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Desenvolvimento de um novo simulador Colon-Hospedeiro - Otimizacdo do médulo celular

Resumo

A natureza dinamica e composic¢ao Unica do intestino sao dificeis de simular levando a um conhecimento
limitado sobre as interacdes microbiota-hospedeiro. Varios modelos gastrointestinais /7 vitrotém vindo a
ser desenvolvidos, contudo aspetos como a estabilidade do ecossistema microbiano ou das células do
hospedeiro necessitam ser melhorados. O modelo ColOsH esta a ser desenvolvido para solucionar as
limitacoes dos modelos existentes. O ColOsH contém um mddulo especifico para a cultura de células

intestinais - o Colon-Host, no qual sera estudada a interacao entre a microbiota e as células intestinais.

O presente trabalho visa otimizar o modulo celular para que, no futuro, as metodologias aqui
estabelecidas possam ser transpostas para o Colon-Host. O modelo de cultura celular Caco-2/HT29-MTX
foi usado e a resposta do epitélio intestinal aos produtos da fermentacao de prebidticos pela microbiota
humana foi estudada. Com a finalidade de estudar o seu efeito prebidtico, frutoligossacarideos (FOS) e

raftilose, foram usados como fontes de carbono para o crescimento da microbiota de fezes humanas.

O efeito dos produtos obtidos durante a fermentacao foi estudado na viabilidade celular, producdo de
espécies reativas de oxigénio, permeabilidade intestinal, resisténcia elétrica transepitelial e expressao de
proteinas especificas das #ight junctions (microscopia confocal de varrimento a laser) da co-cultura Caco-
2/HT29-MTX. A resposta inflamatdria foi investigada através da quantificacdo da secrecao da citocina IL-

8 por ELISA e da expressao de genes pro-inflamatorios (/L15, /L6, CXCLSE, TNFe PTGS2 por gRT -PCR.

Inicialmente, os resultados demonstraram que o efeito dos produtos da fermentacdo na atividade
metabdlica de células Caco-2 é dependente da concentracdo de metabolitos e do tempo de fermentacéo.
A otimizacao destes parametros permitiu garantir a viabilidade das células Caco-2 e da co-cultura Caco-
2/HT29-MTX estabelecendo as condicdes padrao para os ensaios posteriores. Os produtos resultantes
da fermentacdo demonstraram nao comprometer a integridade da barreira da co-cultura Caco-2/HT29-
MTX e as amostras das fermentacgdes conduzidas em meio enriquecido com FOS revelaram ter um efeito

antioxidante. Por fim, as amostras testadas nao promoveram uma resposta inflamatdria significativa.

Este trabalho permitiu otimizar os parametros do modulo celular do simulador Colon-Host com uma
melhor representacao do epitélio intestinal.
Palavras-chave: Caco-2/HT29-MTX co-cultura; interacdes colon-hospedeiro; microbiota intestinal;

modelos intestinais /n vitro;



Development of a new Colon-Host simulator - Optimization of the cell-based module

Abstract

The dynamic nature and the unique composition of the gut is difficult to simulate leading to a limited
understanding of the microbiota-host interactions. Several /n vifro gastrointestinal models have been
developed over the years however, aspects need to be improved such as the stability of the ecosystem of
microbial and host cells. The ColOsH model is being developed to solve the limitations of the existing
models. The ColOsH contains a specific module for the culture of intestinal cells — the Colon-Host, in

which the interaction between the gut microbiota and intestinal cells will be studied.

The present work aims to optimize the cell-based module so that in the future, the methodologies
established here can be transposed to the Colon-Host. The Caco-2/HT29-MTX cell culture model was
used and the response of the intestinal /n7 vitro epithelium to products of the prebiotic fermentation by the
human microbiota was studied. With the goal to study their prebiotic effect, fructo-oligosaccharides (FOS)

and raftilose were used as carbon sources for the growth of the microbiota present in human faeces.

The effect of the fermentation products was studied on the cell viability, production of reactive oxygen
species, intestinal permeability, transepithelial electrical resistance and expression of tight-junction
specific proteins (imaged by laser scanning confocal microscopy) of the Caco-2/HT29-MTX co-culture.
The inflammatory response was investigated by the quantification of the secretion of the IL-8 chemokine
by ELISA and the expression of inflammatory response mediators’ genes (/L1B, /L6, CXCL8, TNF and
PTGS2) by qRT-PCR.

First results shown that the effect of fermentation products on the metabolic activity of Caco-2 cells was
dependent on both concentration and incubation time. The optimization of these parameters ensured the
viability of Caco-2 cells and Caco-2/HT29-MTX cells grown in co-culture, setting the standard conditions
for the following experiments. Samples did not compromise the integrity of the intestinal barrier of the
Caco-2/HT29-MTX co-culture and samples fermented with FOS-enriched media revealed a significant
antioxidant effect. At last, the fermentation products tested did not promote a significant inflammatory

response.

This work provided the optimization of several protocols and parameters allowing future tests to be

performed in the Colon-Host simulator with a better representation of the intestinal epithelium.
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Keywords: Caco-2/HT29-MTX co-culture; colon-host interactions; gut microbiota; intestinal /in wiro

models.

vii



Contents

ACKNOWLEDGEMENTS .. ettt e et e e it e et e s e s s eaa s ean s easseasseanseassennsesnsennnens 1
R Y 11 L Y
Y 2 0 22V Vi
ABBREVIATIONS ...ttt e et e s e s s saa s eas s eas s eaassasseanssasseasseanssanssnnsennsnnns X
LIST OF FIGURES ... ettt e et e s et e e s e e s s eaa s eaa s ean s ean s easeanseanseanseansesnsennnens Xl
IRy O L 7Y = 110 =5 XV
OBJECTIVES AND SCOPE OF THE THESIS ..ottt et et e er e es e e s e s e e ss e s e s ennes 1
CHAPTER I. INTRODUCTION - THE HUMAN INTESTINE ....cuceeiieee et eee e ee e eeaes 2
10 ToT o] o] o] - T 4
O R Yo o) [ YR g Lo o =1 o] o2 URRURR 8
[.1.1.1. Fructo-0ligosacCharides (FOS)........cuiiiiieiieie ettt ettt ae st esteesae s b e steesaaaneesre e 10

2 11 =310 = 0 0 .10 To = 11
I R O | B o= Y=o I/ o 10 [ R 12
[.2.2. Gastrointestinal fermentation MOGEIS. ........c.uveiieeie e e e et e e st e e s eraae e s sraae e s eaaaeeas 15

I.2. Intestinal epithelium model based 0N Caco-2 CElIS............cciiiiiiiiiii i 20

CHAPTER III. EFFECT OF ECM COATINGS AND PORE SIZE ON CACO-2/HT29-MTX CO-CULTURES

GROWN ON TRANSWELL MEMBRANES ...... oottt ettt e e e e eae s eee s e ea s san s e nnanees 22
L 0 o =SS 23
| T T =Y RS 24

CHAPTER IV. EFFECT OF IN VITRO HUMAN FAECAL FERMENTATION PRODUCTS ON THE

PROLIFERATION OF CACO-2/HT29-MTX CO-CULTURE .....ccceereerieiireereeee e 29
CONCLUSIONS AND FUTURE REMARKS .....cooiiiiiiiiiiiiiniiiiiciini e 38
MATERIALS AND METHODS .....ooiiiiiiiiiiiiiiiiiiiiinee it 39



L - L= 39

L 1T 13Tl PP STSTN 39
IV.2.1. Human faecal fermentation SAMPIES .......c..eicuieiii ittt ettt ettt e b et e s te e st e e staeaetaeaeaaeseaeeereeas 39
A O U =T o iyiTor=1 (o g e 104 o SRR 40
IV.2.3. Gl CUIUIE ...ttt bbb bbbt bbbt bbbt bt bt e bt e bt bt bt et e bt ettt e ebeabeebeabeas 40
L S =t v oo ][ Toa=Tox 11/ USRS 40
IV.2.5. Transepithelial electrical resistance (TEER) .......c.oooiiiiii ittt ettt 41
[V.2.6. Intestinal PEIMEADITITY @SSAY........iiiie ittt ettt ettt e et e et et e e s te e s te e et b e e era e e era e aeearreas 41
IV.2.7. Production of reactive OXYZEN SPECIES .........cicuieiiieetieeetie ettt et ettt ettt e e b e e et e e e ete e e aaeestaeeetaeeetaesteeanreas 42
IV.2.8. INflammation @CHIVITY @SS@Y.......ccuieiiiieiieiitie ittt ettt ettt e et e e be e et e e st e e e te e e beeeabeeetteeataeenteeabeeeareas 43
[V.2.8.1. RNA extraction and complementary DNA SYNthESIS .......coouiiiiiiiieiiic ettt 44
[V.2.8.2. Quantitative polymerase chain reaction ............couiiciiiii i 44
IV.2.9. IMMUNOCYIOCNEMISIIY ...ttt ettt e e et e e be e e ab e e s ta e e sbaeebeeebeeesaeesteeetaeanseeaaneeasreas 45
IV.2.10. STAtISHCAI @NAIYSIS.....viiiree ittt ettt e e e e et e et e et e e e taeeebaeeetaeebeeeraeeeteeeetaeabeesbeeanrens 45
REFERENCGES ...ttt e e e e ettt s s e e e e et ee e e s e e e e e e ee e s s s e eeeeeeensnnnnssseeeennnnes 46

APPENDIXES AND ANNEXES ...ttt ettt e e e e e et s s e e e e e e ee e e e e e e e enensnnanes 53



Abbreviations

ACTB. actin beta

COL: collagen

Ct: threshold cycle

CXCLS. C-X-C motif chemokine ligand 8
DAPI: 4', 6-diamidino-2-phenylindole, dilactate
DCFH-DA: 2’,7'-dichlorofluorescin diacetate
DCF: dichlorofluorescein

DMEM: Dulbecco’s modified Eagle's Medium
DMSO: Dimethyl sulfoxide

ECM: Extracellular matrix

FAO: Food and Agriculture Organization

FOS: Fructo-oligosaccharides

FM: Fermentative media

FBS: Foetal bovine serum

GPCRs: G protein-coupled receptors

GTI: Gastrointestinal tract

HBSS: Hank's balanced salt solution

HEPES: N-(2-Hydroxyethyl) piperazine-N'-(2-

ethanesulfonic acid)
HMI®: Host Microbiota Interaction
HPLC: High performance liquid chromatography

HuMiX®: Human-Microbial Crosstalk

IL: interleukin

MAMP: Microbe-associated molecular patterns
MAPK: Mitogen-activated protein kinase
MAT: Matrigel

MEM: Minimum essential media

MTX: Methotrexate

NF-kB: nuclear factor-kappa B

PET: Polyethylene terephthalate

PFA: Paraformaldehyde

P-gp: P-glycoprotein

PRR: Pattern recognition receptors

gRT-PCR: quantitative reverse transcription

polymerase chain reaction
ROS: reactive oxygen species
SCFA: short-chain fatty acids

SHIME®: Simulator of the Human Intestinal

Microbial Ecosystem

TEER: Trans-epithelial electrical resistance
TIM®: TNO (gastro-) Intestinal Model

TLR: TollHike receptors

TNF-a: Tumour necrosis factor alpha



List of figures

Figure 1: Schematic representation of the intestinal epithelium A) small intestine and B) colon. Adapted from Peterson et al. (2014). Created

WItH BIORENAEL. ...ttt et e et e et e et e e beeebteetteebeeeteeeate e teeeaeeesaeebeesaeeasseenbeeeaeeeaseenbeeebeeesseenseeeaeeenseenteeaneeans 3

Figure 2: Schematic representation of the production of acetate, propionate and butyrate trough different carbohydrates fermentation

pathways. Adapted from Venegas et al. (2019). ..ottt ettt h et b e bt et b e te st et e be et e ebeeaeeneen 6
Figure 3: Schematic representation of healthy intestinal barrier vs dysbiosis. Adapted from Mu et al. (2017). Created with BioRender....... 7
Figure 4: Pathologies and environmental factors associated with a ‘leaky gut’. Created with BioRender............cccocvevvveeveveieecieeeeeenee, 8

Figure 5: Synthesis of fructo-oligosaccharides (GF,). (A) Hydrolysis of sucrose by B-fructofuranosidase into glucose and fructose. (B) Transfer

of the fructosyl group by a fructosyltransferase enzyme to a sucrose molecule producing FOS. ...........ccooiiiiiiiiiiiiiiiceccceeeeeee e, 10
Figure 6: Structure of fructo-oligosaccharides: kestose (GF»), nystose (GF3) and fructofuranosylnystose (GFa). ........ccccovveviivieieiciesienene. 11
Figure 7: Optical microscopy images of Caco-2 cells at passage 36 grown in tissue culture flaks. A) 4x and B) 10x magnification............ 12

Figure 8: Optical microscopy image of HT29-MTX cell line at passage 65 grown in tissue culture flasks. A) 4x and a B) 10x magnification.

............................................................................................................................................................................................................. 13
Figure 9: Optical microscopy image of Caco-2/HT29-MTX co-culture after 21 days of culture. A) 4x and 10x magnification. .................... 14
Figure 10: Schematic representation of a cell CUlture INSErt SYSIEM............ccviiiiiiiiiiiccc s 14

Figure 11: Schematic representation of (A) batch fermentation system (B) SHIME®. From Van de Wiele et al., 2015. (C) TIM-1 and TIM-2.
From Anson et al., 2009 (D) HMI® from Marzorati et al., 2014 (E) Humix®. From Shah et al., 2018 ......coomoeieeeieeeeeeeeeeeeeeeeeeeeees 16

Figure 12: Effect of human faecal fermentation products, obtained in different fermentation media, on the proliferation of semi-confluent
Caco-2 cells. Cell metabolic activity of Caco-2 cells incubated for (A) 24 or (B) 48h in MEM supplemented (1:10; 1:6 or 1:3) with fermentation
media (FM) or products of fermentation of human faecal samples with no carbon source (no Carbon), raftilose (Raftilose) or fructo-

oligosaccharides (FOS). The cell metabolic activity was determined by measuring the fluorescence of resofurin ()\eX: 560 nm, Ae_= 590 nm)

from the resazurin reduction assay. Values show Mean + SD (N=3; *p < 0.05; **p < 0.01; ***p < 0.001 vs control (untreated cells — dotted
line at 100%) with p-values obtained using a two-way analysis of variance (ANOVA) with Tukey's post-hoc test for samples that followed a

normal distribution according to the Shapiro-Wilk tESt).........iuiiiiiiece ettt 21

Figure 13: Trans-epithelial electrical resistance (TEER) of Caco-2/HT29-MTX co-cultures grown for 21 days on the apical side of (A) 1 um
or (B) 8 um pore size Millicell® hanging inserts used uncoated, or coated with collagen (COL) or a mixture of collagen and Matrigel (COL +
MAT). Values show Mean = SD (N=3; " #p < 0.05 vs control (uncoated) with p-values obtained using the Student’s t-test for independent

samples that followed a normal distribution according to the Shapiro-Wilk test. *p: COL and *p: COL + MAT.) c...vveuieeeeeieeeceeeeeeeeae 23

Xi


https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268198
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268198
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268199
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268201
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268201
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268202
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268203
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268204
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268204
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268205
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268206
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268207
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268207
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268208
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268208
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268208
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268208
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268208
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268208
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268208
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268209
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268209
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268209
https://d.docs.live.net/f9d17f491b1bb53c/Tese/MSc%20dissertation_Inês%20Parente_PG36917_2021-02-03.docx#_Toc63268209

Figure 14: Apparent permeability of propranolol across a Caco-2/HT29-MTX co-culture from the apical to the basolateral chamber of a
transwell™ system. Cells were grown on (A) 1 um or (B) 8 um pore size Millicell® hanging inserts coated with collagen (COL) or a collagen

and Matrigel mixture (COL + MAT). Uncoated Millicell® inserts were used as controls. Values show Mean = SD (N23)...........ccccoovvenncne. 24

Figure 15: Trans-epithelial electrical resistance (TEER) of Caco-2/HT29-MTX co-cultures grown for 21 days on the apical side of 1 pm and
8 um pore size Millicell® hanging inserts used (A) uncoated and coated with (B) collagen (COL) or (C) a mixture of collagen and Matrigel
(COL + MAT). Millicell® inserts without coatings (Uncoated) were used as controls. Values show Mean + SD (N=3; *p < 0.05; **p < 0.01;
***n < 0.001 vs control (Uncoated) with p-values obtained using the Student’s t-test for independent samples that followed a normal

distribution according to the ShapIrO-WIilk TESE). .......eiiiii ittt ettt e be st esbeebeeseesbeebeaseenbeeaeeneens 25

Figure 16: Confocal microscopy images of Caco-2/HT29-MTX co-cultures stained for occludin (green) and nuclei (DAPI, blue) of Caco-
2/HT29-MTX co-cultures grown on 8 pm pore size Millicell® hanging inserts used uncoated. Images were taken before and after the

PEITNIEADIIEY @SSAY.........veivieriiitiitieie ittt ettt ettt ettt et e e ebe e st e be s bt ese et e e ae et e e s s e es e e s s e s e e ReeR s e Re bt eR s e b e eRe e Rt e beeReen s e beeReestenbeebeententeeneeneens 26

Figure 17: Trans-epithelial electrical resistance (TEER) of Caco-2/HT29-MTX co-cultures during the intestinal permeability assay. During 4
h, TEER was measured on 1 um and 8 um pore size Millicell® hanging inserts used (A) uncoated and coated with (B) collagen (COL) or (C)
a mixture of collagen and matrigel (COL + MAT). Millicell® inserts without coatings (Uncoated) were used as controls. Values show Mean +
SD (N=2; *p < 0.05; **p < 0.01; ***p < 0.001 with p-values obtained using the Student’s t-test for independent samples that followed a
normal distribution according to the Shapiro-Wilk tESt).........euiiiiiie et 26

Figure 18: Confocal microscopy images of occludin (green) and nuclei (DAPI, blue) of Caco-2/HT29-MTX co-cultures grown on 1 and 8 um

pore size Millicell® hanging inserts used uncoated. Images were taken before and after the permeability assay............c..cc.cccccvevrrnnnnce. 27

Figure 19: Cumulative fraction of propranolol transported across a Caco-2/HT29-MTX co-culture from the apical to the basolateral chamber
of a transwell™ system. Cells were grown on 1 pm and 8 um pore size Millicell® hanging inserts used (A) uncoated and coated with B)
collagen (COL) or a (C) collagen and matrigel mix (COL + MAT). Millicell® inserts without coatings (Uncoated) were used as controls. Values
show Mean + SD (N=2; *p < 0.05; **p < 0.01; ***p < 0.001 with p-values obtained using the Student's t-test for independent samples that

followed a normal distribution according to the Shapiro-Wilk TESt). ........ccuiiiiiii e 28

Figure 20: Effect of human faecal fermentation products, obtained in different fermentation media, on the proliferation of Caco-2/HT29-
MTX co-cultures. Metabolic activity of Caco-2/HT29-MTX co-cultures incubated for 24h in MEM supplemented (1:6) with fermentation media
(FM) or products of fermentation of human faecal samples with no carbon source (no Carbon) or supplemented with raftilose (Raftilose) or
fructo-oligosaccharides (FOS). The cell metabolic activity was determined by measuring the fluorescence of resofurin (Aex= 560 nm, Aem=
590 nm) from the resazurin reduction assay. Values show Mean + SD (N=12 from 3 independent assays). A two-way analysis of variance
(ANOVA) with Tukey's post-hoc test for samples that followed a normal distribution according to the Shapiro-Wilk test) was conducted. Test

conditions vs control (MEM - dotted line at 100%) show no significant differenNCES. .........coiiieiiiiiiec e 29

Figure 21: Trans-epithelial electrical resistance (TEER) of Caco-2/HT29-MTX co-cultures exposed to fermentation media (FM) or products of
human faecal fermentation during the intestinal permeability assay. During 4 h, TEER was measured on 1 um Millicell® hanging inserts
used uncoated. Values show Mean + SD (N=4; from 1 independent assay). A two-way analysis of variance (ANOVA) with Tukey's post-hoc
test for samples that followed a normal distribution according to the Shapiro-Wilk test) was conducted. Test conditions vs control (MEM -

dotted line at 100%) Show No SIgNIfICANT AIffErENCES. ......ccviiceeecee ettt e et e e et e e ae e et e eteeeaeeeneeennens 30
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Figure 22: Apparent permeability of propranolol across a Caco-2/HT29-MTX co-culture exposed to human faecal fermentation products
from the apical to the basolateral chamber of a cell culture insert. Propranolol and fermentation media (FM) or products of fermentation of
human faecal samples in media with no carbon source (no Carbon), or with raftilose (Raftilose) or fructo-oligosaccharides (FOS), diluted in
HBSS-HEPES (dilution 1:6), were incubated for 4h. Values show Mean + SD (N=3; **p < 0.01; ***p < 0.001 vs control (HBSS) with p-values
obtained using a two-way analysis of variance (ANOVA) with Tukey's post-hoc test for samples that followed a normal distribution according
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Figure 23: Tile scan confocal microscopy images 40x magnification of of Caco-2/HT29-MTX co-cultures grown on 1 pore size Millicell®
hanging inserts, stained for occludin (green), actin (red) and nuclei (DAPI, blue). Images were taken after the permeability assay. Propranolol
and fermentation media (FM) or products of fermentation of human faecal samples in media with no carbon source (no Carbon), or with

raftilose (Raftilose) or fructo-oligosaccharides (FOS), diluted in HBSS-HEPES (dilution 1:6), were incubated for 4h.........c.ccocvvevveiiiinennnn. 32

Figure 24: Confocal microscopy images of Caco-2/HT29-MTX co-cultures grown on uncoated 1 pore size Millicell® hanging inserts stained
for occludin (green) and nuclei (DAPI, blue). Images were taken after the permeability assay. Propranolol and fermentation media (FM) or
products of fermentation of human faecal samples in media with no carbon source (no Carbon), or with raftilose (Raftilose) or fructo-

oligosaccharides (FOS), diluted in HBSS-HEPES (dilution 1:6), were incubated for 4h. A) Area with a dome, B) Top of the columnar formation.

Figure 25 (A) Intracellular production of ROS by Caco-2/HT29-MTX co-cultures exposed to HBSS (control), 50 pg.mL-1 Trolox (negative
control), 2.5 mM H,0, (positive control), fermentation media (FM), products of fermentation of human faecal samples in media with no
carbon source (no Carbon), with raftilose (Raftilose) or fructo-oligosaccharides (FOS), diluted in HBSS-HEPES (dilution 1:6), for 4h. (B) Caco-
2/HT29-MTX co-cultures further stressed with 2.5 mM of H20,. The production of ROS was determined by measuring the fluorescence of
DCF (Aex= 495 nm, Aem= 525 nm) from the DCFH-DA reduction assay. Values show Mean + SD ((A) N=16 from 4 independent assays;
***p < 0.001 vs control (HBSS - dotted line at 1); *p<0.05 vs H,0, p-values (B) N=12 from 3 independent assays; *p < 0.05; ***p < 0.001
vs control (HBSS - dotted line at 1); ###p<0.001 vs Trolox; ®=®p<0.001 vs FM; ®p<0.05, ® ® ®p<0.05 vs FOS obtained using a two-way

analysis of variance (ANOVA) with Tukey's post-hoc test for samples that followed a normal distribution according to the Shapiro-Wilk test).

Figure 26: Production of human IL-8 (pg/mL) by Caco-2/HT29-MTX co-cultures exposed to MEM (negative control), 50 ng:-mL! TNF-a
(positive control), fermentation media (FM), products of fermentation of human faecal samples in media with no carbon source (no Carbon),
with raftilose (Raftilose) or fructo-oligosaccharides (FOS), diluted in MEM (dilution 1:6), for 4h. Values show Mean + SD (N=8 from 2
independent assays; *p < 0.05; ***p < 0.001 vs control (MEM); *##p<0.001 vs TNF- o p-values obtained using a one-way analysis of variance

(ANOVA) with Tukey's post-hoc test for samples that followed a normal distribution according to the Shapiro-Wilk test).........ccccccoveennene. 36

Figure 27: Relative expression of CXCL8, TNF, IL1B and PTGS2 by Caco-2/HT29-MTX co-cultures exposed to MEM (negative control), 50
ng-mL! TNF-a (positive control), fermentation media (FM), products of fermentation of human faecal samples in media with no carbon
source (no Carbon), with raftilose (Raftilose) or fructo-oligosaccharides (FOS), diluted in MEM (dilution 1:6), for 4h. Total RNA was extracted
from the cells and reverse transcribed. The 2722% method was used for relative quantification of gene expression, and the data were
normalized to the expression of actin beta gene (ACTB ) and compared to the expression levels of untreated cells. Values show Mean + SD
(N=3 from 3 independent assays; *p < 0.05; **p < 0.01 vs control (MEM); #p<0.05, #p<0.01 vs TNF- o p-values obtained using a one-way

analysis of variance (ANOVA) with Tukey's post-hoc test for samples that followed a normal distribution according to the Shapiro-Wilk test).
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Figure 29: Reduction of low fluorescent oxidized blue dye resazurin to the fluorescent pink product resorufin. Created with ChemDraw...41

Figure 30:DCFH-DA deacetylation followed by DCFH oxidation. After diffusion into the cell, DCFH-DA is deacetylated by cellular esterases to

a non-fluorescent compound, which is later oxidized by ROS into fluorescent dichlorofluorescein (DCF) allowing the assessment of ROS

activity. Created With ChEMDIAW. .........c.iiiiiiiiec ettt ettt e et et e e ae e st e et e ebe e st e beeaeesseebeebeessesbeeaeessesaeessensesseeaeensen 43
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Objectives and scope of the thesis

The current understanding of gut microbiota-host interactions is still limited. Due to the complexity of the

gut, it is very hard to reproduce physiological conditions.

With the goal to solve the limitations of existing models, the ColOsH model is being developed at the
Centre of Biological Engineering. The ColOsH is a modular reactor that comprises a module for the gut
microbiota growth — the Colon-Reactor, and a module for the culture of intestinal cells — the Colon-Host,

which will further allow microbiota-intestinal cells interaction studies.

The present work aims to conduct the first tests concerning the development of the Colon-Host simulator
by optimizing the cell-based module. Studies were conducted to better understand the effect of prebiotic
fermentation products produced by the microbiota present in primary human stool samples on a Caco-

2/HT29-MTX co-culture.

In the future, the ultimate goal is to transpose the methodologies stablished in this work into the ColOsH

model.



CHAPTER I. Introduction - The Human intestine

The human intestine is a dynamic and complex environment that undertakes many important roles
including food digestion, nutrient absorption, protection against pathogenic agents, immune responses,

among others™?. It is divided into small and large intestine, each with very specific functions.

The small intestine is directly responsible for the digestion of proteins, fats and carbohydrates to smaller
components, allowing their absorption®*. In turn, the large intestine, also known as colon, processes
food components that were not digested in the small intestine and also absorbs water, vitamins and

electrolytes’.

The human intestinal epithelium is formed by a single layer of columnar epithelial cells separating the
intestinal lumen from the underlying lamina propria. It acts as a protective barrier from the harsh luminal
environment. The intercellular space is sealed by tight junctions which regulate the permeability of the

intestinal epithelium.

The physiology, structure and cell composition of the intestinal epithelium, in the small intestine and in

the colon, are very different (figure 1).

The intestinal epithelium forms tubular invaginations called crypts. The small intestine epithelium extends
over structures, called villi, which are projected into the lumen, however, these are not present in the
colon that presents a relative flat surface. The presence of villi increases the surface area allowing a more
efficient nutrient absorption. The luminal surface of colonocytes and enterocytes is covered with microvilli

that increase the absorptive area and the uptake of nutrients, vitamins, ions and water®.

Different cell lineages are found in the gut epithelium, each with unique functions. Enterocytes are the
most prominent cell type of the intestinal epithelium being responsible for the metabolic and digestive
functions. Secretory cells include goblet cells that secrete mucins, and Paneth cells that secrete
antimicrobial factors. Enteroendocrine cells link the central and enteric neuroendocrine systems through
the secretion of regulatory hormones linked to digestive functions. Finally, chemosensory tuft cells have
an important role in defence against helminths while M cells present luminal antigens to the immune

system’?.
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Figure 1: Schematic representation of the intestinal epithelium A) small intestine and B) colon. Adapted from Peterson et a/. (2014). Created
with BioRender.

At the base of these crypts reside intestinal stem cells that are responsible for regenerating all mature
intestinal epithelial cells including enterocytes, enteroendocrine cells, goblet cells and Paneth cells. Stem
cells give rise to proliferative cells that differentiate as they migrate up the cryptwillus axis leading to a
constant renewal of the intestinal surface’. The migration and differentiation of cells along the crypts is
controlled by gradients of growth factors, cytokines, products of microbial fermentation, food metabolites
and gases along with alterations on physical properties underlying the extracellular matrix (ECM) such as

stiffness and porosity®.

Most of the nutrient transport occurs in the small intestine, whereas the colon is mainly responsible for
water absorption and electrolyte transport. However, enzymes in the upper gastrointestinal tract (GIT) are
unable to cleave more complex carbohydrates’. The undigested food that passes to the large intestine
becomes available for fermentation by the colonic microbiota. The metabolites that result from this
conversion are in close contact with enterocytes having, consequently, an effect on the host’s metabolic

phenotype™®.



[.1. Gut Microbiota

The complex and heterogeneous population of microorganisms that inhabits different parts of the human
body is collectively known as microbiota'**2. In turn, the term microbiome refers to the collective genomes
of the microorganisms in a particular environment®*. In the last few decades, many efforts have been
made to deep the current understanding of microbiota-host interactions. However, knowledge in this area
is still limited due to methodologic challenges. To this day, primary human stool samples are the closest
in vivo representation of the gut microbiota. Besides being impractical, the process of human stool
sampling demands successful recruitment to ensure a representative statistical population. Acceptable
collection methods, successful transport and processing of large quantity of data are imperative in large

population-based studies'***.

Over 70% of the entire microbiota is located in the GIT'®. Bacteria dominate the gut microbiota, but
viruses, archea, fungi and other eukaryotes are also present'’. The large intestine harbours the largest
and most metabolically active microbial community'®. It is predominantly inhabited by anaerobic bacteria
that belong to the Firmicutes and Bacteriodetes phyla, but members of the Proteobacteria, Verrumicrobia

and Actinobacteria phyla are also present!®?°.

In a recent study, Forster et al. showed differences in the functional role of each phylum'. They
discovered that Firmicutes are dominated by uncharacterized functions however, spore formation,
thiamine and riboflavin transport are all highly prominent. Many key specific functions of Bacteroidetes
are identified including iron and sulphur transporter functions and specific sodium-transporting
NADH:ubiquinone oxidoreductases. Proteobacteria display fructose bisphosphatase, glucokinases and
regulators of iron cluster formation. Finally, prominent functions within the Actinobacteria are limited, but
those identified were primarily associated with lipid and carbohydrate metabolism. This study
demonstrated the distinct functions provided by the key phyla of the human gut microbiota. However, the

prevalence of uncharacterized functions further demonstrates the need for better studies on this field.

The human gut microbiome is shaped by multiple host-endogenous and host-exogenous factors. It is
believed that the environmental conditions have a substantially greater role than host genetics in shaping
the human gut microbiome?"?*. Recently, a study using data from 1,046 healthy individuals demonstrated
that the host genetic background plays only a minor role in determining the microbiome composition as
there was a lack of association with its genetic ancestry. The results further demonstrated that genetically
unrelated individuals that share the same household have significant similarities in their microbiome and
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that over 20% of the host-exogenous variability is associated with factors related to diet, drugs and/or

anthropometry®.

The intestinal microbiota works in tandem with the host’s defences and the immune system to prevent
pathogen colonisation and invasion. It also performs an essential role in the digestion process, breaking
down complex carbohydrates, proteins, and some fats that reach the large intestine. The resultant
metabolites can act locally or systemically, after absorption into the bloodstream?’. Some examples are
short-chain fatty acids (SCFA) and alcohols derived from monosaccharides, ammonia, branched-chain
fatty acids, amines, sulphur compounds, phenols and indoles derived from amino acids and glycerol and

choline derivatives derived from the breakdown of lipids'®.

SCFA mainly acetic, propionic, and butyric acids, are the main products of bacterial fermentation of
undigested carbohydrates and proteins in the intestine. SCFA are normally absorbed in the colon and are
either locally used as fuel for the colonic epithelial cells or enter into the bloodstream?®. The rate, amount
and type of SCFA produced depends on the species and amount of microorganisms in the colon, the

substrate source, the colonic pH and the gut transit time?”.

Butyrate is considered the most important SCFA to maintain colonic health. Butyrate is the primary energy
source of colonocytes and maintains intestinal homeostasis through anti-inflammatory actions®. This
SCFA is almost completely metabolized by colonocytes and therefore is found in small amounts in
peripheral blood?’. Acetate, which is formed in higher quantities than other SCFA, is rapidly absorbed in
the proximal colon and transported to the liver, where it can be used as a substrate for the synthesis of
cholesterol. It also plays an important role regulating appetite®”?. About 90% of the propionate produced
is transported to the liver, where it functions as a substrate for gluconeogenesis, lipogenesis, and protein

synthesis®"*.

Importantly, SCFA act not only as single components but also influence each other's production and
function?’. Figure 2 shows the schematic representation of SCFA production trough different carbohydrate

fermentation pathways.
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Figure 2: Schematic representation of the production of acetate, propionate and butyrate trough different carbohydrates fermentation
pathways. Adapted from Venegas ef a/. (2019).

The normal functioning of the intestinal epithelial barrier is characterized by a homeostatic balance
between the gut microbiota and host cells. This equilibrium is maintained by a community of obligate
anaerobic bacteria, a thick mucus layer and the stimulation of the immune system. When this equilibrium
is disturbed (dysbiosis) the community of microorganisms shifts from obligate to facultative anaerobic
bacteria®. In a dysbiosis state, the mucus layer is decreased, and systemic inflammation is more likely
to happen (figure 3)°. Systemic inflammation is characterized by an increase in mediators of the
inflammatory response such as the tumour necrosis factor alpha (TNF-at) cytokine, and interleukins (IL)-
6 and (IL)-8. During this process, microorganisms and metabolites from bacterial fermentation can

escape the intestinal lumen and enter the blood stream due to a higher intestinal permeability.

Limiting the oxygen availability in the colon helps the host to ensure that the microbiota community is
mostly composed by obligate anaerobe bacteria, benefiting the health of the host. The host maintains
colonic epithelial cells (colonocytes) in a state of hypoxia (< 1% oxygen) ensuring a dominance of obligate

anaerobic bacteria in the colon without restricting diversity of the microbiota®'.



Normal Dysbiosis
Hypoxia ——— .  Oxygen
o ° V 4 . 2 Loss of mucus layer
Mucus %N ®@. e o« @ =5, Ol e . - .
layer e N V4 s 1 Epithelial
: [ ° =
mestnel — el el loe/lele/|lsl |8 Sl 1 pomesvios
Epithelium = g =
¥ * . : “ ’ T Permeability
TGFB "TNFa : A
iL10 IL8 T TNFa
IL6 TIL8
Lamina __| l TIL6
propria . .
® Regulati (/ (.‘,. Dysregulation Lamlpa
o0 egulation . ‘ oL ysreg | propria
* expansion
Homeostatic .
L balance : /\
Blood ): * 3
v : 1 Immune Inflammatory ¢ chemokines
: cell recruitment cycle and cytokines
* : = Facultative Obligate
*~ Innate Activated 3 Neutrophil ® Regulatory . Effector ,. anasiobic ,. anagrobic
. immune cells macrophage = Tcell T cell —— M

Figure 3: Schematic representation of healthy intestinal barrier vs dysbiosis. Adapted from Mu et a/. (2017). Created with BioRender.

Over the past century, the number of individuals affected by multifactorial diseases such as autoimmune
and neurodegenerative diseases, diabetes, obesity and allergies has significantly increased. Many of these
diseases have been associated with dysbiosis®. However, many questions remain - namely whether
dysbiosis is the cause or consequence of these pathologies®*. The pathologies associated with dysbiosis
are often associated with impaired intestinal barrier integrity leading to an increased intestinal
permeability, which is commonly termed ‘leaky gut’ (figure 4)**. A leaky gut allows microorganisms and
products from bacterial fermentation to enter the bloodstream, promoting both local and systemic

inflammation.

Many environmental factors such as diet, genetics, hygiene, infections and medication are known to
promote the establishment of a leaky gut state. There have been many attempts in preventing the leaky

gut state. One of the most notorious being the daily intake of probiotic and prebiotic supplements.
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Figure 4: Pathologies and environmental factors associated with a ‘leaky gut'. Created with BioRender.

[.1.1. Probiotics and prebiotics
For decades, the effect of probiotics on human health has been studied by both academia and industry

(food and pharmaceutical)®.

In 2001, an expert consultation of international scientists working on behalf of the Food and Agriculture
Organization (FAO) of the United Nations and the World Health Organization (WHO) debated the emerging
field of probiotics and defined probiotics as: “live microorganisms which when administered in adequate
amounts confer health benefits on the host”***’. Probiotics include bacterial species that interact with
various cellular components within the intestinal environment. The interaction can be mediated by viable

bacteria or by cellular components (such as the cell wall) or secreted molecules®.

There are several mechanisms related with the health benefits provided by probiotics including
immunomodulation, protection against physiological stress, suppression of pathogens, microbiota
modulation and improvement of the gut barrier function®. The suppression of pathogens can be caused

by a direct action of probiotics, through the enhancement of the intestinal epithelial barrier or by the



modulation of immune responses®. The epithelial barrier function can be enhanced by the modulation
of signalling pathways, such as nuclear factor-kappa B (NF-kB), and mitogen-activated protein kinase
(MAPK)- or Akt-dependent pathways, which lead to the induction of mucus production or increase tight

junction functioning.

Most probiotic strains can also modulate host immune responses exerting local or systemic strain-specific
effects. Many of the interactions between probiotic bacteria and intestinal epithelial immune cells are
thought to be mediated by molecular structures, known as microbe-associated molecular patterns
(MAMPs), which can be recognized through specific pattern recognition receptors (PRRs), such as toll-

like receptors (TLRs)*.

Microorganisms recognized as probiotics are generally from the Lactobacillus or Bifidobacterium genus.
Most probiotics studied today belong to the Gram-positive lactic-acid bacteria group, in which the cell wall

is typically composed by a thick peptidoglycan layer with proteins, teichoic acids and polysaccharides™.

The concept of prebiotics has been changing since 1995, when it was firstly introduced by Gibson and
Roberfroid*!. Prebiotics were first defined as ‘non-digestible food ingredients that beneficially affect the
host by selectively stimulating the growth and/or activity of one or a limited number of bacteria in the
colon, and thus improving host health’. However, a prebiotic effect has been attributed to many food
components, sometimes without having all criteria in consideration®’. In 2007, FAO/WHO experts
described prebiotics as ‘nonviable food components that confer health benefits to the host, associated
with modulation of the microbiota’®. The most recent definition, published by the International Scientific
Association for Probiotics and Prebiotics in 2017, defines prebiotic as ‘a substrate that is selectively

t'* The consumption of prebiotics leads to

utilized by host microorganisms conferring a health benefi
numerous health benefits, affecting positively the development of beneficial intestinal bacteria, and are
associated with a reduction of colorectal cancer and other tumours, a reduction of the risk of obesity and
metabolic syndrome, an increased support of the immune system, and protection against infection®.
Some examples of prebiotics include inulin, fructo-oligosaccharides (FOS), galacto-oligosaccharides,

resistant starch, among others*.



[.1.1.1. Fructo-oligosaccharides (FOS)
Fructo-oligosaccharides are one of the well-stablished prebiotics, which fulfil all criteria. FOS occur
naturally in many plants, such as onion, chicory, garlic, asparagus, banana, artichoke, among others,
contributing to their increasing popularity*”’. FOS are produced either by hydrolysis of inulin from plants
or through the transfructosylation of sucrose by enzymes contained in a number of microorganisms,
mainly fungi, particularly Aureobasidium pullulans (a yeast-like fungus), Aspergillus spp. and Penicillium

spp.*® (figure 5).

Structurally, FOS are non-conventional sugars, namely kestose (GF,), nystose (GFs) and
fructofuranosylnystose (GF4), composed by B(2 — 1)-linked fructose (F) units attached to a terminal

glucose (G) moiety by a a(2 — 1) linkage (figure 6)*.

FOS are not hydrolysed by the human digestive system but are selectively fermented by colonic
microbiota, such as Bifidobacterium and Lactobacillus to form SCFA, inhibiting the growth of harmful
microorganisms, stimulating the immune system, reducing liver toxins, and aiding in the absorption of

certain minerals™,

The ingestion of these prebiotics has been demonstrated to reduce inflammatory responses in pathologies
such as irritable bowel syndrome®, increase bone mineralization, density and structure®, increase

satiety™ and regulate the immune system®.

CH,0H CH,0OH CH,OH OH
o CH,OH o O
OH ?40 B-fructofuranosidase > OH + HO
OH 0 CHZOH OH OH CHOH
OH OH OH OH
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o CHOH o. ©oH 2 GH,OH
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HO + > OH HO
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Figure 5: Synthesis of fructo-oligosaccharides (GF.). (A) Hydrolysis of sucrose by B-fructofuranosidase into glucose and fructose. (B) Transfer
of the fructosyl group by a fructosyltransferase enzyme to a sucrose molecule producing FOS.
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Figure 6: Structure of fructo-oligosaccharides: kestose (GF»), nystose (GF3) and fructofuranosylnystose (GF4).

In this thesis, two different prebiotics were tested: a non-commercial microbial FOS, produced by
Aspergillus ibericus, and raftilose, a commercial powder produced through enzymatic hydrolysis of chicory

inulin. The prebiotic effect of FOS on a cell culture model was herein assessed and compared.

l.2. Intestinal /n vitro models

The dynamic nature and the unique composition of the intestinal tract is difficult to simulate®. The
significant breakthroughs in the intestinal research were possible due to the use of animal models.
However, in vivo variables are difficult to control and predict. Animal models fail to resemble the human
physiology, particularly in drug response studies, as the toxicity of certain compounds that are not toxic

to humans may be so to animals and vice versa.

The use of /n vitro models simplifies the study of the /7 vivo intestinal physiology and allows well-controlled
and repeatable conditions for the evaluation of cellular responses®®. Moreover, the costs and ethical issues
associated with the use of animal experiments are significantly reduced using alternative /n vifro models.
Therefore, the study of the mechanisms involved in the microbiota-gut relationship requires reliable /in
vitro tools to recapitulate the human physiology allowing the improvement of the scientific knowledge and
new therapeutics. The ideal /n7 vitro model should recreate the essential features of the /n7 vivo intestinal
physiology and include: 1) all types of human-derived cells that represent the gut epithelium with the
ability of being cultured for the defined assay time, 2) a 3D structure with similar properties to the lamina

propria, 3) a fluidic system that provides physiological shear stress, adequate oxygenation and nutrients
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to the cell medium, 4) a flexible substrate to provide cycle deformation to the epithelium, and finally 5) a

close representation of the gut microbiota and of the epithelium/immune system crosstalk™.

1.2.1. Cell-based /in vitro models

2D cell models based on a single layer of cells (monolayer) growing on a porous membrane, represent a
simplified tool to study interactions in a controlled manner, providing access to both sides: apical and
basolateral. Most of them involve only one type of cell or tissue cultured in isolation. The human colorectal
adenocarcinoma cell line Caco-2 (figure 7) is considered the standard model for the study of intestinal
absorption of drugs. When in culture, Caco-2 cells grow towards a confluent monolayer and polarize,
adopting morphological and functional characteristics of enterocytes. Polarized Caco-2 cells acquire an
apical brush border with microvilli, form tight junctions between adjacent cells, and express enzymes

typical of enterocytes (lactase, aminopeptidase N, sucrase-isomaltose and dipeptidyl peptidase)®’.

However, the mono-cellular Caco-2 model has several limitations given that the native intestinal
epithelium is not composed only by enterocytes™. For example, due to an overexpression of tight
junctions, the transepithelial electrical resistance (TEER), an indicator of epithelial barrier integrity, is
much higher in Caco-2 when compared to the human intestine. In addition, the P-glycoprotein (P-gp) drug
efflux is often overestimated and Caco-2 also lack the secretion of a mucous layer, which is an important

constituent of the intestinal lumen®.

Figure 7: Optical microscopy images of Caco-2 cells at passage 36 grown in tissue culture flaks. A) 4x and B) 10x magnification.
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Cell-based models using co-cultures of Caco-2 and mucus-producing cells were developed as a more
complex and biologically relevant intestinal model. Also originating from human colonic adenocarcinoma,
the HT-29 cell line can mimic goblet cells, the second major cell type of the intestinal epithelium. In 1990,
Lesuffleur et al. established a stable homogeneous sub-population of mucus-secreting cells by treating
HT-29 with methotrexate (MTX), giving rise to the HT29-MTX cell line, which grow in a monolayer of

polarized goblet cells that produce a mucous layer (figure 8)%.

Since the expression of tight junctions by HT29-MTX cells is inferior to Caco-2 cells, co-cultures of Caco-
2/HT29-MTX in adequate ratios (typically 9:1) (figure 9) resemble more closely the /n vivo scenario

enabling an increased paracellular transport.

Co-culture and tri-culture models using Raji B cells have also been reported®. Raji B originated from a
human Burkitt's lymphoma and have been reported to induce an M cell phenotype in Caco-2 cells.

However, the phenotypes associated with these models are not fully characterized.

Cells are usually cultured on semi-permeable membranes in cell culture insert systems, which are the
most commonly used to recreate an intestinal epithelial barrier /n vifro and have been used to investigate
intestinal lumen-to-blood permeability of various drugs and microorganisms (figure 10)*’. Each insert
divides a culture well in two compartments separated by a porous membrane. Typically, the apical side
(top) corresponds to the intestinal lumen and the basolateral side represents the bloodstream. The
membrane is made of a cell-culture compatible plastic and different pore sizes are commercially available.

Cells are seeded directly on this membrane or coated with ECM-like coatings (e.g. Matrigel or hydrogels)®.
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Figure 8: Optical microscopy image of HT29-MTX cell line at passage 65 grown in tissue culture flasks. A) 4x and a B) 10x magnification.
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Figure 9: Optical microscopy image of Caco-2/HT29-MTX co-culture after 21 days of culture. A) 4x and 10x magnification.

Higher levels of cell differentiation have been achieved by 3D tissue models, using encapsulation of cells
within hydrogels or organoid technology which is based on 3D clusters of primary or stem cells®*®,
Despite their capacity to closer mimic the /n vivo physiology, the static conditions lack vasculature
hampers, continuous transport of signaling molecules and the removal of metabolic products from the

tissue that can be toxic.

Organ-on-a-chip technology represents a potential approach to model multi-organ communication, based
on three-dimensional cell cultures and microfluidic channels and chambers able to recreate the
microphysiological environment. This technology offers the possibility to apply mechanical forces to mimic
the physical microenvironment of living organs, such as peristaltic movements, and also the integration
of sensors to monitor and even control of biological and physical parameters, such as pH, TEER, oxygen

pressure, metabolites production, signal transmission®.

n
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Figure 10: Schematic representation of a cell culture insert system.
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[.2.2. Gastrointestinal fermentation models
The gut microbiota plays an important role not only on digestion but also on the immune response and
the maintenance of the intestinal homeostatic balance. The study of these interactions /7 vivo is limited

by ethical grounds, and in vitro by the challenge of emulate so complex physiological conditions®.

In vitro intestinal fermentation models aim to study the interactions between the gut microbiota and host
cells. Many models use faecal inoculum as a closer approximation to the intestinal ecosystem but most

lack host interaction.

Batch fermentation is arguably the simplest (static) fermentation model. It uses closed anaerobic
containers and short simulation times (figure 11 A). The digestion simulation in these static models ends
when the substrate is depleted, and the accumulation of toxic metabolites disrupts the microbial balance.
The culture conditions inside these containers, namely temperature, pH, anaerobiosis, and nutrition are
controlled by a heating plate, alkali or acid dosing, N, bubbling and the supply of a basal medium,

respectively. However, these systems have very limited resemblance to the /7 vivo conditions®’.

In turn, dynamic fermentation models allow longer digestion times being constantly fed by peristaltic
pumps. Dynamic models are typically composed of multiple containers aligned in series to mimic the
different digestive compartments. Each compartment has different physicochemical conditions according

to its /n vivo counterpart® .

A pioneering example of a dynamic digestion system is the Simulator of the Human Intestinal Microbial
Ecosystem - SHIME® (figure 11 B)®. In 1993, this five-stage reactor was developed to simulate the human
gastrointestinal/microbial ecosystem®’°. Each reactor simulates a different part of the GIT: stomach,
small intestine, ascending colon, transverse colon and descending colon. In this model, the ‘intraluminal
content’ is continuously in transit, stirred and the pH automatically controlled. In addition, acids and the
pancreatic juice are added to the stomach and small intestine reactors respectively, to more closely

resemble the /n vivo condition.

Later, a mucus layer has been integrated in the SHIME® model (M-SHIME®) that allows improved

simulation of the mucosal and luminal microbiota in the GIT.
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Another well-established model is the TNO (gastro-) Intestinal Model -TIM1 and TIM2 (figure 11 C). These
automated models simulate the actions that occur along the GIT, including peristaltic mixing as well as
the absorption of water and fermentation products. TIM1 simulates the stomach and the small intestine,
whereas TIM2 mimics the large intestine®’!. The TIM® was designed to reproduce the conditions in the
lumen of the gastro-intestinal tract by realistic mixing, transit of the meal, rate and composition of
secretions and removal of digested products and water. It was also designed to predict the bioaccessibility
of a wide variety of ingested compounds present in a broad range of foods and pharmaceutical matrices’.
Water is pumped from a water bath into glass jackets surrounding flexible walls to control the temperature
and pressure inside each compartment. Peristaltic movements are simulated by changes in the water

pressure’®,
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Figure 11: Schematic representation of (A) batch fermentation system (B) SHIME®. From Van de Wiele et a/, 2015. (C) TIM-1 and TIM-2.
From Anson et al, 2009 (D) HMI® from Marzorati et a/, 2014 (E) Humix®. From Shah et a/, 2018.
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The HMI® (Host Microbiota Interaction) was developed to study the indirect host-microbe interaction in
the GIT (figure 11 D). It is based on a co-culture system but in two separate compartments. The upper
compartment simulates the luminal side of the GIT, whereas the lower compartment contains enterocytes,
simulating the host. These two compartments have (semi-)continuous fluid flow and are separated by a
functional double layer (a polyamide semi-permeable membrane and an artificial added mucus layer).
The HMI® allows the study of bacterial adhesion under relevant shear forces and microaerophilic
conditions. It also allows the reciprocal exchange of signals and metabolites between compartments and

the exposure of cell lines to a complex microbial community, representative for the human colon’.

The Human-Microbial Crosstalk (HuMiX®) device consists of three co-laminar microchannels: media
perfusion, human epithelial cell culture and microbial culture (figure 11 E)’°. Each chamber has dedicated
inlets and outlets which allow the inoculation of the relevant cell lines and precise control over the
physicochemical conditions within each microchamber through the perfusion of cell growth media’®.
Although HuMiX® was developed with a focus on host-microbe interactions, it may find applications in
different industries, including pharmaceutic (drug screening, discovery and delivery) and food (nutritional
studies). The ability to co-culture human and microbial cells in a controlled manner and to perform
systematic investigations of such co-cultures opens numerous avenues for basic and applied research in

the context of the human microbiota’®.

Altogether, these models have been used to i) examine roles of the GIT microbiota in the digestion of
specific food ingredients’’, ii) understand the pharmacokinetics of drugs’® and iii) model the gut

microbiota linked to gastrointestinal disorders’®.

Numerous models have been developed over the last few years varying in complexity, reproducibility and
versatility. Several aspects need to be reinforced and improved such as the stability of the microbial
ecosystem or host cells over long-term experiments. In the future, multi-organ-chips can enclose the
response of the several systems on a single device progressing to a simulation more similar to the /n vivo

conditions®”.

With the goal to solve the limitations of existing models the ColOsH model is being developed at the
Centre of Biological Engineering at the University of Minho, under the ongoing Financed Project
(PTDC/BTM-SAL/30071/2017). The ColOsH, which is currently under patent request, consists of a

modular reactor comprising a module for microbiota growth — the Colon-Reactor, and a module for
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intestinal cells culture — the Colon-Host, which will further allow microbiota-intestinal cells interaction
studies. The Colon-Host module will include a co-culture of Caco-2/HT-29MTX cells in a semi-permeable
membrane. To validate the system, the prebiotic effect of FOS (from microbial source) will be acessed in

the ColOsH.

The present work aims to optimize the cell-based module so that in the future, the methodologies
established here will be transposed to the Colon-Host simulator. A Caco-2/HT29-MTX cell culture model
was used to evaluate the response of the intestinal epithelium to products of the prebiotic fermentation

by the microbiota present in primary human stool samples.
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CHAPTER IlI. Effect of human faecal fermentation products on an intestinal
epithelium model based on Caco-2 cells

I.1. Quantification of SCFA produced in the prebiotic fermentation by the microbiota
present in primary human stool samples

SCFA are the main products resulting from the fermentation of undigested carbohydrates by the
microbiota present in the intestine?®. To this day, primary human stool samples are the closest
representation of the human gut microbiota.

Commercial Raftilose P95 or FOS produced by microorganisms in a previous work, were used as carbon

sources for the microbiota growth (/n vitro fermentation)™.

In a previous work, human faecal samples from 5 healthy volunteers, were fermented in the presence of
different carbon sources (FOS or Raftilose P95) for 24 h, under anaerobic conditions at 37 °C. Samples

fermented with no carbon source were used as controls (data not published).

To perform the assays developed in the present work, the samples from the 5 fermentations were mixed
to have a more representative sample. The SCFA profile obtained for samples collected at 12 and 24 h

of fermentation, with the different carbon sources, is showed in table 1.

After 12 h of fermentation, Raftilose showed the highest SCFA concentrations except for n-butyrate.
However, at the 24 h time-point, FOS showed higher concentrations of propionate and both iso and n-

butyrate.

Table 1: Short-chain fatty acid content (g/L) of 12 and 24 h human faecal fermentations.

FOS Raftilose no Carbon
12h 24h 12h 24h 12h 24h
Formate 1.43 1.42 2.11 1.49 1.14 0.96
Acetate 1.84 2.29 2.90 3.00 1.77 3.68
Propionate 2.35 2.41 3.49 2.29 0.36 1.40
iso-Butyrate 2.21 2.48 3.62 1.92 2.80 2.23
n-Butyrate 0.28 0.10 0.27 0.06 0.52 1.02
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Given the low volumes obtained from both fermentation batches, the 24 h fermentation products were
used for the proliferation studies with Caco-2 cells and the 12 h fermentation products were used for all

studies with the Caco-2/HT29-MTX co-cultures.

[1.2. Intestinal epithelium model based on Caco-2 cells

The products obtained from the /7 vifrohuman faecal fermentations were first tested in a simple intestinal
epithelium model based on a Caco-2 cell monolayer to optimise both sample concentration and
incubation time. Samples fermented with no carbon source and the fermentation media (FM) used in the

/n vitro human faecal fermentations were tested as controls.

The metabolic activity of Caco-2 cells after incubation with the /7 vifro human faecal 24 h-fermentation
products was assessed by the resazurin reduction assay. The samples were diluted in culture media at
different volume ratios (1:10, 1:6 and 1:3) and added for incubation with cells for 24 or 48 h. The sample
dilutions led to a decrease in the pH of the cell culture media, which was dependent on the dilution ratio,

being more significative for the samples fermented with both carbon sources (Table 2).

Figure 12 shows that after 24 h of incubation, all samples showed no significant effects on the cell
metabolic activity at the 1:10 and 1:6 dilutions. However, at the highest concentration (1:3 dilution), the
fermentation products with raftilose and FOS-enriched media showed a significant decrease (p<0.05) in

the metabolic activity of Caco-2 cells (< 80%).

After 48 h of incubation, there was a general reduction of the cell metabolic activity, which was significant
(p<0.01) for all samples at the 1:3 dilution, for the samples grown in raftilose and in the absence of a

carbon source at the 1:10 and 1:6 dilutions and also in the fermentation media at 1:6 dilution.

Table 2: pH values of samples (products of /7 vifro human faecal fermentation, using different carbon sources) diluted in MEM at different

ratios (1:10, 1:6 and 1:3). Values show Mean + SD (N=3).

Sample ratio

MEM
1:10 1:6 1:3
Fermentation media (FM) 7.48 £0.13 7.29 £0.05 7.22 £0.07
No Carbon (nC) 7.49£0.11 7.34+£0.14 7.30 £ 0.06
7.49+0.12
Raftilose (R) 6.92 +0.46 6.99 + 0.09 6.72+0.11
FOS (F) 7.10 £ 0.08 7.08 +0.12 6.65 +0.10
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The highest reduction was observed after 48 h of incubation, in cells incubated with the fermentation
products from media supplemented with raftilose and FOS diluted 1:3, which led to metabolic activities

lower than 50%.

These results suggest that the effect of the tested fermentation products on the metabolic activity of Caco-
2 cells is dependent on both concentration and incubation time. The lower metabolic activity of cells
incubated with FOS and Raftilose fermentation products at the higher concentrations (ratio 1:3) can also
be associated with the significant decrease in pH. The fermentation products of human faecal samples
were not toxic to Caco-2 cells at the 1:10 and 1:6 dilutions at the 24 h time point. Thus, the dilution ratio
used in the following experiments was 1:6, as this concentration did not compromise cell viability after

24 h and still provides a significant concentration of fermentation products.
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Figure 12: Effect of human faecal fermentation products, obtained in different fermentation media, on the proliferation of semi-confluent
Caco-2 cells. Cell metabolic activity of Caco-2 cells incubated for (A) 24 or (B) 48h in MEM supplemented (1:10; 1:6 or 1:3) with fermentation
media (FM) or products of fermentation of human faecal samples with no carbon source (no Carbon), raftilose (Raftilose) or fructo-
oligosaccharides (FOS). The cell metabolic activity was determined by measuring the fluorescence of resofurin O‘ef 560 nm, Ae_= 590 nm)

from the resazurin reduction assay. Values show Mean + SD (N=3; *p < 0.05; **p < 0.01; ***p < 0.001 vs control (untreated cells - dotted
line at 100%) with p-values obtained using a two-way analysis of variance (ANOVA) with Tukey's post-hoc test for samples that followed a
normal distribution according to the Shapiro-Wilk test).
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CHAPTER lIl. Effect of ECM coatings and pore size on Caco-2/HT29-MTX co-
cultures grown on transwell membranes

As described in Chapter | of this thesis, mono or co-cultures of epithelial cells on semi-permeable
membranes are frequently used for /n vitro studies of intestinal barrier integrity, bioactive compound
uptake/permeability, and general toxicological studies. In addition, semi-permeable membranes are also

often integrated as part of dynamic digestion models or advanced organ-on-chip devices™.

The membrane pore size is a critical parameter, which plays a direct role on cell transmigration and
biochemical communication. Typically, membranes with smaller pore sizes (0.4 or 1 um) are used for
permeability studies as these offer enough support for culturing cells and are large enough to allow the
permeation of small molecules, nanoparticles and even small microparticles. Larger pore sizes (3 and 8
um) are typically used for studies involving cell migration and are often included in some dynamic cell-
culture models as is the case of the Gut-on-a-chip model developed at the Wyss Institute, which uses
Caco-2 cells on a microfabricated 8um pore size membrane®®2. However, up to the best of our
knowledge, there are no studies comparing the phenotype of co-cultures of Caco-2 and HT29-MTX on

small and large pore-size membranes.

Cell adhesion, proliferation, phenotype and function may be influenced by the addition of functional
coatings using ECM proteins®®%. The ECM provides the essential physical scaffold for cell adhesion®.
Most cells need to attach (anchorage-dependent) to the ECM to survive and proliferate. The cellular
response to the ECM is variable and different ECM proteins are used in tissue culture to modify cell
behaviour®*. Collagen is the most abundant fibrous protein within the ECM and provides tensile strength,

t84

regulates cell adhesion and directs tissue development®™. Matrigel, a gelatinous protein mixture derived

from mouse tumour cells, is commonly used as a membrane matrix®°.

To understand how different coatings and pore sizes influence the growth of Caco-2 and HT29-MTX cells
in co-culture, Millicell® 12-well hanging inserts with 1 or 8 um pore sizes were used uncoated, or coated
with collagen (COL) or a mixture of collagen and Matrigel (COL + MAT). The cells were grown for 21 days
and the TEER was monitored to assess the barrier integrity throughout the differentiation process. The
permeability of propranolol [from the apical to basolateral side (A-B)], as a model compound of high
permeability (transcellular transport), was assessed on differentiated monolayers to compare different

experimental conditions (coatings and pore sizes)®®.
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[1I.1. ECM coatings

Collagen (50 pg-mL?) and a mixture of collagen and Matrigel (50 pg-mL™* and 300 pg-mL?, respectively)

were tested as coatings of a commercial membrane with different pore sizes (1 or 8 um).

The TEER measurement can be useful to conclude about cytotoxicity of samples in epithelial cell layers
or any effect on barrier integrity. Cell culture models have been established to study epithelial transport
in which TEER measurements provided useful information. The damage of the barrier integrity will be
reflected on the reduction of the TEER or inversely, a tighter monolayer will present superior values of

TEERY.

Figure 13 shows the TEER of Caco-2/HT29-MTX co-cultures grown on 1 pum (A) or 8 um (B) pore size
membranes (uncoated, COL, COL+MAT), for 21 days. The TEER values of uncoated inserts were in
keeping with previous publications using co-cultures of Caco-2/HT29-MTX®®°. During the course of the
experiment there were no significant differences between the 3 coating conditions tested - uncoated

inserts, and inserts coated with either collagen or a collagen/Matrigel mixture.

Although some differences in the TEER of coated inserts reached statistical significance (owing to low
standard deviations), these were equal or lower than a 0.2-fold difference from the uncoated control

(1965 Q.cm? for collagen-coated inserts vs 1591 Q.cm? for uncoated inserts at day 21).
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Figure 13: Trans-epithelial electrical resistance (TEER) of Caco-2/HT29-MTX co-cultures grown for 21 days on the apical side of (A) 1 um
or (B) 8 um pore size Millicell® hanging inserts used uncoated, or coated with collagen (COL) or a mixture of collagen and Matrigel (COL +
MAT). Values show Mean + SD (N=3; “*p < 0.05 vs control (uncoated) with p-values obtained using the Student’s t-test for independent
samples that followed a normal distribution according to the Shapiro-Wilk test. *p: COL and *p: COL + MAT.)
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These results were supported by the intestinal permeability assay, which showed no significant differences
(p>0.05) in the apparent permeability of propranolol, over time, between the 3 coating conditions tested
(figure 14). This could be anticipated given the TEER correlates directly with cohesion of the tight junction

complexes. Thus, barriers with similar TEER should show similar intestinal permeability®.

Propranolol is reported to have a human absorption >90% exhibiting high permeability values in both

Caco-2 and Caco-2/HT29-MTX monolayers (P, (A-B) > 1.0 x 10° cm.s?)*°".,

Overall, the results from the TEER monitoring over the cellular differentiation process and the /in vifro
intestinal permeability assay suggest that the coatings tested do not have a considerable effect on the
epithelial barrier integrity and transcellular transport of propranolol across the Caco-2/HT29-MTX

monolayer.

Given that there were no significant differences between the coating conditions tested. For simplicity, the

following experiments were conducted using uncoated inserts.

[I.2. Pore size

The effect of the pore size (1 um or 8 um) on the differentiation process of Caco-2/HT29-MTX co-cultures

was evaluated through TEER, confocal microscopy and by assessing propranolol permeability.
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Figure 14: Apparent permeability of propranolol across a Caco-2/HT29-MTX co-culture from the apical to the basolateral chamber of a
transwell™ system. Cells were grown on (A) 1 pym or (B) 8 um pore size Millicell® hanging inserts coated with collagen (COL) or a collagen
and Matrigel mixture (COL + MAT). Uncoated Millicell® inserts were used as controls. Values show Mean = SD (N=3).
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Figure 15 shows that the TEER of Caco-2/HT29-MTX co-cultures was significantly higher for cells cultured
on the 8 um pore size inserts when compared to 1 um pore size (p<0.05). This tendency was observed

independently of the coating condition tested (figure 15 A-C).

In the literature is reported that cell migration can occur through pores larger than 3 um®*. Figure 16
shows that a fraction of the cells seeded on the 8 um pore-size inserts migrated to the basolateral side
of the chamber forming an additional epithelial barrier, and thus potentially leading to higher TEER values.

This double layer in the basolateral side of the membrane was not observed for the 1 um pore-size inserts.

These results are in line with previous studies that suggest that the discontinuous nature of porous
membranes and the small pore spacing affect cell-substrate interactions. Limited contact regions weaken

cell-surface interactions promoting instead cell-cell interactions®.

The TEER was further monitored throughout the intestinal permeability assay. Figure 17 shows that the
TEER of the 8 um inserts dropped significantly between the end of the differentiation process (before)
and the starting point of the permeability assay (0 h) (>2000 Q.cm? and <1000 Q.cm?, respectively). It
should be pointed out that there are some manipulations in between, such as the removal of the culture
medium, washes with HBSS and the addition of new HBSS for the permeability study. Additionally, during
and after the assay, the TEER was significantly lower (p<0.05) for cells grown on the 8 um pore size
membranes than on the 1 um pore size membranes. In turn, the TEER values obtained for the 1 um

inserts remained fairly constant throughout the whole experiment (1000 Q.cm?<TEER<1500 Q.cm?).
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Figure 15: Trans-epithelial electrical resistance (TEER) of Caco-2/HT29-MTX co-cultures grown for 21 days on the apical side of 1 um and
8 um pore size Millicell® hanging inserts used (A) uncoated and coated with (B) collagen (COL) or (C) a mixture of collagen and Matrigel
(COL + MAT). Millicell® inserts without coatings (Uncoated) were used as controls. Values show Mean + SD (N=3; *p < 0.05; **p < 0.01;
***p < 0.001 vs control (Uncoated) with p-values obtained using the Student’s ttest for independent samples that followed a normal
distribution according to the Shapiro-Wilk test).
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Figure 16: Confocal microscopy images of Caco-2/HT29-MTX co-cultures stained for occludin (green) and nuclei (DAPI, blue) of Caco-
2/HT29-MTX co-cultures grown on 8 pm pore size Millicell® hanging inserts used uncoated. Images were taken before and after the
permeability assay.
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Figure 17: Trans-epithelial electrical resistance (TEER) of Caco-2/HT29-MTX co-cultures during the intestinal permeability assay. During 4
h, TEER was measured on 1 um and 8 um pore size Millicell® hanging inserts used (A) uncoated and coated with (B) collagen (COL) or (C)
a mixture of collagen and matrigel (COL + MAT). Millicell® inserts without coatings (Uncoated) were used as controls. Values show Mean =+
SD (N=2; *p < 0.05; **p < 0.01; ***p < 0.001 with p-values obtained using the Student’s t-test for independent samples that followed a
normal distribution according to the Shapiro-Wilk test).
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Although not quantitative, Figure 18 shows that there were no visible differences between the expression
of the tight junction-specific protein occludin in the 1 um and 8 um pore size conditions. Tight junctions
seem to have been maintained along the permeability assay, for both pore sizes membranes, in the
monolayer at the apical side of the membrane. This way, the decrease of the TEER seems not to be
associated with a decrease in tight junctions of the cellular monolayer obtained in the apical side of the
8 um membranes. However, small damages could not be observable or some cells in the basolateral
side of the membrane can be more susceptible to manipulations and be easily removed during the cells
washes before the permeability study, leading to the TEER decrease. In addition, cells appear to be more
densely packed on the 1 um membranes. Despite the constant values of permeability obtained, the

cumulative fraction of propranolol transported is indeed higher in 8 um pore size membranes (figure 19).

In addition, the difference on the pore density of the 1 um and 8 um membranes (technical information
from supplier, 2x10°/cm? vs 2x10°/cm?) leads to the total area occupied by pores in the 8 um membrane
to exceed that of the 1 ym membrane by nearly 6-fold (0.11 cm? vs 0.02 cm?). In other words, on 1 um
inserts approximately 98% of the total surface area is available to support cells allowing the establishment
of focal adhesions whereas, on 8 um membranes this is reduced to just 90%. Altogether, this can lead to

the conclusion that cells on 8 um membranes are likely to be more susceptible to manipulation during

experiments, and thus vulnerable to the creation of small defects in the epithelial monolayer.
Before After

1 um

8 um

Figure 18: Confocal microscopy images of occludin (green) and nuclei (DAPI, blue) of Caco-2/HT29-MTX co-cultures grown on 1 and 8 um
pore size Millicell® hanging inserts used uncoated. Images were taken before and after the permeability assay.
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These results reiterated that pore size and density of cell culture membranes play an important role on
the intestinal epithelial barrier integrity, on the morphology of the cell layer and on transcellular
permeability. Since 1 um membranes showed more consistent results these were used on the following

studies of this work.
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Figure 19: Cumulative fraction of propranolol transported across a Caco-2/HT29-MTX co-culture from the apical to the basolateral chamber
of a transwell™ system. Cells were grown on 1 pm and 8 pum pore size Millicell® hanging inserts used (A) uncoated and coated with B)
collagen (COL) or a (C) collagen and matrigel mix (COL + MAT). Millicell® inserts without coatings (Uncoated) were used as controls. Values
show Mean + SD (N=2; *p < 0.05; **p < 0.01; ***p < 0.001 with p-values obtained using the Student's t-test for independent samples that
followed a normal distribution according to the Shapiro-Wilk test).
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CHAPTER IV. Effect of /n vifro human faecal fermentation products on the
proliferation of Caco-2/HT29-MTX co-culture

Caco-2/HT29-MTX co-cultures were used as a more complex intestinal epithelium model. To understand
the effect of /n vifro human faecal fermentation products in the intestinal epithelium, the Caco-2/HT29-
MTX co-culture was used to study cell viability, production of reactive oxygen species, inflammatory
response, intestinal permeability, transepithelial electrical resistance and expression of tight-junction
specific proteins.

The metabolic activity of the Caco-2/HT29-MTX co-cultures after incubation with the human faecal
fermentation products (diluted 1:6 in cell culture media) for 24 h was assessed by the resazurin assay.
Figure 20 shows that after 24 h of incubation, there were no significant differences (p>0.05) between all
samples tested and the control (cells grown in MEM) leading to the conclusion that the human faecal

fermentation products appear to be non-toxic towards the Caco-2/HT29-MTX co-cultures.

The TEER values of Caco-2/HT29-MTX co-cultures throughout the 21 days of differentiation, on the
uncoated 1 pm pore size Millicell® membranes (appendix G) were in keeping with the results obtained

previously for uncoated 1 um membranes (figure 13).
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Figure 20: Effect of human faecal fermentation products, obtained in different fermentation media, on the proliferation of Caco-2/HT29-
MTX co-cultures. Metabolic activity of Caco-2/HT29-MTX co-cultures incubated for 24h in MEM supplemented (1:6) with fermentation media
(FM) or products of fermentation of human faecal samples with no carbon source (no Carbon) or supplemented with raftilose (Raftilose) or
fructo-oligosaccharides (FOS). The cell metabolic activity was determined by measuring the fluorescence of resofurin (Aex= 560 nm, Aem=
590 nm) from the resazurin reduction assay. Values show Mean + SD (N=12 from 3 independent assays). A two-way analysis of variance
(ANOVA) with Tukey's post-hoc test for samples that followed a normal distribution according to the Shapiro-Wilk test) was conducted. Test
conditions vs control (MEM - dotted line at 100%) show no significant differences.
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In a previous report, fermentation products from prebiotic fibres have been shown to significantly increase
the TEER of Caco-2/HT29-MTX co-cultures and therefore have an increase in the integrity of the intestinal
barrier®. In this work, after differentiation (21 days in culture), the co-cultures were incubated with
propranolol (100 uM) in the presence of human faecal fermentation products (diluted 1:6) for 4 hours,

during which the TEER remained unchanged (figure 21).

These differences can be explained by the period of differentiation of the cells in co-culture. In the
mentioned report, cells were used during the differentiation process (13 days) whereas, in this work cells
were used only after it (21 days). It is possible that during the differentiation process, cells are more

susceptible to external factors which could lead to a more pronounced effect by the fermentation products.

Figure 22 shows a significant decrease (p<0.01) in the apparent permeability of propranolol obtained for

cells incubated with faecal fermentation products when compared to cells in HBSS (control).

The decrease in apparent permeability and accompanying reduced transport of propranolol (appendix H),
typically reflect a tighter intestinal epithelial barrier. However, given the TEER was unchanged, any

paracellular transport should not have been significantly affected.
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Figure 21: Trans-epithelial electrical resistance (TEER) of Caco-2/HT29-MTX co-cultures exposed to fermentation media (FM) or products
of human faecal fermentation during the intestinal permeability assay. During 4 h, TEER was measured on 1 um Millicell® hanging inserts
used uncoated. Values show Mean + SD (N=4; from 1 independent assay). A two-way analysis of variance (ANOVA) with Tukey's post-hoc
test for samples that followed a normal distribution according to the Shapiro-Wilk test) was conducted. Test conditions vs control (MEM -
dotted line at 100%) show no significant differences.
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Figure 22: Apparent permeability of propranolol across a Caco-2/HT29-MTX co-culture exposed to human faecal fermentation products
from the apical to the basolateral chamber of a cell culture insert. Propranolol and fermentation media (FM) or products of fermentation of
human faecal samples in media with no carbon source (no Carbon), or with raftilose (Raftilose) or fructo-oligosaccharides (FOS), diluted in
HBSS-HEPES (dilution 1:6), were incubated for 4h. Values show Mean + SD (N=3; **p < 0.01; ***p < 0.001 vs control (HBSS) with p-values

obtained using a two-way analysis of variance (ANOVA) with Tukey's post-hoc test for samples that followed a normal distribution according
to the Shapiro-Wilk test).

Propranolol, as a beta-adrenergic receptor blocker is member of the large family of G protein-coupled
receptors (GPCRs)*>®. In turn, SCFA present in the faecal fermentation products may activate signalling
pathways via at least 3 different GPCRs (GPR41, GPR43 and GPR109A)*. Thus, these results could
reflect competitive binding between the SCFA and propranolol to the same receptors for transcellular
transport. Moreover, the constant TEER throughout the permeability assay indicates that the integrity of
the intestinal barrier is not compromised by the human faecal fermentation products, in the tested

concentrations.

The integrity of the intestinal epithelial barrier after the permeability assay was further verified by the

confocal images shown in figure 23.

Cells grown in the presence of the faecal fermentation products showed a consistent expression of the
tight junction-specific protein occludin and displayed a similar morphology to cells grown in control

conditions (HBSS).

Future work could include the individual analysis of SCFA (formate, acetate, propionate and butyrate) to

understand if there is a competitive binding of each SCFA and propranolol to the same receptors.
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Figure 23: Tile scan confocal microscopy images 40x magnification of of Caco-2/HT29-MTX co-cultures grown on 1 pore size Millicell®
hanging inserts, stained for occludin (green), actin (red) and nuclei (DAPI, blue). Images were taken after the permeability assay. Propranolol
and fermentation media (FM) or products of fermentation of human faecal samples in media with no carbon source (no Carbon), or with
raftilose (Raftilose) or fructo-oligosaccharides (FOS), diluted in HBSS-HEPES (dilution 1:6), were incubated for 4h.




The confocal microscopy images in figure 23 show some areas which, at first site, are cell-free (red arrow
shows an example in the ‘no Carbon’ condition). However, closer investigation by images taken at higher
resolution and in different confocal planes showed that these are actually domes, as shown by the

orthogonal cross-sectional views in figure 24.

The formation of domes is an example of bending morphogenesis®’. Domes are considered a specialized
cell organization in charge of transepithelial transport properties which are a good indication of epithelial
differentiation®®. The factors that drive dome’s formation are not fully understood. /n vitro domes are
thought to be formed by the following steps: 1) Transcellular transport of ions increases the interstitial
concentration of ions at the basal side, 2) The osmotic gradient is increased by the ion transport resulting
on fluid influx to the basal side and 3) Hydrostatic pressure is generated by the formation of fluid-induced
domes. These structures are observed both /n vivo and in vitro but there are notable differences between
them. /n vitro domes repeat the process of collapse and formation while /7 vivo domes in vilification
maintain their shape. The stability differences probably result from the different scaffolds. The basal side
of in vifro domes are filled with fluid while the basal side of /n vivo domes, the /amina propria, is rich in

ECMs, which provides 3D structural support™.

Figure 24 A shows in detail a dome which is likely filled with fluid. In figure 24 B it can be seen that the

top of the dome is completely closed, and the membrane is indeed covered with cells.

Figure 24: Confocal microscopy images of Caco-2/HT29-MTX co-cultures grown on uncoated 1 pore size Millicell® hanging inserts stained
for occludin (green) and nuclei (DAPI, blue). Images were taken after the permeability assay. Propranolol and fermentation media (FM) or
products of fermentation of human faecal samples in media with no carbon source (no Carbon), or with raftilose (Raftilose) or fructo-
oligosaccharides (FOS), diluted in HBSS-HEPES (dilution 1:6), were incubated for 4h. A) Area with a dome, B) Top of the columnar formation.
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The generation of intracellular ROS was evaluated by using oxidation sensitive DCFH-DA. The oxidative
activity of human faecal 12h-fermentation products was tested. Caco-2/HT29-MTX co-cultures were
incubated with DCFH-DA for 1h, after which the solution was removed, and replenished by test samples
diluted in HBSS (ratio 1:6). H.0, was used as a positive control. Figure 25 (A) shows that the intracellular
ROS production of cells incubated for 4 h with the faecal fermentation products from raftilose or FOS
enriched media were unchanged when compared with the control (cells grown in HBSS). However, the
fermentation media (FM) showed a significant increase (p<0.001) in the intracellular production of ROS,
which was even higher than for H,O, (positive control). The fermentation media (FM) is very complex,
containing multiple ingredients such as trypticase soy broth, bactopeptone and yeast nitrogen base that
are intended for bacterial cell culture. These ingredients as they are not metabolised by the microbiota,

may induce the formation of ROS, thus potentially explaining the effect observed here.
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Figure 25 (A) Intracellular production of ROS by Caco-2/HT29-MTX co-cultures exposed to HBSS (control), 50 pg.mL-1 Trolox (negative
control), 2.5 mM H,0; (positive control), fermentation media (FM), products of fermentation of human faecal samples in media with no carbon
source (no Carbon), with raftilose (Raftilose) or fructo-oligosaccharides (FOS), diluted in HBSS-HEPES (dilution 1:6), for 4h. (B) Caco-2/HT29-
MTX co-cultures further stressed with 2.5 mM of H,0,. The production of ROS was determined by measuring the fluorescence of DCF (Aex=
495 nm, Aem= 525 nm) from the DCFH-DA reduction assay. Values show Mean + SD ((A) N=16 from 4 independent assays; ***p < 0.001
vs control (HBSS - dotted line at 1); #p<0.05 vs H,0, p-values (B) N=12 from 3 independent assays; *p < 0.05; ***p < 0.001 vs control (HBSS
- dotted line at 1); ###p<0.001 vs Trolox; ®==p<0.001 vs FM; ®p<0.05, ¢ ® ®p<0.05 vs FOS obtained using a two-way analysis of variance
(ANOVA) with Tukey's post-hoc test for samples that followed a normal distribution according to the Shapiro-Wilk test).
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The fermentation products of the ‘no Carbon’ condition also showed no increase in the production of

ROS, likely owing to the occurrence of fermentation, further supporting the hypothesis suggested above.

In order to verify if the fermentation products of faecal samples have a protective effect against an
oxidative stimulus, H.0, (2.5 mM) was used as an oxidant agent. For this, following the 4 h incubation
with the test samples, H.0, was added for an additional hour. Trolox (50 pg-mL?), a known antioxidant

compound, was used as a negative control on the first 4 h incubation period.

Figure 25 (B) shows that cells incubated with the fermentation media (FM) show once again a significant
(p<0.001) increase in the production of ROS. However, cells incubated with the faecal fermentation
products of FOS show a significant (p<0.001) decrease on the production of ROS leading to the conclusion

that FOS enriched media appears to be antioxidant.

SCFA are known for being mediators between the gut microbiota and the intestinal immune system. One
of the regulation mechanisms is the regulation of leukocytes through the production of several cytokines
and interleukins®. Systemic inflammation is mostly assessed by measuring TNF- and INF-y, and IL-1B3,
IL-6, IL-8 and IL-10'. IL-8 levels are low in a healthy intestinal epithelium but pro-inflammatory stimuli
are known to increase its production'®. TNF-a can stimulate the induction of various genes involved in

inflammation including CXCL& responsible for the production IL-8'%.

With this in mind, the inflammatory response of cells incubated in the presence of the human faecal
fermentation products was assessed by two different approaches: 1) detection of human IL-8 using the
LEGEND MAX™ Human IL-8 ELISA Kit; and 2) quantification of the expression of inflammatory response
mediators’ genes - interleukin 1 beta (/L 18), interleukin 6 (/L6), C-X-C motif chemokine ligand 8 (CXCLE
), tumor necrosis factor (7/VF ) and prostaglandin-endoperoxide synthase 2 (P7GS2) - by a two-step

quantitative reverse transcription polymerase chain reaction (qRT-PCR).

Caco-2/HT29-MTX co-cultures were incubated with human faecal fermentation products diluted in MEM
(ratio 1:6) for 4 h. Untreated cells and cells incubated with MEM supplemented with 50 ng-mL" of TNF-
o were used as a negative and positive controls of inflammation respectively. After 4 h of incubation, the
supernatant was collected and stored at -20 °C for later detection of IL-8 by the LEGEND MAX™ Human
IL-8 ELISA Kit. The total RNA was extracted from the cells and a two-step qRT-PCR was performed.
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Figure 26 shows the concentrations of human IL-8 (pg/mL) obtained from the supernatants of cells
incubated with the test compounds. There was a 3-fold increase in the production of IL-8 when cells were
stimulated with 50 ng-mL* TNF-a.. On the other hand, cells incubated in the fermentation media or
fermentation products from raftilose enriched media showed no effect on the cellular production of IL-8.
The fermentation products from no carbon media and FOS enriched media induced a significant (p<0.05)
decrease in the production of IL-8 when compared to the control condition (cells grown in MEM). However,
though significant, the differences were minute (17 vs 12 pg/mL) and likely do not have biological
significance. This was in keeping with the quantification of CXCLS expression by qRT-PCR (figure 27),
which showed a 4-log; increase by cells incubated with TNF-a, but no differences in all other conditions

tested.

Likewise, the amplification of the /L6 yielded high threshold cycle (Cy) values (>33, considered as not
expressed) for all test conditions, except for the positive control (31>C>33). Interestingly, all test
conditions (except the fermentation media) led to an increase in the expression of 7/VF. The expression
profiles of the /L15 and PTGS2 were similar showing a slight increase in expression in all conditions,
except for the ‘no Carbon’ and the fermentation media condition. Note that the expression was at all

times lower than that of the positive control (cells incubated with TNF- o).

Altogether, the IL-8 protein quantification and gene expression results indicate that the fermentation
products tested here, at a 1:6 dilution, did not elicit a significant inflammatory response on the Caco-

2/HT29-MTX co-culture model.
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Figure 26: Production of human IL-8 (pg/mL) by Caco-2/HT29-MTX co-cultures exposed to MEM (negative control), 50 ng'mL! TNF-a
(positive control), fermentation media (FM), products of fermentation of human faecal samples in media with no carbon source (no Carbon),
with raftilose (Raftilose) or fructo-oligosaccharides (FOS), diluted in MEM (dilution 1:6), for 4h. Values show Mean + SD (N=8 from 2
independent assays; *p < 0.05; ***p < 0.001 vs control (MEM); #¥p<0.001 vs TNF- a p-values obtained using a one-way analysis of variance
(ANOVA) with Tukey's post-hoc test for samples that followed a normal distribution according to the Shapiro-Wilk test).
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Future work could include the analysis of potential anti-inflammatory action by assessing the expression

of inflammatory response mediators’ genes on a cellular model of inflammation, incubated with the faecal

fermentation products.
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Figure 27: Relative expression of CXCLS8, TNF, /L1B and PTGS2 by Caco-2/HT29-MTX co-cultures exposed to MEM (negative control), 50
ng'mL! TNF-at (positive control), fermentation media (FM), products of fermentation of human faecal samples in media with no carbon
source (no Carbon), with raftilose (Raftilose) or fructo-oligosaccharides (FOS), diluted in MEM (dilution 1:6), for 4h. Total RNA was extracted
from the cells and reverse transcribed. The 2722% method was used for relative quantification of gene expression, and the data were
normalized to the expression of actin beta gene (AC78) and compared to the expression levels of untreated cells. Values show Mean + SD
(N=3 from 3 independent assays; *p < 0.05; **p < 0.01 vs control (MEM); #p<0.05, #p<0.01 vs TNF-  p-values obtained using a one-way
analysis of variance (ANOVA) with Tukey's post-hoc test for samples that followed a normal distribution according to the Shapiro-Wilk test).

37



Conclusions and future remarks

In the present work, the first tests concerning the development of the Colon-Host reactor were conducted.
To optimize the cell-based module of the Colon-host reactor, a Caco-2/HT29-MTX cell culture model was
used and the response of the intestinal /7 vifro epithelium to products of the fermentation of prebiotics by

the human microbiota was studied.

Caco-2 cells experiments demonstrated that the effect of human faecal fermentation products on the
metabolic activity is dependent on both concentration and incubation time. A dilution of 1:6 and a
maximum incubation time of 24 h ensured the viability of Caco-2 cells and Caco-2/HT29-MTX cells grown

in co-culture.

The integrity of the intestinal barrier was not compromised by the human faecal fermentation products
from different fermentation media, since a constant TEER was observed throughout the permeability
assay with propranolol. However, a significant decrease (p<0.01) in the apparent permeability of
propranolol was observed for cells incubated with faecal fermentation products, when compared to cells
in HBSS (control). A competitive binding between the SCFA and propranolol may had occurred. This way,
future work could include the analysis of individual SCFA to evaluate if there is a competitive binding to
the same receptors. In addition, any fermented sample induced oxidative stress in the Caco-2/HT29-MTX
co-culture model. Moreover, fermentation products of FOS-enriched media significantly (p<0.001)
decrease the intracellular ROS levels, leading to the conclusion that this fermentation product presents

an antioxidant activity.

Regarding the inflammatory response, the fermentation products tested did not induced a significant
inflammatory effect on the Caco-2/HT29-MTX co-culture model, according with the levels of IL-8 produced
(ELISA quantification) and the inflammatory response mediators’ genes expressed (gRT-PCR). Future
work could include studies using a cellular inflammation model to evaluate the anti-inflammatory effect

of fermentation products.

The response of the Caco-2/HT29-MTX co-culture model to the prebiotic fermentation products studied
in this work provides a comparison to future works performed in the Colon-Host simulator. With these
initial tests, protocols were established for a better representation of the intestinal /7 vitro epithelium and

the cell-based module of the Colon-Host was optimized.
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Materials and Methods

IV.1. Materials

Power SYBR® Green PCR Master Mix was obtained from Applied Biosystems (Foster City, CA, USA). Caco-
2 cells were purchased from American Type Culture Collection (ATCC®). HT29-MTX-E12 cells were
obtained from European collection of Authenticated Cell cultures (ECACC). Minimum essential media
(MEM) Eagle was purchased from PAN-Biotech GmbH (Aidenbach, Germany). 96, 24 and 12-well plates
were purchased from TPP Techno Plastic Products AG (Trasadingen, Switzerland). AllPrep DNA/RNA Mini
Kit was purchased from Qiagen (Hilden, Germany). Acetonitrile was bought from VWR (Radnor, PA, USA).
LEGEND MAX™ Human IL-8 ELISA Kit and tumour necrosis factor alpha (TNF-a) were bought from
BioLegend (San Diego, CA, USA) .4', 6-diamidino-2-phenylindole, dilactate (DAPI, Invitrogen™), Matrigel™
membrane matrix, rat tail type-l collagen and SuperScript™ VILO™ cDNA Synthesis Kit was purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Millex-GS Syringe Filter Units 0.22, trypsin-EDTA
(0.25% trypsin; 0.1% EDTA), penicillin/streptomycin 100x, foetal bovine serum (FBS), Hank's balanced
salt solution (HBSS), 14um and 8-um pore size transwell™ inserts were bought from Merck Millipore
(Burlington, MA, USA). Dimethyl sulfoxide (DMSO), paraformaldehyde (PFA), phalloidin-
tetramethylrhodamine B isothiocyanate (phalloidin-TRITC), bovine serum albumin (BSA), fluoroshield™,
sodium pyruvate solution 100 mM, resazurin sodium salt, Dulbecco’s modified Eagle’'s Medium-high
glucose (DMEM), phosphate buffered saline (PBS), N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic
acid) (HEPES) buffer solution, propranolol hydrochloride, primers, 2',7'-Dichlorofluorescin diacetate
(DCFH-DA), hydrogen peroxide (H.0,) solution, 6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(Trolox), methanol, chloroform, acetic acid, sulfuric acid and ammonium acetate were obtained from

Sigma-Aldrich (St. Louis, MO, USA).

IV.2. Methods

IV.2.1. Human faecal fermentation samples

Faecal samples obtained from five healthy donors who had not taken antibiotics in the past 6 months,
were diluted in fermentation media (FM) with different carbon sources (commercial raftilose and microbial
FOS) and incubated in anaerobic chambers for 12 and 24 h following the methodology used by Madureira

et. al 2016'®. The samples were also incubated in media without any carbon source as a control. The
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products obtained from the fermentations were filtered (0.22-um pore size) and diluted in MEM at 1:10,

1:6 and 1:3 volume ratios.

IV.2.2. Quantification of SCFA

The concentration of relevant SCFA (acetate, propionate, iso-butyrate and n-butyrate) in the fermentation
medium was quantified by high performance liquid chromatography (HPLC). Briefly, the HPLC system
was equipped with a Rezex ROA-Organic Acid H+ (300x7.8 mm) column from Phenomenex. Samples
were eluted with sulfuric acid 2.5 mM, at a flow rate of 0.6 mL-min™* and the run was carried out at 60
°C. The samples were eluted with an internal pattern (crotonic acid) and detected at 210 nm, being the
average retention time of 16.30 min for formic acid, 17.95 min for acetic acid, 21.11 min for propionic

acid, 23.92 min for iso-butyric acid and 25.90 min for n-butyric acid.

The area of the SCFA peaks in the samples was compared with the areas of calibration curves plotted
using a series of standard solutions (appendix A). The concentration of SCFA was obtained after

interpolation of the area of the samples according to the calibration curve.

IvV.2.3. Cell culture
Cells were maintained in media with 100 U-mL" of penicillin and 100 ug-mL" of streptomycin (1%
Pen/Strep), at 37 °C and in a 5% CO, atmosphere. Culture media was changed every 2-3 days and cells

were routinely sub-cultured assuring a maximum confluence of 70-80%.

Co-cultures of Caco-2 and HT29-MTX cells were used to mimic the intestinal epithelium. The ratio of
Caco-2 and HT29-MTX cells was 9:1 and the media used was MEM supplemented with 20% FBS and 1%
sodium pyruvate. Cells were grown for 21 days and seeded on: Millicell® 12-well hanging inserts with
polyethylene terephthalate (PET) membranes and, on 96 and 24-well plates. PET membranes with 1 and
8-um pore sizes were used. The transwell membranes were used uncoated, coated with rat tail type-l
collagen (50 ug-mL") or coated with a mixture of rat tail type-| collagen (50 ug-mL") and Matrigel™ (300
pg-mL™). Briefly, 112 plL of the coating solution in cold serum-free MEM were added to each insert,

incubated at 37 °C for 1-2h, followed by a PBS rinse.

IV.2.4. Metabolic activity

The resazurin reduction (figure 29) assay was used to determine the metabolic activity of cells.
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Figure 28: Reduction of low fluorescent oxidized blue dye resazurin to the fluorescent pink product resorufin. Created with ChemDraw.

Caco-2 cells were plated in 96-well plates at 1.1 x 10* cells-cm? per well. After 24h, the culture media
(MEM) was removed and replaced by the fermentation products of human faecal samples diluted in MEM
at different volume ratios (1:10, 1:6 and 1:3). After 24 or 48h, the media was removed and replaced with

a 10 pg-mL! resazurin sodium salt solution in MEM.

Caco-2 and HT29-MTX cells were seeded in 96-well plates at 1.00 x 10° cells-=cm™ using 200 L of cell
suspension per well at a 9:1 ratio. After 21 days, the cell culture media (MEM) was removed and replaced
by the products of fermentation of human faecal samples diluted in MEM at a 1:6 ratio. After 24h, the

media was removed and replaced with a 10 pg-mL™ resazurin sodium salt solution in MEM.

Fresh fermentation media (FM) was used as a vehicle control. MEM and DMSO (40% v/v) were used as
positive and negative controls, respectively. Cell-free wells containing the 10 pg-mL™ resazurin salt
solution in MEM were used as blanks. The cell metabolic activity was determined by measuring the
fluorescence of resofurin (Ae= 560 NM, Aem= 590 nm) using a BioTeK® Synergy H1 (Winnoski, VT, USA)
microplate reader. The results are expressed as a percentage of cell viability in relation to the positive

control (untreated cells in MEM).

IV.2.5. Transepithelial electrical resistance (TEER)

The barrier integrity was assessed by measuring the trans-epithelial electrical resistance (TEER) using a
Millicell® ERS-2 volt-ohmmeter (Merck Millipore, Billerica, MA, USA) and STX chopstick electrodes. The
TEER (Q-cm?) was calculated by subtracting the readings of cell-free Millicell® inserts from the cell-

cultured Millicell® inserts and multiplying by the surface area of the membrane (1.12 cm?).

IV.2.6. Intestinal permeability assay
Propranolol hydrochloride was used to assess the transcellular transport of Caco-2/HT29-MTX co-

cultures, grown on Millicell® 12-well hanging inserts. Cells were seeded at 1.00 x 10° cells-=cm? using

41



200 or 500 pL of cellular suspension per well at a 9:1 ratio. After 21 days, the cell culture media (MEM)

was removed and replaced by the test samples.

The transport media used was HBSS, pH 7.4 supplemented with 25 mM HEPES (HBSS-HEPES). A stock
solution of propranolol was prepared in DMSO and diluted in HBSS-HEPES to final concentrations of 1%
(v/v) DMSO and 50 or 100 uM propranolol. The propranolol solution was added to the apical chamber
and the cells incubated at 37 °C under gentle agitation (100 rpm) for 4h. Samples were collected (500
pL) from the basolateral side at different time points (1h, 2h, 3h, and 4h) for analysis by HPLC and

replenished with fresh HBSS. The TEER was measured throughout the experiment.

The amount of propranolol in the collected samples was quantified by HPLC. The LC system (UHPLC
Agilent 1290 Infinity 1) used was equipped with a Kinetex® LC column (2.6 um XB-C18 100 A) from
Phenomenex. Samples were eluted with a mixture of acetonitrile and ammonium acetate 25 mM (pH =
3), at a flow rate of 1.0 mL-min™ and the run was carried out at 4 °C. The samples were eluted and
monitored with a Diode Array Detector (DAD, Agilent Technologies, Santa Clara, CA, USA) at 230 and

290 nm, being the retention time 7.7 min.

The area of the propranolol peak in the samples was compared with the areas of calibration curves plotted
using a series of propranolol standards solutions prepared in HBSS-HEPES at concentrations ranging
from 0.4 to 100 uM (appendix B). The concentration of propranolol was obtained after interpolation of

the area of the samples in the calibration curve.

The apparent permeability coefficient (£, cm-s?) was calculated according to equation 1.,

dqQ 1%
dt A X Cy

/Dc?P/J =
Equation 1

where %is the permeability rate (uM-s?), which corresponds to the slope of the cumulative increase in

the concentration of propranolol in the basolateral chamber over time, V is the volume of the basolateral
chamber (cm®), A is the surface area of the insert (1.12 cm? and Co is the initial concentration of

propranolol in the apical compartment (50 or 100 uM).

IV.2.7. Production of reactive oxygen species
The DCFH-DA reduction (figure 30) assay was used to determine the generation of reactive oxygen species

(ROS) by the Caco-2/HT29-MTX co-culture.
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Figure 29:DCFH-DA deacetylation followed by DCFH oxidation. After diffusion into the cell, DCFH-DA is deacetylated by cellular esterases to
a non-fluorescent compound, which is later oxidized by ROS into fluorescent dichlorofluorescein (DCF) allowing the assessment of ROS
activity. Created with ChemDraw.

Cells were seeded in 96-well plates at 1.00 x 10° cells-cm? using 200 L of cellular suspension per well
ata 9:1 ratio. After 21 days, the cell culture media (MEM) was removed and replaced by 10 uM of DCFH-
DA in HBSS. After 1h, the DCFH-DA solution was removed and replenished by the products of
fermentation of human faecal samples diluted in MEM at a 1:6 ratio. After a 4h incubation at 37°C, the
oxidative activity was determined by measuring the fluorescence of DCF. The protective effect of the
samples was also determined. After 4h of incubation with samples, the media was removed and 2.5 mM
H,0, were added. After 1h, the protective effect was determined by measuring the fluorescence of DCF.
Trolox (50 pg-mL?), an antioxidant compound analogue to vitamin E, and H20: (2.5 mM) were used as

negative and positive controls respectively and incubated with cells during the first 4 hours'®.

The results are expressed in relation to the control (HBSS). The fluorescence of DCF (Ae= 495 nm, Aen=

525 nm) was measured using a BioTeK® Synergy H1 (Winnoski, VT, USA) microplate reader.

IV.2.8. Inflammation activity assay

The cellular inflammatory response was determined by quantifying the secretion of IL-8 using the LEGEND
MAX™ Human IL-8 ELISA Kit and the expression of /L1B, /L6, CXCLSE, TNF and PTGS2 genes by qRT-
PCR.

Cells were seeded in 24-well plates at 1.00 x 10° cells-cm™? using 500 L of cell suspension per well at
9:1 ratio. After 21 days, the cell culture media (MEM) was removed and replaced by MEM supplemented
(1:6) with human faecal fermentation products. MEM and 50 ng-mL" of TNF-a were used as negative
and positive controls, respectively. After 4h of incubation, the supernatant was collected and store at -20
°C for later detection of IL-8 by the LEGEND MAX™ Human IL-8 ELISA Kit. The concentration of human
IL-8 was obtained after interpolation of the absorbance (450-570nm) of the samples in the calibration

curve (appendix C).
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IV.2.8.1. RNA extraction and complementary DNA synthesis
Genomic DNA and total RNA were extracted from the cells using the AllPrep DNA/RNA Mini Kit. RNA
concentration was measured using a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific).
The RNA was reverse transcribed using the SuperScript™ VILO™ cDNA Synthesis Kit and a Veriti™ 96-

Well Thermal Cycler.

[V.2.8.2. Quantitative polymerase chain reaction
Relative quantification of gene expression was performed using an Applied Biosystems™ StepOnePlus™
Real-Time PCR System (Thermo Fisher Scientific). The primer sequences (shown in table 3) were kindly
shared by Dr. Maria del Carmén de Andrés, epigenetic unit leader at the Institute of Biomedical Research
of A Corufa (INIBIC). Three housekeeping genes were initially tested (ACT5, RPL13A, GAFDH). A 20 uL
reaction mixture was prepared in triplicate, containing 1 uL of complementary DNA, 10 pL of Power

SYBR® Green PCR Master Mix and 1 uM of each primer.

Table 3: Forward (F) and reverse (R) primers used in the gPCR.

Gene Abbreviation Primer sequence (5'—3’)

actin beta ACTB F: GGCATCCTCACCCTGAAGTA

R: AGGTGTGGTGCCAGATTTTC
glyceraldehyde-3-phosphate GADPH F: CCAGGTGGTCTCCTCTGACTTC
dehydrogenase R: TCATACCAGGAAATGAGCTTGACA
ribosomal protein L13 RPL13A1 F: AAAAAGCGGATGGTGGTTC

R: CTTCCGGTAGTGGATCTTGG
interleukin 1 beta ILIB F: TGGCAATGAGGATGACTTGTTC

R: CTGTAGTGGTGGTCGGAGATT
interleukin 6 /L6 F: GATGAGTACAAAAGTCCTGATCCA

R: CTGCAGCCACTGGTTCTGT
C-X-C motif chemokine ligand 8 CXCLS8 F: ACTGAGAGTGATTGAGAGTGGAC

R: AACCCTCTGCACCCAGTTTTC
tumour necrosis factor TNF F: CCCAGGCAGTCAGATCATCTTC

R: GGTTTGCTACAACATGGGCTACA
prostaglandin-endoperoxide PTGS2 (v1) F: GCTTTATGCTGAAGCCCTATGA
synthase 2 R: ATCTGGCCGAGGC CTA
prostaglandin-endoperoxide PTGS2 (v2) F: CCTCAAGTCCCTGAGCATCAC
synthase 2 R: CCTGTTTAAGCACATCGCATACT
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Thermal cycler conditions included an initial activation step at 95 °C for 10 min, followed by a two-step
PCR programme of 95°C for 10 s and 60°C for 60 s for 40 cycles. The 2724 method was used for
relative quantification of gene expression, and the data were normalized to the expression of [3-actin and

compared to the expression levels of untreated cells.

IV.2.9. Immunocytochemistry

Cells were fixed with cold methacarn (60% methanol, 30% chloroform, 10% acetic acid, % vol/vol) for 20
min at 4 °C. Cells were then washed with an aqueous solution of 3 % (v/v) acetic acid. The fixed cells
were incubated with a 2% (w/v) BSA solution in PBS to minimise non-specific antibody bonding. After
blocking, cells were incubated with 5 ug-mL™ Alexa Fluor® 488 conjugated occludin monoclonal antibody
(0C-3F10) and 0.1 pg-mL™ phalloidin-TRITC overnight, at 4°C. Finally, and after extensive washes, cells
were stained with 0.2 pg-mL* DAPI for 10 min and preserved in fluoroshield mounting media. Cells were
imaged using a Zeiss LSM780 confocal laser scanning microscope (Oberkochen, Germany) and analysed

using Zen 2010 software and ImageJ.

[V.2.10. Statistical analysis
Results are shown as Mean + SD. The Shapiro-Wilk test was used to verify if the data followed a normal
distribution. P-values were determined using a two-way analysis of variance (ANOVA) with Tukey's post-

hoc test or the Student’s t-test for independent samples. The statistical analysis was carried out using

Graph Pad Prism 8.2.1 (San Diego, CA, USA).
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Appendixes and Annexes

Appendix A: Standard curves used to calculate SCFAs concentration
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Appendix A: SCFAs propranolol standard curve obtained by the analysis of formic, acetic, propionic, iso-butyric and n-butyric acid standards.
The peak area of the standard (AS) divide by the peak area of the internal pattern- crotonic acid (AP)- was plotted against the respective
concentration of the standard ([S]) divided by the concentration of the internal pattern ([P]). The results were fitted to linear regressions (R
= 1.00) to obtain the equations (A) Formic acid: AS/AP = 0.0048 [S]/[P] + 0.0.0091 (B) Acetic acid: AS/AP = 0.0030 [S]/[P] + 0.0.0059
(C)Propionic acid: AS/AP = 0.0025 [S]/[P] + 0.0.0032 (D) iso-Butyric acid: AS/AP = 0.0034 [S]/[P] + 0.0.0026 (E) n-Butyric acid: AS/AP =
0.0027 [S]/[P] - 0.0.0005.

Appendix B: Standard curves used to calculate propranolol concentration
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Appendix B: HPLC propranolol standard curve obtained by the analysis of propranolol standards in the range of (A) 0.5 - 15 pg.mL? (B) 0.5
- 30 pg.mL?. The peak area for each standard was plotted against its respective concentration of propranolol. The results were fitted to
linear regressions (R? = 1.00) to obtain the equations (A) AbSzgonm = 21.2 [Propranolol] (ug.mL?) + 0.973 (B) AbSz30nm = 103.89 [Propranolol]
(ug.mL) + 17.98.
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Appendix C: Standard curve used to calculate human IL-8 concentration
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Appendix C: Human IL-8 standard curve obtained by the analysis of human IL-8 standards in the range of 0 - 500 pg.mL". The absorbance
450-570nm for each standard was plotted against its respective concentration of human IL-8. The results were fitted to a linear regression
(R? = 1.00) to obtain the equation Abs450-570,, = 0.0043 [Human IL-8] (ug.mL?).

Appendix D: TEER of Caco-2/HT29-MTX co-cultures during the intestinal permeability assay
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Appendix D: Trans-epithelial electrical resistance (TEER) of Caco-2/HT29-MTX co-cultures during the intestinal permeability assay. During 4
h, TEER was measured on (A) 1 um and (B) 8 um pore size Millicell® hanging inserts used uncoated or coated with collagen (COL) or
collagen plus matrigel (COL + MAT). Millicell® inserts without coatings (Uncoated) were used as controls. Values show Mean + SD (N=2; *
#*n < 0.05 vs control (Uncoated) with p-values obtained using the Student’s ttest for independent samples). p: COL and *p: COL + MAT.
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Appendix E: Effect of ECM coatings on the cumulative fraction of propranolol transported
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Appendix E: Cumulative fraction of propranolol transported across a Caco-2/HT29-MTX co-culture from the apical to the basolateral chamber
of a transwell™ system. Cells were grown on (A) 1 um and (B) 8 um pore size Millicell® hanging inserts coated with collagen (COL) or a
collagen and matrigel mix (COL + MAT). Millicell® inserts without coatings (Uncoated) were used as controls. Values show Mean + SD
(N=3).

Appendix F: Effect of membrane pore size on the apparent permeability of propranolol
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Appendix F: Apparent permeability of propranolol across a Caco-2/HT29-MTX co-culture culture from the apical to the basolateral chamber
of a transwell™ system. Cells were grown on (A) 1 um and (B) 8 um pore size Millicell® hanging inserts coated with collagen (COL) or a
collagen and matrigel mix (COL + MAT). Millicell® inserts (E) without coatings (Uncoated) were used as controls. Values show Mean + SD
(N=3).
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Appendix G: TEER of Caco-2/HT29-MTX co-cultures during the differentiation process (21 days)
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Appendix G: Trans-epithelial electrical resistance (TEER) of Caco-2/HT29-MTX co-cultures grown for 21 days on the apical side of 1 um pore
size Millicell® hanging inserts. Values show Mean + SD (N=4; from 1 independent assay).

Appendix H: Cumulative fraction of propranolol transported across a Caco-2/HT29-MTX co-culture
exposed to human faecal fermentation products

5
o 54 *kk
8_ *kk - -
3 4l 4 -®- HBSS
g *;* = Fermentation
. _,: 2 .. media (FM)
*8 E *;*_,-' : ¥ no Carbon
(U | ._._-‘ .Y .
S 3 2 - V-- Raftilose
> .- e
2 g FOS
© 14
=]
e
8 0 T T T T

1 2 3 4

Time (h)

Appendix H: Cumulative fraction of propranolol transported across a Caco-2/HT29-MTX co-culture exposed to fermentation media (FM) or
human faecal fermentation products from the apical to the basolateral chamber of a transwell™ system. Cells were grown on 1 um pore
size Millicell® hanging inserts used uncoated. Values show Mean + SD (N=2; ***p < 0.001 vs control (HBSS) with p-values obtained using
the Student’s t-test for independent samples that followed a normal distribution according to the Shapiro-Wilk test).
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Appendix |: Relative expression of CXCLS, TNF, /LIB and PTGS2 by Caco-2/HT29-MTX co-cultures
normalized to the expression of APL13A1 gene
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Appendix |: Relative expression of CXCL8, TVF, /L1Band PTGSZ by Caco-2/HT29-MTX co-cultures exposed to MEM (negative control), 50
ng'mL? TNF-a (positive control), fermentation media (FM), products of fermentation of human faecal samples in media with no carbon
source (no Carbon), with raftilose (Raftilose) or fructo-oligosaccharides (FOS), diluted in MEM (dilution 1:6), for 4h. Total RNA was extracted
from the cells and reverse transcribed. The 2722 method was used for relative quantification of gene expression, and the data were
normalized to the expression of £PL13A1 and compared to the expression levels of untreated cells. Values show Mean + SD (N=3 from 3
independent assays; *p < 0.05; **p < 0.01 vs control (MEM); #p<0.05, #p<0.01 vs TNF- a p-values obtained using a one-way analysis of
variance (ANOVA) with Tukey's post-hoc test for samples that followed a normal distribution according to the Shapiro-Wilk test).
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Annex 1: Optimization of the production of reactive oxygen species assay

In order to verify if the fermentation products of faecal samples had a protective effect against an oxidative
stimulus, H.0, was used as an oxidant agent. For this, following the 4h incubation with the test samples,
the media was removed and 2.5mM of H,O, was added for an additional hour. Trolox, a known antioxidant

compound, was used as a negative control on the first 4h incubation period.

Annex 1 shows that faecal samples grown in the presence of raftilose and FOS have a significant
(p<0.001) increase on the production of ROS after incubation with H,O,. However, the samples that had
a higher oxidative activity, the fermentation media and the no Carbon conditions, show no increase on

the production of ROS.

The presence of intracellular ROS was assessed by the DCFH-DA assay where after diffusion into the cell,
DCFH-DA is deacetylated by cellular esterases to a non-fluorescent compound (DCFH), which is later
oxidized by ROS into dichlorofluorescein (DCF) which is easily detected by fluorescence. However, DCFH
and DCF can diffuse out of cells and undergo extracellular reactions'®. Before the addition of H,0s,
samples were removed and with it all the DCF that had leaked out of the cells. Consequently, the results

in annex 1 show only the effect of the 1h incubation with H,0..

2.5

2.0

Level of intracellular ROS

0.0-

-
Trolox Fermentation Media no Carbon Raftilose FOS
(FM)

Annex 1: Production of ROS by Caco-2/HT29-MTX co-cultures exposed to human faecal fermentation products after incubation with H20,.
Caco-2/HT29-MTX co-culture production of ROS incubated for 1h with DCFH-DA and after its removal HBSS supplemented (1:6) with the
fermentation media (FM) or products of fermentation of human faecal samples in with no carbon source (no Carbon), raftilose (Raftilose) or
fructo-oligosaccharides (FOS) was added for 4h. HBSS was removed and cells were then incubated for 1h with H,0,. Trolox was used as a
negative control. The production of ROS was determined by measuring the fluorescence of DCF (Aex= 495 nm, Aem= 525 nm) from the
DCFH-DA reduction assay. Values show Mean + SD (N=8 from 2 independent assays; ***p < 0.001 vs control (HBSS - dotted line at 1) p-
values obtained using a two-way analysis of variance (ANOVA) with Tukey's post-hoc test for samples that followed a normal distribution
according to the Shapiro-Wilk test).
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In the future, it is advisable to add DCFH-DA only after the incubation with samples or H,O,. This way,
there is less time for the DCFH and DCF to leak out of the cells. Please note that if DCFH and DCF leak
out of the cells, extracellular reactions could happen and there could be measuring not only the light

emission from the cells but also from the media.
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