probiotic
products. Technical difficulties have also been a limiting factor in the investigation of host-
microbe interactions. Oxygen-tolerant bacteria such as lactobacilli can be readily co-
cultured with human cells to enable study of the mechanism of action behind the effects of

these bacteria. However, obligate anaerobic bacteria cannot survive in the presence of
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Figure 1.4 Effects of probiotic bacteria divided into three levels of action.

Probiotic bacteria exert their effects in the intestinal lumen, e.g. by influencing the GI microbiota

(level 1). Additionally, probiotics modulate the function of IECs and immune cells in the

underlying lamina propria, thereby improving intestinal barrier integrity or modulating mucosal

immune responses (level 2). Finally, probiotics affect extra-intestinal locations, for example the

systemic immune system or the nervous system (level 3). Figure from Rijkers et al. (2010) [176].

(Permission obtained)
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oxygen and it is therefore impossible to co-culture these bacteria with oxygen-requiring
IECs in conventional systems. Consequently, little is known about the exact mechanisms
behind the effects of commensal obligate anaerobes, which means that the effects of the

majority of the GI microbiota remain unknown.

The use of high-throughput and next-generation sequencing techniques has rapidly
increased our knowledge of the GI microbiota and its significance in human health and
disease [17]. In addition, various studies have shown that dysbiosis is associated with
diseases involving chronic inflammation in the GI tract (e.g., IBD) and that a decrease in
the abundance of certain bacterial species occur in these diseases [12,16,126,127]. It has
therefore been hypothesised that these species have a positive effect on human health.
Taken together, this information could lead to a broadening of the classical probiotic
concept, where currently most of the bacterial strains belong to the lactic acid bacteria, to
include a selection of strains from a potential next generation of probiotics originating
from indigenous bacteria [17]. Examples of obligate anaerobic commensal bacteria that
may exert beneficial effects on human health, as indicated by the results of in vitro and
animal studies, are described below, with a particular focus on F. prausnitzii, the species
studied in this dissertation. Most of the beneficial effects of obligate anaerobes are
associated with their role in maintaining immune homeostasis in the GI tract. Therefore,
some of the known immunoregulatory effects of four representative obligate anaerobic

species are summarised in Figure 1.5.

1.4.2.1. Faecalibacterium prausnitzii

The obligate anaerobe F. prausnitzii, a major member of the clostridial cluster IV within
the phylum Firmicutes, is regarded as one of the most prevalent bacteria within the human

GI tract [178,179] and accounts for 1.4% to 5.9% of the total faecal microbiota of healthy
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Figure 1.5 Proposed immunomodulatory mechanisms of four examples of obligate

anaerobic commensals.

(A) The supernatant of F. prausnitzii blocks the activation of transcription factor NF-kB which
inhibits the production of pro-inflammatory IL-8 by IECs [179]. F. prausnitzii is one of the major
butyrate producers in the large intestine. Butyrate also blocks NF-kB activation [167]. Furthermore,
F. prausnitzii increases the differentiation of regulatory T cells (Treg) [182] and the production of
anti-inflammatory IL-10 by peripheral blood mononuclear cells (PBMCs) and decreases the
production of pro-inflammatory IL-12 [179,182]. (B) Extracellular vesicles produced by A.
muciniphila block the production of pro-inflammatory IL-6 from colon epithelial cells in response
to extracellular vesicles of E. coli [44]. (C) A surface molecule of B. fragilis, PSA, exerts
immunomodulatory functions within the GI tract. PSA is recognised by DCs which induces
increased production of Treg and anti-inflammatory IL-10 [160,183]. (D) B. thetaiotaomicron
causes the PPAR-y dependent nuclear export of the NF-kB transcriptionally active subunit RelA in
IECs which attenuates pro-inflammatory cytokine expression [42]. B. thetaiotaomicron also

stimulates the release of the antimicrobial peptide Ang4 by Paneth cells thereby maintaining

mucosal barrier function [43].
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adults [180]. Originally isolated in 1922 by C. Prausnitz and named Bacillus mucosus
anaerobius, the bacterium has been reclassified several times. After being named
Fusobacterium prausnitzii in 1973 [181], the bacterium was further reclassified to its
current name Faecalibacterium prausnitzii in 2002 [178]. The complete genome sequences
of two strains, F. prausnitzii L2-6 (PRINA197183, PRINA45961) and F. prausnitzii SL3/3
(PRINA197157, PRINA39151), are available. F. prausnitzii is a Gram-negative bacterium,
even though phylogenetic analysis based on 16S rRNA sequencing indicates that F.
prausnitzii is related to the Gram-positive bacteria of the clostridial cluster IV [178].
Furthermore, F. prausnitzii is non-spore forming, non-motile and rod-shaped [178]. This
commensal bacterium produces butyrate, d-lactate and formate as fermentation products
and utilises acetate. A study determining the influence of GI environmental factors on the
growth of several F. prausnitzii strains showed that the growth of all strains tested was
inhibited in the presence of bile salts. Additionally, some of the strains showed growth
inhibition at mildly acidic pH [184]. It has been proposed that these attributes help to
explain the abundance of F. prausnitzii in the colonic community. The sensitivity to bile
salts was suggested as a factor that might limit the abundance of F. prausnitzii in regions

with high bile concentration like the small intestine [184].

The abundance of F. prausnitzii in the colon can be influenced by diet. For example, the
prebiotics inulin and arabinoxylan increase F. prausnitzii in faecal samples of healthy
humans [50] and pigs [185], respectively. F. prausnitzii is also able to grow on the
prebiotics apple pectin [184] and fructooligosaccharides [186] in vitro. Moreover, F.
prausnitzii strains are able to compete with two other known pectin-utilising species, B.
thetaiotaomicron and Eubacterium eligens for apple pectin as a substrate, suggesting an
important role for F. prausnitzii in pectin fermentation in the colon. It has therefore been

concluded that pectin rich substrates could be used to develop prebiotic approaches for
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stimulating F. prausnitzii [184]. It was also suggested that a diet rich in flavin and
antioxidants might have an influence on the abundance of F. prausnitzii in the intestine. F.
prausnitzii uses these compounds to shuttle electrons extracellularly to oxygen which
stimulates its growth [187,188]. In addition, vegetarian diet induces a higher ratio (% of
group-specific DNA in relation to all bacterial DNA) of F. prausnitzii compared to an
omnivorous diet as revealed by human faecal microbiota analysis [189]. In contrast, a
high-protein diet causes a decrease in beneficial bacterial species in the rat colon, including
a decreased abundance of F. prausnitzii [190,191]. This effect is associated with an
increased risk of colonic disease as demonstrated in epithelial transcriptome analysis
showing an upregulation of genes associated with disease pathogenesis and a

downregulation of genes associated with protective immune functions [190].

Numerous studies have shown a reduced abundance of F. prausnitzii in patients with IBD
compared to healthy controls [10-14]. Furthermore, a reduction of this bacterium is
associated with a higher risk of postoperative recurrence of ileal Crohn’s disease [179].
Interestingly, healthy siblings of patients with Crohn’s disease, who have an increased risk
to develop this condition, have less F. prausnitzii in their intestine, allowing insights into
early Crohn’s disease pathogenesis [192,193]. F. prausnitzii is also reduced in patients
with IBS [15], colorectal cancer [194] and coeliac disease [16]. More recent studies
associated a decreased abundance of F. prausnitzii with cystic fibrosis [195,196], early
frailty [197] and depression [198]. In addition, a link has been established between
metabolic diseases including obesity, type 2 diabetes and metabolic syndrome and low
concentrations of F. prausnitzii within the GI microbiota, which can be increased through

fasting [199-202].
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Based on these findings, it has been hypothesised that the presence of F. prausnitzii acts as
a protective factor for the mucosa and promotes health of the GI tract. Nevertheless, the
mechanisms of the effects of F. prausnitzii are only partially understood and require
further exploration. F. prausnitzii has also been suggested as a promising candidate for
treating IBD [179,182,203]. This is supported by the finding that administering F.
prausnitzii protects against experimental colitis in animal models [179,182,204-208], but
has not yet been tested in human clinical studies. The finding that the antioxidants cysteine
and riboflavin in combination with the cryoprotectant inulin maintain the viability of F.
prausnitzii at ambient air over 24 h could open possibilities for the clinical application of

this extreme oxygen-sensitive bacterium [209].

Only few studies challenge the model of a protective role for F. prausnitzii. In contrast to
adult Crohn’s disease, where a reduced abundance of F. prausnitzii was observed, this
species was increased in the colonic mucosa of children with newly diagnosed Crohn’s
disease [210,211]. Moreover, treatment of paediatric Crohn’s disease with enteral nutrition
resulted in a decrease in F. prausnitzii and concomitant disease improvement [212]. The
authors suggested a more dynamic function of F. prausnitzii than described in previous
studies [210]. However, it could be possible that paediatric IBD is associated with different

changes in microbial composition compared to adult disease.

F. prausnitzii may contribute to the maintenance of intestinal health through several
mechanisms. It may exhibit its beneficial effects indirectly by providing colonocytes with
their most important energy source, butyrate, and therefore strengthen the epithelium [178].
However, direct anti-inflammatory effects of F. prausnitzii have also been demonstrated
both in vitro and in vivo. In an in vitro model, secreted metabolites from F. prausnitzii A2-

165 (DSM 17677) were able to block NF-«B activation and IL-8 production [179], which

35



Chapter One: Review of literature

was not due to bacterial butyrate production. Additionally, the stimulation PBMCs by F.
prausnitzii has been shown to increase production of anti-inflammatory IL-10 and decrease
production of pro-inflammatory IL-12. The same group demonstrated a reduction in 2,4,6-
trinitrobenzenesulfonic acid (TNBS) induced colitis activity in mice orally administered F.

prausnitzii or its culture supernatant [179].

Following the initial characterisation of F. prausnitzii as anti-inflammatory bacterium by
Sokol et al. described above, several in vitro and in vivo studies provided additional
insights into the immunomodulatory mechanisms of this beneficial bacterium. For
instance, both F. prausnitzii (ATCC 27766) and its culture supernatant induced anti-
inflammatory cytokine production in human PBMCs and a rat model of TNBS-induced
colitis [182]. Cytokine concentrations were quantified in PBMC culture supernatants and
rat blood serum. The F. prausnitzii supernatant exhibited the strongest anti-inflammatory
effect and showed improved protection against experimental colitis compared to the other
treatment groups, which also included a probiotic Bifidobacterium longum (strain provided
by Shanghai Sine Pharmaceutical Company, China). Furthermore, F. prausnitzii and its
culture supernatant increased the production of regulatory T cells [182]. In addition, F.
prausnitzii A2-165 induced the highest secretion of anti-inflammatory IL-10 by human and
murine DCs compared to four other F. prausnitzii strains and eight abundant commensals
[207]. This was associated with relative high TLR2 and TLR2/6 activation by F.
prausnitzii A2-165. Another anti-inflammatory mechanism employed by F. prausnitzii
(ATCC 27766) is the inhibition of the pro-inflammatory cytokine IL-17 as demonstrated in
vitro and in vivo which was associated with disease improvement in colorectal colitis in

rats [208].
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A recent study investigated the effect of viable and dead F. prausnitzii A2-165 (DSM
17677) on global gene expression of Caco-2 cells [19]. Viable F. prausnitzii exerted
differential effects on Caco-2 cells compared to dead bacteria with most of the differences
observed in genes involved in immune pathways. Functional analysis using Ingenuity®
Pathway Analysis, a bioinformatic tool used to analyse and interpret the biological
meaning of gene expression data, predicted a decrease in functions belonging to the
“inflammatory response” and “immune cell trafficking” categories in Caco-2 cells treated

with live F. prausnitzii compared to untreated Caco-2 cells [19].

Several studies demonstrated that the anti-inflammatory effects of F. prausnitzii are also
achieved using the bacterial supernatant, indicating that secreted metabolites cause the
protective effects [179,182,208]. However, only recently a protein with anti-inflammatory
properties was isolated from F. prausnitzii supernatant [213]. This 15 kDa protein inhibited
NF-kB activation in IECs and protected mice from DNBS-induced colitis. In contrast, F.
prausnitzii cell surface structures also exert protective effects. For example, the
extracellular polymeric matrix isolated from strain F. prausnitzii HTF-F caused anti-
inflammatory effects in vitro and attenuated disease parameters in DSS-induced colitis in

mice [204]

F. prausnitzii improves intestinal barrier integrity in vivo. For instance, in mice with DSS-
induced colitis, the F. prausnitzii culture supernatant improved intestinal barrier integrity
by affecting paracellular permeability, as measured by >'chromium (Cr)-EDTA transport
[214]. The paracellular passage of >'Cr-EDTA was increased in the ileal mucosa of mice
treated with DSS compared to control animals. Treatment with F. prausnitzii culture

supernatant resulted in decreased passage of °'Cr-EDTA, indicating improved intestinal
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barrier integrity. This effect was suggested to contribute to the reduction of the severity of

DSS-induced colitis in mice [214].

Taken together, the results of the above-described studies indicate a role of F. prausnitzii
in maintaining homeostasis in the GI tract. The decreased abundance of F. prausnitzii in
diseases including IBD and coeliac disease may contribute to the reduction in commensal

bacteria-mediated, anti-inflammatory activities in the intestinal mucosa [14].

1.4.2.2. Bacteroides thetaiotaomicron

B. thetaiotaomicron, a Gram-negative obligate anaerobic organism belonging to the
phylum Bacteroidetes, is a prevalent member of the human GI microbiota [215]. A study
investigating the diversity of the human GI microbiota showed that within this phylum,
which comprises 48% of all bacterial 16S rDNA sequences analysed, B. thetaiotaomicron
accounted for 13% [18]. The complete genome sequence of two strains, B.
thetaiotaomicron VPI-5482 (PRINA399) [216] and B. thetaiotaomicron 7330
(PRINA289334), are available. This revealed that B. thetaiotaomicron may be able to
utilise a large variety of complex polysaccharides as substrates [215,216]. Furthermore, the
organism is able to adapt to the changing colonic environment through regulation of the
expression of genes involved in its polysaccharide utilisation machinery [46]. These
characteristics confer an advantage for survival in the changing host intestinal lumen and
may explain the high abundance of B. thetaiotaomicron in the human GI microbiota
[215,216]. The prevalence of B. thetaiotaomicron is reduced in adult and paediatric
patients with IBD [126,217,218], indicating a role for this commensal bacterium in
maintaining intestinal health. However, compared to F. prausnitzii, evidence for this

association is weak with only a few studies reporting this observation. The reduced
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abundance of B. thetaiotaomicron observed in patients with IBD could also indicate an

increased susceptibility of this bacterium to inflammatory conditions.

A number of studies indicate that, in addition to providing nutrients to the host through the
digestion of complex carbohydrates, B. thetaiotaomicron also influences the host directly
via interaction with IECs. For example, the colonisation of germ-free mice with B.
thetaiotaomicron VPI-5482 (ATCC 29148) increased the expression of several host genes
important for functions including nutrient absorption, mucosal barrier function, production
of angiogenic factors and motility [219]. Additionally, B. thetaiotaomicron influences host
immune responses. For example, B. thetaiotaomicron attenuates pro-inflammatory cytokine
expression by inducing the expression of peroxisome proliferator-activated receptor-y
(PPAR-y) in Caco-2 cells, which promotes nuclear export of the NF-kB transcriptionally
active subunit; v-rel avian reticuloendotheliosis viral oncogene homolog A (RelA) [42].
Furthermore, B. thetaiotaomicron stimulates the production of antimicrobial peptides or
proteins by Paneth cells [43]. Antimicrobial peptide angiogenin 4 (Ang4) released by
Paneth cells in germ-free mice can be induced by colonisation with B. thetaiotaomicron
VPI-5482 (ATCC 29148). This antimicrobial protein kills Gram-positive pathogens such
as Listeria monocytogenes; however, the Gram-negative commensal B. thetaiotaomicron is
less sensitive with only a 30% reduction of viable cells upon exposure to Ang4.
Stimulation of the production of antimicrobial proteins, e.g., Ang4, represents a
mechanism of how commensal bacteria such as B. thetaiotaomicron can contribute to

maintaining mucosal barrier function [43].

There is preliminary evidence to suggest that B. thetaiotaomicron may be effective in the
treatment of infectious diarrhoea. For example, B. thetaiotaomicron VPI-5482 (ATCC

29148) contributed to the prevention of rotavirus infection in vitro [220]. However, clinical
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evidence for this potentially protective effect of B. thetaiotaomicron on rotavirus infection

is not yet available.

In addition to the effects of a single species, the interplay between two major commensal
bacteria, F. prausnitzii and B. thetaiotaomicron, promotes colonic mucosal homeostasis
[221]. Germ-free rats mono-associated with B. thetaiotaomicron VPI-5482 (ATCC 29148)
had increased goblet cell differentiation and expression of mucus-related genes. This
stimulation of the secretory lineage and increase in mucus production was reduced in
germ-free rats di-associated with B. thetaiotaomicron and F. prausnitzii A2-165 (DSM
17677). The authors suggested that the balance between these species could contribute to

colonic mucosal homeostasis [221].

1.4.2.3. Bacteroides fragilis

B. fragilis is an obligate anaerobic bacterium within the phylum Bacteroidetes and a
common member of the human GI microbiota [222,223]. Compared to the other members
of the Bacteroidetes, B. fragilis is the least abundant species in the faecal microbiota,
accounting for only 0.6% of the bacteria present in stool [223]. It is generally a commensal
bacterium, however when translocated into the bloodstream or extra-intestinal tissue after

surgery, disease or trauma it can cause serious infections [224].

B. fragilis exerts immunomodulatory functions within the GI tract. Mice with experimental
colitis induced by colonisation with the pathobiont Helicobacter hepaticus were protected
from disease when co-colonised with B. fragilis [183]. This protection was shown to
depend on a surface molecule of B. fragilis, PSA, as the purified molecule alone prevented
intestinal inflammation in vivo. PSA induced the production of anti-inflammatory IL-10 in
vitro which was suggested to be required for the inhibition of inflammation [183]. PSA is

packaged into outer membrane vesicles (OMVs) when released by the bacterium [160].
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These OMVs containing PSA protected mice with TNBS-induced colitis. The OMV-
associated PSA is recognised by DCs through TLR2 which induces increased production
of regulatory T cells and anti-inflammatory cytokines [160]. Results of a recent study
revealed that a specific DC subset namely plasmacytoid DCs (PDCs) are the mediators
behind the PSA-induced protection against experimental colitis in mice [225]. This
protection was dependent on both innate and adaptive immune mechanisms and TLR2-
mediated. The exposure of PDCs to PSA increased the production of anti-inflammatory IL-

10 by CD4" T cells.

Interestingly, PSA released by B. fragilis also conferred protection from inflammation in
extra-intestinal tissue [226]. This immunomodulatory molecule protected against central
nervous system demyelination and inflammation during experimental autoimmune
encephalomyelitis, which is used as an animal model for multiple sclerosis. The protective
effect was mediated through TLR2 signalling. These results indicate that the GI microbiota

may influence the susceptibility of the host towards extra-intestinal autoimmune disorders.

1.4.2.4. Akkermansia muciniphila

The obligate anaerobe A. muciniphila belongs to the phylum Verrucomicrobia and is part
of the mucosa-associated microbiota because of its ability to produce mucus-degrading
enzymes [41]. A. muciniphila is a common member of the human GI microbiota; its

abundance in the colon ranges between 1% to 3% of the bacterial population [227].

Several studies have shown a reduced abundance of A. muciniphila in humans with various
conditions or diseases. For example, A. muciniphila is less abundant in obese children
[228] and its abundance decreases with increasing body weight gain in pregnant women
[229]. Akkermansia spp. are also reduced in children with atopic diseases [230]. The

reduction of A. muciniphila in patients with ulcerative colitis and Crohn’s disease
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compared to its high abundance in the mucosa-associated microbiota of healthy controls
led to the suggestion that this species might play a protective or anti-inflammatory role in
the intestinal mucosa [39]. Furthermore, A. muciniphila has been proposed as a marker for
a healthy intestine due to its reduction in disease states but high abundance in the healthy

mucosa [231].

A potential protective role for A. muciniphila in IBD was investigated in a recent in Vvivo
study. Extracellular vesicles derived from A. muciniphila conferred protective effects in
mice with DSS-induced colitis such as amelioration of body weight loss, colon length
(decreased in mice treated with DSS), and inflammatory cell infiltration of the colon wall
[44]. Furthermore, pre-treatment of a colonic epithelial cell line (CT26) with A.
muciniphila-derived extracellular vesicles resulted in an anti-inflammatory effect as shown
by decreased production of the pro-inflammatory cytokine IL-6 induced by extracellular

vesicles of a pathogenic strain of E. coli [44].

The influence of A. muciniphila on metabolic functions of the host and the association of
this bacterium with obesity has also been investigated in a recent in vivo study. A.
muciniphila was reduced in genetically obese mice (ob/ob mice) and mice fed a high-fat
diet [45]. Mice fed a high-fat diet supplemented with oligofructose, a prebiotic, had a
normal abundance of A. muciniphila and an improvement in metabolic disorders,
endotoxemia and adipose tissue inflammation. In addition, when mice fed a high-fat diet
were given viable A. muciniphila Muc’ (ATTC BAA-835), this resulted in normalisation
of the metabolic endotoxemia, fat-mass gain, insulin resistance and adipose tissue
inflammation; all of which were symptoms induced by the high-fat diet [45]. Based on the
results of this study, the authors suggested a potential application of A. muciniphila in the

prevention and/or treatment of obesity and associated metabolic disorders [45].
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Furthermore, in a mouse model of genetic-induced hyperlipidaemia A. muciniphila
protected from acute and chronic hyperlipidaemia by upregulating the expression of low-
density lipoprotein receptors [232]. In mice fed a high-fat diet and treated with metformin,
a common medication for the treatment of type 2 diabetes, an increase in the Akkermansia
spp. population was determined which correlated with improved glucose homeostasis
[233]. The change in microbiota composition induced by metformin was suggested as a

mechanism of the antidiabetic effect of this medication [233].

A. muciniphila increases barrier integrity of IECs [234]. The bacterium adhered to Caco-2
and HT29 cells and increased TEER across Caco-2 monolayers [234]. The barrier
enhancing properties of A. muciniphila may contribute to its potential protective role in
IBD. Furthermore, the reduction of high-fat-diet-induced endotoxemia by the bacterium

observed in mice may be a result of the enhancement in intestinal barrier integrity.

Recently, the link between the abundance of A. muciniphila and metabolic health was also
demonstrated in humans [235]. At baseline of a caloric restriction intervention in
overweight and obese adults, higher faccal A. muciniphila levels were associated with the
healthiest metabolic status, specifically with regard to fasting plasma glucose, plasma
triglycerides and body fat distribution. Individuals with a higher baseline A. muciniphila
abundance showed a better response to the caloric restriction intervention as demonstrated
in an increased improvement in glucose homoeostasis, blood lipids and body composition
compared to individuals with lower baseline A. muciniphila [235]. Although these findings
demonstrate the beneficial effects of A. muciniphila on metabolic health in humans,
clinical studies investigating A. muciniphila in the treatment of obesity and type 2 diabetes

do not yet exist.
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Despite the increasing interest in A. muciniphila over the last few years, knowledge
regarding the precise mechanisms of the host-microbial interaction causing these beneficial
effects is still limited and will require further exploration. Furthermore, recent studies have
mainly focused on the protective role of A. muciniphila in obesity and type-2 diabetes but
only a few studies have thus far addressed the link between this species and inflammatory
disorders such as IBD. In addition, it is not clear if A. muciniphila only exerts beneficial
effects or if this bacterium may also be associated with potentially harmful effects under
certain conditions. A. muciniphila releases sulphate during fermentation of mucin [41]
which could be utilised either by this species or other sulphate-reducing bacteria to
produce hydrogen sulphide. The increased availability of sulphate may lead to an increased
abundance of sulphate-reducing bacteria which have been associated with inflammation in
genetically susceptible hosts [236]. However, if A. muciniphila exerts any potential
inflammatory effects these may be dependent on competition with other bacteria
specialised in mucin-degradation [46], the composition of the GI microbial ecosystem

[237] and/or host susceptibility [236].

1.4.2.5. Bacteroides uniformis

Similar to the example of A. muciniphila above, a connection between the abundance of
Bacteroidetes or Bacteroides subgroups and obesity has been shown in various studies,
with lower numbers of these bacterial groups in overweight individuals [238]. These
observations have led to the hypothesis that interventions aiming to increase the proportion
of specific Bacteroides spp. could be effective in the treatment of obesity and its related

metabolic disorders [239].

To further analyse this potential beneficial effect of Bacteroides spp., mice with high-fat-

diet-induced obesity were inoculated with Bacteroides uniformis CECT 7771 [239]. This
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strain was chosen from a selection of human Bacteroides spp. because it exhibits low
inflammatory activity in vitro. The study demonstrated numerous positive effects induced
by the administration of this bacterial strain that were connected with an improvement of
metabolic and immune dysfunctions caused by the high-fat diet. It was shown for example,
that administration of B. uniformis CECT 7771 resulted in reduced body weight gain, liver
steatosis and liver cholesterol and triglyceride concentrations. In addition, the
concentrations of cholesterol, triglyceride, glucose, insulin and leptin in the serum of obese
mice fed with B. uniformis CECT 7771 were reduced. Furthermore, administration of this
strain increased the TNF-a production by macrophages and DCs in response to LPS
stimulation as determined by enzyme-linked immunosorbent assay (ELISA) and also the
induction of a T-cell proliferation response by DCs as determined using a cell proliferation
ELISA. Both of these immune defence mechanisms were impaired in high-fat-diet-induced
obesity. The dysbiosis observed in obese mice could be partially restored by the

administration of B. uniformis CECT 7771 [239].

1.4.2.6. Segmented filamentous bacteria

Segmented filamentous bacteria (SFB), first observed in the ilea of mice and rats [240], are
obligate anaerobic bacteria that have been observed to populate various vertebrates
including humans [241]. Metagenomic comparisons indicated that SFB are closely related
to Clostridium spp. [242]. Recently, methods to successfully culture SFB have been
developed [243,244]. SFB have been shown to firmly attach to IECs by one end of the

filament [240].

The ability to mono-colonise germ-free mice with SFB [245] set the starting point for
numerous studies investigating the interactions between this commensal organism and its

host. These studies have revealed a critical role for SFB in the maturation of the immune
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system. Mono-colonisation of germ-free mice with SFB increased the number of lymphoid
and IgA-secreting cells in the intestinal mucosa and elevated IgA titres in serum and
secretions in comparison to germ-free mice [246]. Furthermore, SFB were reported to
influence the development and activation of T helper cells. In particular, they induce the
development of intestinal Th17 cells [247]. This activation of a Th17 response conferred
protective effects to mice through increased colonisation resistance to the intestinal
pathogen Citrobacter rodentium [247]. SFB have also been shown to simultaneously
induce Thl, Th2, Th17, and regulatory T cell responses in mono-colonised mice [248].
Remarkably, colonisation of germ-free mice with this single species induced a similar
coordinated maturation of intestinal T cell responses as induced by the colonisation with
the whole mouse microbiota [248]. This effect was not observed when different bacteria
(e.g. B. thetaiotaomicron, B. vulgatus or E. coli) were used, which points out the key role

of SFB in shaping immune function in the intestine.

1.5. DUAL-ENVIRONMENT CO-CULTURE MODELS TO STUDY HOST-

MICROBE INTERACTIONS

Knowledge concerning the exact mechanism(s) behind the effects of GI bacteria on the
human epithelia remains limited due to the technical difficulties of co-culturing obligate
anaerobic bacteria with oxygen-requiring human cells. Using conventional co-culture
models, it is only possible to test the effects of non-viable obligate anaerobes in co-culture
with IEC lines. Although some biological effects can be elicited by non-viable bacteria
through interactions with surface structures, other effects require live bacteria to generate
responses which are indicated to be caused by secreted bacterial metabolites [249]. For
example, a study investigating the effect of oxygen-tolerant Lactobacillus reuteri on the

human IEC lines T84 and HT29 showed these bacteria had an anti-inflammatory effect, as
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demonstrated by the inhibition of TNF-a induced IL-8 expression [250]. This effect was
only observed with live L. reuteri; neither heat-killed nor y-irradiated bacteria induced a
response in IECs. To test the effect of live and metabolically active obligate anaerobic
bacteria, including the species described above, in vitro systems that enable the co-culture
of live obligate anaerobes with oxygen-requiring human cells are needed. Several models
have recently been established that allow this dual-environment co-culture with the aim of
studying the mechanisms of action of obligate anaerobic bacteria. A comparison of four
examples of recently developed models is shown in Figure 1.6. These models can be used
to study the effect of obligate anaerobes on host responses. The advantages and

disadvantages of the four dual-environment co-culture models are summarised in Table

I1.1.

Marzorati et al. [20] developed the Host-Microbiota Interaction (HMI) module, a device
that enables the co-culture of a complex microbial community, including obligate
anaerobic bacteria, with enterocyte-like cells (Figure 1.6A). The HMI module can be used
in combination with dynamic simulation of the GI tract, where digestion processes in the
stomach, small intestine and colon are simulated in several reactors. Furthermore, the last
compartment of this dynamic in vitro simulator, which mimics the ascending colon, is
inoculated with faecal microbiota. In combination with this continuous culture system, the
HMI module can be utilised to study bacterial adhesion to the mucus layer under relevant
shear forces. It also allows the exchange of signals and metabolites between the two
compartments, and through the diffusion of oxygen from the lower compartment, it creates
microaerophilic conditions on the bottom of the microbial biofilm. Consequently, it is able
to mimic the physiological conditions of the GI tract. Moreover, due to the separation of
the two compartments by the mucus layer, this model is more representative of the GI tract

compared to co-culture models that allow direct contact between bacteria and host cells.
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A Host-Microbiota Interaction (HMI) module

B Apical anaerobic co-culture model
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Figure 1.6 Comparison of four examples of dual-environment co-culture models.

Through the separation of aerobic and anaerobic compartments these four dual-environment co-
culture models enable the co-culture of anaerobic bacteria and oxygen-requiring human cells. (A)
Host-Microbiota Interaction (HMI) module [20,251]; (B) apical anaerobic co-culture model [19];
(C) Human-microbial crosstalk (HuMiX) model [21]; (D) Human oxygen-Bacteria anaerobic

(HoxBan) model [252].
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Chapter One: Review of literature

Direct contact between live obligate anaerobic bacteria and human cell lines occurs in a
novel dual-environment co-culture model which has been developed and validated in our
laboratory [19] and was used for the studies of this dissertation. This in vitro model,
referred to as the apical anaerobic co-culture model, utilises a co-culture chamber, which is
used inside an anaerobic workstation that has an oxygen-free atmosphere (Figure 1.6B).
The apical anaerobic co-culture model can be used to determine the effect of bacteria on
intestinal barrier function as the co-culture chamber contains built-in electrodes to monitor
TEER across cell monolayers, a well-established measurement for barrier integrity [253].
Furthermore, each well of the co-culture chamber is equipped with septa to allow sampling
of the basal media without altering the environment. Using paracellular tracers, e.g., [*H]-
mannitol, the effect of anaerobic bacteria on the small molecule paracellular permeability
of cell monolayers can also be determined, which represent another indicator of TJ

integrity [254].

Recently, a novel microfluidics-based dual-environment co-culture model was developed,
named HuMiX (referring to human—microbial crosstalk) (Figure 1.6C) [21]. This model
contains three microchambers separated through nano- and microporous membranes: a
microchamber with aerobic conditions for the culture of IECs, a microchamber with
anaerobic conditions for the culture of GI bacteria and a medium perfusion microchamber.
Following the co-culture, HuMiX enables downstream molecular analyses of the human
and bacterial cells. HuMiX allowed the co-culture of differentiated Caco-2 cells with the
facultative anaerobe, Lactobacillus rhamnosus GG alone under aerobic or anaerobic
conditions or with the combination of L. rhamnosus GG and the obligate anaerobe
Bacteroides caccae under anaerobic conditions. Similar to the apical anaerobic co-culture
model described above [19], HuMiX allows TEER measurements in order to assess the

differentiation of the Caco-2 cells when grown in this model. The model also enables the
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real-time monitoring of dissolved oxygen (DO) levels. Moreover, immune cells (CD4+ T
cells) can be cultured in the perfusion microchamber of HuMiX in order to investigate
interactions between IECs, immune cells and bacteria. HuMiX mimicked the in vivo
transcriptional, metabolic and immunological responses in human IECs co-cultured with L.
rhamnosus GG grown under anaerobic conditions, demonstrating its representation of the

human-microbial interface in the GI tract [21].

Compared to the three dual-environment co-culture models described above, the design of
another recently developed system, the ‘Human oxygen - Bacteria anaerobic’ (HoxBan)
system is much simpler (Figure 1.6D) [252]. It utilises 50 mL tubes filled with 40 mL of
anaerobic bacterial agar in which obligate anaerobic bacteria are grown. Glass-adhered
Caco-2 cells in 10 mL of human cell culture medium are placed on top of the agar. Using
this model enabled the co-culture of live F. prausnitzii with Caco-2 cells for over 24 h
which demonstrated mutualism between the human and bacterial cells. The presence of
Caco-2 cells stimulated growth and metabolism of F. prausnitzii and the bacteria induced
anti-inflammatory and anti-oxidant responses in Caco-2 cells [252]. Compared to the other
dual-environment co-culture models the HoxBan system has the advantage that it does not
require specialised equipment and can therefore be readily implemented in research

laboratories with access to anaerobic and cell culture facilities.

Another recently developed in vitro model that closely mimics the physiology of the
intestine are the three-dimensional “mini-intestines” derived from isolated human intestinal
epithelial stem cells from the small intestine or colon [255,256]. The so-called enteroids
contain all four types of normal epithelial cells. Currently, intestinal enteroids are grown in
three-dimensional cultures to be used in functional studies; however, murine enteroids

were also successfully grown as polarised monolayers [257]. Moreover, preliminary tests
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were performed with human enteroids seeded on porous Transwell membranes coated with
a fibronectin-based peptide [258]. This resulted in the formation of confluent polarised
monolayers with a high TEER (600-1000 Q.cm?). Intestinal enteroids grown on Transwell
inserts could potentially be adapted to be used under dual-environment conditions. For
example, in combination with the technology of the apical anaerobic co-culture model
(Figure 1.6B) these “mini-intestines” could be co-cultured with obligate anaerobic bacteria.
Compared to Caco-2 cells, which are currently used in the apical anaerobic co-culture
model, intestinal enteroids would be more representative for the physiology in the

intestine.

1.6. AIMS AND STRUCTURE OF THE DISSERTATION

The health of humans is impacted by the symbiotic relationship with their microbiota,
while a dysbiosis of the resident microbiota is associated with various disorders, such as
IBD [12,126,127], colorectal cancer [259,260], coeliac disease [16] and obesity [261]. The
commensal bacterium F. prausnitzii has been associated with this dysbiosis because
numerous studies demonstrated its decreased abundance within the GI microbiota under
these conditions. Therefore, it has been suggested that F. prausnitzii plays an important
role in maintaining intestinal health and that its use as a probiotic could be a promising

approach in the treatment of IBD [14,182].

Even though the beneficial role of F. prausnitzii is widely recognised, mechanistic studies
explaining how this bacterium exerts its effects remain limited. This is partially a
consequence of the difficulty of culturing obligate anaerobic commensal bacteria, such as
F. prausnitzii, that cannot survive in the presence of oxygen together with human epithelial
cells that require oxygen for survival. This limitation has been addressed in the

development and validation of a novel in vitro model by AgResearch scientists and
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engineers, the apical anaerobic co-culture model [19]. As described in the above section,
this model contains both aerobic and anaerobic compartments, and therefore enables the

co-culture of obligate anaerobic bacteria like F. prausnitzii with mammalian cells.

The overall aim of this study was to investigate the effect of F. prausnitzii on intestinal
function using the novel apical anaerobic co-culture model. F. prausnitzii has been chosen
as an example of a commensal obligate anaerobe because based on the current literature
this species provides the strongest evidence to exert protective effects compared to other
commensals. In particular, the effect of F. prausnitzii on intestinal barrier function and
immune homeostasis was determined. It has been shown that F. prausnitzii improved
intestinal barrier integrity and protected from inflammation in vivo [179,214]. Moreover,
few in vitro studies provided insights into the mechanisms by which F. prausnitzii exerts
its effects [179,182,207,208]. However, most of these studies were restricted to test the
effects of non-viable bacteria, because the co-culture with human cells under conventional
cell culture conditions (5% CO: in air atmosphere) quickly killed obligate anaerobic F.
prausnitzii. Therefore, this study was one of the first testing the effects of live F.

prausnitzii on intestinal function.

The main hypotheses of this study were: (i) live and growing F. prausnitzii (strains A2-
165, ATCC 27768 and HTF-F) exerts barrier enhancing properties by increasing TEER
across healthy Caco-2 monolayers, (ii) live F. prausnitzii mitigates the TNF-a-induced
decrease in TEER across Caco-2 monolayers and (iii) live F. prausnitzii activates innate
immune receptors (TLRs) to a greater extent compared to dead bacteria. In order to address
these hypotheses method development was required. Firstly, an existing protocol of co-
culturing F. prausnitzii with Caco-2 cells required improvement to enable growth of the

bacteria and secondly the TLR activation assay, a method performed for the first time in
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the apical anaerobic co-culture model, needed to be adapted to the new assay conditions.
The dissertation was therefore divided into four experimental chapters comprising the two
method development chapters and the respective results chapters describing the effects of

F. prausnitzii on intestinal barrier function and immune homeostasis.

In Chapter 2 the method development to improve the growth of F. prausnitzii in co-culture
with Caco-2 cells is described. Firstly, two approaches to supplement the apical anaerobic
cell culture medium were used to enable growth of the three F. prausnitzii strains alone.
Secondly, it was investigated if the wviability and barrier integrity of Caco-2 cell
monolayers were maintained when using the adapted apical medium. Finally, the growth of
F. prausnitzii in co-culture with Caco-2 cells in the apical anaerobic co-culture model
using the adapted apical medium was determined. Using the optimised co-culture
conditions developed in Chapter 2, the work described in Chapter 3 investigates the effect
of the three F. prausnitzii strains on TJ integrity of healthy and TNF-a-treated Caco-2

monolayers.

Chapter 4 describes the adaptation of the TLR activation assay to the apical anaerobic co-
culture model. TLR expressing HEK293 cell lines and a control cell line were stably
transfected with a NF-kB inducible luciferase reporter plasmid. The transfected cell lines
were then used to perform the TLR activation assay under apical anaerobic conditions
which required the optimisation of the cell attachment to the membranes of Transwell
inserts. The DO content of the apical and basal compartment was determined to ensure the
maintenance of the dual-environment. Throughout the method development the viability of
the transfected cell lines was determined and different apical media were tested to improve

the viability of F. prausnitzii. The assay conditions developed in Chapter 4 were applied in
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Chapter 5 to determine the TLR activation by live and dead F. prausnitzii under

conventional and apical anaerobic conditions.

Finally, a summary of the main findings of the study, a general discussion and future
perspectives are presented in Chapter 6. An overview of the structure of the dissertation

including its experimental chapters is shown in Figure 1.7.
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Method development Method development

Chapter 2: F. prausnitzii strain characterisation Chapter 4: Adaptation of the TLR activation assay to
and growth optimisation in the co-culture model the apical anaerobic co-culture model

16S rRNA gene sequencing Stable transfection of HEK293-TLR cells
Gram-staining Growth optimisation: F. prausnitzii with HEK293-
Growth kinetics TLR-Luc cells

Growth optimisation: F. prausnitzii with Caco-2 Adaptation of the TLR activation assay to the co-
cells culture model

Results Results

Chapter 3: Effect of F. prausnitzii on intestinal Chapter 5: TLR activation by F. prausnitzii in
barrier function conventional and apical anaerobic conditions

* TEER assay with healthy Caco-2 cells using + Determination of the multiplicity of infection for
different apical media the TLR activation assays

e TEER assay with TNF-a-treated Caco-2 cells using ¢ TLR activation by live and UV-killed F. prausnitzii:
different apical media TLR2, TLR2/6, TLR4

Figure 1.7 Structure of the dissertation.

The diagram provides an overview of the structure of the dissertation and its experimental chapters.
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CHAPTER TWO:
Faecalibacterium prausnitzii strain characterisation

and growth optimisation in the co-culture modelf

" Selected material from this section combined with sections from Chapter 3 will be
submitted for publication to the journal Nutrients.
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2.1. INTRODUCTION

Bacterial colonisation of the GI tract is critical for human health [262]. Numerous studies
have investigated the mechanisms of action behind the beneficial effects of bacterial
species residing in the GI tract. Most of these studies focus on oxygen-tolerant bacteria, as
they can be readily co-cultured with oxygen-requiring human cell lines for mechanistic
studies. However, the majority of the bacterial species in the large intestine, the part of the
GI tract with the highest bacterial density, are obligate anaerobes, which cannot survive in
the presence of oxygen [18]. It is therefore impossible to co-culture these bacteria together
with human cell lines using conventional co-culture models, which means that the majority

of the bacterial effects in the GI tract remain unknown.

This limitation has been addressed in the development and validation of a new in vitro
model in a previous PhD project at AgResearch [19]. The novel model, referred to as the
apical anaerobic co-culture model, contains anaerobic and aerobic compartments separated
by a semipermeable membrane on which human cell lines are grown. Due to the two
environments it allows the survival of both obligate anaerobic bacteria and human cell
lines. This model was used to co-culture F. prausnitzii (strain A2-165), an abundant
obligate anaerobic bacterium in the human GI tract [178,180], with the human IEC line
Caco-2 [19]. Compared to culturing F. prausnitzii at 37°C under standard atmospheric
conditions, where the F. prausnitzii colony-forming units (CFU) reduced by over 4 logs
within 30 min, the viability of the bacterium was increased when co-cultured with Caco-2
cells in the apical anaerobic co-culture model. However, there was still a decrease in
bacterial cell numbers using the new model, the total F. prausnitzii CFU reduced by less
than 1 log after the co-culture with Caco-2 cells for 8 h. The reason for this may have been

that the cell culture medium used for these experiments was lacking substrates required for
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the growth of F. prausnitzii, e.g. acetate [178]. Due to the loss of viability of F. prausnitzii
determined using the apical anaerobic co-culture model, method development was required

to further improve the model following its initial development.

2.2. HYPOTHESIS AND AIMS

The hypothesis of the research described in this thesis chapter was that F. prausnitzii is
able to grow in the apical anaerobic co-culture model if the apical medium is supplemented
with substrates required for its growth. To test this hypothesis two approaches to
supplement the apical anaerobic cell culture medium were used, supplementation with

acetate or bacterial culture medium.

The first aim was to characterise the three F. prausnitzii strains used for these studies by
16S rRNA gene sequencing and Gram-staining in order to confirm their identity and
determine their growth kinetics in bacterial culture medium. The strains chosen for these
studies were F. prausnitzii ATCC 27768, F. prausnitzii A2-165 (DSM 17677) and F.
prausnitzii HTF-F (DSM 26943). F. prausnitzii ATCC 27768 was selected because this is
the type strain of the genus Faecalibacterium [178,181]. F. prausnitzii A2-165 (DSM
17677) was chosen because this strain is well characterised and was used in several studies
including the first application of the apical anaerobic co-culture model
[19,178,184,188,221,263], and F. prausnitzii HTF-F (DSM 26943) was chosen because it
was recently patented for its anti-inflammatory properties [264]. The second aim was to
determine if the first approach to supplement the apical anaerobic cell culture medium,
with acetate, enabled growth of the three F. prausnitzii strains. The third aim was to test if
the second approach to supplement the apical cell culture medium with bacterial culture

medium, affected the viability and barrier integrity of Caco-2 cell monolayers. The fourth
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aim was to determine whether the three F. prausnitzii strains were able to grow in this
mixture of cell and bacterial culture medium when grown alone and in co-culture with

Caco-2 cells in the apical anaerobic co-culture chamber.

2.3. METHODS

2.3.1. F. prausnitzii cell culture

The three F. prausnitzii strains were kindly provided by Hermie J. M. Harmsen
(Department of Medical Microbiology, University of Groningen, The Netherlands) and are
listed in Table 2.1. The bacteria were cultured at 37°C in Hungate culture tubes sealed with
butyl rubber stoppers. The bacterial culture media used were anaerobic brain-heart infusion
(BHI) broth or anaerobic yeast extract, casitone, fatty acid, glucose (YCFAGQG) broth which
were prepared as described in section 2.3.2.2 and 2.3.2.1, respectively. All bacterial
inoculations were performed inside an anaerobic workstation (Concept Plus, Ruskinn

Technology Ltd) which maintained an atmosphere of 10% CO», 10% H> in N> at 37°C.

2.3.2. Bacterial culture medium

For the initial characterisation of the three F. prausnitzii strains the bacteria were cultured
in anaerobic YCFAG medium, a bacterial culture medium that has been used previously to
culture F. prausnitzii [178,184]. For the optimisation of the growth conditions of the three
F. prausnitzii strains in the co-culture model anaerobic BHI medium was used to culture
the bacteria. The reason for the change in the culture medium was that F. prausnitzii was
being used as a representative for the human GI microbiota with the intention that the

apical  anaerobic  co-culture @ model was used for the co-culture of
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Table 2.1 Details of the three F. prausnitzii strains used in this PhD project.

Species Strain code Culture Reference for Functional
collection original isolation  information
F. prausnitzii  A2-165 DSM 17677 [178] Anti-inflammatory

F. prausnitzii  ATCC 27768 ATCC 27768
F. prausnitzii HTF-F DSM 26943

[181]
[184]

effects in vitro and in
vivo
[19,179,204,205,207,
213,252,265]

None

Anti-inflammatory
effects in vitro and in
Vivo [204,264]

61



Chapter Two: F. prausnitzii strain characterisation and growth optimisation

different anaerobic bacteria with human cell lines. BHI medium is a generic broad-
spectrum bacterial growth medium [19,220], whereas YCFAG medium is a specific
medium, mostly used to grow F. prausnitzii [178,184]. Therefore, using BHI medium
would make it easier to apply the optimised growth conditions in the co-culture model
achieved for F. prausnitzii to the co-culture of human cell lines with a range of obligate

anaerobic bacteria.

2.3.2.1. Anaerobic yeast extract, casitone, fatty acid, glucose broth

The components used to prepare anaerobic YCFAG broth are listed in Table 2.2. First,
casitone, yeast extract, sodium acetate, glucose and all the salts listed in Table 2.2 were
weighed into a flask. Distilled water was added and the solution was mixed using a
magnetic stirrer until dissolved. The resazurin and haemin stock solutions were added
while the solution was continuously stirred. The broth was boiled in a microwave in
several short bursts, then immediately transferred into an ice-water box and cooled down
under the stream of CO» for at least 20 min. The solution changed colour from dark green
to a light yellow because resazurin was added as a redox indicator. L-cysteine and the
vitamin stock 1 were added and distributed by swirling the flask. The pH of the solution
was determined and if required adjusted to 6.5 = 0.2 using HCI or NaOH and the anaerobic
YCFAG broth was transferred into Hungate tubes. The pipette used to transfer the broth
into the Hungate tubes was flushed several times with CO; before inserting into the liquid
to remove remaining oxygen. While distributing the YCFAG broth, the Hungate tubes
were continuously flushed with CO,. The gassing cannula was removed and the tubes were
sealed immediately with rubber septa and lids. The broth was autoclaved at 121°C for 20

min on the same day. After autoclaving and cooling down the Hungate tubes, filter
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Table 2.2 Components used to prepare anaerobic yeast extract, casitone, fatty acid, glucose

(YCFAG) broth.

Media component Company Volume/weight

Casitone Becton 10g
Dickinson

Yeast extract Becton 25¢g
Dickinson

Short chain fatty acid ~ Sodium acetate Scharlau 1.95 g (=33 mM)

Sugar Glucose LabServ 4.5 g (=25 mM)

Salts NaHCO;3 Fisher Scientific 4 g
K>HPO4 BDH Chemicals 045 ¢
KH2PO4 Ajax Finechem 045¢
NaCl LabServ 09¢g
MgSO4:7H20 BDH Chemicals  0.09 g
CaCl, Fisher Scientific  0.09 g

Redox indicator Resazurin (0.02% Sigma-Aldrich 5 mL (= 0.1 mg)
stock)

Iron source Haemin (0.05% Sigma-Aldrich 20 mL (=1 mg)
stock)

Vitamins Biotin Sigma-Aldrich 10 pg
Cobalamin Sigma-Aldrich 10 ng
p-aminobenzoic acid  Sigma-Aldrich 30 ng
Folic acid Sigma-Aldrich 50 pg
Pyridoxamine Sigma-Aldrich 150 pg

Reducing agent L-cysteine Sigma-Aldrich lg

Heat labile vitamins Riboflavin Sigma-Aldrich 0.5 pg/mL
Thiamine Sigma-Aldrich 0.5 pg/mL
Distilled H2O 1L
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sterilised anaerobic vitamin stock 2 was added to the broth inside the anaerobic

workstation.

2.3.2.2. Anaerobic brain-heart infusion broth

For the preparation of anaerobic BHI broth all components were used according to the
recipe listed in Table 2.3. BHI powder and yeast extract were weighed out into a flask.
After adding the haemin solution and distilled water the solution was swirled to help
dissolving and subsequently boiled in a microwave in several short bursts. The solution
was placed immediately into an ice-water bath and a stream of CO» was passed through the
broth. Once the solution was cooled, L-cystein was added and dissolved through swirling
the flask. Using NaOH the pH was adjusted to 7.0 £ 0.2. During pH adjustment the
solution was mixed using a magnetic stirrer to ensure an even distribution of the NaOH.
The vitamin K solution was added and the anaerobic BHI broth was transferred
anaerobically into Hungate tubes as described in 2.3.2.1 for the YCFAG broth. The broth

was autoclaved at 121°C for 20 min on the same day.

2.3.2.3. Anaerobic brain-heart infusion agar

Anaerobic BHI broth was prepared in a high-pressure bottle as described in 2.3.2.2. For the
preparation of anaerobic BHI agar plates, 15 g/L of agar were added to the BHI broth
before autoclaving at 121°C for 20 min. Following autoclaving the BHI agar was cooled
down to 55°C and the bottle was transferred into the anaerobic workstation. The agar was
poured into Petri dishes that have been transferred inside the anaerobic workstation at least
an hour before. The agar plates were left uncovered for at least an hour to set and dry, and
once set they were stored upside down in a plastic bag inside the anaerobic workstation

until use.
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Table 2.3 Components used for the preparation of anaerobic brain-heart infusion broth.

Media component Company Volume/weight
BHI powder Becton Dickinson 37¢g

Yeast extract Becton Dickinson 5¢g

0.05 % (w/v) haemin, prepared in IN NaOH  Sigma-Aldrich 10 mL

0.05 % (v/v) vitamin K solution, prepared in ~ Sigma-Aldrich 1 mL

95% EtOH

L-cystein Sigma-Aldrich 2¢g

Distilled H,O 1L
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Agar plates were prepared fresh for each experiment. Before using the agar plates to
culture bacteria, they were removed from the plastic bag and left uncovered inside the

anaerobic workstation to dry.

2.3.3. Long term storage of bacterial cultures

The three F. prausnitzii strains were stored at -80°C for long term storage using glycerol as
cryoprotectant. Bacterial cultures were grown in anaerobic YCFAG broth. These pre-
cultured YCFAG broths were mixed with anaerobic glycerol at a ratio of 4:1 and
transferred into cryogenic vials which were stored at -80°C. Repeated freeze-thawing was

avoided as it affected the viability of the bacteria.

2.3.4. 16S rRNA gene sequencing

The identity of the three F. prausnitzii strains was confirmed by 16S rRNA gene
sequencing. The bacterial DNA was extracted (2.3.4.1) and the 16S rRNA gene amplified
using polymerase chain reaction (PCR; 2.3.4.2). The sequences obtained through Sanger
sequencing were compared to sequences in the National Center for Biotechnology

Information (NCBI) nucleotide collection database to confirm the strain identity (2.3.4.3).

2.3.4.1. Bacterial DNA extraction

The original glycerol stocks of the three F. prausnitzii strains obtained from Hermie J. M.
Harmsen (Department of Medical Microbiology, University of Groningen, The
Netherlands) were used to inoculate 10 mL of YCFAG broth with 50 puL of frozen
bacterial culture inside the anaerobic workstation. F. prausnitzii A2-165 and F. prausnitzii
ATCC 27768 were incubated for 24 h and F. prausnitzii HTF-F for 48 h in order to attain

sufficient bacterial cells for DNA extraction. The bacterial DNA was extracted using the
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DNeasy Blood & Tissue Kit (Quiagen, USA) according to the manufacturer’s instructions.
The DNA quantity and purity were determined using a NanoDrop (ND-1000 UV-Vis
Spectrophotometer, Thermo Fisher Scientific, Australia). An absorbance ratio of 260/280

nm between 1.8 and 2 was considered to be an adequate purity.

2.3.4.2. Polymerase chain reaction of the 16S rRNA genes

The bacterial 16S rRNA gene was amplified by PCR using the forward and reverse primers
27f and 1492r (Table 2.4) and the Fast Start PCR Mastermix (Roche, Germany). PCR
reactions were prepared by mixing 25 pL Fast Start PCR Mastermix, 1 puL of the template
DNA, 1 pL each of the primers 27f and 1492r (Table 2.4, both diluted to 10pmol/uL) and
22 uL of distilled water in 0.2 mL thin wall PCR tubes. The PCR tubes were inserted into a
thermal cycler (Mastercycler pro S, Eppendorf, Germany). The PCR programme listed in
Table 2.5 was used. After the amplification the quality and size of the PCR products were
determined using agarose gel electrophoresis. The PCR products were purified using the
High Pure PCR Product Purification Kit (Roche, Germany) according to the
manufacturer’s instructions, and the DNA concentration of the PCR products was

quantified using a Qubit Fluorometer (Life technologies, New Zealand).

2.3.4.3. Sanger sequencing and database comparison

The reactions for the Sanger sequencing were prepared by mixing approximately 30 ng of
DNA obtained through 16S rDNA PCR (2.3.4.2) with 3.2 pmol of the primers 27f and
1492r (Table 2.4) and adding distilled water to a final volume of 15 pL. The samples were
sequenced at the Massey Genome Service (Massey University, New Zealand) using the

BigDye® Terminator v3.1 Cycle Sequencing Kit.
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Table 2.4 Oligonucleotide sequences of the forward and reverse primers used for the

amplification of the bacterial 16S rRNA gene.

Primer Name Sequence Reference
Forward 27F GAG TTT GAT CMT GGC TCA G Modified from Lane
(1991)

Reverse 1492R GGY TACCTT GTT ACGACT T  Lane (1991)
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Table 2.5 PCR program used for the amplification of the bacterial 16S rRNA gene.

Program Temperature (°C) Time

Initialisation step 94 4 min

Denaturation 94 30 sec

Annealing 50 30 sec 35 cycles
Elongation 72 1 min

Final elongation 72 10 min

Final hold 12 00
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The obtained forward and reverse sequences were edited using the programme
ContigExpress (Vector NTI, Life technologies, New Zealand). Low quality sequences at
the start and the end of the chromatograms were trimmed off and ambiguous bases were
determined for both forward and reverse sequences. Then the forward and reverse
sequence reads were assembled into a contig. The contig was aligned with known bacterial
sequences in the NCBI nucleotide collection database and the percentage of similarity was

reported.

2.3.5. Enumeration of bacteria

2.3.5.1. Petroff-Hausser counting chamber

Bacterial densities of broth cultures were determined using a Petroff-Hausser counting
chamber which is comparable to a haemocytometer for quantifying mammalian cell
populations. First, the bacterial broth cultures were mixed by inverting the tubes several
times. The cultures were diluted with anaerobic phosphate-buffered saline (PBS) (1:20,
1:50 or 1:100, depending on the turbidity of the broth culture) to achieve a number of
bacteria within a countable range. The bacterial dilutions were thoroughly mixed using a
vortexer to avoid bacterial aggregations. The Petroff-Hausser counting chamber and the
coverslip were cleaned with 70% ethanol using a soft tissue and dried. The coverslip was
placed on the counting chamber and pressed down carefully. The Petroff-Hausser chamber
was loaded with a small volume (25-50 pL) of the mixed and diluted bacterial cultures
using a micropipette. If the counting chamber was prepared correctly the applied liquid
filled the void by capillary action. The chamber was placed under the 40 x objective of a
phase-contrast microscope (Leica, Wetzlar, Germany). The bacteria in at least four large
squares of the counting grid were counted and only bacterial numbers in the range of 10 to

100 were used for the calculation of the bacterial densities to avoid inaccurate numbers. If
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the number of bacteria counted was below or above this range, then a different dilution of
the bacterial suspension was prepared and the counting was repeated. The bacterial density
in cells per millilitre was calculated using Equation 1:

Bacteria conc. _ average bacterial number  dilution factor for large squares
(cells/mL) counted in large squares factor (1.25 x 10%mL)

(Eq. 1)
2.3.5.2. Titration of F. prausnitzii viable cells

In order to determine the CFU of the F. prausnitzii strains tenfold serial dilutions of the
bacterial suspensions were prepared in 96-well plates using anaerobic PBS inside the
anaerobic workstation. Anaerobic BHI agar plates were divided into quadrants, each
quadrant corresponding to one dilution. From each dilution three aliquots of 20 puL were
pipetted on one quadrant of the anaerobic BHI agar plate. The plates were left uncovered
inside the anaerobic workstation to dry and then incubated upside down inside a plastic bag
in the anaerobic workstation for around 48 h, or until bacterial colonies were visible. The
bacterial colonies per spot were counted and numbers in a range of 10 to 100 colonies were

considered for the calculation of the viable CFU per millilitre using Equation 2:

Bacteria concentration _  average of bacterial colonies _ dilution 50 (Eq. 2)
(CFU)/mL) counted in a quadrant factor 4

2.3.6. Gram staining

The original frozen stocks of the three F. prausnitzii strains were used to inoculate 10 mL
of YCFAG broth. The bacterial cultures were grown for 24 h (F. prausnitzii A2-165 and
ATCC 27768) or 48 h (F. prausnitzii HTF-F). One drop of the mixed bacterial broth
culture was placed on one end of a microscope slide and distributed as a smear over the

complete slide using a coverslip. The slide was left to dry for 30 min and then heat fixed
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over the flame of a Bunsen burner while constantly moving the slide in a circular motion to
avoid burning or overheating the sample. For the staining the slide was placed on a wire
rack over the sink with the smear side up. First, drops of crystal violet were added over the
entire slide and left for one minute. Gram-positive bacteria retain this purple dye due to
their thick cell wall made of peptidoglycan. The cell wall of Gram-negative bacteria only
contains a thin layer of peptidoglycan and are therefore not stained by crystal violet. The
slide was then rinsed under a gentle stream of tap water. Subsequently, drops of iodine
solution were added over the entire slide, left for one minute and again rinsed under a
gentle stream of tap water. lodine binds to crystal violet causing the purple dye to be
retained in the bacterial cell wall. Next, drops of the decolouriser were added over the
entire slide, left for 10 s and rinsed. As the last step of the staining process, drops of
safranin were added to the entire slide and left for 30 s. Safranin is used as a counterstain
which gives all Gram-negative bacteria a red or pink colouring. The slides were left to air
dry for 20 to 30 min before examining under a phase-contrast microscope (Leica, Wetzlar,

Germany) using the 100 x objective with the oil immersion lens.

2.3.7. Growth curves

The growth kinetics of the F. prausnitzii strains were analysed to determine the incubation
time required to reach the stationary phase of growth. The strains were used in stationary
phase for co-culture experiments for consistency because metabolic activity differs
between growth phases [266]. The bacteria were cultured in anaerobic BHI medium in
Hungate culture tubes sealed with rubber septa at 37°C. For the primary bacterial cultures,
50 pL of frozen bacterial stocks were inoculated into 10 mL of anaerobic BHI medium
inside the anaerobic workstation and were incubated at 37°C for 24 h (F. prausnitzii A2-

165 and F. prausnitzii ATCC 27768) or 48 h (F. prausnitzii HTF-F). Two hundred pL each
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of 24-hour-old primary broth cultures of F. prausnitzii A2-165 and F. prausnitzii ATCC
27768 and 200 pL of a 48-hour-old primary broth culture of F. prausnitzii HTF-F were
used to inoculate 10 mL of anaerobic BHI medium in triplicate. The Hungate tubes were
incubated at 37°C and the optical density (OD) at a wavelength of 600 nm (ODsoonm) Was
measured at 2 h intervals over 36 h. The contents of the Hungate tubes were mixed by
inversion before each measurement to prevent any settling of the bacterial cells on the

bottom of the tubes.

2.3.8. Culture of intestinal epithelial cells (Caco-2)

The Caco-2 cell model was used to assess the effect of F. prausnitzii on intestinal barrier
function. This continuous cell line originates from human epithelial colon adenocarcinoma
cells [111] and is a commonly used model for the intestinal epithelium [267]. Although
derived from the colon, Caco-2 cells show morphological and functional similarities to
small intestine enterocytes [268]. In culture the cells form a confluent monolayer and
undergo spontaneous differentiation which is characterised by polarised cells with apical

microvilli and the formation of TJs between neighbouring cells [269].

The formation of TJs is vital for experiments assessing intestinal barrier integrity. For that
reason Caco-2 cells are the most appropriate cell line for this research since other IEC lines
do not differentiate spontaneously (e.g. HT-29 [270]) or only form weak TJs (e.g. T84
[271]). The Caco-2 cells were grown on microporous membranes of Transwell inserts until
differentiated and then inserted into the co-culture chamber for the use in the apical
anaerobic co-culture model. The formation of a monolayer is of particular importance in
this model as it allows the separation of the apical from the basal compartment of the co-

culture chamber.
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2.3.8.1. Maintenance of Caco-2 cells

Caco-2 cells were maintained in cell culture flasks (Corning, Australia) filled with Medium
199 (M199) cell culture medium (Life technologies, New Zealand) with the supplements
added as shown in Table 2.6. This supplemented medium was referred to as M199
Standard medium (M199 Std). M199 Std was heated to 37°C in an oven before using it for
culturing Caco-2 cells. Small cell culture flasks (25 cm? surface area) were filled with 10
mL of M199 Std, medium and large flasks (75 and 175 cm? surface area, respectively) with
25 mL of M199 Std. The cells were passaged once a week and the medium was changed
twice a week. All cell cultures were incubated in air with 5% CO; at a temperature of

37°C.

2.3.8.2. Passaging of Caco-2 cells

Caco-2 cells were passaged once a week or when a confluence of around 80% was
reached. First, the cell culture medium was removed from the cell culture flask containing
the cell monolayer. The dissociation reagent TrypLE express (Life Technologies, New
Zealand) was added to the flask (5, 10 or 15 mL for a small, medium or large flask,
respectively) and incubated for 15 min at 37°C. The flask was checked regularly for
detachment of the cells and after a maximum of 15 min removed from the incubator. Warm
M199 Std equal to the volume of TrypLE was added to the flask and by pipetting the cell
suspension up and down remaining attached cells were removed from the flask. The cell
suspension was transferred to a sterile tube and centrifuged for 3 min at 240 x g (Jouan C3i
Multifunction Centrifuge, Thermo Scientific, USA). After discarding the supernatant, the
cell pellet was resuspended in 4 mL of warm M199 Std. When passaging cells from a

small into a medium or from a medium into a large flask, the complete cell suspension was
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Table 2.6 Composition of the Medium 199 standard medium (M199 Std) used for culturing

Caco-2 cells.

Media component Volume
Medium 199 (M199; Life technologies) 500 mL
Foetal bovine serum (FBS; Life technologies) 50 mL (10%)
MEM Non-Essential Amino Acids (NEAA; 100 x solution; Life S mL (1%)
technologies)

Penicillin-Streptomycin (10 000 units/mL penicillin and 10 mg/mL 5 mL (1%)

streptomycin; Life technologies)
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reseeded into the next larger flask size in order to bulk up the cell population. After
passaging a large flask either 1 or 2 mL of the 4 mL cell suspension were reseeded into a
new large flask depending on when the next passaging was required. Fresh M199 Std was

added to the flask containing the cell suspension.

2.3.8.3. Long term storage of Caco-2 cells

Caco-2 cells were stored in the vapour phase of liquid nitrogen for long term storage. For
generating frozen stocks the cells were harvested using TrypLE as described in 2.3.8.2.
After centrifugation and resuspension of the cell pellet in M199 Std, 10% dimethyl
sulphoxide (DMSO, Sigma-Aldrich, USA) were added to the cell suspension as
cryoprotectant and thoroughly mixed. From this cell suspension 1 mL aliquots were added
per cryogenic vial (Corning, Australia) and transferred into a Mr. Frosty™ Freezing
Container (Thermo Fisher Scientific, Australia) which was stored overnight at -80°C. The
Mr. Frosty™ Freezing Container contained 100% isopropanol which ensured a slow
freezing with a cooling rate of approximately 1°C per minute. The next day the frozen

stocks were transferred into a liquid nitrogen dewar.

2.3.8.4. Recovering Caco-2 cells from liquid nitrogen

Caco-2 cells were revived from cryopreservation by placing the cryogenic vial containing
the cells into an oven at 37°C and when completely thawed adding 1 mL of warm M199
Std to the vial. The cell suspension was mixed gently using a micropipette and
subsequently transferred into a 15 mL centrifuge tube. After centrifuging the cell
suspension at 240 x g for 3 min, the supernatant was discarded and the cell pellet was
resuspended in 1 mL of warm M199 Std. This cell suspension was transferred into a small
cell culture flask (T25, Corning, Australia), 9 mL of warm M199 Std were added and the

flask was placed into an incubator with 37°C and 5% CO,. After 48 h the flask was
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checked microscopically for attachment, which was around 20% at that time. The growth
of the cell population was observed over the next seven days, the medium was changed
twice a week and after approximately one week the cells reached confluence and were split
into a medium flask (T75). After reaching confluence in a medium flask, the Caco-2 cells

were split into a large flask and from then used to seed the cells for co-culture experiments.

2.3.8.5. Counting Caco-2 cells

Caco-2 cells within a cell suspension were counted using an automated cell counter
(Countess, Life technologies, Auckland, New Zealand) in order to seed Caco-2 cells at a
specific seeding density. Caco-2 cells were harvested as described in 2.3.8.2. After
resuspension of the cell pellet, 50 pL of the cell suspension was removed and mixed with
50 pL trypan blue (0.4% solution, Life technologies, Auckland, New Zealand). Dead cells
take up trypan blue due to damages in the cell membranes, therefore, when staining cells
with this viability dye, dead cells appear in a blue colour under the microscope whereas
viable cells remain white. The cell suspension was applied to a counting slide for the
automated cell counter (Countess, Life technologies, Auckland, New Zealand). The cell
counter determined the total number of cells, the number of live and dead cells and

calculated from these numbers the percentage of viable cells within a cell population.

2.3.8.6. Growing Caco-2 cells on Transwell inserts

For co-culture experiments Caco-2 cells were seeded on semipermeable polyester
membranes of Transwell cell culture inserts (6.5 mm diameter, 0.4 pm pore size, Corning,
New York, USA). The cells were harvested and counted as described in 2.3.8.2 and
2.3.8.5. The determined number of live cells was used to calculate the dilution required to
achieve a seeding density of 4 x 10° cells/mL. The cell suspension was diluted with M199

Std and 200 pL of this diluted cell suspension were seeded onto the membrane of each
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Transwell insert. The inserts were kept in 24-well cell culture plates and each well was
filled with 810 uL of M199 Std. The cell culture plates containing the Transwell inserts
were incubated at 37°C in 5% CO,. Twice a week the medium was changed by carefully
removing the medium from the apical and basal compartment of the Transwell inserts,
drop wise adding fresh M199 Std to the apical compartment and filling the basal well with
810 uL of M199 Std. The Caco-2 cells were grown on Transwell inserts for 16-18 days to
attain a differentiated cell monolayer. These differentiated cell monolayers were used for

the co-culture experiments.

2.3.8.7. Measuring TEER to assess differentiation of Caco-2 monolayers

TEER across Caco-2 cell monolayers was determined prior to every co-culture experiment
to assess if the Caco-2 cells seeded on the Transwell inserts formed a differentiated
monolayer. TEER was measured using an EndOhm TEER cup (World Precision
Instruments, USA) connected to an EVOM voltohmmeter (World Precision Instruments).
The TEER cup was filled with 810 pL of warm M199 Std. Using sterile forceps the
Transwell inserts containing the Caco-2 monolayers were transferred from the cell culture
plate to the TEER cup and the lid containing the top electrode was placed on top of the
TEER cup. The resistance (€2) measured using the voltohmmeter was converted to TEER

(Q.cm?) using Equation 3:
TEER (Q.cm?) = Resistance () x surface area of membrane (0.33 cm?) (Eq. 3)

Only Caco-2 cell monolayers with a raw resistance over 1200 Q (TEER over 400 Q.cm?)
were chosen for the experiments to ensure that only fully differentiated cell monolayers
were used. When Caco-2 cell monolayers were used for a TEER assay the effect of the
treatments was expressed as the change in TEER at each time point after the treatments

were added using Equation 4:
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(TEERcurrent'TEERinitia]) x10
TEER,

initial

Change in TEER (%) =

0 (Eq. 4)

2.3.9. Apical anaerobic co-culture model

The apical anaerobic co-culture model utilised a proprietary co-culture chamber which was
used inside an anaerobic workstation (Concept Plus, Ruskinn Technology Ltd, Bridgend,
UK) that had an atmosphere of 10% CO», 10% H> and 80% N, the anaerobic gas mixture
commonly used to grow obligate anaerobes [272], and a temperature of 37°C. The co-
culture chamber contained two compartments, the basal compartment containing aerobic
cell culture medium and the apical compartment which contained anaerobic cell culture
medium, and was exposed to the oxygen-free atmosphere of the anaerobic workstation.
These two compartments were separated by a microporous membrane on which human cell
lines were grown. By diffusion through this membrane the cell monolayer received oxygen
from the basal aerobic compartment of the chamber, thereby enabling survival of the cells.
In this model obligate anaerobic bacteria could be co-cultured with human cell lines as the

apical anaerobic environment allowed them to survive (Figure 2.1).

The validation and first application of the apical anaerobic co-culture model were
conducted using prototype I of the co-culture chamber. The design of this model has been
further developed and improved by AgResearch engineers and the prototype II co-culture
chamber was used in this PhD project. The main difference between the two prototypes is
the decrease in size of the membrane inserts and wells in the prototype II co-culture
chamber, thereby reducing the amount of cells and reagents required. The number of
inserts and wells is increased in the prototype II (24) in comparison to prototype I (6),

therefore increasing the throughput. Furthermore, each well of the prototype II co-culture
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Figure 2.1 Schematic diagram of a single well of the apical anaerobic co-culture model.

The model utilises a co-culture chamber which is used inside an anaerobic workstation that has an
oxygen-free atmosphere. Human cell lines are grown on a microporous membrane that separates
each well of the co-culture chamber into two compartments. The basal compartment contains
aerobic cell culture medium and the apical compartment contains anaerobic cell culture medium
and is exposed to the oxygen-free atmosphere of the anaerobic workstation. Oxygen from the basal
aerobic compartment of the chamber diffuses through the microporous membrane to the cell
monolayer thereby enabling survival of the cells. In this model obligate anaerobic bacteria can be
co-cultured with human cell lines, as they survive in the apical anaerobic cell culture medium

[263].
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chamber was equipped with a septum for basal media sampling and a one-way pressure
relief valve whereas the prototype I could only be used with either a septum or a one-way
pressure relief valve. Photographs of the prototype II co-culture chamber and details of its

components are shown in Figure 2.2.

2.3.9.1. Setting up the apical anaerobic co-culture model

Most of the parts of the co-culture chamber were autoclaved before each experiment. The
parts which were not autoclavable (chamber base, chamber lids, pressure relief valves and
septa) were sterilised with 70% ethanol before use. Following autoclaving or sterilisation
with 70% ethanol, the co-culture chamber was assembled in a sterile biosafety cabinet. On
the day prior to an experiment all reagents and consumables required for the work in
anaerobic conditions were transferred into the anaerobic workstation. All media or other
solutions were left uncovered overnight inside the anaerobic workstation in order to obtain

anaerobic solutions.

The day before the experiments, the M199 Std was removed from the Caco-2 cell
monolayers grown on Transwell inserts and the plate wells, 260 pL of M199 supplemented
only with NEAAs (1%) and FBS (10%) (referred to as M199 TEER) were added to the
inserts and 810 pL into the plate wells. The culture plates containing the Caco-2 cells were

kept at 37°C and 5% CO; until used for the experiment.

On the day of the experiment, the basal wells of the co-culture chamber were filled with 3
mL of warm M199 TEER. The Transwell inserts containing the cell monolayers were
carefully inserted into the co-culture chamber using a twisting motion. The co-culture
chamber was transferred into the interlock chamber of the anaerobic workstation. This

interlock chamber was purged with nitrogen and after finishing the interlock cycle the co-
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Figure 2.2 Prototype II co-culture chamber used for the apical anaerobic co-culture model.

Images show (A) the prototype II co-culture chamber with closed lids, (B) with one lid removed,
(C) with opened hinged window and (D) details of the components. 1: Top electrodes; 2: Transwell
insert containing the Caco-2 cell monolayer; 3: Septum for basal media sampling. 4: One-way

pressure relief valve.
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culture chamber was moved into the anaerobic workstation. The co-culture chamber was
connected to a laptop via a CellZscope controller (nanoAnalytics, Miinster, Germany),
which is a commercially available automated TEER monitoring system. The TEER assay
could be controlled through the CellZscope software (version 2.2.3; nanoAnalytics,
Miinster, Germany). First, the TEER across each Caco-2 cell monolayer inserted into the
24 wells of the co-culture chamber was measured by starting the CellZscope software.
After finishing one round of measurements of each well, which was used as a baseline
reading, the CellZscope software was stopped. The apical aerobic medium was removed
and 260 pL of anaerobic medium or treatments prepared in anaerobic medium were added.
The TEER measurements were resumed by restarting the CellZscope software and taking

hourly measurements over 12 h.

2.3.10. Viability of F. prausnitzii in different culture media

The three F. prausnitzii strains were incubated in cell culture medium alone and in cell
culture medium supplemented with additional supplements (acetate and the bacterial
culture medium BHI). Bacterial growth was monitored in order to determine whether these

supplements can improve the growth of the bacteria.

The bacterial strains were grown in 10 mL of anaerobic YCFAG broth for 24 h (F.
prausnitzii A2-165 and F. prausnitzii ATCC 27768) or 48 h (F. prausnitzii HTF-F). From
each of the primary broth cultures 200 pL were used to inoculate 10 mL of anaerobic
YCFAG broth and these secondary broth cultures were incubated until the three F.
prausnitzii strains reached stationary phase which was determined as described in 2.3.7.
These cultures were pelleted by centrifugation at 2492 x g for 6 min (11180/13190 rotor,
Sigma 3-18K centrifuge, Osterode am Harz, Germany) and resuspended in the different

anaerobic media inside an anaerobic workstation. Bacterial numbers in the solutions were
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estimated using a Petroff-Hauser counting chamber as described in 2.3.5.1. Based on this
estimate, bacterial solutions were diluted in Hungate culture tubes with the different
anaerobic media to a concentration of 2.4 x 107 cells/mL, the bacterial density used in the
co-culture experiment described in 2.3.13. It was estimated previously that a Transwell
insert (0.33 cm?) contained 6.38 x 10* Caco-2 cells at confluence. For co-culture
experiments a MOI of 100 was used, which means that 6.38 x 10° bacterial cells were
added per insert (in 260 uL of medium) resulting in a bacterial density of 2.4 x 10’
cells/mL to be prepared. Triplicates of the bacterial solutions were incubated at 37°C and
the ODsoonm Was measured at 2 h intervals over 24 h. Before each measurement the
contents of the Hungate tubes were mixed by inversion to prevent any settling of the
bacterial cells on the bottom of the tubes. In addition, when supplementing cell culture
medium with bacterial culture medium, the viable CFU at the beginning of the experiment

and after 12 h of incubation were determined as described in 2.3.5.2.

2.3.11. TEER and viability of Caco-2 cells using aerobic media

In an initial experiment, differentiated Caco-2 cell monolayers grown on Transwell inserts
in 24-well plates as described in 2.3.8.6 were apically exposed to mixtures of M199
supplemented with 1% NEAAs (M199+NEAA) and the bacterial culture medium BHI in
different ratios. The effect of these treatments on TEER and the viability of the cells was
determined. Immediately prior to the experiment TEER of the differentiated Caco-2 cell
monolayers was measured using an EndOhm TEER cup connected to an EVOM
voltohmmeter as described in 2.3.8.7. The apical medium was then replaced with 260 pL
of the treatment solutions consisting of M199+NEAA mixed with increasing percentages
of anaerobic BHI (0, 20, 40, 60, 80 and 100% BHI). The basal medium was replaced with

810 pL of fresh M199+NEAA. Three repetitions were used per treatment. TEER was
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measured immediately after the treatments were added and then every two hours over 12 h.
In between the TEER measurements the cell culture plates containing the Transwell inserts
were placed in the incubator (37°C, 5% CO»). In addition, the cell culture inserts treated
with 0% BHI (i.e. 100% MI199+NEAA) and 100% BHI were used to determine the
viability of the Caco-2 cells after 12 h of incubation with the trypan blue viability test as

described in 2.3.14.

2.3.12. TEER and viability of Caco-2 cells using anaerobic media

The above described experiment was repeated using the apical anaerobic co-culture model.
The co-culture chamber was prepared as described in 2.3.9.1. The basal wells were filled
with 3 mL of M199 TEER. Differentiated Caco-2 cell monolayers on Transwell inserts
were inserted into the co-culture chamber which was then transferred into an anaerobic
workstation as described in 2.3.9.1. The initial resistance was recorded after 1 h inside the
anaerobic workstation. The apical medium was removed and replaced with 260 uL of the
anaerobic treatment solutions consisting of anaerobic M199 TEER mixed with increasing
percentages of anaerobic BHI (0, 25, 50, 75 and 100% BHI). After an incubation for 12 h
with automated hourly TEER measurements, the inserts were removed from the co-culture
chamber and the viability of the Caco-2 cells was determined using the neutral red uptake
assay as described in 2.3.15. This experiment was performed in five replications using four
repetitions per treatment. Only Caco-2 monolayers with an initial TEER over 400 Q.cm?
were included for the TEER data analysis and monolayers that did not reach this threshold

were also excluded from the viability data analysis.
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2.3.13. Viability of the F. prausnitzii strains in the apical anaerobic co-culture
model using mixtures of cell and bacterial culture media
Mixtures of anaerobic cell and bacterial culture media were used for co-culturing Caco-2
cells and the three F. prausnitzii strains in the apical anaerobic co-culture model and it was
determined if the bacteria were growing in these adapted conditions. The media
compositions chosen were anaerobic M199 TEER supplemented with 25 or 50% of
anaerobic BHI (referred to as 25 and 50% BHI). This adapted medium was only used for
the apical compartment of the co-culture chamber; the basal wells were filled with aerobic

M199 TEER.

Primary and secondary broth cultures of the three F. prausnitzii strains listed in Table 2.1
were prepared as described in 2.3.7. The secondary cultures were prepared in duplicate and
incubated for 20 h for F. prausnitzii A2-165 and F. prausnitzii ATCC 27768 and for 26 h
for F. prausnitzii HTF-F in order to use the bacteria in the stationary phase of growth for
the co-culture experiments. These cultures were pelleted by centrifugation at 2492 x g for 6
min (11180/13190 rotor, Sigma 3-18K centrifuge, Osterode am Harz, Germany) and
resuspended in anaerobic M199 TEER inside the anaerobic workstation. The bacteria were
counted using a Petroff-Hauser counting chamber as described in 2.3.5.1. Based on this
determined bacterial density, the bacterial solutions were diluted with 25 and 50% BHI to a
concentration of 2.4 x 107 cells/mL in order to use a MOI of 100 as described in 2.3.10.
The duplicate bacterial cultures of the three F. prausnitzii strains were used to prepare 5
mL each of bacterial solutions with a bacterial concentration of 2.4 x 107 cells/mL using

the two different M199 TEER-BHI mixtures.

The co-culture chamber was prepared as described in 2.3.9.1. The apical medium was

removed from the Caco-2 cell monolayers and 260 pL of dilutions of the three F.
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prausnitzii strains (A2-165, ATCC 27768, HTF-F) in each of the two different media
compositions (25 and 50% BHI), were added. The viability of the F. prausnitzii strains in
the co-culture model was assessed by determining the viable CFU of the bacteria before
and after the co-culture with the Caco-2 cells as described in 2.3.5.2. Three repetitions

were used per treatment and the assay was performed in five replications.

2.3.14. Trypan blue viability test of Caco-2 cells grown on Transwell inserts

For the fast determination of the viability of Caco-2 cells grown on Transwell inserts the
trypan blue viability test was used. First, the apical medium was removed from the inserts
and 100 puL of the dissociation reagent TrypLE were added. The cell culture plate
containing the Transwell inserts was placed in a 5% CO- incubator at 37°C for around 10
min or until the cells detached from the membrane. After this incubation 100 uL of M199
Std were added to the inserts, the cell suspension was mixed using a micropipette and
transferred into an Eppendorf tube. The cell suspension was centrifuged for 3 min at 240 x
g using a microcentrifuge (Hettich Mikro 120, Germany). After discarding the supernatant,
the cell pellet was resuspended in 100 pL of M199 Std. The viability of the Caco-2 cells
within this cell suspension was determined using trypan blue and an automated cell counter

as described in 2.3.8.5.

2.3.15. Neutral red uptake assay

The neutral red uptake assay was used as another method to determine the viability of
Caco-2 cells grown on Transwell inserts. Viable cells are able to incorporate and bind
neutral red whereas dead cells cannot retain the dye. Therefore, the more viable cells are
present, the more dye is retained. Following an incubation time with the dye, an acidified

ethanol solution is used to extract the dye from the viable cells and the amount of the
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solubilised dye is quantified by measuring its absorbance using a spectrophotometer.
Compared to the trypan blue viability assay this assay is longer as it contains several
incubation steps. Therefore both methods were used for the method development
experiments, the trypan blue method for the initial quick determination of the viability of
Caco-2 cells and the neutral red uptake assay to confirm the results gained by staining with
trypan blue. However, the results gained using the neutral red viability assay were
considered more reliable as the trypan blue method stains the non-viable cells that often
start to detach from the inserts before staining which results in an underestimation of the
amount of non-viable cells. The results of the neutral red assay would not be influenced by
the detachment of non-viable cells because only viable cells can incorporate and bind the

dye.

Neutral red (3-amino-7-dimethylamino-2-methyl-phenazine hydrochloride, Sigma) was
dissolved in PBS at 5 mg/mL and filter sterilised. This stock solution was further diluted
with M199 Std (Table 2.6) to a concentration of 50 pg/mL on the day prior to the
experiment and incubated overnight at 37°C. On the day of the experiment, this solution,
from here on referred to as neutral red medium, was centrifuged for 10 min at 2000 x g
(11180/13190 rotor, Sigma 3-18K centrifuge, Germany) in order to remove any
precipitated dye crystals. The cell culture medium or the relevant treatments were aspirated
off the Caco-2 cell monolayers on Transwell inserts and 200 uL neutral red medium were
added to each insert. The Caco-2 cells were incubated with the neutral red medium for two
h at 37°C in a CO; incubator. Following this incubation time the neutral red medium was
removed and the cell monolayers were washed twice by adding 200 pL of PBS to the
Transwell insert and 810 uL PBS to the plate well and gently swirled using a rocking

motion. This step ensured that adhering but unincorporated dye was removed. The dye was
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extracted from viable cells by adding 200 pL solubilisation solution (1% acetic acid — 50%
ethanol) and incubating at room temperature shaking on a plate shaker at 200 rpm for 7
min. This extract was then transferred in 150 pL aliquots to a 96-well titre plate and the
absorbance of neutral red was determined on a microplate reader at 540 nm. The
background absorbance of the 96-well titre plate was measured at 690 nm and subtracted

from the 540 nm measurement.

2.3.16. Statistical analysis

The statistical analyses were performed using SAS (SAS/STAT version 9.3; SAS Institute
Inc., Cary, NC, USA). An analysis of repeated measures was conducted to test the effect of
the factors (acetate supplementation or BHI concentration), the factor time and their
interaction, on the response variables (TEER or ODsoonm). The most appropriate covariance
structure of the mixed model for each response variable was selected after fitting the
models by Restricted Maximum Likelihood method and comparing them using the log-
likelihood ratio test. When an interaction was not significant it was removed from the
model. An analysis of variance (ANOV A) was also conducted to test the effect of the BHI
concentration on the viability of Caco-2 cells in apical anaerobic conditions. When the F-
value of the analyses were significant (P < 0.05), the means were compared using adjusted
Tukey tests. A two independent samples t-test procedure was performed to test the effect
of the BHI concentration on the viability of Caco-2 cells in conventional conditions and to
compare the viability of the three F. prausnitzii strains before and after the co-culture with
Caco-2 cells in the apical anaerobic co-culture model. Additionally, a paired t-test was
conducted to compare the viability of the three F. prausnitzii strains before and after the
incubation in 50% BHI. For all the analyses the model assumptions (e.g. normal

distribution and the homogeneity of variance) was evaluated using the Output Delivery
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System (ODS) graphics in SAS. When the response variable did not fulfil these
assumptions a logio transformation was performed to reach these assumptions. Using cell
lines such as Caco-2 has the limitation that there is no biological independence between the
replicates because all cells have the same origin. However, applying the different
treatments to the cells induces changes on the cell populations and therefore variation. For
this reason, each cell monolayer seeded into one Transwell insert was used as a replicate
which was independent for this experimental purpose but not biologically independent. For
the method development described in this chapter the number of independent replicates
was three (n = 3) if not otherwise stated. For experiments that were performed in several
runs a complete randomised block design was firstly performed with the run (or
experimental day) as a random effect. There was no effect of the run for any of the tested

variables, consequently the random effect was removed from the model.

2.4. RESULTS

2.4.1. 16S rRNA gene sequencing

The identities of the three F. prausnitzii strains were confirmed using 16S rRNA gene
sequencing. The 16S rRNA gene sequences were compared with known bacterial
sequences in the NCBI nucleotide collection database. The trace of F. prausnitzii A2-165
showed the highest sequence identity with the sequence of ‘Butyrate-producing bacterium
A2-165 16S rRNA gene’ (99%). The trace of F. prausnitzii ATCC 27768 produced an
alignment with the sequence of ‘F. prausnitzii strain ATCC 27768 16S rRNA, partial
sequence’ with a sequence identity of 99%. An alignment for the sequence of F. prausnitzii
HTF-F was produced with the sequence of ‘F. prausnitzii strain HTF-F 16S rRNA gene,

partial sequence’ with a sequence identity of 99%. Therefore the identities of the strains
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were confirmed. When comparing the 16S rRNA gene sequences of the three strains with
each other, a sequence identity of 98% was determined. The 16S rRNA gene sequences of
F. prausnitzii A2-165 and F. prausnitzii HTF-F showed 97% similarity to the 16S rRNA

gene sequences of the type strain F. prausnitzii ATCC 27768 (AJ413954).

2.4.2. Gram staining

The cellular morphology of the three F. prausnitzii strains was determined by Gram
staining. Figure 2.3 shows the light micrographs (100-fold magnification) of the F.
prausnitzii strains. These micrographs demonstrate the morphological differences between
the three Gram-negative bacterial strains. The cells of F. prausnitzii A2-165 (Figure 2.3A)
were straight and occurred singly, in pairs or in long chains. In contrast, the cells of F.
prausnitzii ATCC 27768 (Figure 2.3B) and F. prausnitzii HTF-F (Figure 2.3C) were
curved. F. prausnitzii ATCC 27768 occurred mainly singly or in pairs, whereas F.

prausnitzii HTF-F formed longer chains.

2.4.3. Growth curves

Growth curves of the three F. prausnitzii strains in anaerobic BHI broth in sealed Hungate
culture tubes at 37°C for 38 h were completed (Figure 2.4). F. prausnitzii A2-165 and F.
prausnitzii ATCC 27768 reached stationary phase after 14 h of incubation and F.
prausnitzii HTF-F after 26 h. However, for logistic reasons during setting up the
experiments (i.e. subculture bacteria at night), F. prausnitzii A2-165 and F. prausnitzii
ATCC 27768 were used at 20 h of incubation when the bacteria were still in the stationary
phase of growth. Therefore, for the experiments described in the following sections

secondary cultures of the three F. prausnitzii strains at stationary phase were used after
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Figure 2.3 Gram staining of the three F. prausnitzii strains.

The light micrographs (100-fold magnification) show the three F. prausnitzii strains after Gram
staining to illustrate the differences in their morphology. A: F. prausnitzii A2-165 (DSM 17677);
B: F. prausnitzii ATCC 27768; C: F. prausnitzii HTF-F (DSM 26943).
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Figure 2.4 Growth curves for the three F. prausnitzii strains in BHI broth.
The graph shows for each of the three F. prausnitzii strains (A2-165, ATCC 27768 and HTF-F) the
mean (+ standard error of the mean (SEM); n = 3) ODsoonm Over time. The bacterial strains were

cultured in anaerobic BHI broth in Hungate culture tubes sealed with butyl rubber stoppers at 37°C.
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growing for 20 h (F. prausnitzii A2-165 and F. prausnitzii ATCC 27768) and 26 h (F.

prausnitzii HTF-F).

2.4.4. Viability of the F. prausnitzii strains in cell culture medium

The growth of the three F. prausnitzii strains in the anaerobic cell culture medium
M199+NEAA at 37°C was determined. FBS was not added to M199 as it was previously
shown that supplementation of cell culture medium with FBS led to bacterial overgrowth
causing M199 to become too acidic for the Caco-2 cells. Furthermore, no antibiotics were
added to M199 to allow bacterial growth when co-cultured with Caco-2 cells. The absolute
ODegoonm values are shown in Figure 2.5A. However, due to the different starting ODgoonm
values for the three F. prausnitzii strains, the statistical analysis was performed after
normalising by the ODsoonm at time 0 h. None of the strains showed the ability to grow in
this medium over the period of 24 h of incubation as shown by the change in the ODgoonm
graph (Figure 2.5B). There were no significant differences in the change of the ODgoonm
until 8 h of incubation for each of the three strains. However, after 24 h of incubation, all
three strains showed a decrease in the ODgsoonm compared to the previous time points (0 to 8

h; P < 0.05).

2.4.5. Viability of the F. prausnitzii strains in cell culture medium supplemented
with acetate

The first approach to optimise the growth conditions of the F. prausnitzii strains in the co-

culture model was to supplement anaerobic cell culture medium with acetate, a compound

known to stimulate the growth of F. prausnitzii [178,187]. The bacteria were either

resuspended in filter sterilised anaerobic M199+NEAA supplemented with 33 mM acetate

(referred to as acetate) or in anaerobic MI199+NEAA (referred to as control). The
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Figure 2.5 ODgoonm (A) and normalised change in ODegoonm (%) (B) of the three F.
prausnitzii strains in anaerobic cell culture medium.

The three F. prausnitzii strains (A2-165, ATCC 27768 and HTF-F) in stationary phase were
resuspended in anaerobic M199+NEAA, incubated at 37°C and the ODsoonm Was measured over 24
h. Graphs show (A) the mean (+ SEM; n = 3) ODgsoonm for each of the three F. prausnitzii strains
over 24 h and (B) the mean values (+ SEM; n = 3) after normalising by the ODeoonm at time 0 h.
The normalised change in ODsoonm Was used for the statistical analysis because of the different
starting ODsoonm. The time point with the sign * for each curve differs significantly to previous time

points at P < 0.05.
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concentration of acetate was chosen as it represents the concentration used to prepare the
YCFAG medium. The growth of the bacterial strains was determined by measuring the

ODsoonm at 2 h intervals over 8 h and in addition after 24 h.

Figure 2.6 shows the ODsoonm values of the three F. prausnitzii strains in acetate and
control media over 24 h. However, due to the different starting ODsoonm values the
statistical analysis was performed after normalising by the ODsoonm at 0 h for each strain in
each medium as shown in Figure 2.7. There was a significant interaction between the
strain, time and medium (P < 0.001). For F. prausnitzii ATCC 27768, there was a higher
drop in the ODsoonm after 8 h for acetate compared to the control media (P < 0.05).
However, there was no difference in the change in ODsoonm between the control and acetate
media for F. prausnitzii A2-165 and HTF-F at any time point (P > 0.05). Overall, the
supplementation did not improve the viability of the F. prausnitzii strains, all three strains
showed a decrease in the ODgoonm Over the incubation time in both acetate and control

media.

2.4.6. Supplementation of cell culture medium with bacterial culture medium

The supplementation of the cell culture medium with acetate did not improve the viability
of the F. prausnitzii strains, as shown in the previous section (2.4.5). Therefore, the next
approach for the growth optimisation was to supplement cell culture medium (M199) with
bacterial culture medium (BHI). Studies were conducted to test the effect of different
M199-BHI ratios on the viability of the bacteria, and the TEER and viability of the Caco-2

cell monolayers.
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Figure 2.6 ODgoonm of the three F. prausnitzii strains in anaerobic M199+NEAA with or

without acetate supplementation.

Secondary cultures of the three F. prausnitzii strains ((A) A2-165, (B) ATCC 27768 and (C) HTF-
F) in stationary phase were resuspended in anaerobic M199+NEAA or anaerobic M199+NEAA
supplemented with 33 mM acetate (M199+A), incubated at 37°C and the ODsoonm Was measured
over 24 h. The graph shows for each of the three F. prausnitzii strains the mean (= SEM; n = 3)
ODsoonm over time. Due to the different starting ODgoonm values the statistical analysis was

performed after normalising by the ODsoonm at 0 h for each strain in each medium (Figure 2.7).
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Figure 2.7 Normalised change in ODsoonm (%) of the three F. prausnitzii strains in
anaerobic M199+NEAA with or without acetate supplementation.

The three F. prausnitzii strains ((A) A2-165, (B) ATCC 27768 and (C) HTF-F) in stationary phase
were resuspended in anaerobic M199+NEAA or anaerobic M199+NEAA supplemented with 33
mM acetate (M199+A), incubated at 37°C and the ODgoonm Was measured over 24 h. The mean
values (= SEM; n = 3) were obtained after normalising by the ODsoonm at 0 h for each strain in each
medium. There was a significant interaction between the strain, time and medium (P < 0.001).
* Mean ODgoonm values for each F. prausnitzii strain differ between acetate and control media for

this time point at P < 0.05.
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2.4.6.1. Effect of ratios of cell and bacterial culture medium on TEER and viability of

Caco-2 cells in conventional conditions

It was previously shown that de Man, Rogosa and Sharpe broth, a bacterial culture
medium used for the cultivation of lactobacilli [273], had detrimental effects on TEER
across Caco-2 monolayers (Dr Rachel Anderson, personal communication). Therefore, it
was important to first test the effect of mixtures of cell culture medium and BHI on TEER
and the viability of Caco-2 cell monolayers. As a first step the viability of the Caco-2 cells
exposed to M199+NEAA (i.e. 0% BHI) and 100% BHI in conventional conditions (5%
CO; in air atmosphere) was determined after 12 h of incubation using the trypan blue
viability test. There was no significant difference between the viability of Caco-2 cell

monolayers treated with 0 and 100% BHI (P = 0.22) as shown in Figure 2.8.

In addition, the effect of mixtures of M199+NEAA and BHI in different ratios on TEER
across Caco-2 cell monolayers was tested in conventional conditions over 12 h. Figure
2.9A shows the absolute TEER values. The initial TEER values were in the range from
approximately 1200 to 2100 Q.cm?. Following the initial drop in TEER after adding the
treatments, with values ranging from 650 to 1100 Q.cm?, the TEER values recovered and
plateaued with values between approximately 1100 and 1600 Q.cm’ after 13 h of
incubation. Because of the different starting TEER values the statistical analysis was
performed after normalising by the values at 0 h for each medium as shown in Figure 2.9B.
There was a significant interaction between the time and the BHI concentration on the
change in TEER (P < 0.001). The Caco-2 monolayers treated with the 100% M199+NEAA
or 100% BHI media had the lowest normalised TEER values across all time points (P <
0.05). In contrast, cells treated with 20 or 60% BHI had the highest normalised TEER

values across all time points.
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Figure 2.8 Viability of Caco-2 cells exposed to cell and bacterial culture medium in
conventional conditions (5% CO; in air atmosphere).

Graph shows the viability of Caco-2 cells after 12 h of incubation with 0 and 100% BHI (mean =+
SEM; n = 3) determined with the trypan blue viability test. There was no difference between the
viability of Caco-2 cells treated with 0 and 100% BHI (P = 0.22).
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Figure 2.9 TEER across Caco-2 cell monolayers exposed to mixtures of cell and bacterial

culture medium in conventional conditions (5% CO; in air atmosphere).

Caco-2 cell monolayers were exposed on the apical side to M199+NEAA supplemented with 0, 20,
40, 60, 80 and 100% BHI. Graphs show (A) the mean (= SEM; n = 3) TEER across Caco-2 cell

monolayers over 13 h and (B) the mean (£ SEM; n =

3) change in TEER over 13 h after

normalising by the TEER at 0 h for each medium. Due to the different starting TEER values the

statistical analysis was performed using the normalised data. There was a significant interaction

between the time and the BHI concentration on the change in TEER (P < 0.001). Treatments that

do not share the same letters are significantly different (P < 0.05).
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2.4.6.2. Effect of ratios of cell and bacterial culture medium on TEER and viability of

Caco-2 cells in the apical anaerobic co-culture model

The above described experiment was repeated in apical anaerobic conditions (co-culture
chamber inside the anaerobic workstation). For this experiment anaerobic M199 TEER
(M199 plus NEAAs and FBS) was used instead of anaerobic M199+NEAA. Previous
experiments co-culturing bacteria with Caco-2 cells showed that the addition of FBS led to
bacterial overgrowth causing the cell culture medium to become too acidic for Caco-2
cells. The experiments were therefore performed without the addition of FBS to the cell
culture medium [112,113,274]. However, the bacteria used in those studies were fast
growing, lactic acid producing facultative anaerobic lactobacilli [112,113,274]. F.
prausnitzii is a slow growing bacteria, thus it was decided to supplement M199 in addition
to NEAAs further with FBS (M199 TEER). Anaerobic M199 TEER was then mixed with

anaerobic BHI in different ratios (0, 25, 50, 75 and 100% BHI).

The viability of the Caco-2 cell monolayers treated with the different mixtures of cell and
bacterial culture medium over 12 h was determined using the neutral red viability assay.
As shown in Figure 2.10, there was no significant difference (P = 0.07) between the
viability of Caco-2 cell monolayers treated with 0, 25, 50, 75 and 100% BHI in the apical
anaerobic co-culture model. Therefore, the BHI concentration had no effect on the viability

of the Caco-2 cells.

Additionally, the effect of the different M199 TEER-BHI mixtures on TEER of Caco-2
monolayers in apical anaerobic conditions was tested over 12 h. The absolute TEER values
are shown in Figure 2.11A. The starting TEER values were in the approximate range of
1300 to 1500 Q.cm? for all treatments. After adding the treatments, the TEER values

dropped to 630 Q.cm? for cells treated with M199 TEER (i.e. 0% BHI) and to values
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Figure 2.10 Viability of Caco-2 cells exposed to mixtures of cell and bacterial culture
medium in the apical anaerobic co-culture model.

Caco-2 cell monolayers were exposed on the apical side to anaerobic M199 TEER supplemented
with 0, 25, 50, 75 and 100% of anaerobic BHI. This graph shows the viability (mean = SEM; n =
20) of Caco-2 cells after 12 h of incubation with the treatments. Neutral red absorbance was
normalised by adjusting the control cells (treated with 0% BHI, i.e. M199 TEER) to 1. No
differences between treatments were determined for the viability of the Caco-2 cells exposed to the

different ratios of M199 TEER and BHI (P = 0.07).
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Figure 2.11 TEER across Caco-2 cell monolayers exposed to mixtures of cell and bacterial
culture medium in the apical anaerobic co-culture model.

Caco-2 cell monolayers were exposed on the apical side to anaerobic M199 TEER supplemented
with 0, 25, 50, 75 and 100% of anaerobic BHI. Graphs show (A) the mean (+ SEM; n = 20) TEER
across Caco-2 cell monolayers over 12 h and (B) the mean (= SEM; n = 20) change in TEER across
Caco-2 cell monolayers over 12 h after normalising by the TEER at 0 h for each medium. The
statistical analysis was performed using the normalised data because of the different starting TEER
values. There was a significant interaction between the time and the BHI concentration on the

change in TEER (P < 0.01). Treatments that do not share the same letters are significantly different
(P <0.05).
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between 100 and 220 Q.cm? for the cells treated with 25, 50, 75 and 100% BHI. Following
the initial drop in TEER, the cells recovered and TEER values plateaued at approximately

600, 400, 300, 200 and 200 Q.cm? for 0, 25, 50, 75 and 100% BHI, respectively.

Due to the different starting TEER values the statistical analysis was performed after
normalising by the TEER at 0 h for each medium as shown in Figure 2.11B. There was a
significant interaction between the time and the BHI concentration on the change in TEER
(P < 0.01). When treated with 25% BHI, the normalised TEER across Caco-2 cell
monolayers was significantly lower at one hour after adding the treatments compared to
0% BHI, however after that time point onwards there was no difference between 0 and
25% BHI. Caco-2 cell monolayers treated with 50% BHI showed no difference to Caco-2
cells treated with 0% BHI across all time points. In contrast, when 75 or 100% BHI were
added to the apical side of Caco-2 cell monolayers, the normalised TEER values were
significantly lower compared to cells treated with 0% BHI across all time points (P <

0.05).

2.4.6.3. Viability of the F. prausnitzii strains in a mixture of cell and bacterial culture

medium

Based on the results of the previous section, the viability of the F. prausnitzii strains was
tested using the anaerobic M199 TEER: BHI ratio (1:1), which was referred to as 50%
BHI. The results of the ODsoonm measurements (Figure 2.12A) showed that all of the three
bacterial strains had increased in numbers after 2 h of incubation compared to time 0 and
from then continued to grow (P < 0.001). In addition to the ODsoonm measurements, the
CFUs of the three F. prausnitzii strains were determined before and after the incubation in
50% BHI over 12 h (Figure 2.12B). The number of CFUs of F. prausnitzii A2-165

increased by 1.7 logs after the 12 h of incubation (P < 0.001), while the other two strains
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Figure 2.12 Viability of the three F. prausnitzii strains in cell culture medium
supplemented with bacterial culture medium.

The three F. prausnitzii strains (A2-165, ATCC 27768 and HTF-F) in stationary phase were
resuspended in anaerobic M199 TEER: BHI (1:1) (referred to as 50% BHI) and incubated
anaerobically at 37°C. (A) Normalised and logo transformed mean (= SEM, n = 3) ODeoonm Over 24
h of the three F. prausnitzii strains grown in 50% BHI. The statistical analysis was performed after
normalising by the ODsoonm at time 0 h due to the different starting ODgoonm values for the three F.
prausnitzii strains. Treatments that do not share the same letters are significantly different (P <
0.05). (B) Mean (+ SEM; n = 3) logio(CFU/mL) of the three F. prausnitzii strains before and after
12 h of incubation in 50% BHI. * Mean logo(CFU/mL) differ between 0 and 12 h at P < 0.05. A

logio transformation was required to fulfil the model assumptions.
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showed no significant differences between the CFUs before and after 12 h of incubation in

50% BHI.

2.4.6.4. Viability of the F. prausnitzii strains in the apical anaerobic co-culture model

using mixtures of cell and bacterial culture media

The three F. prausnitzii strains were co-cultured with differentiated Caco-2 cell
monolayers in the apical anaerobic co-culture model using M199 TEER supplemented
with 25 or 50% BHI medium on the apical side of the cell monolayers. These medium
compositions were chosen as they did not compromise the TEER and viability of the Caco-
2 cell monolayers. The viability of the bacterial strains was determined by comparing the
CFU before and after 12 h of co-culture with Caco-2 cells. No bacteria were able to be
cultured from the Caco-2 cell lysate, therefore indicating that none of the three strains
adhered to the Caco-2 cells. When 25% BHI was used at the apical side of the Caco-2 cell
monolayer none of the three F. prausnitzii strains had an increase in CFUs (Figure 2.13).
The number of CFUs of both F. prausnitzii A2-165 and F. prausnitzii ATCC 27768
increased by 0.8 log after the 12 h of incubation (P < 0.05) when 50% BHI was used as the
apical culture medium. However, there was no significant difference in CFUs of F.
prausnitzii HTF-F at 0 and 12 h of co-culture with Caco-2 cells when 50% BHI was used

as the apical culture medium.

2.5. DISCUSSION

The results reported in this thesis chapter demonstrate that F. prausnitzii A2-165 and F.
prausnitziit ATCC 27768 were able to grow in the apical anaerobic co-culture model when
the apical anaerobic cell culture medium was supplemented with 50% bacterial culture

medium (BHI). This is in accordance with the hypothesis of the research described in this
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Figure 2.13 Viability of the three F. prausnitzii strains in the apical anaerobic co-culture
model with Caco-2 cells.

The three F. prausnitzii strains (A2-165, ATCC 27768 and HTF-F) were co-cultured with Caco-2
cells using two different media on the apical side of the Caco-2 cell monolayer (25 and 50% BHI).
The graph shows the mean (= SEM; n =4 and 8 for time 0 and 12 h, respectively) logio(CFU/mL)
of the bacteria at 0 and 12 h of incubation with Caco-2 cells in the co-culture model. Mean
logio(CFU/mL) differ between 0 and 12 h at * P < 0.05 and ** P <0.01. A logjo transformation was
required to fulfil the model assumptions. The bacterial treatments were added to three inserts with
Caco-2 cells, however, several cell monolayers were disrupted after the 12 h of incubation. For

these reasons the number of observations differed between time 0 and 12 h.
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thesis chapter. The first approach of supplementing the apical medium using acetate did
not enable growth of the three F. prausnitzii strains. However, the second approach,
supplementation of the apical medium with 50% of bacterial culture medium, resulted in
an increase in CFU for F. prausnitzii A2-165 and F. prausnitzii ATCC 27768 after 12 h of
incubation when co-cultured with Caco-2 cells in the apical anaerobic co-culture model.
The supplementation of the apical cell culture medium with 50% bacterial culture medium

did not compromise the viability and barrier integrity of the Caco-2 cell monolayers.

It is a well-established method for bacterial-mammalian cell co-culture experiments to
harvest bacterial cells by centrifugation and then resuspend the bacteria in mammalian cell
culture media [19,274,275]. Studies have shown that there was no difference in the
viability for strains of E. coli, S. typhimurium and Lactobacillus fructosus in mammalian
and bacterial culture medium [275]. However, in this study none of the three F. prausnitzii
strains (A2-165, ATCC 27768 and HTF-F) showed growth in the anaerobic mammalian
cell culture medium M199+NEAA over 24 h. Hence, it was necessary to supplement the
apical mammalian cell culture medium with compounds known to stimulate the growth of
F. prausnitzii in order to enable growth of the three F. prausnitzii strains in the apical

anaerobic co-culture model.

Acetate, a SCFA produced by many bacteria of the GI microbiota, is known to be a
substrate required for the growth of F. prausnitzii [178,187]. However, in this study, the
supplementation of M199+NEAA with acetate did not result in an improved growth of F.
prausnitzii. One of the three F. prausnitzii strains (ATCC 27768) even showed a lower
ODsoonm value after 8 h of incubation. In this study, the mammalian cell culture medium
M199+NEAA was supplemented with acetate. However, the studies showing growth

stimulation of F. prausnitzii by acetate were conducted by supplementing bacterial culture
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medium with acetate [178]. Acetate may therefore improve growth but may not be

sufficient to induce growth.

The nutrient concentration of the M199 medium may be too low for F. prausnitzii and it
may also lack important substrates required for its growth. For example, F. prausnitzii A2-
165 did not grow without the addition of yeast extract to the bacterial culture medium
YCFAG [178]. Furthermore, iron is essential for bacterial growth [276]. Bacterial culture
media often contain haemin as iron source [19,178,277]. Most likely this is a more suitable
iron source for F. prausnitzii compared to the ferric nitrate, the only iron source of the cell
culture medium M199. Bacteria have developed haem acquisition systems to obtain iron
from host haem-sequestering proteins [278]. In addition, bacterial culture media often
contain vitamin Kj [277,279] which bacteria convert into vitamin K> required for electron
transport processes during anaerobic respiration [280]. M199 only contains vitamin Kj
(menadione), a synthetic type of vitamin K, which is a provitamin that requires conversion
to menaquinone-4 in order to be active [281]. The bioavailability of vitamin Kz may

therefore be lower for F. prausnitzii compared to other vitamin K sources.

F. prausnitzii may require complex media to grow. A recent study used a combined
approach of computational modelling, in vitro experiments, metabolomic analysis and
genomic analysis to identify the metabolic capabilities of F. prausnitzii A2-165 and to
develop a chemically defined medium for this bacterium [282]. Interestingly, this study
reports that this medium did not enable growth of F. prausnitzii A2-165 [282]. When using
an improved version of the medium, enriched with additional vitamins, amino acids, and
bases, F. prausnitzii A2-165 growth was still poorer than on YCFAG [282]. Together with
the results obtained here, it was hypothesised that F. prausnitzii has a requirement for

complex media containing for example yeast extract. Consequently, for the second
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approach to enable growth of the F. prausnitzii strains in the co-culture model it was
decided to supplement cell culture medium with a complex bacterial culture medium

(BHI).

In apical anaerobic conditions (co-culture chamber inside the anaerobic workstation)
TEER of the Caco-2 cells treated with 50% BHI reached a plateau of approximately 300
Q.cm’ following the initial drop in TEER. The TEER of human colon tissues has been
reported to be in the range of approximately 100 to 300 Q.cm? [283,284]. Therefore, the
Caco-2 cell monolayers treated with this mixture of bacterial and cell culture medium had
TEER values that resembled more those reported in vivo than TEER of Caco-2 cells treated
with pure cell culture medium. These Caco-2 cell monolayers had TEER values which

plateaued at approximately 600 Q.cm?.

The drop in TEER after the first measurement in anaerobic conditions is caused by
replacing the apical medium with the treatments, which is normal for all TEER assays.
However, when performing TEER assays using the apical anaerobic co-culture model, the
Caco-2 cell monolayers are further influenced when the inserts are transferred into the co-
culture chamber. Furthermore, the cells are exposed to an apical anaerobic environment.
These factors may contribute to the higher initial drop in TEER in apical anaerobic
compared to aerobic conditions. Future experiments should therefore be performed using
two baseline TEER measurements instead of one, to allow the adaptation of the Caco-2

cell monolayers to the apical anaerobic environment before adding the treatments.

The lower TEER values of Caco-2 cells exposed to 75 and 100% BHI in anaerobic
conditions, but not in aerobic conditions, may be due to structural changes of molecules of
the components of BHI. Previous studies determined an altered functionality of the

antimicrobial peptide human B-defensin 1 (hBD-1) in a reducing environment compared to
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aerobic conditions [285]. The reduction of disulphide bonds of hBD-1 increased the
antibiotic killing activity which was suggested to depend on the free cysteins in the
reduced hBD-1. Also, milk ingredients had different effects on TEER when added to Caco-
2 cells in conventional or apical anaerobic conditions [286]. BHI is produced by boiling
cow or porcine hearts and brains which releases soluble factors into the broth resulting in a
very complex and undefined culture medium. It is therefore possible that some of its
components undergo structural changes in the absence of oxygen which in turn may cause
the disruption of the TJs connecting the Caco-2 cells only in an anaerobic environment.
For example, proteins which are denatured due to the boiling of the brains and hearts and
autoclaving of the BHI media, may contain reduced disulphide bonds due to the absence of
oxygen and may therefore have altered functionality in apical anaerobic conditions
compared to conventional conditions. Remarkably, both in conventional and apical
anaerobic conditions the viability of the Caco-2 cells was not affected by the BHI

concentrations.

The presence of the Caco-2 cells may have stimulated the growth of the F. prausnitzii
strains since two of the strains (A2-165 and ATCC 27768) were growing when co-cultured
with Caco-2 cells using 50% BHI but only one strain (A2-165) increased in CFU when
grown alone in the same medium. Caco-2 secreted mucins may be part of the mechanism
causing the enhanced growth of F. prausnitzii A2-165 and ATCC 27768 in co-culture with
Caco-2 cells. Though Caco-2 cells do not express mucin-2, the predominant mucin in the
GI tract, they have been shown to express MUC3 and MUC5A/C [287,288]. Similar to the
currently described work, Caco-2 cells were shown to promote growth and metabolism of

F. prausnitzii A2-165 in studies using a simple dual-environment co-culture model [252].
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The authors hypothesised that Caco-2 secreted mucin may contribute to this effect because

exogenously added porcine mucin also stimulated F. prausnitzii growth.

Furthermore, F. prausnitzii may benefit from the oxygen gradient close to the Caco-2 cell
monolayer. F. prausnitzii uses an extracellular electron shuttle of flavins and thiols to
transfer electrons to oxygen [188]. Small amounts of oxygen may diffuse from the aerobic
basal compartment of the apical anaerobic co-culture model through the Caco-2 cell
monolayer to the apical side. The F. prausnitzii strains may be able to use riboflavin, one
component of M199, for its extracellular electron transfer which may benefit growth at this

oxic-anoxic interphase [187].

In future experiments a longer incubation time could be tested for the co-culture of F.
prausnitzii HTF-F with Caco-2 cells. Whereas F. prausnitzii A2-165 and ATCC 27768
were growing in co-culture with Caco-2 cells when 50% BHI was used as apical medium,
F. prausnitzii HTF-F did not increase in CFU. In general, this strain was slower growing
compared to the other strains. The 12 h incubation with the Caco-2 cells in the apical
anaerobic co-culture model may have been too short to enable growth of F. prausnitzii
HTF-F. Before performing experiments with more than 12 h of incubation, further
validation studies would be necessary to ensure survival and barrier integrity of the Caco-2
cells as the validation studies for the co-culture model were performed for 12 h. When
M199 TEER was supplemented with 25% BHI none of the three F. prausnitzii strains grew
within the 12 h of incubation. This medium composition may not have a sufficient

concentration of nutrients required for the growth of these strains.

Based on the results of this thesis chapter, cell culture medium (M199 TEER)
supplemented with 50% BHI was chosen for the co-culture experiments presented in the

next chapter to test the effects of the three F. prausnitzii strains on intestinal barrier

113



Chapter Two: F. prausnitzii strain characterisation and growth optimisation

integrity. This media composition was chosen because it did not compromise Caco-2 cell
viability and barrier integrity, and enabled growth of two of the F. prausnitzii strains (A2-

165 and ATCC 27768).
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CHAPTER THREE:

Effect of F. prausnitzii on intestinal barrier function’

" Selected material from this section combined with sections from Chapter 2 will be
submitted for publication to the journal Nutrients.
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3.1. INTRODUCTION

In addition to the absorption of nutrients, the intestinal epithelium acts as a barrier between
the lumen and underlying tissues [4]. Appropriate intestinal barrier function is crucial to
prevent the entry of bacteria and food antigens from the lumen into underlying tissues [77].
Various inflammatory GI diseases, for example IBD or celiac disease, have been linked to
an impaired epithelial barrier [77]. In addition, these diseases have been associated with a
dysbiosis of the resident microbiota [289]. For example, F. prausnitzii, an abundant
obligate anaerobe within the human microbiota [178,180], is reduced in people with GI
diseases [10-16,194]. It has therefore been hypothesised that F. prausnitzii plays an
important role in maintaining homeostasis in the GI tract [11,14]. Nevertheless, the
mechanisms behind the beneficial effects of F. prausnitzii are only partially understood.
This is, at least in part, due to the difficulty of performing in vitro studies to investigate the
effects of obligate anaerobes on human oxygen requiring cells using conventional co-

culture models.

Previous studies at AgResearch used the novel apical anaerobic co-culture model which
overcomes the above mentioned limitation, to determine the effect of F. prausnitzii A2-165
(DSM 17677) on intestinal barrier function [19]. Under the test conditions neither live nor
UV-killed F. prausnitzii A2-165 altered the barrier integrity of the Caco-2 monolayers. In
addition, live but not UV-killed F. prausnitzii A2-165 increased small molecule
permeability of Caco-2 cells and could in this respect be considered detrimental [19]. In
contrast, F. prausnitzii improved barrier integrity in mice with DSS-induced colitis; culture
supernatant alleviated the increase in paracellular permeability caused by DSS [214]. This
discrepancy may be due to the limitations of the co-culture model used by Ulluwishewa et

al. [19]. Even though the viability of F. prausnitzii A2-165 was improved compared to
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when grown in conventional conditions (5% CO; in air atmosphere), the bacterial cell
numbers were still reduced after 8 h of co-culture with Caco-2 cells in the new model.
Growing and metabolically active bacteria may exert differential and more profound
effects on the barrier integrity of Caco-2 cells compared to dead bacteria as differing

responses of mammalian host cells to the same bacterium in different growth phases were

shown [290].

3.2. HYPOTHESIS AND AIMS

The main hypothesis of this research chapter was that strains of live and growing F.
prausnitzii (A2-165, ATCC 27768 and HTF-F) co-cultured with IEC monolayers increase
the barrier integrity of these cells. A secondary hypothesis was that live F. prausnitzii

mitigates the TNF-a-induced decrease in barrier integrity of the IEC monolayers.

The first aim was to determine whether the effects of the three F. prausnitzii strains on
TEER, a measure of barrier integrity, across healthy Caco-2 monolayers, a model of IECs,
were altered when using an apical medium that enabled growth (50% BHI) or not (25%
BHI). The second aim was to assess whether live F. prausnitzii were able to lessen the
TNF-a-induced decrease in TEER across Caco-2 monolayers in the apical anaerobic co-

culture model.

3.3. METHODS

3.3.1. Culture of F. prausnitzii

Primary broth cultures of the three F. prausnitzii strains (Table 2.1) were prepared by
inoculating 10 mL of anaerobic BHI broth (section 2.3.2.2) in Hungate culture tubes with

50 uL (F. prausnitzii A2-165 and ATCC 27768) or 100 uL (F. prausnitzii HTF-F) of
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frozen cultures inside the anaerobic workstation (Concept Plus, Ruskinn Technology Ltd,
Bridgend, UK). The primary cultures were incubated for 24 h (F. prausnitzii A2-165 and
ATCC 27768) or 48 h (F. prausnitzii HTF-F). After this incubation, secondary cultures
were prepared by subculturing 200 pL of primary cultures into 10 mL of anaerobic BHI
broth. The secondary cultures were incubated for 20 h (F. prausnitzii A2-165 and ATCC
27768) and 26 h (F. prausnitzii HTF-F) in order to obtain bacteria in the stationary phase
of growth. For the co-culture with Caco-2 cells secondary cultures in stationary phase were

used.

3.3.2. Caco-2 cell culture

Caco-2 cells were maintained and subcultured as described in sections 2.3.8.1 and 2.3.8.2.
For the co-culture experiments the Caco-2 cells were seeded on semipermeable membranes
of Transwell inserts as described in 2.3.8.6 and cultured for 16 to 18 days prior to each
experiment in order to attain a differentiated monolayer. The day before the co-culture
experiments the TEER across Caco-2 monolayers was determined using an EndOhm
TEER cup (World Precision Instruments, USA) connected to an EVOM voltohmmeter
(World Precision Instruments) as described in 2.3.8.7 to assess if the Caco-2 cells formed a
differentiated monolayer. Only Caco-2 monolayers with a TEER over 400 Q.cm® were
chosen for the co-culture experiments in order to use only fully differentiated monolayers.
The average TEER across Caco-2 monolayers used for the co-culture experiments was
approximately 1200 Q.cm?. One day before the experiments the apical and basal M199 Std
(Table 2.6) was replaced with M199 TEER in order to remove the antibiotics before co-

culturing the cells with bacteria.

118



Chapter Three: Barrier function assays

3.3.3. Trans-epithelial electrical resistance assay using different apical media

Differentiated Caco-2 monolayers were co-cultured with F. prausnitzii (strains A2-165,
ATCC 27768 and HTF-F) in the apical anaerobic co-culture model using 25 and 50% BHI
as apical medium and the effect of the bacteria on TEER was assessed. These apical media
were chosen as one of them enabled growth of F. prausnitzii A2-165 and ATCC 27768 in
co-culture with Caco-2 cells (50% BHI) whereas the other medium did not enable growth
of any of the three strains (25% BHI) as shown in Chapter 2. It could therefore be
determined if TEER across Caco-2 monolayers differed when co-cultured with growing or

non-growing bacteria.

The co-culture chamber was assembled inside a biosafety cabinet. All solutions used for
the preparation of the anaerobic treatments were placed inside the anaerobic workstation
with opened lids overnight in order to remove the oxygen. For the TEER assay the co-
culture chamber was prepared as described in section 2.3.9.1. After inserting the Transwell
inserts containing the differentiated Caco-2 monolayers into the co-culture chamber, the
chamber was transferred into the anaerobic workstation and connected to a laptop using the
Nanoanalytics controller as described in 2.3.9.1. The TEER across the Caco-2 monolayers
in all wells of the co-culture chamber was measured once to attain a baseline TEER

reading before stopping the software and adding the treatments.

Secondary cultures of the three F. prausnitzii strains in stationary phase prepared as
described in 3.3.1 were harvested and diluted with 25 and 50% BHI as described in 2.3.13.
After completing one round of baseline TEER measurements the apical medium was
replaced with 260 pL of the anaerobic treatment solutions. The eight anaerobic treatment
solutions were the two control media (25 and 50% BHI) and the three F. prausnitzii strains

diluted with the two different media. The TEER measurements were resumed and TEER
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was recorded hourly over 12 h. The treatments were added in triplicate and the experiment

was repeated 5 times (total n = 15).

3.3.4. Trans-epithelial electrical resistance assay with TNF-a-treated Caco-2 cells

The effect of the F. prausnitzii strains on TEER across healthy or TNF-a-treated Caco-2
monolayers in the apical anaerobic co-culture model was determined. This pro-
inflammatory cytokine is known to decrease TEER [119]. The aim was to determine if the
co-culture of Caco-2 cells with F. prausnitzii mitigates the TEER decreasing effect of
TNF-a. This experiment was performed in two sets, using 50% BHI as apical medium for

the first set and M 199 TEER for the second set.

The effect of both live and UV-killed F. prausnitzii on TEER across healthy and TNF-a-
treated Caco-2 monolayers was determined. The bacterial treatment solutions of the three
F. prausnitzii strains were prepared for the co-culture experiments as described in 2.3.13.
A 2 mL aliquot was removed from each bacterial solution, added to wells of a 6-well plate
and placed with open lid on ice under a UV lamp (UVP 3UV-38, Bio-Strategy LTD,
Auckland, New Zealand). The bacteria were exposed for 15 min to UVC light. The UV-
treated bacteria were plated on anaerobic BHI agar plates to confirm that the bacteria were

dead.

The TEER assays were prepared as described in the previous section (3.3.3), however
using two co-culture chambers. Furthermore, before stopping the software and adding the
treatments, the TEER across the Caco-2 monolayers in all wells of the co-culture chamber
was measured twice instead of once as described above, in order to allow the cells to adapt
to the apical anaerobic conditions. After finishing the baseline TEER measurements, the

measurements were stopped. A Hamilton syringe was disinfected by flushing several times
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with 70% ethanol and then rinsing thoroughly with sterile distilled water. This syringe was
used to inject 60 uL of TNF-a (5 pg/mL; Sigma-Aldrich, Auckland, New Zealand) through
the septa into the basal compartment of each well of one of the co-culture chambers. This
resulted in a TNF-a concentration of 100 ng/mL in the basal compartments. For the second
co-culture chamber 60 pL of aerobic M199 TEER were injected into the basal

compartments as a control.

The apical medium was removed from the Caco-2 monolayers and replaced with 260 pL
of the anaerobic treatment solutions. The seven anaerobic treatment solutions were the
control medium (50% BHI for the first set of TEER experiments and M199 TEER for the
second set), and live and UV-killed F. prausnitzii (strains A2-165, ATCC 27768 and HTF-
F, diluted with the respective medium). The apical treatments were the same for both of the
co-culture chambers in order to test the effects of the treatments on healthy and TNF-a-
treated Caco-2 cells. After the treatments were added, the TEER measurements were
resumed and TEER was recorded over 12 h. For each set of TEER assays using the two
different apical media the treatments were added in triplicate and the assays were repeated

three times (total n = 9).

3.3.4.1. Viability of F. prausnitzii in co-culture with TNF-a-treated Caco-2 cells

In order to assess whether the viability of F. prausnitzii in co-culture with Caco-2 cells was
influenced by the basal TNF-a treatment in the above described TEER assays (3.3.4), the
CFUs of the three strains were determined before and after 12 h of co-culture. Since TNF-
a decreases TEER [119] it may lead to oxygen leakage from the basal to the apical
compartment of the co-culture chamber which may reduce the viability of the F.
prausnitzii strains. The F. prausnitzii CFUs before and after 12 h of co-culture with TNF-

o-treated Caco-2 cells were determined as described in section 2.3.5.2. The bacterial
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viability was assessed for both TEER assays using the two different apical media (50%

BHI and M199 TEER).

3.3.5. Statistical analysis

All of the statistical analyses were performed using SAS (SAS/STAT version 9.3; SAS
Institute Inc., Cary, NC, USA). The TEER experiments were analysed using repeat
measure analyses to test the effect of the treatment and time and their interaction on TEER.
The most appropriate covariance structure of the mixed model was selected after fitting the
models by Restricted Maximum Likelihood method and comparison of the models with the
log-likelihood ratio test. If the interaction between the treatment and time was not
significant it was removed from the model. When using M199 TEER as apical medium,
the viability of the F. prausnitzii strains before and after the co-culture with Caco-2 cells in
the presence or absence of TNF-a was also compared using an ANOVA. If the F-value of
the analyses were significant (P < 0.05), adjusted Tukey tests were used for the mean
comparison. When using 50% BHI as apical medium, a t-test was performed to compare
the viability of the three F. prausnitzii strains before and after the co-culture with Caco-2
cells. The model assumptions (e.g. normal distribution and the homogeneity of variance)
were evaluated using the ODS graphics in SAS for all of the analyses. In case of the
response variable not fulfilling these assumptions, transformations were performed to
reach these assumptions. Due to the reasons stated in section 2.3.16 each Caco-2
monolayer seeded into one Transwell insert was used as an independent replicate for the
statistical analysis. A complete randomised block design was firstly performed with the run
(or experimental day) as a random effect. There was no effect of the run for any of the

tested variables, consequently the random effect was removed from the model.
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3.4. RESULTS

3.4.1. Trans-epithelial electrical resistance assay with different apical media

Differentiated Caco-2 monolayers were co-cultured with the three F. prausnitzii strains
(A2-165, ATCC 27768 and HTF-F) in the apical anaerobic co-culture model using 25 or
50% BHI as apical medium. The TEER across the Caco-2 monolayers was recorded over
12 h and the results of the TEER measurements are shown in Figure 3.1. The interaction
between the treatment and time was significant for both data sets (P < 0.001). However,
there were no differences between the TEER of Caco-2 cells treated with the control
medium (25 and 50% BHI) or the three F. prausnitzii strains in the respective medium for

each time point (P > 0.05).

3.4.2. Trans-epithelial electrical resistance assay with TNF-o-treated Caco-2 cells
using 50% BHI as apical medium

Caco-2 cells in the apical anaerobic co-culture model with or without basal exposure to the

pro-inflammatory cytokine TNF-a were co-cultured with live or UV-killed F. prausnitzii

(strains A2-165, ATCC 27768 and HTF-F). The TEER across the Caco-2 monolayers was

recorded over 12 h. The culture media used were M199 TEER in the basal compartment

and 50% BHI in the apical compartment. The TEER across TNF-o-treated Caco-2

monolayers was not different from that of healthy cells (P > 0.05) as shown in Figure 3.2.

The observed TEER values of healthy Caco-2 cells treated with live or UV-killed F.
prausnitzii or control medium (50% BHI) are shown in Figure 3.3. For healthy Caco-2
monolayers the interaction between the treatment and time was not significant and was
removed from the statistical analysis. There was a significant treatment effect (P = 0.002).

No differences were observed between the TEER across Caco-2 monolayers exposed to the
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Figure 3.1 Change in TEER across healthy Caco-2 monolayers co-cultured with live F.
prausnitzii using 25 and 50% BHI as apical medium.

Differentiated Caco-2 monolayers were co-cultured with the three F. prausnitzii strains (A2-165,
ATCC 27768 and HTF-F) in the apical anaerobic co-culture model using 25 and 50% BHI as apical
medium. The TEER across the Caco-2 monolayers was recorded over 12 h. The interaction
between the treatment and time was significant for both datasets (P < 0.001). The graphs show the
fitted mean (= SEM; n = 12) change in TEER across Caco-2 monolayers after normalising by the
TEER at 0 h when using (A) 25% BHI and (B) 50% BHI as apical medium. No differences were
determined between the two control media and the three F. prausnitzii strains in the respective

medium at any time point (P > 0.05).
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Figure 3.2 Change in TEER across Caco-2 monolayers with or without TNF-a treatment
using 50% BHI as apical medium.

The TEER across Caco-2 monolayers in the apical anaerobic co-culture model with or without
basal exposure to TNF-a using 50% BHI as apical medium was recorded over 12 h. The interaction
between the treatment and time was significant (P = 0.03). The graph shows the fitted mean (+
SEM; n = 9) change in TEER across Caco-2 monolayers with or without TNF-a treatment after
normalising by the TEER at 0 h. No differences were determined between the TEER across Caco-2
monolayers treated with TNF-a and untreated healthy cells at any time point (P > 0.05).
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Figure 3.3 Change in TEER across healthy Caco-2 monolayers co-cultured with live or
UV-killed F. prausnitzii using 50% BHI as apical medium.

Caco-2 monolayers were exposed to live or UV-killed F. prausnitzii (strains A2-165, ATCC 27768
and HTF-F) in the apical anaerobic co-culture model using 50% BHI as apical medium. The TEER
across the Caco-2 monolayers was recorded hourly over 12 h. The interaction between the
treatment and time was not significant and was removed from the statistical analysis. The graphs
show the observed mean (= SEM; n = 9) change in TEER across Caco-2 monolayers co-cultured
with live or UV-killed F. prausnitzii (A) A2-165, (B) ATCC 27768 and (C) HTF-F after
normalising by the TEER at 0 h.
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bacterial treatments and the untreated controls (P > 0.05) as shown in Figure 3.4. However,
the TEER across Caco-2 monolayers co-cultured with live or UV-killed F. prausnitzii
HTF-F was significant different (P < 0.05) with higher TEER values recorded for cells
treated with live bacteria. There was also a significant effect of the time on the change in
TEER (P < 0.001; data not shown). The TEER values increased until 3 h, then they

reached a plateau until 7 h and from 8 h onwards the values gradually decreased.

For the change in TEER of TNF-a-treated Caco-2 cells exposed to live or UV-killed F.
prausnitzii and control medium (50% BHI) the interaction between the treatment and time
was significant (P < 0.001; Figure 3.5). After 11 and 12 h of incubation the TEER across
Caco-2 monolayers treated with UV-killed F. prausnitzii HTF-F was lower compared to

the untreated control (P < 0.05).

3.4.3. Trans-epithelial electrical resistance assay with TNF-a-treated Caco-2 cells
using M199 TEER as apical medium
Unexpectedly, the presence of TNF-a did not decrease TEER across Caco-2 monolayers
when using 50% BHI as apical medium as described in the section above (3.4.2). Using
50% BHI as apical medium caused a greater initial drop in TEER when adding the
treatments compared to when using cell culture medium alone. It was therefore
hypothesised that due to this effect TEER was not further decreased through TNF-a
treatment. Therefore, the experiment was repeated using cell culture medium (M199

TEER) in the basal and apical compartment of the co-culture chamber.

There was also no difference between TEER across healthy or TNF-a-treated Caco-2
monolayers when using M199 TEER as apical medium as shown in Figure 3.6 (P > 0.05).
For the change in TEER across healthy Caco-2 monolayers the interaction between the

treatment and time was significant (P = 0.02). No difference was determined between the
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Figure 3.4 Change in TEER across healthy Caco-2 monolayers co-cultured with live or
UV-killed F. prausnitzii using 50% BHI as apical medium.

Caco-2 monolayers were co-cultured with live or UV-killed F. prausnitzii (strains A2-165, ATCC
27768 and HTF-F). The TEER across the Caco-2 monolayers was recorded hourly over 12 h. The
interaction between the treatment and time was not significant and removed from the statistical
model. There was a significant treatment effect on the change in TEER (P = 0.002). The graph
shows the fitted mean (= SEM; n = 9) change in TEER across healthy Caco-2 monolayers co-
cultured with live or UV-killed F. prausnitzii after normalising by the TEER at 0 h. * TEER
significantly different (P < 0.05).
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Figure 3.5 Change in TEER across TNF-o-treated Caco-2 monolayers co-cultured with

live or UV-killed F. prausnitzii using 50% BHI as apical medium.

Caco-2 monolayers were exposed on the basal side to TNF-a and co-cultured with live or UV-

killed F. prausnitzii (strains A2-165, ATCC 27768 and HTF-F) in the apical anaerobic co-culture

model using 50% BHI as apical medium. The TEER across the Caco-2 monolayers was recorded

over 12 h. The interaction between the treatment and time was significant (P < 0.001). The graphs

show the fitted mean (= SEM; n = 9) change in TEER across Caco-2 monolayers co-cultured with
live or UV-killed F. prausnitzii (A) A2-165, (B) ATCC 27768 and (C) HTF-F after normalising by
the TEER at 0 h. * TEER significantly different to the untreated control (P < 0.05).
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Figure 3.6 Change in TEER across Caco-2 monolayers with or without TNF-a treatment
using M199 TEER as apical medium.

The TEER across Caco-2 monolayers in the apical anaerobic co-culture model with or without
basal treatment with TNF-o was recorded over 12 h. M199 TEER was used in the apical and basal
compartment. The interaction between the treatment and time was significant (P < 0.001). The
graph shows the fitted mean (= SEM; n = 9) change in TEER across Caco-2 monolayers with or
without TNF-a treatment after normalising by the TEER at 0 h. No differences were determined
between the TEER across Caco-2 monolayers in the presence or absence of TNF-a at any time

point (P > 0.05).
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TEER across healthy Caco-2 monolayers exposed to the bacterial treatments and the

untreated control at any time point as shown in Figure 3.7 (P > 0.05).

For the change in TEER across TNF-a-treated Caco-2 monolayers the interaction between
the treatment and time was not significant and removed from the statistical analysis. The
observed TEER values of TNF-a-treated Caco-2 monolayers co-cultured with live or UV-
killed F. prausnitzii are shown in Figure 3.8. There was a significant treatment effect (P <
0.001). TEER across Caco-2 monolayers treated with UV-killed F. prausnitzii HTF-F were
significant lower compared to the untreated control (P < 0.05; Figure 3.9). In addition,
there was a difference between the TEER across Caco-2 monolayers treated with live or
UV-killed F. prausnitzii ATCC 27768, with higher TEER values for cells treated with live
bacteria (P < 0.05). There was also a significant effect of the time on the change in TEER
(P < 0.001; data not shown), with increasing TEER values until 3 h, reaching the highest

values between 3 h and 5 h and a gradual decrease after 6 h.

3.4.4. Viability of F. prausnitzii in co-culture with TNF-o-treated Caco-2 cells

The viability of the three F. prausnitzii strains (A2-165, ATCC 27768 and HTF-F) in co-
culture with TNF-a-treated Caco-2 cells in the apical anaerobic co-culture model was
assessed by determining the CFUs before and after 12 h of incubation. The co-culture
experiments with TNF-a-treated Caco-2 cells were performed in two sets of experiments,
one using 50% BHI on the apical side and one using M199 TEER. For both sets of

experiments the viability of the F. prausnitzii strains was determined.

When 50% BHI was used as apical medium, no differences in CFUs before and after 12 h
of co-culture with TNF-a-treated Caco-2 cells were determined for all of the three F.

prausnitzii strains (P > 0.05) as shown in Figure 3.10. When using M199 TEER as apical
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Figure 3.7 Change in TEER across healthy Caco-2 monolayers co-cultured with live or
UV-killed F. prausnitzii using M199 TEER as apical medium.

Differentiated Caco-2 monolayers were exposed to live or UV-killed F. prausnitzii (strains A2-165,
ATCC 27768 and HTF-F) in the apical anaerobic co-culture model using M199 TEER as apical
medium and the TEER was measured over 12 h. The interaction between the treatment and time
was significant (P = 0.02). The graphs show the fitted mean (£ SEM; n = 9) change in TEER across
Caco-2 monolayers after normalising by the TEER at O h when treating the cells with live or UV-
killed F. prausnitzii (A) A2-165, (B) ATCC 27768 and (C) HTF-F. No differences were
determined between the TEER of Caco-2 cells exposed to the control medium or the bacterial

treatments at any time point (P > 0.05).
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Figure 3.8 Change in TEER across TNF-o-treated Caco-2 monolayers co-cultured with
live or UV-killed F. prausnitzii using M199 TEER as apical medium.

TNF-o-treated Caco-2 monolayers were co-cultured with live or UV-killed F. prausnitzii (strains
A2-165, ATCC 27768 and HTF-F) in the apical anaerobic co-culture model using M199 TEER as
apical medium. The TEER across the Caco-2 monolayers was recorded over 12 h. The interaction
between the treatment and time was not significant and removed from the statistical analysis. The
graphs show the observed mean (= SEM; n = 9) change in TEER across TNF-a-treated Caco-2
monolayers exposed to live or UV-killed F. prausnitzii (A) A2-165, (B) ATCC 27768 and (C)
HTF-F after normalising by the TEER at 0 h.
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Figure 3.9 Change in TEER across TNF-o-treated Caco-2 monolayers co-cultured with
live or UV-killed F. prausnitzii using M199 TEER as apical medium.

TNF-o-treated Caco-2 cells were exposed to live or UV-killed F. prausnitzii (strains A2-165,
ATCC 27768 and HTF-F) and the TEER across the Caco-2 monolayers was recorded over 12 h.
The interaction between the treatment and time was not significant and removed from the statistical
model. There was a significant treatment effect on the change in TEER (P < 0.001). The graph
shows the fitted mean (= SEM; n = 9) change in TEER across TNF-a-treated Caco-2 monolayers

co-cultured with live or UV-killed F. prausnitzii after normalising by the TEER at 0 h. * TEER
significantly different (P < 0.05).
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Figure 3.10 Viability of the three F. prausnitzii strains co-cultured with TNF-a-treated
Caco-2 cells using 50% BHI as apical medium.

The three F. prausnitzii strains (A2-165, ATCC 27768 and HTF-F) were co-cultured with TNF-o-
treated Caco-2 cells using 50% BHI as apical medium. The graph shows the mean (= SEM; n = 3
and 10 for time 0 and 12 h, respectively) logio(CFU/mL) of the bacteria at 0 and 12 h of incubation
with Caco-2 cells in the apical anaerobic co-culture model. The bacterial treatments were added to
three inserts with Caco-2 cells, however, several cell monolayers were disrupted after the 12 h of

incubation. For these reasons the number of observations differed between time 0 and 12 h.

135



Chapter Three: Barrier function assays

medium, a significant drop in CFUs after the 12 h of co-culture was observed for all of the
three F. prausnitzii strains (P < 0.05; Figure 3.11). However, the absence or presence of
TNF-a did not affect the viability of F. prausnitzii. After 12 h of co-culture there were no
differences in CFUs of the three F. prausnitzii strains co-cultured either with healthy or

TNF-a-treated Caco-2 cells.

3.5. DISCUSSION

The results presented in this thesis chapter disprove the hypothesis that strains of live and
growing F. prausnitzii (A2-165, ATCC 27768 and HTF-F) co-cultured with IECs increase
the barrier integrity of these cells, as measured by TEER. This was the case when using an
apical medium that enabled growth of F. prausnitzii A2-165 and ATCC 27768 (50% BHI)
and when using an apical medium that did not enable growth of these bacteria (25% BHI).
Furthermore, it was not possible to prove or disprove the hypothesis that live F. prausnitzii
mitigate the TNF-a-induced decrease in TEER because the expected TNF-a induced TEER
decrease did not occur. However, contrary to the healthy Caco-2 monolayers, the TNF-a
treated Caco-2 cells exposed to UV-killed F. prausnitzii had decreased TEER values
whereas live F. prausnitzii maintained it. This suggests that surface structures of UV-killed
F. prausnitzii exert detrimental effects on barrier integrity under TNF-a-mediated
inflammatory conditions, whereas live bacteria maintain barrier function. It is plausible
that live F. prausnitzii secretes metabolites which are able to compensate for the decrease

in TEER induced by surface-structures.

Specific probiotic and commensal bacteria play a role in enhancing the function of the
intestinal barrier [87,112-114,116,291]. Previous studies investigating the effect of F.
prausnitzii A2-165 on intestinal barrier integrity showed that live F. prausnitzii A2-165 did

not affect TEER across Caco-2 monolayers when using the apical anaerobic co-culture
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Figure 3.11 Viability of the three F. prausnitzii strains co-cultured with healthy or TNF-a-
treated Caco2-cells using M199 TEER as apical medium.

The three F. prausnitzii strains (A2-165, ATCC 27768 and HTF-F) were co-cultured with Caco-2
cells with or without TNF-a treatment using M199 TEER as apical medium. The graph shows the
mean (= SEM; n = 3 and 10 for time 0 and 12 h, respectively) logio(CFU/mL) of the three F.
prausnitzii strains before and after 12 h of incubation with healthy or TNF-a-treated Caco2-cells in
the apical anaerobic co-culture model. Treatments that do not share the same letters are
significantly different (P < 0.05). The bacterial treatments were added to three inserts with Caco-2
cells, however, several cell monolayers were disrupted after the 12 h of incubation. For these

reasons the number of observations differed between time 0 and 12 h.
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model [19]. However, the bacterial growth was stagnant in the cell culture medium used
for these experiments. Using the optimised growth conditions for F. prausnitzii in this
model (Chapter 2) and testing F. prausnitzii A2-165, ATCC 27768 and HTF-F, the
bacteria did also not change TEER across healthy Caco-2 monolayers. Even though F.
prausnitzii A2-165 and ATCC 27768 were shown to grow in co-culture with Caco-2 cells
when using 50% BHI as apical medium but not when using 25% BHI, the bacterial
treatments had no effect on TEER both when using 25 and 50% BHI. These results suggest
that, unlike hypothesised, the growth phase of F. prausnitzii and potential bacterial
metabolites secreted by growing bacteria did not alter the effects on TEER across healthy

Caco-2 monolayers.

It is plausible that metabolites secreted by live F. prausnitzii may require a longer
treatment time to exert effects on intestinal barrier integrity. Specific probiotics and
commensal bacteria influence intestinal barrier integrity through secreted metabolites
[120,291,292]. For example, butyrate, a SCFA produced during bacterial fermentation,
enhanced the intestinal epithelial barrier through the regulation of TJ assembly [293].
However, the barrier enhancing properties of butyrate occurred only after 24 h of
incubation and TEER values reached maximum levels between 48 to 72 h [293]. It is
therefore plausible that effects of F. prausnitzii secreted metabolites may occur only after
an extended treatment time. The initial validation studies for the apical anaerobic co-
culture model were performed using 12 h of incubation. In order to determine effects of
metabolites secreted by live F. prausnitzii over a prolonged incubation time in this model,
further studies would be required to ensure the viability of the Caco-2 cells. However,
although F. prausnitzii is known as one of the major butyrate producers in the GI
microbiota [178], it is unknown whether it produced butyrate when using 50% BHI as

apical medium. Further studies could analyse the composition of the apical medium after
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the co-culture of F. prausnitzii with Caco-2 cells. The addition of fermentable substrates
like cellobiose to the apical medium could be tested in order to increase the metabolic
activity of F. prausnitzii. In addition, in order to determine the effect of F. prausnitzii
secreted metabolites on TEER, further experiments could be conducted testing the cell-free
culture supernatant. The three F. prausnitzii strains could first be cultured alone using a
longer incubation time (e.g. 48 h) and the resulting bacterial supernatants could then be

used to stimulate the Caco-2 cells.

The pro-inflammatory cytokine TNF-a decreases TEER of IECs by disrupting the structure
of TJs [294]. Unexpectedly, TNF-a did not decrease TEER of Caco-2 cells in the apical
anaerobic co-culture model both when using 50% BHI and M199 TEER as apical medium.
It was therefore not possible to conclude whether live F. prausnitzii alleviate the TNF-a-
induced decrease in TEER, which has been reported for specific probiotics and the
commensal B. thetaiotaomicron [119,120]. Future experiments could aim to determine the
optimum concentration of TNF-a required to decrease TEER across Caco-2 monolayers in

the apical anaerobic co-culture model.

Although TNF-a did not decrease TEER across Caco-2 monolayers in the co-culture
model, the addition of this pro-inflammatory cytokine to the basal compartment increased
the susceptibility of the cells to the bacterial treatments. In healthy Caco-2 cells the F.
prausnitzii strains did not alter TEER. However, TNF-a-treated cells exposed to UV-killed
F. prausnitzit HTF-F had lower TEER values. This effect was observed both when using
50% BHI and M199 TEER as apical medium. This is in agreement with reported findings
that Caco-2 cells remain hypo-responsive to challenge by some non-pathogenic bacterial
species [295]. However, in Caco-2/PBMC co-cultures stimulated with the same non-

pathogenic bacteria, Caco-2 cells produced pro-inflammatory cytokines [295]. The authors
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hypothesised that Caco-2 cell responses to bacteria require the interaction with immune
cells and TNF-a was shown to play a key role in this cross-talk [295]. Similarly, these
findings may explain the differential response to the bacterial treatments in healthy and

TNF-a-treated Caco-2 cells in this research.

Live F. prausnitzii may maintain the structure of TJs, an indicator of barrier integrity,
under inflammatory conditions. Whereas live F. prausnitzii did not affect TEER across
TNF-a-treated Caco-2 monolayers compared to the untreated control, UV-killed bacteria
decreased TEER. However, since TNF-a treatment did not decrease TEER, it could not be
determined if live F. prausnitzii strains were are able to reduce the cytokine-mediated drop
in TEER. Nevertheless, TNF-a-treated Caco-2 cells exposed to live F. prausnitzii had
higher TEER values than cells treated with UV-killed bacteria. In case of UV-killed
bacteria, the effects of F. prausnitzii are most likely mediated through surface interactions
likely causing barrier disrupting effects in TNF-a-treated Caco-2 cells. In contrast, live F.
prausnitzii maintained TJ integrity, possibly through secreted metabolites that compensate
the detrimental effects mediated through surface interactions. Similarly, metabolites
secreted by the probiotic Bifidobacterium infantis protected against TNF-a-induced TJ
disruption in T84 human IECs [120]. However, this protection was achieved in T84 cells
preincubated with B. infantis conditioned medium prior to TNF-a treatment. In this
respect, it is plausible that preincubation with live F. prausnitzii may prevent TNF-a-
induced reduction in barrier integrity. This would involve an extended treatment time in
the apical anaerobic co-culture model and it would therefore be necessary to determine

whether the viability of the Caco-2 cells could be maintained for a longer incubation time.

Live F. prausnitzii may also maintain barrier integrity of Caco-2 monolayers through the

activation of innate signalling. For example, commensal induced TLR2 signalling was
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shown to enhance intestinal barrier function and thereby limiting mucosal inflammation
[116,150,296]. The stimulation of IECs with TLR2 ligands activated specific isoforms of
protein kinase C which was correlated with the translocation of the TJ protein ZO-1
resulting in an increase in TEER [151]. Although UV-killed F. prausnitzii would also
activate TLR2, it may be possible that live F. prausnitzii activate TLR2 to a greater extent

and therefore protect the TJ integrity.

The lower TEER of Caco-2 cells treated with UV-killed F. prausnitzii may also be due to
differences in surface structures between live and UV-killed bacteria. The UV treatment
may damage bacterial surface structures leading to differential effects on innate signalling
in Caco-2 cells and thereby affecting epithelial barrier integrity. In contrast, UV light did
not disrupt bacterial surface structures of the food-borne pathogens L. monocytogenes and
E. coli O157:H7 [297]. However, the sensitivity of bacteria to UV radiation was
demonstrated to differ between bacterial species [298]. Thus, it may be possible that UV
treatment caused changes in the surface structures of the three F. prausnitzii strains.
Further studies could be conducted using bacteria inactivated through a different method,
for example through exposure to oxygen, to test whether UV treatment caused the

differential effects of F. prausnitzii on TEER.

Although TNF-a did not decrease TEER in Caco-2 cells in this study, small amounts of
oxygen may have diffused from the basal to the apical side leading to a decrease in the
viability of F. prausnitzii co-cultured with TNF-a-treated cells. When using 50% BHI as
apical medium, F. prausnitzii A2-165 and ATCC 27768 increased in CFUs after 12 h of
co-culture with healthy Caco-2 cells in the apical anaerobic co-culture model (section
2.4.6.4). However, using the same apical medium for the co-culture of the F. prausnitzii

strains with TNF-a-treated Caco-2 cells, no differences were observed between the CFUs
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before and after the 12 h of incubation for all of the three strains. The diffusion of oxygen
through the Caco-2 monolayer in the presence of TNF-a may be an effect occurring
independently from a decrease in TEER since TEER is a measure of paracellular ion
permeability. When using M199 TEER as apical medium, a decrease in F. prausnitzii
CFUs after 12 h of co-culture with healthy and TNF-a-treated Caco-2 cells was determined
for all three strains. Contrary to the results obtained with 50% BHI as apical medium, no
difference was observed between the CFUs after 12 h of co-culture with healthy or with
TNF-a-treated Caco-2 cells. It is plausible that in this case the growth limiting factor was
the availability of nutrients because M199 TEER did not contain enough nutrients to allow
growth of the F. prausnitzii strains. Under these conditions the oxygen diffusion through
the Caco-2 monolayer potentially caused by the TNF-a treatment may only play a minor

role in affecting the viability of F. prausnitzii.

The method of plate counting using serial dilutions of bacterial suspensions was not a
suitable method to determine the CFUs of F. prausnitzii HTF-F, which most likely led to
an underestimation of the bacterial numbers. It was observed that the bacteria grew well on
anaerobic BHI agar when using undiluted bacterial suspensions. However, when using
serial dilutions of the bacterial suspensions to obtain bacterial numbers in a countable
range, no or little growth was determined. The reason for this was most likely that F.
prausnitzii HTF-F is a biofilm forming strain [204,264] which may require higher bacterial
cell concentrations for growth to allow intercellular aggregation. Therefore, the results
obtained for the CFUs for F. prausnitzii HTF-F co-cultured with Caco-2 cells here and in
Chapter 2 may not accurately reflect bacterial viability. A different bacteria quantification
method would be required to determine viable cell counts of F. prausnitzii HTF-F, for

example microscopy or flow cytometry in combination with a live/dead stain.
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In conclusion, live F. prausnitzii (strains A2-165, ATCC 27768 and HTF-F) did not exert
barrier enhancing properties in healthy and TNF-a-treated Caco-2 cells in the apical
anaerobic co-culture model. However, UV-killed F. prausnitzii decreased TEER across
TNF-a-treated Caco-2 monolayers most likely mediated through surface interactions,
whereas live F. prausnitzii maintained TEER under these inflammatory conditions. It may
therefore be possible that live F. prausnitzii secretes metabolites that compensates for the
decrease in TEER induced by bacterial surface structures. Furthermore, live F. prausnitzii
may maintain TJ integrity through the activation of innate signalling and it could therefore
be further investigated whether live F. prausnitzii induce greater TLR activation than UV-
killed bacteria. The differential effects of live and dead bacteria determined in this research
demonstrate the importance of using novel co-culture models such as the apical anaerobic
co-culture model which allow the investigation of bacterial effects in physiologically

relevant conditions.
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CHAPTER FOUR:
Adaptation of the Toll-like receptor activation assay to

the apical anaerobic co-culture modelf

" Selected material from this section combined with sections from Chapter 5 will be
submitted for publication to the journal Cellular Microbiology.
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4.1. INTRODUCTION

The interactions between the GI microbiota, IECs and immune cells of the GALT have
been intensively studied and it is established that well regulated cross-talk between these
components is important for maintaining homeostasis [26]. Innate signalling contributes to
the homeostatic balance between tolerance towards commensals and immunity against
pathogens [27]. TLRs, innate immune receptors expressed on the surface of IECs and
immune cells, recognise common structures on microorganisms, for example LPS [299].
Their activation triggers downstream signalling cascades leading to the activation of
transcription factor NF-kB, which induces either pro- or anti-inflammatory responses

[299].

Determining the activation of TLRs by bacteria (from here on referred to as the TLR
activation assay) is a common method to test the immune-stimulatory potential of bacteria
[207,300,301]. Human embryonic kidney cell lines (HEK293) stably transfected to express
human TLRs are routinely used for TLR activation assays. Furthermore, these cells are
transfected with a reporter plasmid containing the luciferase gene under the control of the
human NF-kB promoter to be able to quantify the TLR activation. These assays are
routinely performed in conventional conditions (5% COz in air atmosphere) but not using
more physiologically relevant models like the apical anaerobic co-culture model. Hence,
when the effect of obligate anaerobes, which make up the majority of the bacteria in the
large intestine [18], on TLR activation has been investigated [207], these bacteria were not
viable due to the presence of oxygen. Therefore, the observed effects were only relevant to

dead bacteria.

It was previously reported that live and dead F. prausnitzii, a prominent obligate anaerobe

within the GI microbiota, had different effects on the gene expression of Caco-2 cells [19].
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Specifically, Caco-2 cells exposed to live bacteria had lower expression of inflammatory
mediators compared to Caco-2 cells exposed to UV-killed bacteria. This highlights the
importance of using more physiologically relevant co-culture models, such as the apical
anaerobic co-culture model, to study the interactions between live obligate anaerobes and

human cells.

In order to determine the level of TLR activation caused by live F. prausnitzii using the
apical anaerobic co-culture model (chapter 5), method development was required to adapt
the TLR activation assay to be performed in the co-culture model. For example, in the
altered assay conditions the transfected HEK293 cell lines only received oxygen from the
basal compartment of the co-culture chamber while being exposed to the apical anaerobic

environment.

4.2. HYPOTHESIS AND AIMS

The hypothesis of this thesis chapter was that the viability of both TLR expressing
HEK293 cell lines and F. prausnitzii is maintained in the TLR activation assay carried out

in the apical anaerobic co-culture model.

The first aim was to stably transfect three HEK293 cell lines expressing different TLRs
(TLR2, TLR2/6 and TLR4) and a control cell line (HEK293-null) with a NF-kB inducible
luciferase reporter plasmid to be able to quantify the TLR activation. These cell lines were

referred to as HEK293-TLR-Luc cells.

The second aim was to optimise the growth of the three F. prausnitzii strains in anaerobic
DMEM, the medium used to culture the HEK293-TLR-Luc cell lines, by supplementing

the medium with acetate and with the bacterial culture medium BHI.
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The third aim was to adapt the TLR activation assay to the apical anaerobic co-culture
model. For these experiments one of the transfected cell lines, the HEK293-TLR2-Luc cell
line, was selected because it had the fastest growth rate. The TLR activation assay was
carried out with HEK293-TLR2-Luc cells grown on Transwell inserts and the attachment
and viability of the cells in the adapted assay conditions was determined. In addition, the
DO content of the apical and basal compartment was determined to ensure that the cells
received sufficient oxygen from the basal compartment and that no oxygen was leaking

from the basal to the apical compartment.

The fourth aim was to determine the viability of one of the three F. prausnitzii strains (A2-
165) in co-culture with HEK293-TLR2-Luc cells when using different medium

compositions on the apical side.

4.3. METHODS

4.3.1. Culture of HEK293-TLR cells

The HEK293 cell line is a stable cell line originated from primary HEK cells transformed
by adenovirus type 5 DNA [302]. Three HEK293 cell lines expressing one or two TLR and
a control cell line as listed in Table 4.1 were purchased from Invivogen (San Diego, USA).
The cells were provided in a shipping flask and recovered and cultured as per the
manufacturer’s instructions. First, the four cell lines were cultured to expand the cell

populations and generate frozen stocks for the following experiments.

4.3.1.1. Maintenance of HEK293-TLR cells

When recovering HEK293-TLR cells from frozen stocks, the cells were maintained in

Dulbecco’s Modified Eagle Medium (DMEM, Life technologies, Auckland, New Zealand)
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Table 4.1 HEK293 cell lines expressing different cell surface TLRs used in this study.

Cell line Recognised ligands

HEK293-TLR2 Peptidoglycan and lipoteichoic acid (Gram-positive
bacteria)

HEK293-TLR2/6 Diacyl lipopeptides (mycoplasma) and peptidoglycan
(Gram-positive bacteria)

HEK293-TLR4 Lipopolysaccharide (LPS) (Gram-negative bacteria)

HEK293-null Control cell line
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supplemented with the components listed in Table 4.2, from here on referred to as
unselective DMEM. As per manufacturer’s instructions, the unselective DMEM was
supplemented after the second subculture with the appropriate selective antibiotics to keep
the selective pressure for the plasmid expressing the respective TLRs. For the HEK293-
TLR4 cell line the unselective DMEM was supplemented with the selective antibiotics
hygromycin B gold (50 pg/mL) and blasticidin (10 pg/mL), this medium was referred to as
DMEM-+BH. For the other HEK293-TLR cell lines (HEK293-TLR2 and HEK293-
TLR2/6) and the control cell line (HEK293-null) the unselective DMEM was
supplemented with blasticidin (10 pg/mL). This medium was referred to as DMEM+B.
The cells were maintained in cell culture flasks (Corning, New York, USA) that were filled
with 10 mL for small cell culture flasks (25 cm’ surface area) or 25 mL for medium and
large flasks (75 and 175 cm? surface area, respectively) of pre-warmed (37°C) unselective
DMEM for the first two passages and selective DMEM supplemented with the appropriate
selective antibiotics from the third passage onwards. The growth medium was renewed
twice a week. The cell cultures were incubated in air with 5% CO» at a temperature of

37°C.

4.3.1.2. Passaging of HEK293-TLR cells

The HEK293-TLR cells were subcultured when they reached 70 to 80% confluence in the
cell culture flask. First, the cell culture medium was removed from the flask. Ten millilitres
of fresh unselective or selective DMEM, depending on how often the cells have been
passaged before, were added to the cell culture flask and the cells were removed from the
bottom of the flask by pipetting the medium up and down. The cell suspension was

transferred to a sterile 50 mL centrifuge tube and centrifuged for 3 min at 240 x g (Jouan

150



Chapter Four: Adaptation of the Toll-like receptor activation assay to the co-culture model

Table 4.2 Composition of the growth media used to culture HEK293-TLR cells (without

selective antibiotics).

Product

Company

500 mL DMEM (Dulbecco's Modified
Eagle Medium), high glucose,
GlutaMAX™

50 mL (10%) FBS

2.5 mL Penicillin-Streptomycin (10,000
U/mL)

1 mL Normocin

Life technologies, Auckland, New Zealand

Sigma-Aldrich, Auckland, New Zealand

Life technologies, Auckland, New Zealand

Invivogen, San Diego, USA
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C31 Multifunction Centrifuge, Thermo Scientific, USA). After discarding the supernatant
the cell pellet was resuspended in 4 mL of fresh unselective or selective DMEM and 1 mL

of the cell suspension was used to reseed a new cell culture flask.

4.3.1.3. Long term storage of HEK293-TLR cells

The HEK293-TLR cell lines were stored in liquid nitrogen for long term storage. In order
to prepare frozen stocks, the cells were detached from the cell culture flasks as described in
4.3.1.2 and the cell suspension was transferred into a sterile 50 mL centrifuge tube. The
cell suspension was centrifuged at 240 x g for 3 min. After discarding the supernatant, the
cell pellet was resuspended in 4 mL of unselective DMEM. The cell density was
determined using an automated cell counter (Countess, Life Technologies, Auckland, New
Zealand) and the cell suspension was diluted to a density of 5 x 10° cells/mL. From this
cell suspension 1 mL was transferred into cryogenic vials, 110 pL of DMSO (10%) was
added and thoroughly mixed with the cell suspension. The cryogenic vials were placed in a
Mr. Frosty™ Freezing Container (Thermo Fisher Scientific, Australia), stored at -80°C

overnight and the next day transferred into a liquid nitrogen dewar.

4.3.1.4. Recovering HEK293-TLR cells from liquid nitrogen

The cryogenic vials were removed from the liquid nitrogen dewar and rapidly thawed
inside an oven at 37°C. The contents of the cryogenic vial were transferred into a sterile 50
mL centrifuge tube containing 15 mL of unselective DMEM. This cell suspension was
centrifuged at 240 x g for 3 min, the supernatant was discarded and the cell pellet was
resuspended in 1 mL of unselective DMEM. The cell suspension was transferred into a
small cell culture flask (T25, Corning, New York, USA) and 9 mL of unselective DMEM
was added. The cell culture flask was placed into an incubator with 37°C and 5% CO.. The

medium was changed twice a week. The cells were passaged twice before adding the
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selective antibiotics. The HEK293-TLR cells were used for experiments once they had

been cultured in selective DMEM for at least one passage.

4.3.2. Stable transfection of HEK293-TLR cells

The three HEK293-TLR cell lines and the control cell line were stably transfected with a
luciferase expressing reporter plasmid under the control of the human NF-kB promoter to
be able to quantify the TLR activation. These transfected cell lines were referred to as
HEK293-TLR-Luc cells. The luciferase plasmid was extracted from transformed E. coli.
The HEK293-TLR cell lines were then transfected with this plasmid and upon antibiotic
selection the stable clones were picked. The cell population was expanded and frozen
stocks were prepared as described in 4.3.1.3. An overview of the process of stably

transfecting the HEK293-TLR cell lines with the reporter plasmid is shown in Figure 4.1.

4.3.2.1. Growth of pNiFty2-Luc-transformed bacteria

Lyophilised E. coli transformed with the plasmid pNiFty2-Luc was purchased from
Invivogen (San Diego, USA). For the antibiotic selection of the pNiFty2-Luc transformed
bacteria, Luria-Bertani (LB) agar and broth supplemented with the antibiotic zeocin were
provided by the manufacturer (Invivogen). The resuspended bacteria were grown on LB
agar containing zeocin as per manufacturer’s instructions. A single colony was isolated
from the agar plate and grown in LB broth supplemented with zeocin. This culture was

used to extract the pNiFty2-Luc plasmid DNA.

4.3.2.2. Extraction of pNiFty2-Luc plasmid DNA

The pNiFty2-Luc plasmid DNA was extracted from the E. coli broth culture prepared as

described in 4.3.2.1 using the PureLink HiPure Plasmid DNA Filter Purification Kit (Life
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Figure 4.1 Overview of the stable transfection of HEK-TLR cell lines with a NF-xB
inducible luciferase plasmid.

The flow chart shows the process of generating stably transfected HEK293-TLR-Luc cell lines.
The pNiFty2-Luc plasmid was extracted from E. coli cells, mixed with the transfection reagent and
this complex was used to transfect the four HEK293-TLR cell lines seeded into 10 cm culture
dishes. The stable clones were selected using the antibiotic zeocin until individual colonies were
visible. These colonies of stably transfected cells were transferred into 96-well plates and the cell

population was expanded until sufficient cells were obtained to generate frozen stocks.
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technologies, Auckland, New Zealand) as per manufacturer’s instructions. The quality of
the extracted plasmid DNA was determined by the presence of distinct bands of the
different DNA forms of a plasmid on an agarose gel and the quantity using the Qubit

Fluorometer (Life technologies, Auckland, New Zealand).

4.3.2.3. Determining zeocin sensitivity of the HEK293-TLR cells

In addition to the luciferase reporter gene, the pNiFty2-Luc plasmid also contained a
resistance gene to the antibiotic zeocin which was used for antibiotic selection after
transfection. First, the sensitivity of the HEK293-TLR cells to zeocin was determined in
order to choose the minimal concentration of this antibiotic required to kill the

untransfected cell line. For this experiment the HEK293-TLR2 cell line was used.

The HEK293-TLR2 cells were harvested from a large flask as described in 4.3.1.2. Upon
centrifugation the cell pellet was resuspended in 4 mL of DMEM+B and the cell
concentration was determined using an automated cell counter (Countess, Life
technologies, Auckland, New Zealand). The cell suspension was diluted with DMEM+B to
a cell density of 2 x 10° cells/mL. One millilitre of this cell suspension was seeded per well
of two 12-well plates and 500 pL of DMEM+B were added to each well. The cell culture
plates were incubated in air with 5% CO; at a temperature of 37°C for 24 h. After this

incubation time the cell layer was approximately 25% confluent.

The zeocin stock solution (100 mg/mL) was diluted with DMEM+B to seven different
concentrations (50, 100, 200, 400, 600, 800 and 1000 pg/mL). The cell culture medium
was removed from the HEK293-TLR2 cells grown in the 12-well plates after the 24 h of
incubation and replaced with one of the seven dilutions of zeocin and additionally with
DMEM+B without zeocin as a control. Each treatment was tested in triplicate. The

medium supplemented with the different zeocin concentrations or the control medium

155



Chapter Four: Adaptation of the Toll-like receptor activation assay to the co-culture model

(DMEM+B) was replenished every three to four days and the percentage of attached, i.e.
viable, cells over time was observed under a light microscope. The zeocin concentration
that killed the majority of the cells within 1 — 2 weeks was selected to be used for the

antibiotic selection of stable clones after transfection.

4.3.2.4. Stable transfection and selection of stable clones

For the stable transfection of the three HEK293-TLR cell lines and the HEK293-null cell
line (control cell line) the lipid-based transfection reagent Lyovec (Invivogen, San Diego,
USA) was used. This lyophilised cationic lipid was reconstituted by adding 2 mL of
deionised sterile water per vial. After homogenising the Lyovec reagent by gently
vortexing for 30 sec, the vial was kept in 4°C for at least 30 min before using for the

transfection of the cell lines.

The Lyovec reagent was brought to room temperature and before use vortexed to
homogenise. Three micrograms of the pNiFty2-Luc plasmid DNA extracted from E. coli
(4.3.2.2) were mixed with 100 pL of the Lyovec reagent in a sterile 1.5 mL micro-
centrifuge tube at room temperature. The mixture was incubated at room temperature for at
least 15 min to allow the formation of the Lyovec-DNA complexes. The complexes were
used either immediately for the transfection of the cell lines or stored at 4°C for up to two

months for further transfections.

The cell lines were seeded in 8 mL of DMEM+B (HEK293-TLR2, HEK293-TLR2/6 and
HEK293-null) or DMEM-+H+B (HEK293-TLR4) in a 10 c¢m cell culture dish at a seeding
density of 1.5 x 10° cells per dish. Immediately after seeding the cells were transfected by
adding 400 uL of the Lyovec-DNA complexes directly to the culture dish and swirling the

culture dish to allow an even distribution of the complexes. In addition, a dish of
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untransfected cells was seeded as a negative control. The cell culture dishes were incubated

in air with 5% CO; at a temperature of 37°C for 48 h.

Following this incubation the cell culture medium was carefully removed and fresh culture
medium supplemented with the antibiotic zeocin was added at the concentration
determined in 4.3.2.3 (200 pg/mL) to select the stably transfected cells. Every three to four
days the culture medium was carefully removed and replaced with fresh culture medium
containing zeocin. The culture dishes were regularly observed under the microscope.
During the first few days of antibiotic selection all cells from the negative control
(untransfected cells) were killed. For the cell culture dish containing the transfected cells,
very few cells survived the antibiotic pressure and after around 3 weeks isolated colonies

of transfected cells could be observed under the microscope.

The isolated colonies were picked and transferred into 96-well plates using cloning
cylinders (Corning, 6 mm, pyrex, New York, USA). First, the cloning cylinders, silicone
grease (Dow Corning silicone high vacuum grease, Dow Corning, Midland, USA) and
forceps were autoclaved. The culture medium in the cell culture dishes was removed
completely. Using sterile forceps the cloning cylinders were picked up and gently pressed
into the silicone grease. The greased cylinders were placed over the isolated colonies of
transfected cells and gently pressed down evenly with forceps. Two hundred microliters of
culture medium was added into the cylinder, the cells were removed by carefully pipetting
the medium up and down, and transferred into a 96-well plate. The cells were incubated in
air with 5% CO, at a temperature of 37°C to near confluence before expanding the cell
population into the wells of 24- and 6-well plates and later into small, medium and large

cell culture flasks. The culture medium was removed and replaced every three to four days
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and the cell population was expanded until sufficient cells were obtained to prepare frozen

stocks.

4.3.3. Culture of HEK293-TLR-Luc cells

The three HEK293-TLR-Luc cell lines and the HEK293-null-Luc cell line were
maintained and passaged as described in 4.3.1.1 and 4.3.1.2. Frozen stocks of the
transfected cell lines were prepared as described in 4.3.1.3 and the recovery of frozen cells
from liquid nitrogen was conducted as described in 4.3.1.4. As for the original cell lines,
the generated cell lines were maintained in unselective DMEM for the first two passages.
In order to maintain the antibiotic pressure to keep the pNiFty2-Luc plasmid, the culture
medium was supplemented with zeocin (200 pg/mL) from the third passage onwards.
Hence, the culture medium for HEK293-TLR2-Luc, HEK293-TLR2/6-Luc and HEK293-
null-Luc cells was supplemented with blasticidin and zeocin (referred to as DMEM+BZ)
and the media for the HEK293-TLR4-Luc cells with blasticidin, hygromycin B gold and

zeocin (referred to as DMEM+BHZ).

4.3.3.1. Passaging of HEK293-TLR-Luc cells using trypsin

For harvesting HEK293-TLR-Luc cells using TrypLE, the cell culture medium was first
removed from the flask. For a large flask 15 mL of TrypLE were added, the flask was
incubated at 37°C and after 5 min inspected for detachment of the cells. All cells detached
within a maximum of 10 min incubation with TrypLE. Fifteen millilitres of culture
medium (DMEM supplemented with the appropriate selective antibiotics) were added to
the flask and the cell suspension was transferred into a sterile 50 mL centrifuge tube.
Following centrifugation at 240 x g for 3 min (Jouan C3i Multifunction Centrifuge,
Thermo Scientific, USA) and discarding of the supernatant, the cell pellet was resuspended

in 12 mL of culture medium. The cell density was determined using the automated cell
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counter and the cells were used for seeding on Transwell inserts or reseeding cell culture

flasks as required.

4.3.3.2. Coating of Transwell inserts with collagen |

A 1% solution of rat-tail collagen I (Corning, New York, USA) was prepared using ultra-
pure distilled water. The solution was filter-sterilised (0.22 pm) and further diluted with
ultra-pure distilled water to a final concentration of 0.1% collagen I. Fifty microliters of
this solution was pipetted directly on the membrane of the Transwell inserts. The cell
culture plates containing the inserts were left partially covered inside a biosafety cabinet
for one hour. Subsequently, the lids of the plates were closed, the insert plates were
exposed to UV light for two hours and then left overnight inside the biosafety cabinet. The
next day the excess collagen I solution was removed and each insert was washed with 100
uL of sterile PBS. The PBS was removed and the collagen-coated inserts were used on the

same day to seed the HEK293-TLR-Luc cells.

4.3.4. Toll-like receptor activation assay in conventional conditions

In order to test whether the stable transfection was successful, one vial of the frozen
HEK293-TLR2-Luc cell line was revived as described in 4.3.1.4. Following two passages
using unselective DMEM as culture medium, the cells were maintained in DMEM+BZ.
The HEK293-TLR2-Luc cell line was then used to perform a TLR activation assay using a
positive control (heat-killed L. monocytogenes (HKLM), a known TLR2 ligand) and a
negative control (sterile endotoxin-free water). A schematic diagram of the TLR activation
assay is shown in Figure 4.2. When bacteria are recognised by TLR expressed on the cell
surface of the HEK293-TLR-Luc cell lines, it triggers downstream signalling cascades

leading to the activation of the transcription factor NF-«B. The HEK293-TLR-
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Figure 4.2 Schematic diagram of the TLR activation assay.

HEK?293 cells are transfected to express TLR on the cell surface. If bacteria are recognised by
TLR, it triggers downstream signalling cascades leading to the activation of transcription factor
NF-«kB. The HEK293 cells are also transfected with a NF-kB inducible luciferase reporter plasmid
resulting in the production of luciferase following TLR activation. By using a reporter gene assay

and measuring the luminescence it is therefore possible to quantify TLR activation.
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Luc cells are transfected with a NF-kB inducible luciferase reporter plasmid. Therefore the
activation of TLR by bacteria results in the production of luciferase and the luminescence

can be quantified using a reporter gene assay.

HEK293-TLR2-Luc cells were cultured in a large cell culture flask and detached from the
bottom of the flask as described in 4.3.1.2. Following the centrifugation, the supernatant
was discarded and the cell pellet was resuspended in 4 mL of DMEM+BZ. The cell density
was determined using an automated cell counter (Countess, Life technologies, Auckland,
New Zealand) and the cell suspension was diluted to a cell density of 3 x 10° cells/mL with
DMEM+BZ. This cell suspension was seeded into a 96-well assay plate (Corning Costar
3610, New York, USA) with 200 pL seeded per well resulting in 6 x 10* HEK-TLR2-Luc

cells per well. The cells were incubated overnight at 5% CO» and 37°C.

The next day the HEK293-TLR2-Luc cells were stimulated with HKLM as a positive
control and sterile endotoxin free water as a negative control. HKLM was supplied as a
lyophilised powder and reconstituted as per manufacturer’s instructions. The stock solution
(10" HKLM cells/mL) was diluted with DMEM+BZ to 108 HKLM cells/mL. The solution
was vortexed for 10 sec and stored at 4°C for up to one month. The HEK293-TLR2-Luc
cells seeded in the 96-well plate were stimulated with 20 ul of HKLM (10® cells/mL) and
20 pl of sterile endotoxin free water (n = 6) and incubated at 37°C in a 5% CO> incubator

for 24 h.

The following day 120 puL of medium was removed from each well. The lyophilised
Bright-Glo luciferase assay substrate was reconstituted using the Bright-Glo luciferase
assay buffer according to the manufacturer’s instructions. Surplus reagent was frozen at -
80°C in aliquots to avoid repeated freeze-thawing and used for up to one month. The assay

plate and the reconstituted Bright-Glo reagent were left at room temperature for at least 30
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min to ensure that they reached the same temperature. Hundred microliters of the Bright-
Glo reagent were added per well of the 96-well plate and mixed with the cell suspension.
Following an incubation of at least 2 min at room temperature to allow cell lysis, the
luminescence was measured using a plate reader (FlexStation 3, Molecular Devices,
Sunnyvale, USA; top read, 750 ms integration time, wavelength nonspecific (between 360

nm and 630 nm)).

This experiment was performed three times using six replicates per treatment. Between the
three TLR activation assays the HEK293-TLR2-Luc cells were cultured in unselective

DMEM in order to test if the transfection was stable.

4.3.5. Growth optimisation of F. prausnitzii in cell culture medium

4.3.5.1. Culture of the F. prausnitzii strains

The three F. prausnitzii strains listed in Table 2.1 were grown in anaerobic BHI broth
prepared as described in section 2.3.2.2. The bacterial cultures were prepared as described

in section 2.3.7 and secondary cultures in stationary phase were used for the experiments.

4.3.5.2. Viability of the F. prausnitzii strains in different culture media

The viability of the three F. prausnitzii strains in anaerobic DMEM with additional
supplements (acetate and the bacterial culture medium BHI) was determined as described
in Chapter 2 for analysing the growth of the F. prausnitzii strains in supplemented

anaerobic M199 (2.3.10).
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4.3.6. Adaptation of the Toll-like receptor activation assay to the apical anaerobic
co-culture model
The standard TLR activation assay was performed using HEK293-TLR-Luc cells grown in
96-well plates and incubated with the treatments in conventional conditions (5% COz in air
atmosphere). When conducting the TLR activation assay in the apical anaerobic co-culture
model, several adaptations were required as shown in Figure 4.3 and Figure 4.4. The
transfected cell lines were seeded on Transwell insert membranes which were inserted into
the co-culture chamber. The co-culture chamber was transferred into an anaerobic
workstation (Concept Plus, Ruskinn Technology Ltd) where the anaerobic treatments were
added. The HEK293-TLR-Luc cells were exposed to the apical anaerobic treatments and
only received oxygen from the basal aerobic medium. Furthermore, following receptor
activation the cells were transferred from the inserts into a 96-well plate to be able to

measure the luminescence signal using a plate reader.

For the above described adaptations of the TLR activation assay to the apical anaerobic co-
culture model one of the four transfected cell lines, the HEK293-TLR2-Luc cell line, was
chosen. The assay was performed using cells grown on Transwell inserts and experiments
were conducted to improve the attachment of the HEK293-TLR2-Luc cells to the
membranes of the Transwell inserts when used in the apical anaerobic co-culture model.
The TLR activation assay was then performed with positive and negative controls using
the adapted assay conditions and the receptor activation obtained in apical anaerobic
conditions was compared to the activation obtained in conventional conditions.

Furthermore, the DO content of the apical and basal compartments were determined.
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96-well plate Transwell inserts
Incubate overnight @ Incubate until 100% confluent
(until 80% confluent) to stop oxygen leakage

Add bacteria Add bacteria

Q Incubate for 6 hours @ Incubate for 6 hours

Transfer cells from Transwell
inserts to 96-well plate and add
bright glo substrate

Remove treatment and add
bright glo substrate

U U

Measure luminescence Measure luminescence

Figure 4.3 Adaptation of the TLR activation assay to the apical anaerobic co-culture
model.

A flow chart describing the steps of the TLR activation assay in conventional conditions and the
adaptations required to be able to perform the assay in apical anaerobic conditions highlighted in

red colour.
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Figure 4.4 HEK293-TLR-Luc cells in the apical anaerobic co-culture model.

The TLR activation assay was adapted to be performed using the apical anaerobic co-culture
model. HEK293-TLR-Luc cells were seeded onto the membrane of Transwell inserts instead of 96-
well plates. The Transwell inserts containing the cell layers were inserted into the co-culture
chamber which was transferred into an anaerobic workstation. The apical medium was replaced
with the anaerobic treatment solutions. HEK-TLR-Luc cells received oxygen from the basal
aerobic medium and anaerobic bacteria could survive in the apical anaerobic medium. Following
receptor stimulation, the HEK293-TLR-Luc cells were transferred into a 96-well plate for

luminescence quantification.
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4.3.6.1. Toll-like receptor activation assay using Transwell inserts

The TLR activation assay described in 4.3.4 was performed using HEK293-TLR2-Luc
cells seeded in a 96-well assay plate and cells seeded in Transwell inserts, and stimulated
each with a positive control and a negative control (HKLM, 10% cells/mL and sterile
endotoxin free water, respectively). The luminescence signals obtained from the two

different methods were compared.

The HEK293-TLR2-Luc cells were detached from a large cell culture flask as described in
4.3.1.2. Following centrifugation, the cell pellet was resuspended in 4 mL of DMEM+BZ,
the cell density was determined using an automated cell counter (Countess, Life
technologies, Auckland, New Zealand) and the cell suspension was diluted to 3 x 10° and 5
x 10° cells/mL with DMEM+BZ. The two dilutions were seeded into a 96-well assay plate
and into Transwell inserts using 200 uL per well and the cells were incubated overnight in

a 5% CO; incubator at 37°C.

The next day 20 pL each of the positive control (HKLM, 10® cells/mL) and the negative
control (sterile endotoxin free water) were added to the cells in the inserts and 96-well
assay plate (n = 3 per treatment). Only the wells or inserts seeded at a density of 5 x 10°
cells/mL were used for the receptor stimulation, as those seeded at 3 x 10° cells/mL did not
reach confluence. The cells were incubated with the treatments for 24 h in a 5% CO»

incubator at 37°C.

On the following day the luminescence quantification was performed using the HEK293-
TLR2-Luc cells seeded in the 96-well assay plate as described in 4.3.4. For the HEK293-
TLR2-Luc cells seeded into Transwell inserts the cell layers were first transferred from the
Transwell inserts into a 96-well plate. The luminescence signal upon receptor activation

was quantified using the Bright-Glo reagent as described in 4.3.4.
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4.3.6.2. Determining the viability and attachment of HEK293-TLR2-Luc cells under

different assay conditions

Various approaches were tested to improve the attachment of the HEK293-TLR2-Luc cells
to the membranes of the Transwell inserts when inserted into the apical anaerobic co-
culture model. In addition, different apical medium compositions were tested in order to

improve the growth of F. prausnitzii co-cultured with HEK293-TLR2-Luc cells.

For these experiments the HEK293-TLR2-Luc cells were detached from a large cell
culture flask and seeded on Transwell inserts as described in 4.3.1.2 and 4.3.6.1,
respectively, or using TrypLE as described in 4.3.3.1. After 24 h of incubation at a 5% CO:
in air atmosphere and 37°C, the cell layers were examined under a light microscope (10 x
objective) to ensure that they were 100% confluent. The co-culture chamber was prepared
as described in 2.3.9.1. The basal wells were filled with 3 mL of DMEM+FBS and the
inserts were carefully transferred into the co-culture chamber using a twisting motion. The
co-culture chamber was closed with the lids and transferred inside an anaerobic
workstation (Concept Plus, Ruskinn Technology Ltd). Inside the anaerobic workstation the
apical medium was carefully removed and the different anaerobic treatment solutions were
added. Following an incubation period, the co-culture chamber was removed from the
anaerobic workstation and the inserts were transferred to a 24-well plate filled with 810 pL
of DMEM+FBS. The cell layers were inspected for detachment or disruption under a light
microscope. The viability of the cells was determined using the neutral-red viability assay

as described in 2.3.15.

For all of the experiments testing the different assay conditions, HEK293-TLR2-Luc cells
treated with aerobic DMEM+FBS and incubated in conventional condition (5% CO; in air

atmosphere and 37°C) were used as a control.
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4.3.6.3. Toll-like receptor activation assay in apical anaerobic conditions

HEK293-TLR2-Luc cells seeded on collagen-coated Transwell inserts were stimulated for
6 h with a positive control HKLM at two concentrations (10® and 10° cells/mL) and a
negative control (sterile endotoxin free water) in conventional and apical anaerobic
conditions (n = 4 per treatment). After 6 h of incubation the Transwell inserts from both
environments were transferred to a 24-well plate filled with 810 uL of DMEM+FBS and
120 pL of the apical medium was removed from each insert. The remaining medium in the
inserts was used to remove the cell layers by pipetting the medium up and down. The cell
suspensions from each insert were transferred to wells of a 96-well assay plate. The 96-
well assay plate and the Bright-Glo substrate (Promega, Madison, USA) were left at room
temperature for at least 30 min. Into each well 100 pL of the Bright-Glo substrate was
added and mixed with the cell suspension. After incubating for 2 min with the reagent to
allow for the complete cell lysis the luminescence was measured using a plate reader

(FlexStation 3, Molecular Devices, Sunnyvale, USA; top read; 750 ms integration time).

4.3.6.4. Dissolved oxygen concentration in the apical and basal compartments

HEK293-TLR2-Luc cells were incubated in the apical anaerobic co-culture model for 6 h
and the basal and apical DO concentrations were measured to determine if the basal
compartment contained sufficient oxygen and if oxygen leaked from the basal to the apical
compartment. HEK293-TLR2-Luc cells were seeded on collagen-coated Transwell inserts
and inserted into the co-culture chamber as described in 4.3.6.2. The co-culture chamber
was transferred into the anaerobic workstation and the apical medium was replaced with
anaerobic 50% M199 TEER+50% BHI. The two different methods used to determine the
apical and basal DO concentrations using the DO probe and meter (Lazar Research

Laboratories, Los Angeles, USA) are shown in Figure 4.5. The DO concentrations in the
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Apical Basal

Figure 4.5 Methods to measure the DO concentrations in the apical and basal
compartments of the co-culture chamber.

HEK293-TLR2-Luc cells on Transwell inserts were transferred into the apical anaerobic co-culture
model and the apical medium was replaced with anaerobic 50% M199 TEER+50% BHI. The DO
concentrations in the apical compartment were measured manually by submerging the tip of the
DO probe in the apical medium. For the basal measurements a special adapter was designed in
order to stabilise and protect the delicate glass electrode of the DO probe while sealing the chamber
well off from the external environment. Images show (A) the DO probe, (B) details of the apical
DO measurements, (C) apical DO measurements including the DO meter, (D) the DO probe
inserted into the adapter for basal measurements, (E) details of the basal DO measurements and (F)

the basal DO measurements including the DO meter.
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apical compartment were measured hourly over 6 h by submerging the DO probe into the
apical medium. This experiment was performed twice using 24 replicates for each
experiment (total n = 48). The basal DO concentration could only be measured in one well
of the co-culture chamber at a time as a special adapter was required to stabilise and
protect the DO probe and to seal off the basal well from the anaerobic environment. The
basal DO concentrations were measured hourly over 6 h and the measurements were

repeated three times.

4.3.7. Viability of F. prausnitzii A2-165 in co-culture with HEK293-TLR2-Luc
cells in the apical anaerobic co-culture model

In order to determine which medium is best for the growth of F. prausnitzii, one of the

three strains (F. prausnitzii A2-165) was chosen to be co-cultured with HEK293-TLR2-

Luc cells in the apical anaerobic co-culture model using different media on the apical side

of the cell layer.

HEK293-TLR2-Luc cells cultured in a large cell culture flask were removed from the flask
using TrypLE as described in 4.3.3.1 and seeded in collagen-coated inserts. After 24 h of
incubation at 5% COz in air atmosphere and 37°C, the cells were used for the co-culture
experiment with F. prausnitzii A2-165 and inserted into the co-culture chamber as

described in 4.3.6.2.

Two Hungate culture tubes with secondary bacterial cultures of F. prausnitzii A2-165 in
stationary phase prepared as described in 2.3.7 were centrifuged at 2492 x g for 6 min
(11180/13190 rotor, Sigma 3-18K centrifuge, Sigma, Osterode am Harz, Germany). The
supernatant was discarded inside the anaerobic workstation and one pellet each was
resuspended in 2.5 mL of anaerobic M199 TEER and anaerobic DMEM+FBS. The

bacterial cell density was determined using a Petroff-Hauser counting chamber as
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described in 2.3.5.1. Five millilitres of bacterial suspensions with a density of 1.5 x 10’
bacterial cells/mL. were prepared using six different anaerobic medium compositions
(DMEM+FBS, M199 TEER, 75% M199 TEER + 25% BHI, 50% M199 TEER + 50%
BHI, 25% M199 TEER + 75% BHI and BHI). Using this bacterial density resulted in a
MOI of 10 as the HEK293-TLR2-Luc cells were seeded at a concentration of 1.5 x 10°

cells/mL.

Inside the anaerobic workstation the apical medium was removed carefully from the
HEK293-TLR2-Luc cell layers and 200 uL of the six treatment solutions (F. prausnitzii
A2-165 in anaerobic DMEM+FBS, M199 TEER, 75% M199 TEER + 25% BHI, 50%
M199 TEER + 50% BHI, 25% M199 TEER + 75% BHI and BHI) were added. The
viability of F. prausnitzii A2-165 in co-culture with HEK293-TLR2-Luc cells was
assessed by determining the CFU of the bacteria before and after 6 h of co-culture with the
cells as described in 2.3.5.2. In addition to the bacterial supernatant, the HEK293-TLR2-
Luc cell lysate was plated on BHI agar to determine if bacteria have attached to the cells.
After removing the complete supernatant from the HEK293-TLR2-Luc cells, the cell
layers were washed with 200 puL of anaerobic PBS. Into each insert 100 pL of 1% triton-X
prepared in anaerobic PBS was added and incubated for 15 min in order to lyse the cells.
Following this incubation the cell lysate was thoroughly mixed by pipetting and transferred
into 96-well plates. Tenfold serial dilutions of this suspension were prepared and aliquots
of the dilutions were pipetted onto BHI agar plates as described in 2.3.5.2. The agar plates
were incubated inside an anaerobic workstation for 48 h. This experiment was performed

three times using four replicates per treatment (total n = 12 per treatment).
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4.3.8. Statistical analysis

The statistical analyses were performed using SAS (SAS/STAT version 9.3; SAS Institute
Inc., Cary, NC, USA). Repeat measure analyses were performed to test the effect of time,
strain, status, acetate supplementation or BHI concentration and all their interactions, on
the response variable (ODsoonm, apical and basal DO levels). After fitting the models by
Restricted Maximum Likelihood method and comparing them using the log-likelihood
ratio test the most appropriate covariance structure of the mixed model for the response
variable was selected. If an interaction was not significant (P > 0.05) it was removed from
the model. In addition, ANOVA was performed to test the effect of the different apical
medium compositions on the viability of HEK293-TLR2-Luc cells in apical anaerobic and
conventional conditions and the viability of F. prausnitzii A2-165 after 6 h of co-culture
with HEK293-TLR2-Luc cells. When the F-value of the analyses were significant (P <
0.05), the means were compared using adjusted Tukey tests. Independent T-tests were
conducted to compare between TLR2 activation by positive and negative controls for
testing HEK293-TLR2-Luc cells for successful stable transfection, for performing the
assay with Transwell inserts and for testing the effect of TrypLE on the luminescence
signals. For the experiments to improve the attachment of the HEK293-TLR2-Luc cells in
the co-culture model, the viability of the cells in conventional and apical anaerobic
conditions was also compared using independent T-tests. Furthermore, the viability of F.
prausnitzii A2-165 before and after the co-culture with HEK293-TLR2-Luc cells using
different apical media was compared using the independent T-Test procedure. A 3 x 2
factorial design was used to test the effect of the three treatments (negative control and two
concentrations of the positive control) on TLR2 activation in two environments
(conventional and apical anaerobic). For all of the statistical analyses the model

assumptions (e.g. normal distribution and the homogeneity of variance) was evaluated
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using the ODS graphics in SAS. If the response variable did not fulfil these assumptions a
logio transformation was performed in order to reach these assumptions. Due to the reasons
stated in section 2.3.16 each HEK293-TLR2-Luc cell monolayer seeded into one
Transwell insert was used as an independent replicate for the statistical analysis. For the
method development described in this chapter the number of independent replicates was
three (n = 3) if not otherwise stated. For experiments that were performed in several runs a
complete randomised block design was firstly performed with the run (or experimental
day) as a random effect. There was no effect of the run for any of the tested variables,

consequently the random effect was removed from the model.

4.4. RESULTS

4.4.1. Zeocin sensitivity of HEK293-TLR2 cells

The sensitivity of HEK293-TLR2 cells to the antibiotic zeocin is shown in Figure 4.6. The
graph shows the percentage of attached, i.e. viable, cells after exposure to different
concentrations of zeocin over 16 days. The control cells (no zeocin added to the culture
medium) reached 100% confluence in the 12-well plate after 6 days. The overgrown cell
layers detached from the surface of the culture plate when the media was changed,
therefore the graph only shows the percentage of attached cells until 6 days for the control
cells. With 50 pg/mL of zeocin the cells reached 75% confluence after 5 days, however
with the following medium changes the confluence was reduced to 50% between 6 to 8
days and to 30% after 9 to 12 days as the cells were killed by the antibiotic. When using
100 pg/mL of zeocin, the cells did not increase in confluence after the antibiotic was added
and the percentage of attached cells decreased over time. However, after 16 days of

incubation with the antibiotic 5% of attached cells remained. With a concentration of 200
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Figure 4.6 Zeocin sensitivity of HEK293-TLR2 cells.

HEK293-TLR2 cells were exposed to the antibiotic zeocin in different concentrations (50, 100,
200, 400, 600, 800 and 1000 pg/mL) to determine the concentration that killed the majority of the
cells within two weeks. This was required for the antibiotic selection of the stably transfected cells.
The percentage of attached cells (i.e. viable cells) was determined by inspection under a light
microscope. The graph shows the mean percentage (n = 3) of remaining attached cells after
exposure to the different zeocin concentrations over 16 days. As the quantification of the
percentage of attached cells was only done by estimation through microscopic inspection of cells in
3 wells per treatment, no standard error is shown. The cell density in the wells with the control cells
(0 pg/mL zeocin) and the cells treated with 50 pg/mL zeocin was too high 6 and 12 days after
seeding, respectively, causing the media to become too acidic and the cell layers to detach from the

surface of the culture plate.
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pg/mL zeocin all cells were killed after 14 days of incubation. Therefore, this
concentration of zeocin was chosen for the antibiotic selection after the transfection of the
HEK293-TLR cells because it was the minimal concentration that killed all cells within 14
days which was required. Higher zeocin concentrations (400, 600, 800 and 1000 pg/mL)

were therefore not required for antibiotic selection.

4.4.2. Toll-like receptor activation assay in conventional conditions

HEK293-TLR2-Luc cells stimulated with the TLR2 ligand HKLM (10® cells/mL) had a
higher luminescence signal compared to the negative control (sterile endotoxin-free water)
as shown in Figure 4.7 (P < 0.001). Figure 4.7 shows the pooled data of three assays with
cells being cultured in unselective DMEM between the assays. It could therefore be
concluded that the stable transfection of the HEK-TLR2 cell line with the luciferase

plasmid was successful.

4.4.3. Viability of the three F. prausnitzii strains in cell culture medium

Secondary cultures of the three F. prausnitzii strains in stationary phase were resuspended
in anaerobic DMEM, incubated at 37°C and the ODgoonm Was measured over 24 h. Figure
4.8A shows the absolute ODgoonm values, however due to the different starting ODeoonm
values the statistical analysis was performed after normalising by the ODgoonm at time 0 h
(Figure 4.8B). There was no significant interaction between strain and time, therefore this
interaction was removed from the statistical model and the pooled data from three strains
are shown in Figure 4.8B. There was a significant decrease in the ODgoonm after 8 and 24 h

compared to the previous time points (0 to 4 h; P < 0.05).
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Figure 4.7 TLR activation assay in conventional conditions.

The HEK293-TLR2-Luc cells were stimulated with a positive control (HKLM, 10® cells/mL) and a
negative control (sterile endotoxin free water) to test if the stable transfection was successful. The
assay was repeated three times with cells being cultured in unselective DMEM to test if the
transfection was stable. The graph shows the mean (= SEM, n = 18) logio luminescence units

following TLR2 activation. *** TLR2 activation significantly different (P < 0.001).
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Figure 4.8 ODgoonm (A) and normalised change in ODegoonm (%) (B) of the three F.
prausnitzii strains in anaerobic cell culture medium (DMEM).

The three F. prausnitzii strains (A2-165, ATCC 27768 and HTF-F) were resuspended in stationary
phase in anaerobic DMEM and incubated at 37°C. The ODesoonm Was measured over 24 h: (A) Mean
(= SEM; n = 3) ODeoonm for each of the three F. prausnitzii strains over 24 h; (B) Percent change in
ODsoonm (£ SEM; n = 3) after normalising by the ODsoonm at time 0 h. The normalised data was used
for the statistical analysis because of the different starting ODsoonm. There was no significant
interaction between strain and time, therefore this interaction was removed from the statistical
model. The pooled data from three strains are shown in this graph. Time points with different

letters are significant different to previous time points (P < 0.05).
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4.4.4. Viability of the F. prausnitzii strains in cell culture medium supplemented
with acetate
The first approach to improve the growth of F. prausnitzii in anaerobic DMEM was to
supplement the cell culture medium with acetate which was previously reported as an
important substrate for the growth of F. prausnitzii [178]. The secondary cultures of the
three F. prausnitzii strains in stationary phase were resuspended in anaerobic DMEM
(referred to as control) or DMEM supplemented with 33 mM acetate (referred to as
acetate). The ODsoonm Was measured after 2, 4, 8 and 24 h of anaerobic incubation at 37°C
to determine if the acetate supplementation enhanced the growth of F. prausnitzii. The
absolute ODgoonm values are shown in Figure 4.9. However, due to the different starting
values at 0 h, the statistical analysis was performed after normalising by the ODsoonm at 0 h
for each strain in each medium as shown in Figure 4.10. There was a significant interaction
between the strain, time and medium (P = 0.01). For F. prausnitzii ATCC 27768 there was
a greater drop in the ODgoonm at all time points for acetate compared to the control media (P
< 0.05). The other F. prausnitzii strains (A2-165 and HTF-F) did not show differences in
the change in ODsoonm between the control and acetate media at any time point (P > 0.05).
The supplementation with acetate therefore did not improve the viability of the F.

prausnitzii strains in anaerobic DMEM.

4.4.5. Viability of the F. prausnitzii strains in cell culture medium supplemented
with bacterial culture medium

The next approach to improve the growth of the three F. prausnitzii strains was to

supplement cell culture medium with bacterial culture medium. The supplementation of

anaerobic cell culture medium M199 TEER with 50% of anaerobic BHI enabled growth of

F. prausnitzii A2-165 and F. prausnitzii ATCC 27768 in co-culture with Caco-2 cells in
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Figure 4.9 ODsoonm of the three F. prausnitzii strains in anaerobic DMEM with or without

acetate supplementation.

Secondary cultures of the three F. prausnitzii strains ((A) A2-165, (B) ATCC 27768 and (C) HTF-
F) in stationary phase were resuspended in anaerobic DMEM or anaerobic DMEM supplemented
with 33 mM acetate (DMEM+A) and incubated at 37°C for 24 h. The graphs show the mean (+

SEM; n = 3) ODsoonm OVver time for each of the three F. prausnitzii strains.
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Figure 4.10 Normalised change in ODgoonm (%) of the three F. prausnitzii strains in
anaerobic DMEM with or without acetate supplementation.

Secondary cultures of the three F. prausnitzii strains ((A) A2-165, (B) ATCC 27768 and (C) HTF-
F) in stationary phase were resuspended in anaerobic DMEM or anaerobic DMEM supplemented
with 33 mM acetate (DMEM+A). The bacterial solutions were incubated at 37°C and the ODgoonm
was measured over 24 h. The mean values (= SEM; n = 3) were obtained after normalising by the
ODsoonm at 0 h for each strain in each medium. There was a significant interaction between the
strain, time and medium (P = 0.01). * Mean ODeoonm Vvalues for each F. prausnitzii strain differ

significantly between acetate and control media for this time point at P < 0.05.
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the apical anaerobic co-culture model. In order to optimise the growth of the F. prausnitzii
strains with HEK293-TLR-Luc cells, anaerobic DMEM+FBS, the medium used to culture
these cells, was therefore also supplemented with 50% of anaerobic BHI, referred to as

DMEM-+BHI.

Secondary cultures of the three F. prausnitzii strains in stationary phase were resuspended
in DMEM+BHI at a density of 1.5 x 10 bacterial cells/mL. A bacterial solution of this
density equals a MOI of 10, as the HEK293-TLR2-Luc cells were seeded at a density of
1.5 x 10° cells/mL. In general, the MOI is determined using the cell density at the time of
the treatment. However since the HEK293-TLR2-Luc cells were only seeded the day
before the assay, the seeding density was used to calculate the MOI. The bacterial cultures

were incubated anaerobically at 37°C and the ODgoonm Was measured over 12 h.

The absolute ODgoonm values are shown in Figure 4.11A. The statistical analysis was
performed after normalising by the ODgoonm at 0 h because of the different starting
ODegoonm. There was a significant interaction between the strain and time (P = 0.004). As
shown in the change in the ODeoonm (Figure 4.11B), F. prausnitzii A2-165 did not grow in
this medium over 12 h of incubation. However, the other F. prausnitzii strains, ATCC

27768 and HTF-F, both showed a significant increase in the ODsoonm after 12 h (P < 0.05).

4.4.6. Toll-like receptor activation assay with Transwell inserts

The first step to adapt the TLR activation assay to the apical anaerobic co-culture model
was performing the assay with HEK293-TLR2-Luc cells seeded onto the membranes of
Transwell inserts because these were used in the co-culture chamber. This was first
performed in conventional conditions (5% COz in air atmosphere) in order to change only

one factor at a time.
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Figure 4.11 Viability of the three F. prausnitzii strains in cell culture medium
(DMEM+FBS) supplemented with bacterial culture medium (BHI).
The three F. prausnitzii strains (A2-165, ATCC 27768 and HTF-F) in stationary phase were

resuspended in anaerobic DMEM+FBS supplemented with 50% BHI, incubated anaerobically at
37°C and the ODsoonm Was measured over 12 h. Graphs show (A) the mean (£ SEM; n = 3) ODgoonm
for each of the three F. prausnitzii strains over 12 h and (B) the mean values (+ SEM; n = 3) after

normalising by the ODsoonm at time O h. The statistical analysis was performed using the normalised

change in ODgoonm because of the different starting ODgoon. There was a significant interaction

between the strain and the time (P = 0.004). The time points that do not share the same letters for

each curve are significantly different (P < 0.05).
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HEK293-TLR2-Luc cells seeded in Transwell inserts were stimulated with a positive
control (HKLM, 10® cells/mL) and a negative control (sterile endotoxin free water).
Following 24 h of incubation, the cells were transferred to a 96-well plate for the
luminescence quantification using two different methods. For the first technique (referred
to as Inserts A), 120 pL of the apical medium was removed from the inserts. The
remaining medium was used to remove the cells from the membrane by pipetting the
medium up and down. The cell suspension was transferred to a 96-well assay plate and the
luminescence signal upon receptor activation was quantified using the Bright-Glo reagent
as described in 4.3.4. For the second technique (referred to as Inserts B), 120 puL of the
apical medium were removed from the inserts and 100 pL of the Bright-Glo reagent were
added. The cell suspension was mixed with the Bright-Glo reagent, which also removed
the cells from the membranes. This mixture was transferred into a 96-well assay plate and
the luminescence signal upon receptor stimulation was measured using a plate reader as
described in 4.3.4. The results were compared to a standard TLR activation assay
performed on a 96-well plate. All of the three assay conditions resulted in a significant
TLR2 activation by the positive control compared to the negative control as shown in

Figure 4.12 (P < 0.001).

4.4.7. Approaches to improve the attachment of HEK293-TLR2-Luc cells in the
apical anaerobic co-culture model

Various approaches were tested to improve the attachment of HEK293-TLR2-Luc cells in

the co-culture model as summarised in Table 4.3. In addition, different apical medium

compositions were tested in these experiments in order to improve the growth of F.

prausnitzii co-cultured with HEK293-TLR2-Luc cells. For all of these experiments a
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Figure 4.12 TLR activation assay using Transwell inserts.

HEK293-TLR2-Luc cells were seeded in a 96-well plate or in Transwell inserts and stimulated
with a positive control (HKLM, 10® cells/mL) or a negative control (sterile endotoxin free water).
The TLR2 activation was determined after 24 h of incubation with the treatments using two
different techniques to transfer the cells from the inserts to a 96-well plate for the luminescence
quantification (referred to as Inserts (A) and Inserts (B)). The graph shows the mean (£ SEM, n =
3) logio luminescence units following TLR2 activation. *** TLR2 activation significantly different

(P <0.001).
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control with cells treated with aerobic DMEM+FBS and incubated in conventional

conditions (5% CO; in air atmosphere, 37°C) was included.

In approach A the viability and attachment of HEK293-TLR2-Luc cells on Transwell
inserts used in the apical anaerobic co-culture model and exposed to different apical
medium compositions (DMEM+FBS, M199 TEER, and M199 TEER supplemented with
25, 50, 75 and 100% BHI) was determined (n = 4 per treatment). Following 12 h of
incubation in the apical anaerobic co-culture model the majority (88%) of the cell layers

were disrupted or detached from the membranes of the inserts.

For the approaches B to D anaerobic DMEM+FBS was used as apical medium, because
the attachment had to be enhanced first before testing different apical medium
compositions again. In approach B a lower seeding density (7.5 x 10° cells/mL) compared
to the one used in approach A (1.5 x 10° cells/mL) was tested (n = 6). In this approach the
cells were used three days after seeding instead of one day. The rationale was that by using
a lower seeding density and a longer incubation period before performing the assay, the
cells will form a monolayer rather than a multilayer which was observed when using the
high seeding density. When Transwell inserts containing multilayers of cells are inserted
into the co-culture chamber, the pressure due to the tightness of the cell layers may be too
high, even when using pressure relief valves. This may cause the detachment or disruption
of the cell layers. Hence, it was hypothesised that using cells forming a monolayer on the
Transwell inserts prevents this technical difficulty. Additionally, a monolayer would also
represent the natural growth and morphology of HEK293 cells. However, this attempt was
not successful, following 12 h of incubation in apical anaerobic conditions 83% of the cell
layers detached or were disrupted, whereas in conventional conditions all cell layers were

still intact.
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In approach C a shorter incubation time (6 instead of 12 h) and the use of the dissociation
reagent TrypLE when harvesting the cells were tested to enhance the cell attachment in the
apical anaerobic co-culture model. During the initial culture of the HEK293-TLR cells and
the stable transfection, the passaging of the cells was performed without the use of trypsin,
a proteolytic enzyme commonly used in cell culture for detaching adherent cells from the
surface of the cell culture flask. Instead, the cells were removed from the bottom of the
flask by flushing them down with cell culture medium. The cell suspension was then
centrifuged, the supernatant discarded and the pellet was resuspended in fresh culture
medium. This method was preferred instead of using trypsin, as the supplier’s protocol
(Invivogen, San Diego, USA) states that the response of HEK293-TLR cells may be
altered by the action of trypsin. However, when passaging the cells without trypsin, cell
clumps remained in the solution even after thorough resuspension of the cell pellet. This
led to difficulties in the accurate determination of the cell density and in the formation of
multi-layered cell structures when seeding the cells in Transwell inserts. It was anticipated
that by using trypsin, in this case TrypLE (Life Technologies, Auckland, New Zealand), a
recombinant cell dissociation enzyme, the cells would be dissociated into a single cell
suspension which would result in the formation of a monolayer rather than a multilayer
when the cells are seeded in inserts. It was necessary to first test if the use of TrypLE
affected the response of the HEK293-TLR2-Luc cell line. The luminescence signal in
response to the stimulation of HEK293-TLR2-Luc cells with a positive control and a
negative control (HKLM, 10® cells/mL and sterile endotoxin free water, respectively) was

compared using cells harvested with and without TrypLE (n = 6).

As shown in Figure 4.13 there was a significant TLR2 activation by the positive control
compared to the negative control when using cells harvested with and without using

TrypLE (P <0.001). For approach C HEK293-TLR2-Luc cells harvested with TrypLE and
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Figure 4.13 TLR activation assay using cells harvested with or without TrypLE.

HEK293-TLR2-Luc cells were harvested with and without the use of the dissociation reagent
TrypLE, seeded into a 96-well plate and stimulated with a positive control (HKLM, 10 cells/mL)
and a negative control (sterile endotoxin free water). Following 24 h of incubation the
luminescence signal upon TLR2 activation was determined. The graph shows the mean (= SEM, n
= 6) logio luminescence units following TLR2 activation. *** TLR2 activation significantly

different (P < 0.001).
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seeded in inserts were then tested in the apical anaerobic co-culture model for 6 h of
incubation (n = 6). It was anticipated that with an incubation time of 12 h the HEK293-
TLR2-Luc cell layers detach because they are overgrown and start to peel off from the
border of the inserts, which does not occur when incubating for 6 h. However, this
approach did not enhance cell attachment, 83% of the cell layers detached or were

disrupted after 6 h.

The next approach to enhance the cell attachment (approach D) was to use HEK-TLR2-
Luc cells harvested with TrypLE and seeded in Transwell inserts coated with collagen I, an
extracellular matrix protein often used in cell culture to enhance cell attachment and
proliferation [303,304] (n = 6). This approach was successful as all cell layers were still
attached after 6 h of incubation in apical anaerobic conditions using anaerobic

DMEM-+FBS on the apical side.

After achieving improved cell attachment using DMEM+FBS as apical medium, the effect
of different apical medium compositions on the cell attachment and viability was tested
again using the adapted conditions (harvesting the cells using TrypLE, 6 h incubation and
collagen-coated inserts, approach E). The apical medium compositions were DMEM+FBS,
M199 TEER, 75% M199 TEER+25% BHI, 50% M199 TEER+50% BHI, 25% M199
TEER+75% BHI and BHI as in approach A. This experiment was performed three times
using four replicates per treatment (total n = 12). Following 6 h of incubation only 8% of
the cell layers detached. However, when visualising the cell layers under a light
microscope, the cell layers treated with 25% M199 TEER+75% BHI and 100% BHI had a
porous structure. Figure 4.14A shows a typical light micrographic image of HEK293-
TLR2-Luc cells exposed to 100% BHI in the apical anaerobic co-culture model for 6 h

showing several intermittent voids within the cell layer. This problem was not observed
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A

Figure 4.14 HEK293-TLR2-Luc cells exposed to bacterial culture medium and a mixture
of cell and bacterial culture media in the apical anaerobic co-culture model.

Typical light micrographic images of HEK293-TLR2-Luc cells grown on collagen-coated
Transwell inserts and incubated for 6 h in the apical anaerobic co-culture model with (A) 100%
BHI and (B) 50% M199 TEER+50% BHI as apical culture medium.
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when 50% M199 TEER+50% BHI was used as apical medium as shown in Figure 4.14B.

In general, there was no difference between the viability of HEK293-TLR2-Luc cells
incubated in apical anaerobic conditions compared to conventional conditions for all of the
above described experiments as summarised in Table 4.3. In addition, when using the
adapted conditions there was no difference between the viability of cells treated with
different apical medium compositions (DMEM+FBS, M199 TEER, 75% M199
TEER+25% BHI, 50% M199 TEER+50% BHI, 25% M199 TEER+75% BHI and BHI in
apical anaerobic conditions and DMEM+FBS and M199 TEER in conventional

conditions) as shown in Figure 4.15 (P = 0.19).

4.4.8. Toll-like receptor activation assay in apical anaerobic conditions

In order to test if the TLR activation assay could be performed in apical anaerobic
conditions, HEK-TLR2-Luc cells seeded on collagen-coated Transwell inserts were
stimulated with a positive control (HKLM, 10® and 10° cells/mL) and a negative control
(sterile endotoxin free water) using the co-culture model. In addition, the TLR2 stimulation
was conducted in conventional conditions using HEK293-TLR2-Luc cells grown on
Transwell inserts placed in a 24-well culture plate. Figure 4.16A shows the TLR2
activation after 6 h in both conventional and apical anaerobic conditions. However,
because there was no significant interaction between the environment and the treatment,
this interaction was removed from the statistical model and only the effects of the main
factors (environment and treatment) were analysed. There was a significant treatment
effect (P < 0.001). Figure 4.16B shows the pooled data from conventional and apical
anaerobic conditions. The luminescence signal obtained after treatment with HKLM (10°

cell/mL) was higher than that obtained after treatment with the negative control, and the
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Figure 4.15 Viability of HEK293-TLR2-Luc cells exposed to different apical media in
apical anaerobic and conventional conditions.

HEK293-TLR2-Luc cells in the apical anaerobic co-culture model were exposed on the apical side
to anaerobic DMEM+FBS, M199 TEER, 75% M199 TEER+25% BHI, 50% M199 TEER+50%
BHI, 25% M199 TEER+75% BHI and BHI. In addition, HEK293-TLR2-Luc cells were exposed to
DMEM+FBS and M199 TEER in conventional conditions. The graph shows the normalised
viability (mean + SEM; n = 9) of HEK293-TLR2-Luc cells after 6 h of incubation with the
treatments. The neutral red absorbance was normalised by adjusting the control cells (treated with
DMEM-+FBS) to 1 for each environment (apical anaerobic or conventional). There were no
differences between the viability of HEK293-TLR2-Luc cells exposed to the different media in

different environments (P = 0.19).
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Figure 4.16 TLR activation assay in conventional and apical anaerobic conditions.

HEK?293-TLR2-Luc cells were stimulated with a positive control in two different concentrations
(HKLM, 10* and 10° cells/mL) and a negative control (sterile endotoxin free water) in conventional
and apical anaerobic conditions. Following 6 h of incubation with the treatments the luminescence
was measured. (A) Mean (£ SEM; n = 4) luminescence units following TLR2 activation in
conventional and apical anaerobic conditions. There was no significant interaction between the
environment and the treatment therefore it was removed from the statistical model. (B) This graph
shows the mean (+ SEM; n = 4) logio luminescence units from the pooled data from conventional
and apical anaerobic conditions. Treatments that do not share the same letters are significantly

different (P < 0.05).
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signal from HKLM (10° cells/mL) treated cells was higher than those exposed to the two
other treatments (P < 0.05). The luminescence signals after stimulation with the positive
control in different concentrations therefore represented a dose-dependent response as

expected. The effect of the environment was not significant (P = 0.25).

4.4.9. Apical and basal dissolved oxygen concentrations

The apical and basal DO concentrations of HEK293-TLR2-Luc cells incubated in the
apical anaerobic co-culture model were measured to determine if sufficient oxygen
remained in the basal compartment over the 6 h of incubation and if oxygen leaked from
the basal to the apical side. The culture media used were aerobic DMEM+FBS in the basal

compartment and anaerobic 50% M199 TEER+50% BHI in the apical compartment.

After the 6 h of incubation several HEK293-TLR2-Luc cell layers were disrupted in which
case the basal medium passed through to the apical compartment. The apical DO
concentrations of the disrupted cell layers were compared to those that remained intact
throughout the 6 h of incubation. The obtained DO values were expressed as the

percentage of aerobic cell culture medium.

There was a significant interaction between the status (intact or disrupted cell layers) and
the time (P = 0.005). No oxygen was detected in the apical compartment of intact
HEK293-TLR2-Luc cell layers. In contrast, oxygen was detected in the apical
compartment of the disrupted HEK293-TLR2-Luc cell layers, however, the concentration
was low. The highest DO concentration was observed at the beginning of the experiment (t
=0h) to be 1.1 + 0.2%. The DO concentrations in the apical compartment of disrupted cell
layers were significantly higher than those of intact cell layers at the start of the experiment

(t=0h) and after 1 and 4 h of incubation (P < 0.05).
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The basal DO levels dropped significantly at every time point of the hourly measurements
as shown in Figure 4.17 (P < 0.05). In the first 2 h the DO concentration dropped
approximately 9% per hour. Subsequently, the DO concentrations dropped less per hour,
with 7% after the third and fourth hour of incubation to 6% and 5% after the fifth and sixth
hour, respectively. Following the 6 h of incubation of the HEK293-TLR2-Luc cells in the
apical anaerobic co-culture model (the duration of the TLR activation assays), 57.9% + 1.9

of the starting DO concentration remained in the basal compartment.

4.4.10. Viability of F. prausnitzii A2-165 in co-culture with HEK293-TLR2-Luc
cells with different apical medium compositions

F. prausnitzii A2-165 was co-cultured with HEK293-TLR2-Luc cells in the apical

anaerobic co-culture model using DMEM+FBS, M199 TEER, 75% M199 TEER+25%

BHI, 50% M199 TEER+50% BHI, 25% M199 TEER+75% BHI and BHI on the apical

side. The CFU of the bacteria before and after 6 h of incubation with HEK293-TLR2-Luc

cells was determined. No bacteria grew from the cell lysate, therefore it was concluded that

F. prausnitzii A2-165 did not attach to the cells.

For all six apical medium compositions tested there was a significant drop in the CFU of F.
prausnitzii A2-165 after 6 h of co-culture with HEK293-TLR2-Luc cells as shown in
Figure 4.18 (P < 0.01). In order to test if the different apical medium compositions had an
influence on the viability of F. prausnitzii A2-165, the CFU after 6 h (the duration of the
TLR activation assay) were compared (Figure 4.19). There was a significant difference
between the CFU of F. prausnitzii A2-165 when cell culture medium alone (DMEM+FBS
and M199 TEER) was used as apical medium compared to when using bacterial culture
medium (BHI) or mixtures of M199 TEER and BHI (P < 0.001). The addition of bacterial

culture medium to the apical medium (75% M199 TEER+25% BHI, 50% MI199
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Figure 4.17 Basal DO levels when incubating HEK293-TLR2-Luc cells in the apical
anaerobic co-culture model.

HEK293-TLR2-Luc cell layers seeded on Transwell inserts were inserted into the apical anaerobic
co-culture model and the apical medium was replaced with anaerobic 50% M199 TEER+50% BHI.
Aerobic DMEM+FBS was used as medium on the basal side of the cell layers. The basal DO
concentrations were measured hourly over 6 h. The graph shows the mean (+ SEM; n = 3)
percentage of basal DO compared to the starting values. Time points which do not share the same

letters are significantly different (P < 0.05).
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Figure 4.18 Viability of F. prausnitzii A2-165 before and after the co-culture with

HEK293-TLR2-Luc cells in the apical anaerobic co-culture model.

F. prausnitzii A2-165 was co-cultured for 6 h with HEK293-TLR2-Luc cells using different apical
media (DMEM+FBS, M199 TEER, 75% M199 TEER+25% BHI, 50% M199 TEER+50% BHI,
25% M199 TEER+75% BHI and BHI). The graph shows the mean (£ SEM; n = 3 and 10 for time
0 and 6 h, respectively) logio(CFU/mL) of the bacteria at 0 and 6 h of incubation with HEK293-
TLR2-Luc cells in the co-culture model. Mean logio(CFU/mL) differ between 0 and 6 h at ** P <
0.01 and *** P < 0.001. The bacterial treatments were added to four inserts with HEK293-TLR2-

Luc cells, however, several cell monolayers were disrupted after the 6 h of incubation. For these

reasons the number of observations differed between time 0 and 6 h.
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Figure 4.19 Viability of F. prausnitzii A2-165 after 6 h of co-culture with HEK293-TLR2-
Luc cells in the apical anaerobic co-culture model.

The CFU of F. prausnitzii A2-165 after 6 h of co-culture with HEK293-TLR2-Luc cells using
different apical media (DMEM+FBS, M199 TEER, 75% M199 TEER + 25% BHI, 50% M199
TEER + 50% BHI, 25% M199 TEER + 75% BHI and BHI) were compared. The graph shows the
normalised mean (£ SEM; n = 12) logio(CFU/mL) of F. prausnitzii A2-165 after 6 h of incubation
with HEK293-TLR2-Luc cells in the co-culture model. The logio transformed CFU/mL were
normalised against the values obtained with 100% BHI as this is the medium used to grow F.
prausnitzii A2-165. Treatments that do not share the same letters are significantly different (P <
0.05). Bars in blue colour indicate the use of cell culture media for the co-culture of F. prausnitzii
A2-165 with HEK293-TLR2-Luc cells and bars in red colour indicate the use of bacterial culture

medium or mixtures of cell and bacterial culture media.
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TEER+50% BHI, 25% M199 TEER+75% BHI and 100% BHI) increased the F.
prausnitzii A2-165 viable cell titre on average by approximately one order of magnitude

compared to cell culture medium alone (DMEM+FBS and M199 TEER).

4.5. DISCUSSION

In accordance to the hypothesis of this work, the results reported in this thesis chapter
showed that it is possible to perform the TLR activation assay in the apical anaerobic co-
culture model. Several adaptations were required to conduct this assay in the co-culture
model, which included the improvement of the attachment of the HEK293-TLR2-Luc cells
by using collagen-coated inserts, a shorter incubation time (6 h instead of 12 h) and the use
of TrypLE when harvesting the cells. The viability of the HEK293-TLR2-Luc cells was
maintained using the adapted assay conditions. However, the F. prausnitzii viable cell titre
decreased approximately 100-fold after 6 h of co-culture with HEK293-TLR2-Luc cells
when using different cell culture media (DMEM+FBS and M199 TEER) as apical
medium. Even though the viability of F. prausnitzii was improved when using mixtures of
cell culture medium (M199 TEER) and bacterial culture medium (BHI) or 100% BHI as
apical medium, there was still an approximate tenfold decrease of F. prausnitzii viable cell

titre.

As discussed in Chapter 2, F. prausnitzii requires complex media to grow. Consistent with
this previous chapter, none of the three F. prausnitzii strains had the ability to grow in
anaerobic cell culture medium, in this case DMEM, and the supplementation with acetate
did not improve the growth. When using the Caco-2 cell culture medium, M199 TEER,
supplemented with 50% of the bacterial culture medium BHI, all of the three F. prausnitzii
strains showed an increase in the ODgoonm Over 12 h of incubation. However, when using

the HEK293-TLR-Luc cell culture medium, DMEM+FBS, supplemented with 50% BHI,
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only F. prausnitzii ATCC 27768 and HTF-F showed an increase in the ODeoonm over 12 h,
no difference was observed for F. prausnitzii A2-165. This was unexpected as F.
prausnitzii A2-165 had the fastest growth rate compared to the other strains. As the
mixture of M199 TEER and BHI allowed better growth of the three F. prausnitzii strains
than the mixture of DMEM+FBS and BHI, it was decided to use M199 TEER
supplemented with BHI as the apical medium for both Caco-2 and HEK293-TLR-Luc

cells.

The main technical difficulty of performing the TLR activation assay in the apical
anaerobic co-culture model was the pressure on the HEK293-TLR2-Luc cell layer when
the inserts were transferred into the co-culture chamber. Every well of the co-culture
chamber is equipped with a one-way pressure relief valve and the inserts were carefully
transferred into the co-culture chamber using a slow twisting motion to reduce the pressure
on the cell layer. Despite these precautions a high percentage of the cell layers, 88% in the
first experiment and 83% in the second experiment, detached or were disrupted after 12 h
of incubation in the co-culture chamber. This was not observed when HEK293-TLR2-Luc
cells on inserts were incubated for 12 h in a 24-well culture plate in conventional
conditions (5% CO> in air atmosphere), supporting that the pressure in the co-culture

model was causing this problem.

The pressure exerted by inserting the inserts into the airtight co-culture model caused the
basal aerobic medium to pass through to the apical side of the cell layer and therefore
breaching the concept of the dual environment of the apical anaerobic co-culture model. It
was observed that this usually happened immediately after the inserts were transferred into
the co-culture chamber. Therefore a shorter incubation time did not solve the problem. In

addition, approaches to obtain a cell monolayer rather than a multilayer (trying a lower
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seeding density or the use of TrypLE when harvesting the cells) did not improve the
attachment of the HEK293-TLR2-Luc cells in the co-culture model and the flow of basal
medium to the apical side was observed. For all experiments, inserts with basal medium
passing through to the apical side were excluded from any subsequent analyses (e.g.
neutral red viability assay or luminescence quantification) because the dual environment

was not maintained.

The technical issue of basal medium passing through to the apical side was also observed
when using Caco-2 cells in the co-culture model, however not as frequent as with
HEK293-TLR2-Luc cells. In the case of Caco-2 cells, the inserts where the flow of basal
medium to the apical side was observed also had a drop in TEER suggesting a disruption
of the TJ. However, Caco-2 cells remained attached to the membranes of the inserts. Caco-
2 cells adhere strongly and require the use of dissociation reagents like trypsin for the
detachment of culture surfaces. HEK293 cells adhere weakly and easily detach from
culture surfaces by pipetting cell culture medium over the cell layer. Therefore HEK293-
TLR2-Luc cell layers often detached when exposed to the pressure in the co-culture model,

which was improved when using collagen-coated Transwell inserts.

The frequency of detaching of the HEK293-TLR2-Luc cell layers was increased when
using BHI or mixtures of M199 TEER and BHI suggesting that BHI disrupted the surface
structures of the cells. The cell attachment was improved when using collagen-coated
inserts, however, when visualising the cell layers under a light microscope a porous
structure of the cell layers treated with 75 and 100% BHI was observed. BHI also disrupted
cell structures of Caco-2 cells as shown in thesis chapter 2. Caco-2 cells exposed to high
BHI concentrations (75 and 100%) had lower TEER values compared to cells treated with

cell culture medium, suggesting that BHI disrupts the TJ integrity. However, this effect
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was only observed in apical anaerobic conditions. In contrast, the surface disrupting effect
of BHI on HEK293-TLR2-Luc cells was observed in both conventional and apical
anaerobic conditions. This suggests that different mechanisms and components of the BHI
medium are involved in the surface disrupting effects of BHI on HEK293-TLR2-Luc cells
and Caco-2 cells. In a preliminary experiment HEK293-TLR2-Luc cells exposed to 100%
BHI detached completely from the culture plate after 12 h of incubation in conventional
conditions. The cells had transformed into round-shaped suspension cells similar to what is
observed when detaching cells using the dissociation reagent TrypLE. BHI may affect the
actin cytoskeleton of the cells, which was shown to be the reason for the morphological
differences between adherent and suspended cells [305]. Remarkably, as for Caco-2 cells,
the viability of HEK293-TLR2-Luc cells exposed to BHI or mixtures of M199 TEER and
BHI was not compromised, suggesting that the viability and the attachment of the cells are

independent factors.

The first experiments using HEK293-TLR2-Luc cells in the apical anaerobic co-culture
model were performed with an incubation time of 12 h. This time was chosen because the
validation and previous applications of this system were performed with 12 h of incubation
[19]. Furthermore, assays to determine the TLR activation have been performed using
different incubation times with short times such as 4 [306] and 6 h [207] but also longer
times such as 16 h [307,308]. However, due to the technical difficulties using HEK293-
TLR2-Luc cells in the co-culture model as described above, a shorter incubation time of 6
h was chosen for the method development described in this chapter and the TLR activation

assays in chapter 5.

When co-culturing F. prausnitzii A2-165 with HEK293-TLR2-Luc cells for 6 h in the co-

culture model using cell culture medium (M199 TEER) supplemented with 50% bacterial
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culture medium (BHI) on the apical side, a significant decrease in CFU was determined.
However, using the same apical medium for the co-culture of Caco-2 cells and F.
prausnitzii A2-165 resulted in an increase in CFU. One reason for this difference could be
the shorter incubation time used for the co-culture of HEK293-TLR2-Luc cells with F.
prausnitzii compared to the co-culture of Caco-2 cells with F. prausnitzii (6 h compared to
12 h). F. prausnitzii may also require the mutualistic benefits from [ECs to grow in the co-
culture model. Mutualism between Caco-2 cells and F. prausnitzii has been recently
demonstrated using a simple co-culture model [252]. In accordance to the results described
in chapter 2 of this thesis, this suggests that the presence of the Caco-2 cells may stimulate
the growth of F. prausnitzii, for example through Caco-2 secreted mucins [252]. However,
the cell lines used for the TLR activation assays are human embryonic kidney cells
(HEK293), which were chosen for these experiments as they are known for their high
transfection efficiency [309]. In contrast to the co-culture of Caco-2 cells with F.
prausnitzii, no mutualistic effects between HEK293 cells and F. prausnitzii would occur
based on the different locations within the human body that the cells and the bacteria

originate from.

Another explanation why F. prausnitzii A2-165 grew in co-culture with Caco-2 cells but
not with HEK293-TLR2-Luc cells, despite using the same apical medium, may be small
amounts of oxygen leaking from the basal to the apical side of the cell layer. No oxygen
was detected when measuring the apical DO concentrations of intact cell layers. However,
the method to determine the DO concentration had the limitation that in the case of oxygen
leaking to the apical side it would diffuse quickly due to the anaerobic environment and
would therefore not be detected by the DO probe. HEK293-TLR2-Luc cells do not form a
tight monolayer compared to a differentiated Caco-2 cell monolayer that are connected by

TJ. For this reason it may be possible that small amounts of oxygen could pass from the
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basal through to the apical side causing the decreased viability of the obligate anaerobe F.
prausnitzii. Disrupted HEK293-TLR2-Luc cell layers with basal medium passing through
to the apical side were excluded from any further analyses including the determination of

the viability of F. prausnitzii A2-165 in co-culture with the cells.

Compared to the incubation of Caco-2 cells in the apical anaerobic co-culture model there
was a higher drop in the basal DO concentration when incubating HEK293-TLR2-Luc
cells in the co-culture model. After 12 h the basal DO concentration was approximately
80% from the starting value when Caco-2 cells were incubated in the co-culture model
[19], whereas for HEK293-TLR2-Luc cells a drop to approximately 58% after 6 h was
determined. This difference may be due to the higher cell numbers at the time of the
experiment when using HEK293-TLR2-Luc cells in the co-culture model compared to the
Caco-2 cell numbers (3 x 10° compared to 4 x 10* cells per insert, respectively). The
HEK293-TLR2-Luc cells may also have a higher oxygen consumption compared to Caco-
2 cells due to their embryonic origin. However, the DO concentration with Caco-2 cells in
the apical anaerobic co-culture model was determined using the prototype I of the co-
culture chamber and a different DO probe and meter were used, which included a different
calibration method. Therefore the DO concentrations obtained when incubating HEK293-
TLR2-Luc cells in the co-culture model were not directly comparable to the values

obtained when using Caco-2 cells.

In conclusion, the adaptation of the TLR activation assay to the co-culture model included
the coating of the membranes of the Transwell inserts with collagen I to improve the
attachment of the HEK293-TLR2-Luc cells and using a shorter incubation time (6 h).
Furthermore, a mixture of M199 TEER supplemented with 50% BHI was chosen to be

used as apical medium in the determination of the effects of the three F. prausnitzii strains
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on TLR activation in the following chapter. This medium composition was selected
because it improved the viability of F. prausnitzii A2-165 in co-culture with HEK293-
TLR2-Luc cells compared to when using the cell culture media M199 TEER and
DMEM-+FBS. There was no difference in the CFU of F. prausnitzii A2-165 after 6 h of co-
culture between M199 TEER supplemented with 50% BHI and other BHI concentrations
(25, 75 and 100% BHI). None of the medium compositions tested compromised the
viability of the HEK293-TLR2-Luc cells. However, higher BHI concentrations (75 and

100% BHI) disrupted the integrity of the cell layers.
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CHAPTER FIVE:
TLR activation by F. prausnitzii in conventional and

apical anaerobic conditions’

" Selected material from this section combined with sections from Chapter 4 will be
submitted for publication to the journal Cellular Microbiology.
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5.1. INTRODUCTION

Various GI diseases, for example IBD, are linked to an inappropriate activation of mucosal
immune responses causing chronic inflammation [310]. Paradoxical to the role of innate
immune receptors in triggering inflammation in the defence against pathogens, ample
evidence is now accumulating that the recognition of commensal microorganism by innate
immune receptors is required for homeostasis in the GI tract [27,148]. TLRs are one
example of innate immune receptors that are expressed in immune cells and also IECs and
recognise common surface structures of microorganisms, for example LPS [149]. TLR
activation has been implicated in maintaining homeostasis between immunity and

tolerance in the GI epithelium [27].

The obligate anaerobe F. prausnitzii, a prominent member of the commensal microbiota,
has been intensely studied for its beneficial effects in the GI tract [311]. Due to its
decreased abundance in patients with inflammatory diseases like IBD [10-14], IBS [15]
and celiac disease [16], F. prausnitzii is considered a protective factor for the large
intestinal mucosa and promoter of health. In line with this, several in vitro and in vivo
studies reported anti-inflammatory effects of F. prausnitzii. Some of the mechanisms
suggested to contribute to its beneficial effects are the stimulation of the secretion of anti-
inflammatory IL-10 by DCs [207], the increase of the differentiation of regulatory T cells

(Treg) [182], and the inhibition of the production of pro-inflammatory cytokines [179].

The capacity of several strains of F. prausnitzii to induce IL-10 secretion in human DCs
was shown to correlate with the extent to which the bacteria activated TLRs [207].
Interestingly, in addition to inducing the secretion of anti-inflammatory IL-10, the F.
prausnitzii strains also induced the secretion of large amounts of pro-inflammatory TNF-a

by DCs [207]. This indicates that the balance between pro- and anti-inflammatory
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responses induced by commensal bacteria contributes to immune homeostasis in the GI
tract. In this respect, the activation of the transcription factor NF-«B, a result of TLR
activation, was suggested to play a dual role in the GI tract by triggering pro-inflammatory
responses but also contributing to the regulation of immune homeostasis [312,313].
However, whether NF-«xB activation results in detrimental pro-inflammatory or beneficial

regulatory consequences remains to be elucidated.

A limitation of the above mentioned study was that the TLR activation by strains of F.
prausnitzii was tested in conventional cell culture conditions (5% CO: in air atmosphere)
[207]. Consequently, obligate anaerobic F. prausnitzii would have been killed in the
presence of oxygen and therefore only the effect of non-viable bacteria was determined.
Previous research has highlighted the importance of testing the effects of live obligate
anaerobic bacteria using physiologically relevant models of the GI tract because live and
dead bacteria exerted different effects on host cells [19]. For example, live F. prausnitzii
A2-165 inhibited the gene expression of the NF-kB transcription factor complex in human
IECs [19]. In this thesis chapter the effect of live F. prausnitzii on TLR activation was
determined using the apical anaerobic co-culture model and compared to the results
obtained when testing dead bacteria that were killed in the presence of oxygen or through

exposure to UV-light.

5.2. HYPOTHESIS AND AIMS

The hypothesis of this thesis chapter was that live and dead F. prausnitzii (strains A2-165,
ATCC 27768 and HTF-F) activate TLRs to a different extent, with higher TLR activation
induced by live bacteria. The first aim was to determine a suitable ratio between HEK293-
TLR-Luc cells and F. prausnitzii for the TLR activation assays in apical anaerobic

conditions. The second aim was to determine which TLRs recognise the three F.
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prausnitzii strains and if there are differences between the TLR activation by live and dead
bacteria. The activation of TLR2, TLR2/6 and TLR4 by F. prausnitzii was determined
because these receptors are expressed on the surface of IECs in the GI tract. For this aim
the effects of live and UV-killed F. prausnitzii in both conventional and apical anaerobic
conditions were tested. The third aim was to determine if the luminescence signals
obtained in the TLR activation assays were specific to the respective TLRs tested. In order
to complete this aim, HEK293 cells that did not express TLRs, but were stably transfected
with the luciferase reporter plasmid (HEK293-null-Luc), were exposed to live and UV-

killed F. prausnitzii in conventional and apical anaerobic conditions.

5.3. METHODS

5.3.1. Culture of F. prausnitzii

The three F. prausnitzii strains described in Table 2.1 were cultured in anaerobic BHI
prepared as described in 2.3.2.2. For the TLR activation assays secondary bacterial cultures

in stationary phase were used which were prepared as described in section 2.3.7.

5.3.2. Preparation of aerobic brain-heart infusion broth

In order to compare the effects of the three F. prausnitzii strains in conventional and apical
anaerobic conditions, aerobic and anaerobic medium was used on the apical side of the
HEK293-TLR-Luc cell layers. The apical medium used was anaerobic 50% M199
TEER+50% BHI for apical anaerobic conditions and aerobic 50% M199 TEER+50% BHI

for conventional conditions.

Anaerobic BHI broth was prepared as described in section 2.3.2.2 using the ingredients

listed in Table 2.3. The same ingredients were used for the preparation of aerobic BHI
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broth, however the reducing agent L-cystein was not added to the aerobic medium. After
dissolving the ingredients in distilled water, the pH was adjusted and the broth was

distributed into Hungate culture tubes and autoclaved.

5.3.3. Preparation of the HEK293-TLR-Luc cells for the TLR activation assays

Three TLR expressing cell lines (HEK293-TLR2-Luc, HEK293-TLR2/6-Luc and
HEK293-TLR4-Luc) were used to determine the effect of the three F. prausnitzii strains on
TLR activation. These cell lines were stably transfected with a reporter plasmid containing
the luciferase gene under the control of the human NF-«B promotor (pNiFty2-Luc,

Invivogen, San Diego, USA) as described in section 4.3.2.

Based on the manufacturer’s information (Invivogen), HEK293-TLR-Luc cells express
endogenous levels of TLR1, TLR3, TLRS, and NODI. In order to ensure the specificity of
the NF-«B activation by TLR2, TLR2/6 or TLR4, a control cell line (HEK293-null-Luc)

that only carried the luciferase reporter plasmid was included.

5.3.3.1. Maintenance of HEK293-TLR-Luc cells

The three HEK293-TLR-Luc cell lines and the control cell line (HEK293-null-Luc) were
recovered from frozen stocks as described in 4.3.1.4. All four cell lines were maintained in
unselective DMEM (Table 4.2) for the first two passages after reviving from frozen stocks.
As per manufacturer’s instructions, from the third passage onwards, the unselective
DMEM was supplemented with the selective antibiotics blasticidin and zeocin (both
Invivogen) (referred to as DMEM+BZ) for the HEK293-TLR2-Luc, HEK293-TLR2/6-Luc
and HEK293-null-Luc cells. For the HEK293-TLR4-Luc cells unselective DMEM was
supplemented with blasticidin, hygromycin B gold (Invivogen) and zeocin (referred to as

DMEM+BHZ). The cells were maintained in large cell culture flasks (T175) in 25 mL of
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the appropriate culture medium. The medium was changed twice a week and the cells were

subcultured at a confluence of approximately 80%.

5.3.3.2. Seeding HEK293-TLR-Luc cells on Transwell inserts

On the day before seeding the HEK293-TLR-Luc cell lines and the control cell line
(HEK293-null-Luc) on Transwell inserts, the inserts were coated with collagen I as
described in 4.3.3.2. The cell lines were used for seeding for the TLR activation assays
when the cells in a large cell culture flask were approximately 80% confluent. The cells
were removed from the bottom of the cell culture flask using trypsin as described in4.3.3.1.
After determining the cell density using an automated cell counter (Countess, Life
technologies, Auckland, New Zealand), the cell suspension was diluted with DMEM+FBS
to a cell density of 1.5 x 10° cells/mL. The diluted cell suspension was seeded in Transwell
inserts with 200 pL per insert. The inserts were placed into 24-well culture plates and 810
pL of DMEM+FBS were added per well. The culture plates were incubated at 5% CO; in

air and 37°C for 24 h before being used for the TLR activation assays.

5.3.4. Preparation of the positive controls

TLR ligands known to stimulate the three TLRs used during these studies were used as
positive controls (Table 5.1). For the control cell line (HEK293-null-Luc) which was
transfected only with the luciferase reporter plasmid TNF-a was used as positive control to
activate NF-kB. All of the positive controls were provided lyophilised and were
reconstituted as per the manufacturer’s instructions. The reconstituted solutions were
mixed by vortexing for 10 sec and either used on the day of the preparation or frozen in
aliquots at -20°C to avoid repeated freeze-thaw cycles. For each positive control two

working solution were prepared by diluting the stock solutions with aerobic and anaerobic
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50% M199 TEER+50% BHI. The concentration of the stock and working solutions for the

positive controls are shown in Table 5.1.

The TLR activation induced by the three F. prausnitzii strains was normalised against the
results obtained using the respective positive controls. For each cell line the first TLR
activation assay was performed using different concentrations of the positive controls in

order to determine the most appropriate concentration.

5.3.5. TLR activation assays with live and UV-killed F. prausnitzii in conventional
and apical anaerobic conditions

The two co-culture chambers were assembled inside the biosafety cabinet. The solutions

used for the TLR activation assays in apical anaerobic conditions were placed inside the

anaerobic workstation with opened lids the day before the assays in order to obtain

anaerobic solutions.

On the day of the experiment the secondary bacterial cultures of the three F. prausnitzii
strains prepared as described in 5.3.1 were centrifuged at 2492 x g for 6 min (11180/13190
rotor, Sigma 3-18K centrifuge, Sigma, Osterode am Harz, Germany). Inside the anaerobic
workstation the supernatant was discarded and each bacterial pellet was resuspended in 2.5
mL of anaerobic 50% M199 TEER+50% BHI. The bacterial density was determined using

a Petroff-Hausser counting chamber as described in 2.3.5.1.

The bacterial solutions of the three F. prausnitzii strains were diluted with anaerobic 50%
M199 TEER+50% BHI to a density of 1.5 x 10° bacterial cells/mL which resulted in a
MOI of 1, as the HEK293-TLR-Luc cell lines were seeded with 1.5 x 10° cells/mL. For
each of the three strains 5 mL of diluted bacterial solutions were prepared. The same

dilutions of the three F. prausnitzii strains were prepared using aerobic 50% M199
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TEER+50% BHI. From each of the six bacterial solutions (three F. prausnitzii strains
diluted in either anaerobic or aerobic 50% M199 TEER+50% BHI) 2 mL was removed and
added to wells of 6-well plates. The 6-well plates were placed on ice with opened lids and

exposed to UVC light for 15 min in order to kill the bacteria.

The wells of the two co-culture chambers were filled with 3 mL of DMEM+FBS. The
Transwell inserts containing the HEK293-TLR-Luc cells were carefully inserted into the
co-culture chambers using a slow twisting motion. The co-culture chambers were closed
with the lids and one co-culture chamber was transferred inside the anaerobic workstation
using the interlock. Inside the anaerobic workstation the lids were removed and the apical
medium was replaced with 200 pL of the anaerobic treatment solutions. The eight
anaerobic treatments were the negative control (sterile endotoxin-free water), the positive
control for the respective cell line (50 ng/mL TNF-o for HEK293-null-Luc, 10'® HKLM
cells/mL for HEK293-TLR2-Luc, 100 ng/mL Pam2CSK4 for HEK293-TLR2/6-Luc and
100 ng/mL LPS for HEK293-TLR4-Luc cells) and live and UV-killed bacterial cells of
each F. prausnitzii A2-165, F. prausnitzii ATCC 27768 and F. prausnitzii HTF-F. Each
treatment was used in triplicate. In order to prevent a prolonged exposure of the HEK293-
TLR-Luc cells to the anaerobic environment the apical medium was removed from only
three inserts at a time and immediately replaced with the anaerobic treatment solutions.
The co-culture chamber was closed with the lids and incubated for 6 h inside the anaerobic
workstation. For the HEK293-TLR-Luc cells in the second co-culture chamber the apical
medium was removed inside a biosafety cabinet and replaced with 200 pL of the aerobic
treatment solutions. The eight aerobic treatments were the same as described above,
however all treatments were prepared using aerobic 50% M199 TEER+50% BHI. The

second co-culture chamber was incubated for 6 h inside a 5% CO»-incubator at 37 °C.
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After the 6 h of incubation the co-culture chambers were removed from the anaerobic
workstation and the CO;-incubator. The inserts from both co-culture chambers were
removed carefully and transferred to 24-well plates filled with 810 uL of DMEM+FBS.
From each insert 120 pl of medium was removed. The HEK293-TLR-Luc cells were
transferred from the inserts into a 96-well assay plate (Corning Costar 3610) by pipetting
the remaining medium up and down carefully and thereby detaching the cell layers from
the membrane. Inside a fume hood 100 pL of the Bright-Glo reagent (Promega) was added
to each of the wells of the 96-well plate and mixed with the cell suspension. After an
incubation at room temperature for at least 2 min in order to allow the complete cell lysis,
the luminescence was measured using a plate reader (FlexStation 3, Molecular Devices,
Sunnyvale, USA; top read, 750 ms integration time, wavelength nonspecific (all
wavelengths between 360 nm and 630 nm)). For each of the HEK293-TLR-Luc cell lines
the TLR activation assays were performed at least three times using three replicates per

treatment (total n=9).

5.3.5.1. Determination of the multiplicity of infection for the TLR activation assays

In a preliminary experiment, the TLR activation assay was performed using the HEK293-
TLR2-Luc cell line as described in the section above (5.3.5), however, using two different
ratios between HEK293-TLR2-Luc cells and F. prausnitzii (i.e. MOI). The bacteria were
used at a density of 1.5 x 10° and 1.5 x 107 bacterial cells/mL resulting in a MOI of 1 and
10, respectively, as HEK293-TLR2-Luc cells were seeded at a concentration of 1.5 x 10°
cells/mL. To be able to test the different MOIs, this TLR activation assay was performed

only in apical anaerobic conditions using two co-culture chambers.
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5.3.6. Phylogenetic analysis of bacterial cell envelope marker genes

Phylogenetic analyses of bacterial cell envelope marker genes were conducted in order to
deduce whether the cell envelope of F. prausnitzii contains one membrane (monoderm) or
two membranes (diderm). It was hypothesised that F. prausnitzii may be one of the rare
irregular Gram-staining bacteria in which case the results of the Gram-stain may not
correspond to the correct dermis structure. Analysis of genetic marker genes and highly
conserved amino acid sequence characteristics is therefore a more reliable way to
determine the correct dermis status of F. prausnitzii. For this analysis the bacterial
homologs of the heat shock proteins Hsp60 and Hsp70 (GroEL and DnaK, respectively)
were chosen due to reported conserved inserts in these proteins that make it possible to
distinguish between monoderm and diderm bacteria [1,2]. Diderm bacteria are
characterised by a highly conserved one amino acid insert in the Hsp60 protein at position
154 and a 21 to 23 amino acid long conserved insert in the Hsp70 protein at position 80. In
contrast, these inserts are absent in monoderm bacteria [1,2]. Amino acid sequences of the
Hsp60 and Hsp70 protein homologs of Faecalibacterium, including F. prausnitzii A2-165
used in this PhD project, Fusobacterium, species of the clostridial cluster IV, Bacillus
subtilis as a typical monoderm bacterium, and E. coli as a typical diderm bacterium were
obtained from the NCBI protein database and aligned using ClustalX version 2.1 [3].
Phylogenetic trees for both marker genes were inferred using the Neighbour-Joining
algorithm in the Molecular Evolutionary Genetics Analysis (Mega) version 7.0 software

[4]. GeneDoc [5] was used to display the sequence alignment.

5.3.7. Statistical analysis

The statistical analyses were performed using SAS (SAS/STAT version 9.3; SAS Institute

Inc., Cary, NC, USA). For the preliminary TLR2 activation assay to determine the MOI an
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ANOVA was performed to test the effect of the treatments on the luminescence signals. A
3 x 2 x 2 factorial design was used to test the effect of the three F. prausnitzii strains, the
two statuses (live and UV-killed) and the two environments (conventional and apical
anaerobic) on TLR2 and TLR2/6 activation. In order to be able to include the negative
control into the analyses (only one status), a 7 x 2 factorial design was used to test the
effect of the seven treatments (negative control and the three F. prausnitzii strains live and
UV-killed) and the two environments (conventional and apical anaerobic) on TLR4
activation and the activation of the control cell line (HEK293-null-Luc). If an interaction
was not significant (P > 0.05) it was removed from the model. When the F-values of the
analyses were significant (P < 0.05), the means were compared using adjusted Tukey tests.
For all of the statistical analyses the model assumptions (e.g. normal distribution and the
homogeneity of variance) were evaluated using the ODS graphics in SAS. If the response
variable did not fulfil these assumptions a logio transformation was performed in order to
reach these assumptions. Due to the reasons stated in section 2.3.16 each HEK293-TLR2-
Luc cell monolayer seeded into one Transwell insert was used as an independent replicate
for the statistical analysis. A complete randomised block design was firstly performed with
the run (or experimental day) as a random effect. There was no effect of the run for any of

the tested variables, consequently the random effect was removed from the model.

5.4. RESULTS

The ability of live and UV-killed F. prausnitzii (strains A2-165, ATCC 27768 and HTF-F)
to activate TLRs (TLR2, TLR2/6 and TLR4) was determined in conventional (5% CO; in
air atmosphere) and apical anaerobic conditions. For each cell line negative and positive
controls were included. The luminescence readings obtained with the negative control were

low as expected. The first time performing a TLR activation assay with a new cell line
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different concentrations of the positive controls (TLR ligands for the HEK293-TLR-Luc
cells and TNF-a for the HEK293-null-Luc cells) were tested in order to obtain
luminescence signals within a similar range to the bacterial treatments. The results
obtained with the bacterial treatments were normalised to the results obtained with the

positive controls for each cell line.

5.4.1. TLR2 activation

5.4.1.1. Determination of the multiplicity of infection

In an initial experiment the most appropriate ratio between HEK293-TLR-Luc cells and F.
prausnitzii (MOI) to be used in subsequent TLR activation assays was determined. This
experiment was performed using the HEK293-TLR2-Luc cell line testing a MOI of 1 and
10 in apical anaerobic conditions. For F. prausnitzii A2-165 and HTF-F there was a
significant difference for the NF-kB activation between live and dead (UV-killed) bacteria
when using a bacteria to cell ratio of 1:1 (MOI 1), with higher NF-xB activation induced
by live bacteria (P < 0.05; Figure 5.1). When using a bacteria to cell ratio of 10:1 (MOI
10), no significant differences were determined between live and dead bacteria for all of
the three F. prausnitzii strains tested. For this reason it was decided to use the bacteria to

cell ratio of 1:1 for the following TLR activation assays.

5.4.1.2. TLR2 activation in conventional and apical anaerobic conditions

HEK293-TLR2-Luc cells were exposed to live and UV-killed F. prausnitzii (strains A2-
165, ATCC 27768 and HTF-F) in conventional and apical anaerobic conditions for 6 h.
The observed values for the TLR2 activation are shown in Figure 5.2. The interaction
between the environment, status and strain and the interaction between the strain and status

were not significant and were therefore removed from the statistical analysis. There was a
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Figure 5.1 Determination of the MOI for the TLR activation assays.

HEK293-TLR2-Luc cells were stimulated for 6 h with live and UV-killed F. prausnitzii (strains
A2-165, ATCC 27768 and HTF-F) in apical anaerobic conditions using two different ratios
between cells and bacteria (MOI 1 and MOI 10). The results were normalised to the luminescence
signal obtained when stimulating the cells with a positive control (HKLM, 10° cells/mL). The
graph shows the normalised mean (£ SEM; n = 3) luminescence units after TLR2 stimulation.

* TLR2 activation significantly different (P < 0.05). L = Live, D = Dead (UV-killed).
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Figure 5.2 TLR2 activation (observed values) by live and UV-killed F. prausnitzii in
conventional and apical anaerobic conditions.

HEK293-TLR2-Luc cells were exposed to live or UV-killed F. prausnitzii (strains A2-165, ATCC
27768 and HTF-F) in conventional and apical anaerobic conditions. After 6 h of incubation the
luminescence as a measure of NF-kB activation was determined. The results were normalised to
the luminescence signal obtained when stimulating the cells with a positive control (HKLM, 10"
cells/mL). The graph shows the normalised observed mean (£ SEM; total n between 6 to 9 for each
treatment) luminescence units after TLR2 stimulation. The number of observations differed
between the treatments because several cell monolayers were disrupted after the 6 h of incubation.
The interaction between the environment, status and strain was not significant and was therefore
removed from the statistical model. The results of the statistical analyses are shown in Figure 5.3

and Figure 5.4.
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significant interaction between the environment and status (P < 0.001) as shown in Figure
5.3. The highest NF-xB reporter activity following TLR2 activation was determined when
testing live bacteria in apical anaerobic conditions which was on average 1.6-fold higher
compared to the other treatments (UV-killed bacteria in apical anaerobic conditions and
live and UV-killed bacteria in conventional conditions). There was no difference between
UV-killed bacteria in apical anaerobic conditions compared to live bacteria in conventional
conditions. Compared to the TLR2 activation in apical anaerobic conditions, where live
bacteria induced a 1.5-fold higher response than UV-killed bacteria, the responses induced
by live and UV-killed bacteria were less different in conventional conditions. In this
environment the TLR2 activation induced by live bacteria was only 1.1-fold higher

compared to the response obtained using UV-killed bacteria.

A significant interaction between the strain and environment was determined (P = 0.02) as
shown in Figure 5.4. No differences were observed between the three F. prausnitzii strains
in apical anaerobic conditions (P > 0.05). However, the TLR2 activation by all three strains
was higher in apical anaerobic conditions compared to conventional conditions. In
conventional conditions, the F. prausnitzii strains ATCC 27768 and HTF-F induced a

higher TLR2 response compared to F. prausnitzii A2-165 (P < 0.05).

5.4.2. TLR2/6 activation in conventional and apical anaerobic conditions

The observed values for the activation of TLR2/6 by live and dead F. prausnitzii (strains
A2-165, ATCC 27768 and HTF-F) in conventional and apical anaerobic conditions are
shown in Figure 5.5. The interaction between the environment, status and strain was not
significant and was therefore removed from the statistical model, as were the interactions
between the environment and strain and between the strain and status. The interaction

between the environment and status was significant as shown in Figure 5.6 (P < 0.001). In
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Figure 5.3 TLR2 activation (fitted values) by live and UV-killed F. prausnitzii in
conventional and apical anaerobic conditions.

HEK293-TLR2-Luc cells were exposed to live or UV-killed F. prausnitzii (strains A2-165, ATCC
27768 and HTF-F) and the TLR2 activation after 6 h of incubation was determined by measuring
the luminescence upon NF-kB activation. The results were normalised to the results obtained when
stimulating TLR2 with a positive control (HKLM, 10" cells/mL) in the respective environment.
The interaction between the environment (apical anaerobic and conventional), strain and status
(live and UV-killed) was not significant and was therefore removed from the statistical model.
There was a significant interaction between the environment and status (P < 0.001). The graph
shows the normalised fitted mean (= SEM; total n between 6 to 9 for each treatment) luminescence
units after TLR2 stimulation. The number of observations differed between the treatments because
several cell monolayers were disrupted after the 6 h of incubation. Treatments that do not share the

same letters are significantly different (P < 0.05).
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Figure 5.4 TLR2 activation (fitted values) by F. prausnitzii in conventional and apical
anaerobic conditions.

HEK293-TLR2-Luc cells were exposed to live and UV-killed F. prausnitzii (strains A2-165,
ATCC 27768 and HTF-F) in conventional and apical anaerobic conditions for 6 h. The TLR2
activation was determined by measuring the luminescence upon NF-kB activation. The results were
normalised to the NF-kB activation after TLR2 stimulation with a positive control (HKLM, 10"
cells/mL) for each environment. A significant interaction between the strain and environment was
determined (P = 0.02). The graph shows the normalised fitted mean (£ SEM; total n between 6 to 9
for each treatment) luminescence units following TLR2 stimulation. The number of observations
differed between the treatments because several cell monolayers were disrupted after the 6 h of

incubation. Treatments that do not share the same letters are significantly different (P < 0.05).
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Figure 5.5 TLR2/6 activation (observed values) by live and UV-killed F. prausnitzii in
conventional and apical anaerobic conditions.

HEK293-TLR2/6-Luc cells were incubated with live or UV-killed F. prausnitzii (strains A2-165,
ATCC 27768 and HTF-F) in conventional and apical anaerobic conditions and after 6 h the
luminescence was measured to determine the TLR2/6 activation. Results were normalised against a
positive control (cells stimulated with 100 ng/mL Pam2CSK4). The graph shows the normalised
observed mean (= SEM; total n between 8 to 11 for each treatment) luminescence units after
TLR2/6 stimulation. The number of observations differed between the treatments because several
cell monolayers were disrupted after the 6 h of incubation. The interaction between the
environment, status and strain was not significant and was therefore removed from the statistical

model. The results of the statistical analyses are shown in Figure 5.6 and Figure 5.7.
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Figure 5.6 TLR2/6 activation (fitted values) by live and UV-killed F. prausnitzii in
conventional and apical anaerobic conditions.

HEK293-TLR2/6-Luc cells were stimulated with live or UV-killed F. prausnitzii (strains A2-165,
ATCC 27768 and HTF-F) in conventional and apical anaerobic conditions. The TLR2/6 activation
was determined after 6 h of incubation by measuring the luminescence. The results were
normalised to the results obtained when using a positive control (Pam2CSK4, 100 ng/mL). The
interaction between the environment, status and strain was not significant and was therefore
removed from the statistical model. A significant interaction between the environment and status
was determined (P < 0.001). The graph shows the normalised fitted mean (£ SEM; total n between
8 to 11 for each treatment) luminescence units after TLR2/6 stimulation. The number of
observations differed between the treatments because several cell monolayers were disrupted after

the 6 h of incubation. Treatments that do not share the same letters are significantly different (P <
0.05).
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apical anaerobic conditions, the TLR2/6 activation by live F. prausnitzii was 1.6-fold
higher than UV-killed bacteria. Furthermore, the TLR2/6 activation by live F. prausnitzii
in apical anaerobic conditions was 2.2-fold higher than the TLR2/6 activation by live and
UV-killed F. prausnitzii in conventional conditions. In conventional conditions there was

no difference for the TLR2/6 activation between live and UV-killed bacteria.

There was a significant effect of the strain on the luminescence response as shown in
Figure 5.7 (P < 0.001). The highest TLR2/6 response was observed for F. prausnitzii A2-
165, followed by F. prausnitzii ATCC 27768 and the lowest TLR2/6 response was

determined for F. prausnitzii HTF-F (P < 0.05).

5.4.3. TLR4 activation in conventional and apical anaerobic conditions

The observed values for the TLR4 activation by live and UV-killed F. prausnitzii (strains
A2-165, ATCC 27768 and HTF-F) in conventional and apical anaerobic conditions are
shown in Figure 5.8. The results from cells treated with the negative control were included
in the statistical analysis. There was no significant treatment effect (P = 0.08),
demonstrating that the luminescence signal obtained with the negative control was not
different from the bacterial treatments. This shows that there was no TLR4 activation by
either live or UV-killed F. prausnitzii in both conventional and apical anaerobic

conditions.

The only significant effect observed was the effect of the environment (P < 0.001). The
TLR4 activation was higher in conventional conditions than in apical anaerobic conditions
(P < 0.05). The statistical analysis was repeated using the absolute values of the
luminescence measurements, which also showed a higher TLR4 activation in conventional

conditions (P < 0.05; data not shown).
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Figure 5.7 TLR2/6 activation (fitted values) by live and UV-killed F. prausnitzii in
conventional and apical anaerobic conditions.

HEK?293-TLR2/6-Luc cells were stimulated with live or UV killed F. prausnitzii (strains A2-165,
ATCC 27768 and HTF-F) in conventional and apical anaerobic conditions. The luminescence upon
TLR2/6 activation was determined. Results were normalised against a positive control (cells
stimulated with 100 ng/mL Pam2CSK4). There was a significant effect of the strain on the
luminescence response (P < 0.001). The graph shows the normalised fitted mean (+ SEM; total n
between 8 to 11 for each treatment) luminescence units after TLR2/6 stimulation. The number of
observations differed between the treatments because several cell monolayers were disrupted after

the 6 h of incubation. Treatments that do not share the same letters are significantly different (P <

0.05).
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Figure 5.8 TLR4 activation by the controls and by live and UV-killed F. prausnitzii in
conventional and apical anaerobic conditions.

HEK293-TLR4-Luc cells were exposed to live and UV killed F. prausnitzii (strains A2-165,
ATCC 27768 and HTF-F) in conventional and apical anaerobic conditions and after 6 h the
luminescence upon TLR4 activation was measured. Results were normalised to a positive control
(LPS, 100 ng/mL) in the respective environment. The interaction between the treatment and
environment was not significant and was therefore removed from the statistical model. There was
no significant treatment effect (P = 0.08) and therefore no difference between the negative control
and the bacterial treatments. However, there was a significant effect of the environment on the
luminescence signal (P < 0.001). The graph shows the normalised observed mean (+ SEM; total n
between 6 and 14 for each treatment) luminescence units after TLR4 stimulation. The number of
observations differed between the treatments because several cell monolayers were disrupted after

the 6 h of incubation.
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5.4.4. Activation of the control cell line in conventional and apical anaerobic
conditions
The control cells (HEK293-null-Luc), which did not express TLRs but were transfected
with the luciferase reporter plasmid, were exposed to the same treatments as the TLR-
expressing cell lines (live and UV-killed F. prausnitzii (strains A2-165, ATCC 27768 and
HTF-F) in conventional and apical anaerobic environment). The observed values for the
activation of the HEK293-null-Luc cells are shown in Figure 5.9. The luminescence
signals from cells treated with the negative control were included in the statistical analysis.
There was no significant treatment effect (P = 0.08), which means that there was no
difference between the negative control and the bacterial treatments. Since the control cell
line was not activated by the bacterial treatments, the NF-kB activation determined for the

TLR-expressing cell lines was specific for the respective TLRs tested.

There was a significant effect of the environment on the luminescence signal (P < 0.001)
with a higher NF-kB activation in apical anaerobic compared to conventional conditions (P
< 0.05). In addition to the statistical analysis using the normalised data the absolute values
of the luminescence measurements were analysed which also showed a higher NF-xB

activation in apical anaerobic conditions (P < 0.05; data not shown).

5.4.5. Phylogenetic analysis of bacterial cell envelope marker genes

The phylogenetic trees for the bacterial cell envelope marker genes Hsp60 and Hsp70 are
shown in Figure 5.10 and Figure 5.11, respectively. These analyses demonstrate that F.
prausnitzii is closer related with respect to its dermis to Gram-positive bacteria such as
species of the clostridial cluster IV and Bacillus subtilis, than to traditional Gram-negative

bacteria such as E. coli. The F. prausnitzii Hsp60 and Hsp70 homologs were located on
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Figure 5.9 Activation of the control cell line (HEK293-null-Luc) by the controls and by
live and UV-killed F. prausnitzii in conventional and apical anaerobic conditions.

The control cell line (HEK293-null-Luc) was exposed to live and UV-killed F. prausnitzii (strains
A2-165, ATCC 27768 and HTF-F) in conventional and apical anaerobic conditions. After 6 h of
co-culture the NF-xB activation was determined by measuring the luminescence. The results were
normalised to a positive control (TNF-o, 50 ng/mL) in the respective environment. The interaction
between the treatment and environment was not significant and was therefore removed from the
statistical model. There was no significant treatment effect (P = 0.08) and therefore no difference
between the negative control and the bacterial treatments. However, there was a significant effect
of the environment on the luminescence signal (P < 0.001). The graph shows the normalised
observed mean (£ SEM; total n between 5 to 8 for each treatment) luminescence units. The number
of observations differed between the treatments because several cell monolayers were disrupted

after the 6 h of incubation.
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WP 064670324.1 Escherichia coli
WP 000729114.1 Escherichia coli
WP 050009919.1 Escherichia coli
WP 047597557.1 Escherichia coli
WP 001759595.1 Escherichia coli
WP 077392462.1 Escherichia coli
rWP 061801378.1 Escherichia coli
WP 003969669.1 Escherichia coli
“WP 075827265.1 Escherichia coli

Figure 5.10 Evolutionary relationships of taxa based on the phylogenetic analysis of the

bacterial cell envelope marker gene Hsp60.

The evolutionary history was inferred using the Neighbour-Joining method [9]. The optimal tree

with the sum of branch length = 1.95327348 is shown. The tree is drawn to scale, with branch

lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.

The evolutionary distances were computed using the Poisson correction method [10] and are in the

units of the number of amino acid substitutions per site. The analysis involved 49 amino acid

sequences. All positions containing gaps and missing data were eliminated. There were a total of

533 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [4].
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Figure 5.11 Evolutionary relationships of taxa based on the phylogenetic analysis of the
bacterial cell envelope marker gene Hsp70.

The evolutionary history was inferred using the Neighbour-Joining method [9]. The optimal tree
with the sum of branch length = 1.79497509 is shown. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the Poisson correction method [10] and are in the
units of the number of amino acid substitutions per site. The analysis involved 49 amino acid
sequences. All positions containing gaps and missing data were eliminated. There were a total of

588 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [4].
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branches deriving from the same tree node as the species of the clostridial cluster IV and
the neighbouring node contained the Hsp60 and Hsp70 homologs of Bacillus subtilis. In
contrast, Hsp60 and Hsp70 homologs of Fusobacterium and E. coli branched separately
from the other bacterial groups. In addition, Figure 5.12 and Figure 5.13 show the partial
sequence alignments of the Hsp60 and Hsp70 proteins, respectively. These reveal that the
one and the 24 amino acid inserts in conserved regions in Hsp60 and Hsp70 were only

present in E. coli, but absent in all of the other taxa, including F. prausnitzii.

5.5. DISCUSSION

The results reported in this research chapter support the hypothesis that live and dead F.
prausnitzii (strains A2-165, ATCC 27768 and HTF-F) activate TLRs to a different extent,
with higher TLR activation induced by live bacteria. For both TLR2 and TLR2/6 the
higher activation was induced by live F. prausnitzii compared to dead bacteria (killed by
UV-light or in the presence of oxygen). Neither live nor UV-killed bacteria activated
TLR4, in both apical anaerobic and conventional conditions. HEK293 cells expressing no
TLRs but transfected with the luciferase reporter plasmid (HEK293-null-Luc cells) were
not stimulated by F. prausnitzii, demonstrating that the NF-kB activation was dependent
on the expression of the respective TLRs. The activation of TLRs is known as the first step
of triggering inflammatory responses against pathogenic bacteria in the GI tract [316].
However, it is becoming increasingly evident that TLR signalling also contributes to
maintaining immune homeostasis through a ‘tonic’ level of TLR activation by commensal
bacteria [148]. The TLR2 and TLR2/6 activation by live F. prausnitzii may therefore

contribute to its beneficial effects in the GI tract.
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Chapter Five: Toll-like receptor activation assays

TLRs recognise surface structures of microorganisms, so called PAMPs [27]. Therefore, it
could be anticipated that live and dead bacterial cells induce the same level of TLR
activation or that dead bacteria induce greater TLR activation because the killing, for
example through cell lysis, may increase the availability of PAMPs [317]. In contrast,
greater TLR activation by live compared to dead bacteria was shown for both pathogenic
and commensal bacteria [318,319]. These findings are supported by the results of this
research showing higher TLR2 and TLR2/6 activation when treated with live F.

prausnitzii.

One explanation for the greater TLR activation by live bacteria could be the ability of
viable organisms to replicate resulting in a higher receptor activation through an increased
abundance of PAMPs. However, as shown in the previous thesis chapter, F. prausnitzii
A2-165 did not grow in co-culture with HEK293-TLR2-Luc cells in the apical anaerobic
co-culture model. Although the supplementation of the cell culture medium M199 TEER
with 50% of the bacterial culture medium BHI improved the bacterial viability compared
to M199 TEER alone, the F. prausnitzii A2-165 CFU decreased by approximately one log
after 6 h of co-culture. The other F. prausnitzii strains used in this study (ATCC 27768 and
HTF-F) generally grow slower compared to F. prausnitzii A2-165. Hence, a higher loss in
viability in the co-culture model could be anticipated for these strains. Consequently, it is
unlikely that the higher TLR2 and TLR2/6 activation by live F. prausnitzii was caused by

higher bacterial numbers due to replication.

Since live F. prausnitzii induced higher TLR2 and TLR2/6 activation compared to dead
bacteria in the absence of bacterial growth, it can be hypothesised that the activation of
TLRs is not only induced by bacterial surface structures. Live bacteria may produce

metabolites that directly or indirectly influence TLR activation, thereby causing
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differential immune responses. This is in agreement with the results of a study showing
that the F. prausnitzii A2-165 supernatant, and therefore secreted metabolites, but not UV-

killed bacteria or bacterial fractions exerted immunomodulatory effects [179].

The higher NF-xB activation due to TLR2 and TLR2/6 signalling induced by live F.
prausnitzii may be mediated by secreted butyrate. F. prausnitzii is one of the major
butyrate producers in the GI tract [178,311,320]. This short chain fatty acid is well known
for its beneficial functions [166]. Previous research demonstrated that butyrate affected
innate immune signalling [321]. For example, butyrate mediated nucleotide-binding and
oligomerisation domain (NOD)2-dependent mucosal immune responses against
peptidoglycan in IECs [321]. The chemokine secretion induced by peptidoglycan was
enhanced in the presence of butyrate. Furthermore, using Caco-2 cells stably transfected
with a NF-kB-driven luciferase reporter plasmid, it was shown that butyrate caused a
significant increase in NF-kB activation upon peptidoglycan stimulation [321]. In addition,
at the concentration present in the supernatant of F. prausnitzii A2-165 grown in BHI
supplemented with cellobiose and maltose (i.e., 40 mM), butyrate increased NF-«B
activation after IL-1 stimulation in Caco-2 reporter cell lines [179]. In this respect, further
studies could investigate whether the F. prausnitzii strains produce butyrate in co-culture
with HEK293-TLR-Luc cells in the apical anaerobic-co-culture model using anaerobic

50% M199 TEER+50% BHI as apical medium.

The different immune-stimulatory potential of live and dead F. prausnitzii may also be
caused by proteins secreted by live bacteria. Recently, an anti-inflammatory protein
isolated from F. prausnitzii A2-165 supernatant was identified [213]. It is plausible that
this protein influences TLR signalling either directly through receptor stimulation or

indirectly by modulating TLR-induced downstream signalling cascades.
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Remarkably, it was demonstrated that the mammalian innate immune system is able to
directly sense microbial viability through the recognition of so-called viability-associated
PAMPs (vita-PAMPs) [322]. Prokaryotic messenger ribonucleic acid (mRNA) released
following phagocytosis of live but not dead bacteria was identified as a vita-PAMP.
Though first thought as a trait of pathogenic bacteria, viable non-pathogenic bacteria were
also shown to induce innate immune responses triggered by viability and prokaryotic
mRNA. Similarly, it may be possible that the higher TLR2 and TLR2/6 activation by live
F. prausnitzii is triggered by not yet identified vita-PAMPs recognised by these innate
immune receptors. In case of pathogenic bacteria, vita-PAMPs were suggested as ‘danger’
signals that allow for scaling of appropriate immune responses depending on the level of
microbial threat [322,323]. However, it may be plausible that the recognition of vita-
PAMPs expressed or secreted by beneficial commensal bacteria, such as F. prausnitzii,
play a role in maintaining immune homeostasis in the GI tract. Similar to providing a
mechanism to distinguish between live and dead bacteria in case of vita-PAMPs, the innate
immune system may also be able to distinguish between pathogenic bacteria and non-
pathogenic beneficial commensals by recognising specific commensal-associated

molecular patterns.

The different immune-stimulatory potential of live and dead bacteria determined in this
study may also be caused by epigenetic mechanisms, which have been recently shown to
play a role in host-microbe interaction [324,325]. For example, live and heat-treated
probiotics induced distinct IL-10 expression levels, which was reported to be due to
differential modulation of mRNA stabilisation and microRNA expression [324]. This
finding highlights that depending on their physiological state, bacteria may induce varying

effects in host cells caused by mechanisms beyond classical molecular pattern recognition,
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which may also explain the different effects of live and dead F. prausnitzii observed in this

study.

The beneficial effects of F. prausnitzii in the human GI tract may be attributed, at least in
part, to its activation of TLR2 and TLR2/6 and the following signalling. Paradoxical to its
pro-inflammatory role in the defence against pathogens, the recognition of commensal
bacteria by TLRs was demonstrated to play a crucial role in limiting inflammation and
maintaining homeostasis in the GI tract [27]. This was highlighted in mice deficient of
TLRs, including TLR2, which had an increased susceptibility to colitis induced by DSS
[148]. In addition, TLR2 activation preserved the TJ-associated epithelial barrier integrity
in IECs against stressed-induced damage [150]. This effect was confirmed with mice
deficient in TLR2 being predisposed to stress-induced disruption of the TJ-modulated
barrier function [150]. Moreover, regulation of epithelial integrity by the probiotic L.
plantarum WCFS1 were shown to be mediated through TLR2 signalling [116].
Furthermore, the activation of TLR2/6 was shown to exert immune-regulatory effects by
driving the differentiation of DCs towards a tolerogenic phenotype, which promoted
regulatory IL-10 immune responses [153]. Although in this example used as an immune
evasion strategy of the pathogen Yersinia pestis, this mechanism may also be used by
commensal bacteria such as F. prausnitzii to maintain immune homeostasis in the GI tract.
In addition, the activation of the transcription factor NF-kB in general was suggested to
play a dual role by inducing the expression of pro-inflammatory mediators in response to
pathogenic bacteria but also contributing to the regulation of immune homeostasis in the
GI tract [312,313]. For example, genetic mouse models with impaired NF-kB activation in
IECs developed severe chronic colitis with epithelial ulceration, increased expression of
pro-inflammatory mediators and infiltration of immune cells [326]. Collectively, these

results demonstrate the beneficial role of TLR activation, so it is therefore plausible that
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the TLR2 and TLR2/6 stimulation and the following NF-kB activation by live F.

prausnitzii may cause its anti-inflammatory effects in the GI tract.

The high abundance of F. prausnitzii in the human GI tract, which was reported to account
for more than 5% of the total bacterial population [311], may be enabled through TLR
signalling. In line with this Bacteroides fragilis, another prominent commensal within the
human microbiota, used the activation of the TLR pathway as a mechanism to establish
host microbial symbiosis [327]. The TLR2 activation induced by polysaccharide A (PSA),
a product of B. fragilis, actively suppressed immunity and promoted tolerance, thereby
enhancing its own colonisation in the GI tract. It is plausible that the colonisation of F.
prausnitzii in the GI tract and thus its symbiotic host-microbe interactions are enabled

through TLR2 signalling induced by symbiotic bacterial molecules.

The results of this research showing that live F. prausnitzii induced higher NF-«B
activation compared to dead bacteria appears conflicting with the previous research
showing inhibitory effects of F. prausnitzii on NF-«B activation [19,179,213]. For
example, gene expression analyses of Caco-2 cells exposed to live and UV-killed F.
prausnitzii A2-165 in the apical anaerobic co-culture model showed that live bacteria
inhibited the gene expression of the NF-kB transcription factor complex [19]. Also, the
recently identified anti-inflammatory protein secreted by F. prausnitzii inhibited the NF-
kB pathway in several IEC lines [213]. However, the functional consequences of TLR
activation were reported to strongly depend on the responding cell type [328]. In contrast
to this research, previous studies have mostly used IEC lines to examine the anti-
inflammatory effects of F prausnitzii. The response of IECs to bacteria is a complex fine-
tuning of the signalling of different innate immune receptors expressed on IECs (e.g.

TLRs, NOD-like receptors) [132]. Moreover, IECs have evolved to co-exist with the
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trillions of microorganisms within the GI tract by inducing tolerant reactions towards the
commensal microbiota. Mechanisms include the spatially regulated expression of TLRs
within [ECs [140,141] and different functional consequences of TLR signalling depending
on the site of the IEC where the receptor stimulation with the ligand occurs [142].
Furthermore, IECs express negative regulators of TLR signalling like TOLLIP [141,144].
Therefore, the results obtained with IECs cannot be directly compared to the results
reported in this study. The approach applied in this research aimed in deciphering which
TLRs recognise the three strains of F. prausnitzii and if there are differences in the TLR
activation between live and dead bacteria. Based on the manufacturer’s information
(Invivogen), HEK293-TLR-Luc cells only express endogenous levels of TLR1, TLR3,
TLRS, and NODI1. Consequently, in contrast to the immune responses in IECs, the
activation of NF-kB in HEK293-TLR-Luc cells was specific for the respective TLRs

tested.

The TLR2/6 activation was different between the three F. prausnitzii strains tested. F.
prausnitzii A2-165 induced the highest NF-kB activation through TLR2/6 signalling,
which was 1.2-fold higher compared to the activation induced by F. prausnitzii ATCC
27768 and 1.8-fold higher compared to F. prausnitzii HTF-F. This is in agreement with the
results of a previous study comparing the immune-stimulatory potential of different strains
of F. prausnitzii, including F. prausnitzii A2-165 and HTF-F, and other abundant
commensals [207]. F. prausnitzii A2-165 was distinct from the other strains by inducing
high TLR signalling activity which was associated with its ability to induce high levels of
cytokines in human DCs. Moreover, principal component analysis demonstrated that the
cytokine response to F. prausnitzii A2-165 was distinct from the other strains tested due to
the high levels of IL-10 induced by this strain. Together with the results reported in this

chapter, these findings highlight that bacterial effects can differ between strains of the

242



Chapter Five: Toll-like receptor activation assays

same species. Compared to other strains, F. prausnitzii A2-165 could be of particular

interest as a next-generation probiotic due to its strong immune-stimulatory potential.

In conventional conditions there was a difference in the TLR2 activation between live and
UV-killed F. prausnitzii. However, the TLR2 activation by live bacteria was only 1.1-fold
higher compared to UV-killed bacteria, therefore less different compared to the TLR2
activation by live and UV-killed bacteria in apical anaerobic conditions and possibly not a
biologically relevant difference. For TLR2/6 there was no difference between live and
dead bacteria in conventional conditions. In conventional conditions the F. prausnitzii that
were added live were quickly killed in the presence of oxygen. These results indicate that
the way the bacteria were killed, either through exposure to UV-light or in the presence of
oxygen, did not influence the receptor activation. UV-light may affect bacterial surface
structures. However, F. prausnitzii killed by UV-light or oxygen induced the same TLR
activation, which was in both cases lower compared to live bacteria in apical anaerobic
conditions. This observation confirms the hypothesis that TLR activation is not only
induced by bacterial surface structures but also influenced by metabolites secreted by live

bacteria.

None of three F. prausnitzii strains were recognised by TLR4, independent of the status of
the bacteria (live or UV-killed) and the environment in which the assay was performed
(conventional or apical anaerobic). This is consistent with the results of the study
mentioned above [6]. F. prausnitzii stains Gram-negative, which is also supported by the
Gram staining performed in this research, and would therefore be anticipated to activate
TLR4 through its ligand LPS, which is present in the cell wall of traditional Gram-negative
bacteria. However, previous analyses of the cell surface structures of F. prausnitzii

suggested either a lack of LPS or an unusual LPS composition [7]. In addition, even
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though characterised as a Gram-negative bacterium, phylogenetic analysis based on 16S
rRNA sequences indicated that F. prausnitzii is related to Gram-positive bacteria of
clostridial cluster IV [8]. Similarly, phylogenetic analyses based on the bacterial cell
envelope marker genes Hsp60 and Hsp70 performed in this PhD project, demonstrated that
the cell envelope of F. prausnitzii resembles more that of Gram-positive bacteria such as
Bacillus subtilis than of Gram-negative bacteria such as E. coli. Furthermore, the sequence
alignment showed that the one amino acid insert in Hsp60 and the 24 amino acid insert in
Hsp70, which has been shown to be a shared characteristic of traditional Gram-negative
bacteria that have an outer membrane containing LPS [1,2], is absent in F. prausnitzii.
Collectively, based on the in silico studies performed in this PhD project and by Gupta et
al. [1,2], it can be proposed that F. prausnitzii is a monoderm bacterium. It therefore lacks
LPS which is only present in the outer membrane of diderm bacteria and, consequently,
does not activate TLR4. It may be possible that despite being a monoderm bacterium, F.
prausnitzii stains Gram-negative because it may have a thinner peptidoglycan layer
compared to bacteria that stain Gram-positive. Further structural studies investigating the
fine structure of the F. prausnitzii cell envelope are required to further validate this

hypothesis.

In the absence of TLR activation, the luminescence signal was very low in both anaerobic
and conventional conditions. There was no difference between the negative control and the
bacterial treatments for HEK293-TLR4-Luc and HEK293-null-Luc cells. Consequently,
there was no TLR4 dependent or TLR-independent NF-«kB activation. For this reason the
difference observed between the environments was only a difference between the
background luminescence. Based on the manufacturer’s information (Promega), the culture
medium used for the luciferase assays can contribute to the background luminescence and

affect the assay characteristics (e.g. light intensity and signal stability). The apical medium
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in conventional conditions was aerobic 50% M199 TEER+50% BHI, whereas in apical
anaerobic conditions anaerobic 50% M199 TEER+50% BHI was used. The absence of
oxygen and the addition of the reducing agent L-cysteine to anaerobic but not to aerobic

BHI may have caused the different background luminescence in the two environments.

In conclusion, the higher TLR2 and TLR2/6 activation by live F. prausnitzii may
contribute to its immune-regulatory effects and to the maintenance of immune homeostasis
in the GI tract. The higher TLR activation by live compared to dead F. prausnitzii may
possibly be mediated by secreted metabolites or through epigenetic mechanisms. These
findings allow insights into the mechanisms of innate signalling, indicating that TLR
activation is not only induced by bacterial surface structures. The different effects on TLR
activation between live and dead bacteria highlight the importance of using physiologically
relevant co-culture models, such as the apical anaerobic co-culture model, to decipher the

mechanisms of action of live obligate anaerobes.
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6.1. BACKGROUND

The prevalence of inflammatory diseases, for example IBD, has increased over the past
decades in industrialised countries [7]. Accumulating human data have established a link
between an imbalance in the GI microbiota composition, so called dysbiosis, and the
development of inflammatory diseases [6]. Probiotics, ‘live microorganisms that, when
administered in adequate amounts, confer a health benefit on the host’ [171,172], have
been extensively studied as a potential treatment to alleviate chronic inflammation and
improve human health. Traditionally, bacterial species used for probiotic formulations
mainly belong to the lactic acid bacteria, such as Lactobacillus spp. Whereas lactobacilli
are common members of the infant GI microbiota, they comprise only a small percentage
in the human adult microbiota, with most Lactobacillus spp. colonising the upper GI tract
[177]. For this reason classical probiotics have often been associated with a poor ability to
stably colonise the human GI tract [330]. Only in recent years, the interest in the
development for novel probiotics has shifted towards bacterial species that are naturally
abundant within the human microbiota and are associated with beneficial effects [17].
However, it is difficult to study the mechanisms of these species using conventional in
Vvitro co-culture models, given that over 99% of the bacteria in the human GI tract are
obligate anaerobes [18] and for this reason cannot be readily co-cultured with oxygen-
requiring human cells to study their interactions. This difficulty explains the scarcity of

knowledge about interactions between the anaerobes and the gut epithelium.

The novel apical anaerobic co-culture model developed at AgResearch overcomes this
technical difficulty [19]. Through the separation of anaerobic and aerobic compartments it
allows the co-culture and study of the direct interactions between live obligate anaerobes

and human cells. This model was used in this PhD dissertation to decipher the mechanisms
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of action of F. prausnitzii, an abundant obligate anaerobe associated with anti-
inflammatory effects in the human GI tract [178,179,213]. The effects of F. prausnitzii on
intestinal barrier function and immune homeostasis were investigated, both of which are
impaired in inflammatory diseases [5]. The main hypotheses addressed in this study were:
(1) live and growing F. prausnitzii co-cultured with IEC monolayers increase the barrier
integrity of these cells, (ii) live F. prausnitzii mitigate the TNF-o-induced decrease in
barrier integrity of the IEC monolayers, (iii) live F. prausnitzii activates innate immune
receptors (TLRs) to a greater extent compared to dead bacteria. Method development was
required to be able to test these hypotheses. The secondary hypotheses testing this method
development were (a) F. prausnitzii (strains A2-165, ATCC 27768 and HTF-F) is able to
grow in the apical anaerobic co-culture model if the apical medium is supplemented with
substrates required for its growth and (b) the viability of both TLR expressing HEK293
cell lines and F. prausnitzii is maintained in the TLR activation assay carried out in the

apical anaerobic co-culture model.

6.2. SUMMARY OF RESULTS

This dissertation was divided into two method development chapters (Chapters 2 and 4)
and two respective results chapters (Chapters 3 and 5) that applied the developed methods.
The method development was performed to be able to co-culture two types of human
epithelial cells, Caco-2 and HEK293 cells, with strains of F. prausnitzii (A2-165, ATCC
27768 and HTF-F) in the apical anaerobic co-culture model to recreate conditions relevant
to the GI tract. Using the adapted methods the effects of F. prausnitzii on intestinal barrier

function and immune homeostasis were investigated.

The method development conducted for the co-culture of Caco-2 cells with F. prausnitzii

in Chapter 2 comprised optimising the growth of the F. prausnitzii strains in the co-culture
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model. The existing method for co-culturing Caco-2 cells with F. prausnitzii improved the
viability of F. prausnitzii in the co-culture model compared to when grown under standard
atmospheric conditions [19]. However, the bacterial growth was stagnant in the cell culture
medium used for the co-culture experiments. It was hypothesised that growing and
metabolically active bacteria exert differential effects on host cells compared to dead
bacteria. In this research the growth of the F. prausnitzii strains in the co-culture model
was optimised by supplementing the apical anaerobic cell culture medium (M199 TEER)
with 50% bacterial culture medium (BHI). This supplementation resulted in an increase in
CFUs of F. prausnitzii A2-165 and ATCC 27768 after 12 h of co-culture with Caco-2 cells
in the apical anaerobic co-culture model. The viability and barrier integrity of the Caco-2

cells was maintained when using the adapted apical medium.

The optimised co-culture conditions were applied in Chapter 3 to assess the effect of F.
prausnitzii on intestinal barrier integrity. Contrary to the hypothesis, live and growing
strains of F. prausnitzii did not alter TEER across healthy Caco-2 monolayers. It was also
determined whether the F. prausnitzii strains alleviate the decrease in TEER across Caco-2
monolayers induced by the pro-inflammatory cytokine TNF-a. Unexpectedly, the
previously used dosage of TNF-a did not decrease TEER. It is plausible that the basal
TNF-a concentration was insufficient to disrupt the TJ structure of the Caco-2 cells. The
previously used dosage was applied under conventional conditions (5% CO> in air
atmosphere), however, Caco-2 cells may respond different to the TNF-a treatment under
apical anaerobic conditions. Even though the expected TNF-a induced TEER decrease did
not occur, the bacterial strains exerted differential effects on TEER across healthy and
TNF-a-treated Caco-2 monolayers. Whereas neither live nor dead F. prausnitzii strains
altered TEER across healthy Caco-2 monolayers, dead F. prausnitzii HTF-F decreased

TEER of TNF-a treated Caco-2 cells likely due to surface interactions.

250



Chapter Six: General discussion

The method development in Chapter 4 for the co-culture of HEK293 cells and F.
prausnitzii was required to be able to test the activation of TLRs by live F. prausnitzii.
HEK293 cell lines expressing human TLRs (TLR2, TLR2/6 and TLR4) and a control cell
line (HEK293-null) were stably transfected with a NF-kB-inducible luciferase plasmid to
be able to quantify receptor activation upon stimulation. These cells were referred to as
HEK293-TLR-Luc and HEK293-null-Luc cells. The TLR activation assay was
successfully adapted to be carried out in the novel model. The adaptations to the apical
anaerobic conditions included improving the attachment of the HEK293-TLR-Luc cells in
the co-culture model by using collagen-coated inserts and using a shorter incubation time
(6 h instead of 12 h). Furthermore, the dissociation reagent TrypLE was used when
harvesting the cells in order to obtain a single cell suspension rather than cell aggregates
when seeding the cells on Transwell inserts. In the basal aerobic compartment 60% of the
starting DO concentration remained after 6 h of incubation providing sufficient oxygen for
the HEK293-TLR-Luc cells. Accordingly, the viability of the cells was maintained using
the adapted assay conditions. No oxygen was detected in the apical anaerobic compartment
at any time point and it could therefore be anticipated that the viability of obligate
anaerobic F. prausnitzii would be maintained. However, when using cell culture media
(DMEM+FBS and M199 TEER) as apical medium, a decrease of F. prausnitzii A2-165
viable cell titre by approximately 100-fold was observed when co-cultured with HEK293-
TLR2-Luc cells for 6 h. M199 TEER supplemented with 50% BHI was chosen for the
TLR activation assays carried out in Chapter 5. This medium was selected because it
improved the viability of F. prausnitzii co-cultured with HEK293-TLR-Luc cells
compared to the viability in the presence of cell culture medium alone (tenfold decrease in

viable cell titre over 6 h). Additionally, in contrast to higher BHI concentrations (75 and

251



Chapter Six: General discussion

100%), M199 TEER supplemented with 50% BHI did not disrupt the integrity of the

HEK293-TLR-Luc cell layers.

In Chapter 5 the activation of TLR2, TLR2/6 and TLR4 by live and dead F. prausnitzii
was determined. Live F. prausnitzii activated TLR2 and TLR2/6 to a greater extent
compared to dead bacteria (killed by UV-light or in the presence of oxygen). Neither live
nor dead F. prausnitzii activated TLR4. It was also demonstrated that the NF-xB activation
was dependent on the expression of the respective TLRs because the control cell line
which contained the luciferase reporter plasmid but did not express TLRs (HEK293-null-

Luc cells) was not stimulated by F. prausnitzii.

6.3. GENERAL DISCUSSION, LIMITATIONS AND FUTURE PERSPECTIVES

6.3.1. Method development

The main aim of the method development described in Chapters 2 and 4 was the
optimisation of the growth of the three F. prausnitzii strains in co-culture with Caco-2 cells
and HEK293-TLR-Luc cell lines in the apical anaerobic co-culture model. Furthermore,
the viability and barrier integrity (Caco-2 cells) and the viability and cell attachment
(HEK293-TLR-Luc cells) needed to be maintained under the adapted conditions. Previous
studies mostly used mammalian cell culture media for the co-culture of bacteria with
human cells [19,274,275]. For some bacteria the viability was not different when grown in
mammalian or bacterial culture medium as shown for the examples of L. fructosus C2, S.
typhimurium SL1344 and enterotoxigenic E. coli K88 [275]. However, F. prausnitzii is a
fastidious species that requires complex media to grow and defined media, such as the
mammalian cell culture media used in these studies (M199 TEER and DMEM+FBS), do

not contain sufficient nutrients to enable its growth.

252



Chapter Six: General discussion

Using an apical medium consisting of 50% cell culture medium (M199 TEER) and 50%
bacterial culture medium (BHI) has proved to be a suitable compromise to improve the
viability of F. prausnitzii while maintaining the viability of the human cell lines. However,
BHI impaired cell surface structures of both Caco-2 and HEK293-TLR-Luc cells as
visualised through light microscopy. The addition of BHI to the apical medium caused a
greater initial drop in TEER of Caco-2 cells compared to when using M199 TEER alone.
Furthermore, using 75 or 100% BHI on the apical side of the HEK293-TLR-Luc cell layers
resulted in the disruption and detachment of the cell layers. Although this effect was
minimised when using mixtures of 50% M199 TEER and 50% BHI, the model conditions
could be further improved. For example, the addition of a mucus layer could protect the
human cells from the negative effects of BHI. Furthermore, IECs covered by a mucus layer
would represent a more physiologically relevant in vitro model. Co-cultures of absorptive
enterocytes (Caco-2 cells) and mucus-secreting goblet cells (HT29-MTX cells) have been
established to simulate the cell proportions as present in the small (90:10) and large
intestine (75:25) [331]. Future experiments could aim to use Caco-2/HT29-MTX co-
cultures in the apical anaerobic co-culture model. The addition of a mucus layer to protect
the human cells may allow the use of undiluted BHI as apical medium in the co-culture
model, which may enable growth of all three F. prausnitzii strains with both of the cell

lines.

The apical medium could be further supplemented with fermentable substrates, e.g.
cellobiose, to stimulate the butyrate production by F. prausnitzii. Increased bacterial
butyrate production may exert additional effects on barrier integrity of Caco-2 cells and on

TLR activation in the apical anaerobic co-culture model.

253



Chapter Six: General discussion

A further limitation of the apical anaerobic co-culture model experienced during the
method development studies was the pressure build up when inserting the Transwell inserts
containing the cell layers into the airtight system. This pressure caused the basal aerobic
medium to pass through to the apical side both when using Caco-2 and HEK293-TLR-Luc
cells in the co-culture model. Using different one-way pressure relief valves in the co-
culture chamber could prevent this technical difficulty. Pressure relief valves can be

customised for the intended use to obtain the ideal opening pressure.

6.3.2. Effect of F. prausnitzii on intestinal barrier function and immune homeostasis

Specific probiotic and commensal bacteria enhance the integrity of the intestinal barrier
[112,113,116]. However, in this research live and growing strains of F. prausnitzii did not
enhance the barrier integrity of healthy IECs because the bacteria did not alter TEER
across healthy Caco-2 monolayers. In contrast to the hypothesis, the growth phase of F.
prausnitzii and potential metabolites secreted by growing bacteria did therefore not affect

TEER across healthy Caco-2 monolayers.

However, under TNF-oa-mediated inflammatory conditions dead F. prausnitzii HTF-F
decreased TEER whereas live bacteria maintained it. It may be possible that surface
structures of F. prausnitzii HTF-F disrupted the TJs of TNF-a-treated Caco-2 cells. F.
prausnitzii HTF-F surface structures may have increased the expression levels of genes and
the abundance of proteins involved in TJ disassembly which was shown to cause the
barrier disrupting effects of the human oral isolate L. fermentum AGR1487 [274]. It is
plausible that the barrier disrupting effect occurred only using dead F. prausnitzii HTF-F
because live F. prausnitzii may compensate for the detrimental effect on TJ structure
potentially through secreted metabolites. These have previously been shown to exert

barrier protecting effects in TNF-a-treated IECs [120]. It is plausible that live F.
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prausnitzii in the human GI tract also contributes to maintaining barrier integrity under

inflammatory conditions.

Previous studies demonstrated a direct link between the activation of innate signalling and
maintaining intestinal barrier function through the regulation of TJ integrity and
expression. For example, the activation of TLR2 and following signalling has been
implicated in enhancing barrier integrity [116,150,151]. Through the regulation of TJ
integrity in IECs, TLR2 signalling influences susceptibility to intestinal injury and
inflammation as demonstrated in TLR2 knockout mice [150]. TLR2 signalling was also
indicated to contribute to the regulation of barrier integrity by the probiotic Lactobacillus
plantarum WCFSI1 [116]. One mechanism behind the barrier enhancing effect of TLR2
signalling is the activation of specific isoforms of protein kinase C in IECs which causes
the translocation of the TJ protein ZO-1 [151]. The results reported here also suggest a link
between the activation of innate signalling and barrier integrity because barrier maintaining
properties of live F. prausnitzii were associated with a greater activation of TLR2 and
TLR2/6. However, the barrier maintaining properties of live F. prausnitzii were only
observed under TNF-a-mediated inflammatory conditions. This indicates that unstimulated
Caco-2 cells remain hypo-responsive to bacterial challenge, which is in accordance with
previous studies [295]. For example, no responses were observed when exposing Caco-2
cells to non-pathogenic bacteria; however, the treatment of Caco-2/PBMC co-cultures with
the same bacteria resulted in the production of pro-inflammatory cytokines by the Caco-2
cells [295]. It was therefore hypothesised that IEC responses to bacteria depend on the
cross-talk with immune cells and TNF-o was identified as a key mediator in these
interactions [295]. This may also explain the different effects of F. prausnitzii on healthy

and TNF-o-treated Caco-2 cells in this research.
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However, a major limitation of the studies assessing the effect of F. prausnitzii on
intestinal barrier function was that the positive control, i.e. TNF-a, failed. The expected
decrease in TEER by TNF-a did not occur. This limitation has to be considered when
interpreting the effects of the bacteria on TNF-a treated Caco-2 cells and future studies are
required to validate the apical anaerobic co-culture model using TNF-a. Dose-response
studies with increasing basal TNF-o concentrations or preincubation of Caco-2 cells with
TNF-a prior to adding the treatments may solve this problem. However, the preincubation
would involve an extended treatment time in the apical anaerobic co-culture model. In the
current prototype of the co-culture chamber the Caco-2 cells remain viable for 12 h. An
extended treatment time would therefore require further modifications on the co-culture

chamber as discussed below.

Whereas TLRs have first been identified to be important in triggering inflammation in the
defence against pathogens in the GI tract [316], evidence is now accumulating that TLR
signalling is also crucial in maintaining homeostasis [148]. This study showed that live F.
prausnitzii activated TLR2 and TLR2/6 to a greater extent compared to dead bacteria,
which is in accordance with previous studies comparing the effects of live and dead
pathogenic and commensal bacteria on TLR activation [318,319]. The higher TLR2 and
TLR2/6 activation by live F. prausnitzii may contribute to the maintenance of immune
homeostasis in the GI tract because several studies indicate a role for TLR2 and TLR2/6
activation in inducing anti-inflammatory responses. For example, mice deficient of TLRs,
including TLR2, showed an increased susceptibility to experimental colitis [148].
Moreover, several studies indicate a role for anti-inflammatory TLR2 signalling in
response to potential probiotic species in the protection of TLR4 mediated pro-
inflammatory signalling induced by enteropathogens or protection from experimental

colitis [156-158]. The anti-inflammatory effects of PSA, a symbiosis factor produced by
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the abundant human commensal B. fragilis, is also mediated through TLR2 activation
[159,160]. Additionally, NF-kB activation in general, although critical in the defence
against pathogens through the initiation of pro-inflammatory responses, has been linked to
maintaining immune homeostasis in the GI tract [312,313,332]. Taken together, it can be
hypothesised that the greater TLR2 and TLR2/6 activation by live F. prausnitzii
contributes to its anti-inflammatory effects in the human GI tract, for example through

maintaining barrier integrity.

The activation of TLR2/1 by the F. prausnitzii strains could not be investigated in this
study because the company that supplied the TLR expressing cell lines (Invivogen) only
produces HEK293 cells transfected with TLR2/1 of mouse but not human origin. Further
studies are required to determine whether F. prausnitzii activates TLR2/1 and whether
there are differences in TLR2/1 activation between live and dead bacteria. This is of
particular interest because in contrast to TLR2/6, TLR2/1 has been reported to trigger pro-
inflammatory responses [153]. Results obtained from studies testing the activation of both
TLR2/1 and TLR2/6 would therefore provide important insights into the

immunoregulatory mechanisms of F. prausnitzii.

In accordance to the results presented in this study, F. prausnitzii exerted
immunoregulatory effects when co-cultured with Caco-2 cells in a simple dual-
environment co-culture model (Figure 1.6D, [252]). Caco-2 cells co-cultured with F.
prausnitzii had reduced mRNA levels of the pro-inflammatory cytokine Il-1p compared to
Caco-2 cell mono-cultures. Moreover, comparably to the results reported here, the barrier
function of the Caco-2 cells was maintained when co-cultured with F. prausnitzii in the

simple co-culture model because mRNA levels of the TJ protein claudin-1 were not altered
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in the absence or presence of F. prausnitzii [252]. These findings therefore support the

validity of the results obtained here.

The differences in TLR2 and TLR2/6 activation by live and dead F. prausnitzii indicate
that TLR activation may be induced by mechanisms beyond the recognition of bacterial
surface structures. The greater TLR2 and TLR2/6 activation induced by live F. prausnitzii
may be mediated through secreted metabolites, for example butyrate, which enhances
innate immune signalling [321]. To test this hypothesis, further experiments could test the
effects of cell-free F. prausnitzii culture supernatants on TLR activation. Another
explanation for the different immunostimulatory potential between live and dead F.
prausnitzii could be epigenetic mechanisms, which has recently been demonstrated to
cause the differing effects of live and dead bacteria [324]. For example, the differential
modulation of IL-10 mRNA stabilisation and microRNA (MiR-27a) expression by live and

heat-treated probiotics induced distinct IL-10 expression levels [324].

Since live F. prausnitzii induced greater activation of innate signalling it could be further
investigated whether this effect correlates with the induction of higher cytokine secretion.
F. prausnitzii induces the production of large amounts of anti-inflammatory IL-10 by DCs
[207], however, these results were obtained using conventional co-culture models and
effects were therefore only relevant to dead F. prausnitzii. In order to test the effect of live
F. prausnitzii on activation of immune cells, the apical anaerobic co-culture model could
be further developed to include this cell type. For example, the maturation and phenotype
of immature DCs upon exposure to F. prausnitzii could be determined. In addition, the co-
culture model could be used to study interactions between IECs, immune cells and F.
prausnitzii. In this respect DCs could be included in the basal compartment of the co-

culture chamber beneath the Caco-2 monolayer to mimic the situation in vivo. Following
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exposure of the Caco-2 cells to F. prausnitzii, the crosstalk between Caco-2 cells, DCs and
F. prausnitzii could be investigated. Whereas co-cultures of IECs, DCs and bacteria are
established in conventional cell culture conditions (5% CO; in air atmosphere) [333], it
would be new in the apical anaerobic co-culture model and would therefore require further

method development.

A major limitation of the apical anaerobic co-culture model is the limited timeframe for co-
culture experiments due to the consumption of the basal oxygen by the human cell lines.
Due to this reason the initial validation studies for the co-culture model were performed
using 12 h of incubation. However, bacterial effects on host cell function may only occur
after a longer incubation. For example, effects of F. prausnitzii secreted metabolites on TJ
integrity may require an extended treatment time which has been shown for butyrate, in
which case the barrier enhancing properties occurred only after 24 h of incubation [293].
The design of a third prototype of the co-culture chamber could include the replenishment
of the oxygen levels in the basal compartment thereby maintaining the viability of the
human cell lines over a longer time. This alteration could allow an extended duration of co-

culture experiments to test the interactions between F. prausnitzii and human cells.

The design of a third prototype co-culture chamber allowing the replenishment of the basal
oxygen levels would also confer advantages for methods determining the cytokine
secretion by DCs exposed to F. prausnitzii. The current co-culture chamber prototype has a
large basal volume (3 mL) to provide sufficient oxygen for the human cell lines. The
dilution with the large volume of basal cell culture medium would most likely lead to
technical difficulties in detecting secreted cytokine levels. Due to the basal oxygen
replenishment, the volume of the basal compartment of the new co-culture chamber could

be decreased and therefore improve the cytokine measurements.
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A further limitation of this study was that the effects of one species in isolation were
tested. However, under physiological conditions, bacterial effects on host cells are the
consequence of the complex interplay between the up to 1000 different bacterial species.
For example, commensals can adapt their metabolism to the presence of other species [46]
and the balance between major commensal species, F. prausnitzii and B. thetaiotaomicron,
was demonstrated to play an important role in maintaining homoeostasis in the GI tract
[221]. Future investigations could therefore aim to test the effects of F. prausnitzii on host
function in combination with other species or in addition to a complex microbiota using the

apical anaerobic co-culture model.

6.4. CONCLUDING REMARKS

This study investigated the effects of F. prausnitzii on intestinal barrier function and
immune homeostasis using a novel dual-environment in vitro model, the apical anaerobic
co-culture model. This model is more physiologically relevant compared to conventional
co-culture models because it contains both anaerobic and aerobic compartments to allow

the survival of both obligate anaerobic bacteria and oxygen-requiring human cells.

The results presented in this study have demonstrated greater TLR2 and TLR2/6 activation
by live F. prausnitzii compared to dead bacteria. Live and growing strains of F. prausnitzii
did not alter barrier integrity of healthy IECs. However, under TNF-a-mediated
inflammatory conditions, dead F. prausnitzii decreased barrier integrity of TNF-a treated
IEC monolayers whereas live bacteria maintained it. Previous studies demonstrated a direct
link between TLR2 activation and the maintenance of intestinal barrier function
[116,150,151]. It could therefore be hypothesised that the greater TLR2 activation by live

F. prausnitzii contributes to its barrier maintaining effects.

260



Chapter Six: General discussion

The differing effects of live and dead F. prausnitzii observed in this research show the
importance of using dual-environment in Vitro co-culture models, such as the apical anaerobic
co-culture model, to study the effects of live obligate anaerobic bacteria on human cells.
The method development performed in this study successfully adapted and improved assay
protocols to be performed in the novel co-culture model. Future research aiming to advance the
apical anaerobic co-culture model, for example through the inclusion of other cell types, such
as immune cells or mucus-secreting goblet cells, could further unravel the mechanisms
underlying the beneficial effects of F. prausnitzii in the GI tract. In addition, these methods
could be applied in future experiments to test the effects of additional species or combinations

of species of the mostly anaerobic GI microbiota to study their mechanisms of action.

Prior to this research it was known that F. prausnitzii induced anti-inflammatory host
responses in the GI tract but the mechanisms by which this occurs were unknown. The
research presented in this dissertation provided some insights on how this bacterium might
exert its effects. Live F. prausnitzii had differing effects on epithelial barrier integrity and
activation of innate signalling compared to those obtained with its dead form. Compared to
dead F. prausnitzii, live F. prausnitzii induced greater immunostimulatory effects, via
TLR2 activation, and this effect is potentially linked to its barrier maintaining properties,
because previous research showed enhancement of barrier integrity induced by TLR2
signalling. This new knowledge contributes to the understanding of how F. prausnitzii may
maintain immune homeostasis in the GI tract. Unravelling the biological mechanisms used by
prevalent species of the human microbiota, such as F. prausnitzii, will ultimately allow a better

comprehension of microbial regulation of the GI function.
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