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Abstract

Autophagy is an intracellular bulk degradation pathway which can be used during
cellular maintenance to encapsulate and target intracellular content such as organelles
and proteins to be degraded by the lysosome. The autophagosome is a double
membrane vesicle which is used to encapsulate this cellular content. During the cellular
response to starvation, autophagy can degrade cytoplasmic organelles and long-lived
proteins in lysosomes, to recover amino acids within the cell and form new proteins.
Stimulation of autophagy during infection can enhance immune responses by degrading
pathogens and increasing presentation of microbial components to the immune system.
Genome wide association studies (GWAS) have identified mutations in the autophagy
related (Atg) protein Atgl6L1, and NOD2 as risk alleles for Crohn’s disease. Atgl6L1 is
essential for the formation of autophagosomes and autophagosome formation is
stimulated following recognition of bacterial cell wall peptide muramyl dipeptide
(MDP) by NOD2. Crohn’s disease results from an autoimmune reaction to gut epithelial
cells, and this raises the possibility that the risk alleles alter autophagy and/or NOD2-
mediated microbial sensing in gut epithelial cells. The aim of this thesis has been to
develop methods to quantifying autophagy in primary epithelial cells cultured from
human intestinal biopsy material. Atg8/LC3 is the major structural protein of the
autophagosome. Images of GFP-Atg8/LC3 puncta generated in response to starvation,
or NODZ2 signalling, were taken by fluorescence microscopy, and pixel densities were
rendered to generate digital datasets that were amenable to statistical analysis.
Rendered puncta were displayed graphically to indicate autophagosome diameters,
spatial location within the cell, lifetime, expansion and movement. The methods were
validated in tissue culture cell lines and then extended to study human colon crypts
cultures transduced by adenoviral vectors expressing GFP-LC3. In comparison to cell
lines after starvation, there were less GFP LC3 puncta in the smaller epithelial cells from
colon crypt tissue (20-30 compared to 5.8+/-2.2). MDP generated significantly more
LC3 puncta (9.5+/-4) in colon crypt epithelial cells compared to starvation (5.8+/-2.2).
This work provides a method to quantify autophagy in colon crypt cultures, and if
applied to biopsies taken from patients will be able to determine if autophagy and NOD2
sensing are altered in patients carrying with Crohn’s disease risk alleles.
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Page | 2



Contents

72 0 3 1 Ut 2
L0704 117<) 1 L 3
00T 03 7
LISt Of TaADIES.....cciiiiiir i s 8
06 0 0 2 T2 U0 9
(00 0B 01 7<) ol A 0000 00T 11 (ot 0 ) N 11

1.1) Genome wide association studies (GWAS) link mutations in Autophagy protein Atg16L1, and NOD2,

with bacterial handling and Crohn’s diSEase.....cuuuimismsmsnm s ————————— 12
1.1-a) Origins of inflammatory bowel diSease. ... —————————— 12
1.1-b) Genetic links between Crohn’s disease and autophagy. ... 14
) I N0 0] 4 = . N 15
1.3) Autophagy INAUCION. .iiiiiriiiiiirs i s ———————— 18
1.3-a) Control of autophagy by the mechanistic target of rapamycin (MTOR). ..cccvvrsensersensessensnnns 18
1.3-b) Regulation of mTOR by protein degradation in lySOSOMES. .....corsmsmrsmmsnnsmssesssssssssnssssssnssnns 20
1.4) Formation of the autophagosome after autophagy induction. ... ——————— 22
1.4-a) Canonical autophagy and the formation of autophagosomes following starvation of
Mammalian CelIS. v —————————————————— 22
1.4-b) Early stages in autophagosome formation. ... s 26
1.4-c) Association of Atg5-12, 16 complexes to the autophagosome.........cvvsisisnsnsnsnsensnsennn, 27
1.4-d) Processing of LC3 for incorporation into autophagosome membranes. ......c.coeusesersessesnssenens 28
1.4-e) Autophagosome membrane dONOTS. .. e ——————— 33
1.4-f) Quantification of autophagoSOMe PUNCLA. ..ivierrivermmrisrses i 35
1.5) Selective autophagy by LIR Proteins. ... s s 38
1.6) Recycling and renewal of [ySOSOIMES. ..uiiiiriimsimsmnimiss s s s s s s 39
1.7) Autophagy and bacterial degradation; Xenophagy. ....ccormmmnnrmmnnnmss s 41
1.7-a) Autophagy, Xenophagy and bacterial handling within cells. ......ccoeninmninninnn. 41
1.7-b) Targeting of bacteria to the autophagosome by LIR proteins. .....cocummesnnsemesnnesnnsnsennnnnne 41
1.7-c) Anti-inflammatory role for autophagy.......cmmm s ——————— 42
1.7-d) Autophagy induced by NOD2 signalling. .....cccoesumrimmsmmsmmsmmmnnmsnnmennmnsssesssssssssssssssssnns 44
1.8) Bacterial handling and AUtOPhagy. ... ————————— 44
1.8-a) Links between NOD2 Crohn'’s disease mutations, bacterial handling and Autophagy. ....... 44
1.8-b) Atg16L1 Crohn’s disease mutant, bacterial handling, and autophagy.. ......ceevvvesensnsssnsaenns 45
1.8-c) Mouse models of inflammation by Atg16L1 deficiency. ....ccummmmmnmsmnnmnnn. 47
1.9) Summary.....rn.

1.10) AimsS Of the StUAY. .uvvrrerirrisiiri s ———————

Page | 3



Chapter 2 - Materials and Methods. ... s 51

2.1) Cell 1ine CEIl CUITUIE...uurerersrrerserersessessssssssesssssessessssssssssssesssssssssssssssssesssssssssssssssssensessns sesessssnssssssnsssnssnsnnnnnnes 52
P00 = T O 1 £ ' 1o 0 =T b U 52
2.1-b) Cell seeding fOr MIiCIOSCOPY. «ivurerrerirerressrseressesessse s e s s sas s s s sasss e 53
2.1-C) Jetprime TranSfeCtion. e ssssss s ss s s sas s e a s sa e sa e sa b saesae s paes a0 53
2.1-d) AdenovVirus ProdUCION. ..uiieeisesserssmsemssnsssssisssssssss s e sss s sre s e sas s se e s s e s s e e n s e s ns 53
2.1-e) Viral infection 0f VEro CellS. ....currcrmrsmsmssemesssssmssessesssssssssssssssssessssssssssss sssssssssssssssssssssssssssssns 54
2.1-f) IMMUNOCYtOChEMISIIY. ciruireierierrre i s an e 54
2.2) Culturing of inteStiNal CIYPES..uuerinrimsererise st s e s e e na s 55
2.2-a) Tissue samples and crypt iSOlation. . s s 55
2.2-2-1) MOUSE CrYPt iSOLlatiON. uuisersersersersersessessessssssssesssssesssssessssssssssssssssssssssssssssssssssesssssessssssssssnssssnssnnes 55
2.2-a-ii) Isolation of crypts from human colon biopSy...uemmmmmmm e ———— 56
2.2-b) Induction of autophagy in Crypt tiSSUE. i s snens 57
2.2-c) Immunostaining of Crypt tiSSUE. i 58
0 20 100 01010 ) ) 58
2.3-a) Wide field fluorescent miCroSCOPY. «uuuumssrmssessesssssessssssssesssssesssssessssssssssssssssssssssssssssssssssesnnns 59
2.3-b) Confocal live cell imaging for cell Culture. ... ———— 59
2.3-c) Microscopy of Crypt SAMPLES. wiviisismrmsmiisssnissr s e 60
2.3-d) Live cell imaging of crypt CUltUres. ... 60
) I 4 E= o EIN 0 - 61
2.4-a) Puncta number analysiS..mmmmss—————————————s 61
2.4-C) COloCaliSAtION.tiiirisrrriessessse s s 62
2.4-b) TracKing Of PUNCEA. i s s saean s 62
o | ) U g 22 T 1 63
T I =T 1 [ 63
Chapter 3 - Development of methods to quantify autophagy using fixed cell and live cell
10D 10 o0 1] o0 0 )/ 65
70 1 2V 3 o 66
IV TN A T= 07453 £ G I O35 T 01 o U P 67
3.3) Pixel density measurements of LC3 puncta provide a quantitative analysis of autophagosome
(0 00 L ) o P 67
3.3-a) Spot selection using ‘SPot FUNCHON ...ccvcivmiisrnisns s s 69
3.3-b) Vesicle rendering using the ‘surface border function’ to generate different spot sizes.....71
3.4) Tracking fluorescent puncta during live cell Imaging. .mmmm—————————— 74
3.5) Analysis of protein colocalisation using Imaris SOftWare. wm——————— 77
RIGYINI00001 001 o/ — 81

Page | 4



Chapter 4 - Quantitative analysis of autophagosomes formed during starvation..........ccooussmsesssnasnas 82

0 ) 2 U 4L 83
4.2) Use of LC3B as a marker for autOphagOSOMES. wsmssmsmsmssssssssssssssssssssssssssssssssssssssssesssssssssssnsssssasssssssssnsns 83
4.3)Live cell analysis of autophagy and autophagosome lifetime. .o sssssssssssssns 83
4.4) Monitoring lysosomes for autophagy research. ... 83
4.5) Pixel density analysis of Autophagosome puncta in fixed cells using Imaris. 84
4.5-a) Pixel density analysis of LC3b puncta within cell liNeS.ummmmmmmmssssssmssssssssssssasas 84
4.5-b) Pixel density analysis of puncta containing early autophagosome marker WIPIZ2................ 88
4.5-c) A comparison of LC3 puncta detected through immunostaining of endogenous LC3 in fixed
cells with GFP-LC3 puncta generated in living Cells. ......ieeneenenreseesesseeseessesssesseesseessesseeses 90
4.6) Analysis of autophagosomes at different time points during Starvation........eeeeeessseesesssseesnneens 91
4.6-a) Analysis of numbers and diameters of LC3 puncta at different time points during
L= 2 U (0 ) o VAPPSR 91
4.6-b) Analysis of numbers and diameters of WIPI and SQSTM1/p62 puncta at different time
POINES AUIING SEATVATION. cevvvuriresreraerersress s s s s s R s bR 96
4.6-c) Analysis of the lifetime of LC3 puncta formed at increasing times following starvation...99
8 TSV 01 o 0 105
Chapter 5 - Analysis of autophagy in human biopsy samples and mouse organoid cultures.......... 107
ST ) 72 U ' 108
5.2) Development of gut organoid cultures. RS SR 108
5.3)Growing 3D cultures of gut organoids e ————————— 111
5.3-a)Organoid culture from mMouUSe INTESINE. wuimrsmsmsmssesssmsrsssmssssssrsssss s 113
5.3-b)Organoid culture from human bioPSY.sssrssmesesmsesssmssssssessssssssssssssssssesssssens 115
5.4) Analysis of autophagosomes within primary intestinal tiSSUES ...ummmmsmssssssmsmssssmsmssssssss s 115
5.4-a) Adenoviral transduction of 0rganoids...cueesesesens 116
5.4-b) Adenoviral transduction of crypts cultured from human biopsy. .umessssssesssssssssasnanas 120
RS TES 3 T804 F: U o 122

Chapter 6 - Quantifying autophagy in primary human colon crypt cultures obtained from

DIOPSY it —————————————————_as 123
6. 1) AITIS.tueuessesessenessssesssseseasssssssssssssenssssssssssessssassses ses s e sAAs SRR E SRR R AR R R RER AL AR R R £ AR AR SRR AR R RS REERRR RS 124
6.2) Detection of endogenous autophagy proteins in fixed tiSSUE. wmmmmsmmsmsmsmsmsmsssesssssssssssssssssssssssssssssssssesnss 124
6.3) Detection of GFP-LC3 puncta in crypts transduced with adenovirus. ... 125
6.4) Quantitative analysis of autophagosomes in colon crypt Cells. .ummmmmmmmm—————— 125
6.4-a) Analysis of GFP-LC3 puncta in tissue fixed at increasing times after starvation.......u. 125
6.4-b) Analysis of LC3 puncta in cells at different positions along the crypt aXis. ..cuemesssesssns 134
6.5) Quantitative analysis of autophagosome dynamics in response to starvation in live crypt cultures136
6.5-a) Movement and diameters of GFP-LC3 puncta. ... w.136
6.5-b) Lifetimes of GFP-LC3 puNcta .uesmssssssssssesssesssssnns 139
6.6) Quantitative analysis of autophagosome induced by Muramyl Dipeptide...cummsmsmsesssmsssssssssasseseanas 141
L= I 0= ol I o) | 141
6.6-b) Human colon crypt CellS. .mmmmmmmmmmssssssssssssssssssssssssssssssssssssssssssssssssssens 141
6.7) SUITIITIAT Y .urueseurssssesesesessasssssesesessssssssssssssessassss sesssssesssssssssss essssasssess s sessssans se e R HEA R A LA AR AR SEARRRERE RS E AR AR E R R RS R R SRR SRR RS 146

Page | 5



Chapter 7) DiSCUSSION . s s sssssss s sssssssssessssssssnassnssanas 150

7.1) Quantifying autophagosomes Within CellS. . ————— 151
7.1-a) Use of Imaris software to obtain digital data SEtS....mmmmmimmmmmsssssssssssssssssssssssssssssssessas 151
7.1-b) Quantitative analysis of LC3 puncta produced in response to starvation. ... 152
7.1-c) Quantitative analysis of LC3 puncta observed by live cell imaging 153
7.2) Possible role for TFEB in autophagosome eXpanSion . ssmsmssmsssssssssssssssssssssssssssssssssssssssssssssseses 154
7.3) Quantifying SQSTM1 puncta during Starvation. ..esssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssses 155
7.4) Analysis of autophagy in colon crypt Cells. . sssssssssssssssssnns 156
7.4-a) Adenovirus transduction of organoid and crypt CUtUTIES. .cuessesesmsssssssssssmsessssssssssassssnens 157
7.4-b) Analysis of GFP-LC3 puncta in crypt cells following starvation. ... 159
7.4-c) Quantitative estimation of autophagic CapaCity. ... 160
7.5) Future work. .. ..160
2 3 07 1 1 161
Acknowledgements .169
2 L] =) 4 Lo, 170

Page | 6



List of Figures

e Figure 1.1 - The architecture of the small intestine crypt-villus and the Colon crypt.

e Figure 1.2 -Autophagosome formation.

e Figure 1.3- Formation of autophagosomes and delivery to lysosomes

e Figure 1.4 -The recruitment of mTORC1 to the lysosome membrane via the Ragulator complex.

e Figure 1.5 - ULK1 complex association by inhibition of the mTORC1 complex.

e Figure 1.6 - The canonical pathway of autophagy.

e Figure 1.7 - Ubiquitin-like protein conjugations in autophagosome formation.

e Figure 1.8 - Timeline of requirement of LC3 and GABARAP/GATE16 in autophagosome
formation.

e Figure 1.9- Homotypic and heterotypic fusion of Atg16 and Atg9 bound endosomes.

e Figure 1.10 - Movement of TFEB to the nucleus.

e Figure 1.11 - The targeting of intracellular bacteria to autophagosomes .

e Figure 1.12 - The arrangement of the yeast and mammalian homologues of Atg16 gene.

e Figure 1.13 - The known effects on bacterial handling and inflammation linked to autophagy
protein Atg16L1 and bacterial sensing protein NOD2.

e Figure 3.1 - Immunostaining of autophagy protein LC3 in tissue culture cell lines.

e Figure 3.2 - Live cell imaging of Autophagy using Adenoviral transduction of GFP-LC3.

e Figure 3.3 - Use of the ‘spot selection’ function in Imaris to analyse LC3 puncta.

e Figure 3.4 - Refining the use of the ‘spot selection’ function in Imaris to analyse LC3 puncta.

e Figure 3.5 - Rendering LC3 puncta by generating appropriate spot borders.

e Figure 3.6 - Tracking GFP-puncta during live cell imaging.

e Figure 3.7 - Editing tracks by changing the maximum distances and times tolerated between
images in a timelapse video.

e Figure 3.8 - Assessing colocalisation between two fluorescent signals using Imaris.

e Figure 4.1 - Quantitative analysis of LC3 puncta formed in response to starvation in CHO cells
expressing GFP-LC3.

e Figure 4.2 - Quantitative analysis of LC3 puncta formed in CaCoZ2 cells in response to starvation.

e Figure 4.3 - Quantitative analysis of LC3 puncta formed in Vero cells in response to starvation.

e Figure 4.4 - Quantitative analysis of WIPI puncta formed in Vero cells in response to starvation.

e Figure 4.5 - A comparison of LC3 puncta in Vero cells generated by immunostaining for LC3B or
Live cell imaging of GFP-LC3.

e Figure 4.6 - Comparison of LC3 puncta diameters and numbers in CHO cells and CaCo2 cells.

e Figure 4.7 - Analysis of LC3 puncta in Vero cells at increasing times after starvation.

e Figure 4.8 - Analysis of WIPI2 puncta in Vero cells at increasing times after starvation.

e Figure 4.9- Colocalisation of LC3 with SQSTM1 within puncta formed at increasing times of
starvation.

e Figure 4.10 - Colocalisation of LC3 and LAMP-1 within puncta formed at increasing times of
starvation.

o Figure 4.11 - Time lapse imaging of LC3 puncta formed at different times following onset of
starvation.

e Figure 4.12- Live cell imaging of the interacation of GFP-LC3 puncta with lysosomes labelled
with Lysotracker.

e Figure 4.13- Average diameter of autophagosomes across cell lines from nutrient media, to 4
hours of HBSS.

e Figure 5.1 - The organisation of the small intestine and colon epithelia.

e Figure 5.2 - ‘In vitro’ culture of organoids from mouse small intestine

e Figure 5.3 - ‘In vitro’ culture of organoids from mouse colon.

Page | 7



e Figure 5.4 - 'In vitro’ culture of crypt/organoids from human biopsy.

e Figure 5.5 - Attempted transduction of mouse crypt cultures with adenovirus expressing GFP-
LC3.

e Figure 5.6 -Transduction of human crypt cultures with GFP-LC3 Adenovirus.

e Figure 5.7 - Generation of GFP-LC3 puncta following starvation of human colon crypt cultures
transduced with GFP-LC3 Adenovirus.

e Figure 6.1- Immunofluorescence analysis of endogenous LC3 and other autophagy marker
proteins in human colon crypts.

e Figure 6.2- Immunofluorescence analysis of autophagy marker proteins in human colon crypts
transduced with adenovirus expressing GFP-LC3.

e Figure 6.3 - Comparison of Vero cell and Colon crypt cell Imaris quantified endogenous and GFP-
LC3 positive autophagosomes.

e Figure 6.4 - Numbers of GFP-LC3 positive autophagosomes across the crypt axis.

e Figure 6.5 - Imaris-tracked movement of autophagosomes in Vero cells and colon crypt cells.

e Figure 6.6 - Single cell early vs late HBSS analysis of GFP-LC3 expressed in Vero and Colon crypt
cells.

e Figure 6.7 - Autophagosome number increases in MDP incubations and starvation in Caco2 cells.

e Figure 6.8 - Analysis of MDP Incubated tissue compared to nutrient media using fixed and live
cell GFP-LC3 transduced colon crypts.

e Figure 6.9 - Comparison of GFP-LC3 positive autophagosomes formed during starvation, with
those formed after > 2 hours of HBSS.

e Supplementary Figure 1- Colocalisation of anti LC3B, anti GFP and GFP-LC3.

e Supplementary Figure 2- Staining of LC3B antibodies in human colon crypt cells.

e Supplementary Figure 3- Isotype control staining compared to LC3B staining in human colon
crypt cells.

e Supplementary Figure 4- Expression of GFP-LC3 within differentiated cells in human colon
crypts.

e Supplementary Figure 5- distance moved of autophagosomes within different crypt cells.

e Supplementary Figure 6- Secondary control staining of human colon crypt cells.

e Supplementary Figure 7- Ranges of lifetimes of autophagosomes.

List of Tables

e Table 1) Media Additives.

e Table 2) Primary antibody table.

e Table 3) Secondary antibody table.

e Table 4) Mouse Small Intestine growth media.

e Table 5) Human colon/small intestine growth media

e Table 6 ) Excitation and emission of fluorescent probes.

Page | 8



Abbreviations

e API- aminopeptidase 1

e Atg- Autophagy-Related Protein

e BMM- Bone Marrow Macrophage

e BMP-Bone Morphogenic Protein

e BSA- Bovine Serum Albumin

e (Caco- Human Colorectal Adenocarcinoma

e CHO- Chinese Hamster Ovary

e (CroA- Cromogrannin A

e CvT- Cytoplasmic to Vacuole targeting

e DAPI- 4’-6’-diamidino-2-phenylindole

e DIC- Differential interference contrast |

e DFCP1- Double-FYVE containing protein 1

e DMV- Double membrane vesicles

e DMEM- Dulbecco’s modified Eagles media

e EDTA- Ethylenediaminetetraacetic acid

e EGF- Epidermal Growth Factor

e elF4E - Eukaryotic translation initiation factor 4E

e e[F4E-BP1- Eukaryotic translation initiation factor 4E binding protein 1
e FIP200- Focal adhesion kinase family interacting protein of 200 kD
¢ GABARAP- y-aminobutyric acid receptor-associated protein
¢ GATE-16- Golgi-associated ATPase enhancer of 16 kDa

e GEF- GTP exchange factor

e GFP- Green Fluorescent Protein

e GI- Gastrointestinal

e GWAS- Genome wide association screen

e HBSS- Hanks balanced salt solution

e HM- Hypomorphic

e IBD- Inflammatory bowel disease

e LAMP- lysosome associated membrane protein

¢ LAP- LC3 associated phagocytosis

Page | 9



e LC3- Microtubule-associated protein light chain 3
e LIR- LC3 Interacting Region

e MEF- Mouse embryonic fibroblast

e MDP-Muramyl Dipeptide

e MHC-Major histocompatability complex

e MSCV- Mouse Stem Cell Virus

e mTOR- Mechanistic Target of rapamycin

e mTORC1/2- mTOR complex 1/2

e NDP52 - Nuclear dot protein 52kDa

e NOD- Nucleotide-binding oligomerization domain containing proteins
e PAMP- Pathogen associated molecular pattern

e PE-Phosphatidylehtanolamine

e PFA- Paraformaldehyde

e PI(3)K- Phosphatidylinositol-3-kinase

e PI(3)P- Phosphatidylinositol-2-phosphate

e Raptor- Regulatory associated protein of mTOR

e RFP- Red Fluorescent Protein

¢ Rictor- Rapamycin- insensitive companion of mTOR
e S6K- S6 kinase

e SCV- Salmonella containing vacuole

e SNARE- Soluble NSF attachment protein receptor
e SNP- Single nucleotide polymorphism

e SQSTM1- Sequestersomel protein (p62)

e TFEB- Transcription factor EB

e TLR- Toll-Like Receptor

e TTSS- Type three secretion systems

e UBD- Ubiquitin binding domain

e Ubl- Ubiquitin-like

e ULK1- Unc-51 like kinase 1

e VMP1- Vacuole membrane protein 1

e WIPI2- WD repeat domain, phosphoinositide interacting 2

Page | 10



Chapter 1:

Introduction

Page | 11



Chapter 1 - Introduction

1.1) Genome wide association studies (GWAS) link mutations in Autophagy

protein Atg16L1, and NOD2, with bacterial handling and Crohn’s disease.

There is increasing evidence for an association between autophagy and an organized
inflammatory response, which will be discussed here. The link between autophagy and
inflammation is apparent in Crohn’s disease, a type of inflammatory bowel disease
(IBD). Crohn’s disease is an inflammatory condition affecting the entire gastrointestinal
(GI) tract and is acknowledged as causing altered mucosal barrier function, disordered

cytokine production and inflammation within the GI tract (Loftus et al, 1998).

1.1-a) Origins of inflammatory bowel disease.

The gastrointestinal tract consists of the stomach, small intestine and large intestine
(colon). The mucosa of the small and large intestine contain large populations of
microbial flora, which are exposed to the immune system via the epithelial layers of the
intestine. In the small intestine, bacterial numbers increase along the lumen away from
the stomach, as the pH increases. In the small and large intestines, the epithelial layer is
invaginated, consisting of crypts (small and large intestine) and villi (small intestine).
The epithelium of the intestine regenerates every 4 to 5 days, with cells at the top of villi
being shed into the lumen. The epithelial layer is maintained by intestinal stem cells

which produce all the cells within the epithelial wall. The stem cells are located at the
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Figure 1.1 - The architecture of the small intestine crypt-villus and the Colon crypt. The
small intestine (A) contains a crypt, and a villus in its epithelial layer, whereas the colon
contains crypts (B), but no villus, with differentiated cell types contained shown in the key.
Arrow indicates the movement of the cells from the stem cell containing crypt base, to the top of
the crypt or villus, with the lumen of each crypt shown for both A and B.

base of the crypt in the colon, or at the +4 position above the Paneth cells in the small
intestine, and differentiate into enterocytes (absorptive), enteroendocrine (hormone
releasing) and goblet (mucous secreting) cells (fig 1.11), (Reya et al, 2005).

The intestinal immune system is a large and complex and has to discriminate between
beneficial and harmful antigens. The usual response to harmless gut bacteria is the
induction of local and systemic tolerance, known as oral tolerance (Mowat, 2003). At
the same time, the intestinal immune system has to combat pathogenic microorganisms
and maintain the microbiota. Alterations in the intestinal immune system are thought to

lead to hypersensitivity responses against components of the microbiota or dietary

antigens that can lead to the inflammatory disorders such as Crohn’s disease and
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Coeliac disease, respectively (Baumgart and Carding, 2006). Autophagy can remove
microorganisms from cells and present microbial components to the immune system
through a pathway called xenophagy (Levine, 2005, chapter 1.6). This raises the
possibility that alterations autophagy/xenophagy in gut epithelial cell may contribute to
Crohn’s disease.

The intestinal immune system is large and complex and has to discriminate between
beneficial and harmful antigens. The usual response to harmless gut bacteria is the
induction of local and systemic tolerance, known as oral tolerance (Mowat, 2003). At
the same time, the intestinal immune system has to combat pathogenic microorganisms
and maintain the microbiota. Alterations in the intestinal immune system are thought to
lead to hypersensitivity responses against components of the microbiota or dietary
antigens that can lead to the inflammatory disorders such as Crohn’s disease and
Coeliac disease, respectively (Baumgart and Carding, 2006). Autophagy can remove
microorganisms from cells and present microbial components to the immune system
through a pathway called xenophagy (Levine, 2005, chapter 1.7). This raises the
possibility that alterations autophagy/xenophagy in gut epithelial cell may contribute to

Crohn’s disease.

1.1-b) Genetic links between Crohn’s disease and autophagy.

Studies identify that as a whole, risk between family members is higher if the patient
has Crohn'’s disease instead of ulcerative colitis (another IBD affecting the mucosa of the
gut). Twin studies of Crohn’s disease (Halme et al, 2006) identify monozygotic twins
exhibiting a 800-fold increase in Crohn’s disease susceptibility compared to the general
population. However, IBD is a Western phenomenon. The risk of having IBD is much

greater in Europe (100-150 per 100,000 people) compared to Japan, where the risk of
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Crohn’s disease is as low as 0.5 per 100, 000 people. This suggests the role of
environmental factors for the incidence of Crohn’s disease along with genetic influences,
due to geographical differences in its incidence (Loftus et al, 2004).

The precise causes of Crohn’s disease remain unknown but current disease models
suggest that poorly regulated immune responses to the commensal bacteria of the
intestine may lead to chronic inflammation. This has stimulated a search for genetic
polymorphisms associated with Crohn’s disease that may provide a link between innate
recognition of the commensal bacteria of the gut flora and the control of immune
responses. The success of this approach is illustrated by genome wide association
studies (GWAS) that have linked susceptibility to Crohn’s disease to single nucleotide
polymorphisms (snps) in the autophagy gene ATG16L1, and the intracellular pathogen
recognition gene for Nucleotide-binding oligomerization domain 2 (NOD2). As
described below (section 1.7), autophagy can deliver bacteria to lysosomes to limit
microbial growth and increase exposure of antigens to innate and acquired immune
defences. Recent studies show that NOD2 binds Atg16L1 to activate autophagy during
bacterial infection. This has led to the hypothesis that the chronic inflammation
associated with Crohn’s disease may result from defects in NOD2 signalling and
autophagy following recognition of commensal gut flora.

Clinically, the inhibitor of the mechanistic target of rapamycin (mTOR), rapamycin, has
been attributed to positive outcomes in the treatment of Crohn’s disease. Typical
treatment for this disease ranges from therapeutic diets to immune suppressive drugs
such as methotrexate or anti-tumor necrosis factor (TNF) antibody treatments such as
infliximab. These treatments are used to induce remission in patients with Crohn’s
disease, but in some patients this desired effect does not occur. Due to the links

between autophagy gene ATG16L1 and susceptibility to Crohn’s disease, Massey et al
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(2008) used rapamycin at 4mg/ml a day for a patient with severe refractory colonic and
perianal Crohn’s disease. Following this treatment, the patient’s symptoms of increased
bowel movements, recto-vaginal fistula and perianal pain were decreased. However,
there are risks to using rapamycin as a Crohn’s disease treatment, as it is an
immunosuppressant, so opportunistic infection is a risk due to defective T-cell
development. This may bypass the improvement of increased autophagy, aiding
clearance of invading bacteria and decrease inflammation if used as a treatment.
(Massey et al, 2008).

The next sections of the introduction will describe the autophagy pathway in detail,
from key steps in its activation, and the formation of the full autophagosome. It will then
describe links of autophagy with innate immunity and bacterial clearance, which could

cause autophagy protein Atg16L1 to be a susceptibility gene for Crohn's disease.

1.2) Autophagy.

Autophagy is one of the main intracellular processes for bulk degradation of organelles
and long-lived proteins. This occurs when cells are under stress, most notably during
amino acid starvation. Autophagy begins with the formation of double-membrane
autophagosome from a phagophore membrane, allowing capture of portions of the
cytoplasm within vesicles that then fuse with late endosomes (amphisome) or
lysosomes (autophagolysosome) (Figure 1.2). Proteases within the lysosome break
down the contents of the autophagosome and amino acids obtained from degradation of

proteins are then recycled into the cell for use in protein synthesis (Klionsky, 2005)
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Figure 1.2 -Autophagosome formation. The formation of autophagosomes from a
phagophore, and fusion with endosomes and lysosomes for autophagosome content breakdown
at the lysosome.

Autophagosomes are formed after mechanistic target of rapamycin (mTOR) inhibition,
which brings autophagy-related (Atg) protein complexes together at a region of the cell
called the isolation membrane. Genetic screens in yeast first discovered Atg proteins in
yeast, where there are 17 gene products essential for autophagy (Thumm et al, 1994).
Atg genes were characterised in yeast, using the cytoplasm to vacuole (CvT) pathway
(Klionsky et al, 1992). By tracking movement of a hydrolase API (aminopeptidase 1) by
SDS-PAGE, to analyse processing from pr-API, present at the CvT vesicle, to API at the
vacuole (yeast lysosome), they determined mutants to pathway (Klionsky et al, 1992).
Mutants which did not allow for API processing in yeast were also found to affect
autophagy in mammalian systems (Thumm et al, 1994).

The developing autophagosome vesicle is docked with the Atg5-12-16 complex, which

then allows for the autophagosome to be coated with lipidated LC3 (LC3-II). LC3-II stays
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with the autophagosome until fusion with the lysosome, where the intracellular
contents of the autophagosome and autophagosome lipid membranes are degraded by
proteases and lipases contained within the lysosome (Figure 1.3). The degradation of
proteins and organelles to amino acids can allow recycled amino acids to be used for

protein production when there is a lack of amino acids during starvation.

1.3) Autophagy Induction.

1.3-a) Control of autophagy by the mechanistic target of rapamycin
(mTOR).
The mechanistic target of rapamycin (mTOR) is a serine/threonine protein kinase,
which acts as a nutrient sensor and controls autophagy in mammalian cells. When
amino acid levels are high, mTOR inhibits autophagy and promotes mRNA translation
and protein synthesis by ribosomes (Tokunaga et al, 2004). When amino acids are low,
mTOR is inhibited. This slows protein synthesis, and activates autophagy (Jung et al,
2010) (Figure 1.3). The mTOR protein kinase acts as the catalytic subunit in two protein
complexes called mTORC1 and mTORC2 (Figure 1.3). The mTORC1 complex is
important in the context of autophagy and contains regulatory associated protein of

mTOR (Raptor).
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Figure 1.3- Formation of autophagosomes and delivery to lysosomes. Upon autophagy
activation by TOR inhibition (i), the isolation membrane is formed after targeting of protein
complexes to the developing membrane, and LC3 processing from pro-LC3 to LC3-I, and then to
LC3-II to join to the autophagosome membrane (ii). Ubiquitinated protein cargo can be targeted
for destruction by joining to LC3 binding proteins such as p62 (iii). Autophagosome fusion to
lysosomes occurs for degradation of intracellular content (iv).

autophagosome

The mTORC2 complex contains mTOR and aids assembly of the cytoskeleton. The
mTORC2 complex contains a protein called rapamycin- insensitive companion of mTOR
(Rictor), which causes mTORC?2 to be insensitive to rapamycin (Sarbassov et al, 2004,
Jung et al, 2010). The mTORC1 complex incorporates signals from nutrients and
hormones and promotes protein translation through the phosphorylation of
downstream effectors such as S6 kinase (S6K) and elF4E-BP1 (eukaryotic translation
initiation factor 4E binding protein 1). The mTORC1 complex inhibits autophagy
through phosphorylation of Atg13, which prevents the formation of a complex
containing Atg13, Atgl/ULK1 (unc-51 like autophagy activating kinase 1), and its
interacting partner FIP200 (focal adhesion kinase family interacting protein of 200 kD)
(Jung et al, 2010), which is important for the formation of the autophagosome

membrane, as described later (1.3a).
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Rapamycin is a pharmacological inhibitor of the mTOR protein and can induce
autophagy in the absence of nutritional deprivation in both yeast (Heitman et al, 1991,
Noda, 1998), and mammalian (Shigemitsu et al, 1999) systems. Rapamycin inhibits
mTOR by binding to the FKBP12 protein associated with mTORC1 (Yip et al, 2010),
destabilising the complex. New inhibitors of mTOR called Torins have been introduced
recently. Torins block ATP binding to the kinase region of mTOR, and have greater
specificity for inhibiting mTOR across both mTORC1 and mTORC2 than rapamycin
(Thoreen et al, 2009). Torinl was also shown to induce autophagy more rapidly than
rapamycin in mammalian cells, which was measured with a larger number of
autophagosomes visible in Torin1 treated cells compared to rapamycin treated cells,
alongside increased dephosphorylation of mTORC1 target proteins such as 4E-BP1
(Thoreen et al, 2009). By phosphorylating 4E-BP1, mTORC1 complex activates
translation by releasing it from its complex with elF4E (eukaryotic translation initiation
factor 4E), which can then bind to the 5'cap of mRNA, alongside other translation
initiation factors to form an initiation complex that can allow for synthesis of protein to
begin (Gingras et al, 1998). Active mTORC1also moves to S6K, a protein which needs
phosphorylation to allow for activation of translation, by phosphorylating ribosomal
protein S6, allowing for the formation of an initiation complex at the ribosome
(Peterson et al, 1998).

1.3-b) Regulation of mTOR by protein degradation in lysosomes.
Autophagy results in delivery of long-lived proteins to lysosomes (Figure 1.2, 1.3), and
recent work shows that transport of amino acids from lysosomes into the cytoplasm can
affect subcellular distribution and activity of mTOR. The mTOR protein within the
mTORC1 complex localises to the cytoplasmic face of the lysosomes during starvation.

During this process mTOR binds to Rheb, which is essential for amino acid sensing by
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mTOR (Roccio et al, 2006). Rheb has GTPase activity that can activate mTOR and
mutations in Rheb designed to increase GTP bound to the protein from 60% to 90%,
increased mTOR kinase activity within the mTORC1 complex (Roccio et al, 2006).
Korolchuck et al (2011) show that mTORC1 moves to the lysosomes only when amino
acids are plentiful in the cytosol, and suggest that activation of the mTORC1 complex is
dependent on localisation with Rheb. A second pathway for sensing amino acids
functions in parallel with Rheb and involves small G proteins called Rag GTPases. The
four Rag GTPases (RagA, B, C and D) form Rag A/B and Rag C/D heterodimers and bind
GTP in response to amino acids and bind to raptor within mTORC1 in an amino acid
dependent manner (Sancak et al, 2008). The recruitment of Rag proteins, which lack
membrane docking motifs, to the lysosome surface requires the Ragulator complex and
recent work suggests that Ragulator acts as a GTP exchange factor (GEF) for Rag
proteins allowing them to be loaded with GTP and therefore bind mTORC1 (Sancak et al,
2010, Bar-Peled et al 2012) (Figure 1.4)).

The function of the lysosome within this complex is still to be fully understood, but
lysosome positioning close to the nucleus during starvation has been associated with
mTORC1 activity, and treatment with microtubule depolymerising drug Nocodazole,
dispersed lysosomes evenly throughout the cytoplasm (Korolchuck et al, 2011). This
correlated with suppression of mMTORC1 signalling in nutrient media, and prevented any
recovery of mTORC1 signalling after recovery from starvation (Korolchuck et al, 2011).
The lysosomal H+ ATPase used to acidify the lysosome, which allows for activity of the
enzymes within, may play a role in amino acid sensing. Zoncu et al (2011) inhibited the

lysosome H+ ATPase, and saw that mTORC1 localisation to lysosomes was inhibited.
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Figure 1.4 -The recruitment of mTORC1 to the lysosome membrane via the Ragulator
complex. Ragulator, bound to the vacuolar ATPase on the lysosome membrane, activates RAG
GTPases in the presence of amino acids in the lysosomal lumen to bring active mTORC1 to the
lysosome membrane (adapted from Bar-Peled et al, 2012).

Direct binding of the Ragulator on the lysosome and the H+ ATPase has been
demonstrated and the strength of interactions was dependent on starvation. Raptor
within the mTORC1 complex was also shown to interact with RagB on the lysosome
membrane, only when amino acids were within the lysosome (Zoncu et al. 2011). This
indicates that amino acid content within the lysosome has a key role in determining the
activity of mTORC1, and explains the localisation of mTORC1 at the lysosome

membrane when active.

1.4) Formation of the autophagosome after autophagy induction.

1.4-a) Canonical autophagy and the formation of autophagosomes

following starvation of mammalian cells.

The first stages in autophagy after mTOR inhibition involve formation of a protein
complex containing ULK1 (Atg1) -Atg13-FIP200. When the mTOR protein is active, it
localises to and phosphorylates ULK1 and Atg13 at multiple residues, disrupting the

downstream activity of the ULK1 containing early-stage autophagy protein complex
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(Jung et al, 2010). Under starvation conditions, inactive mTOR cannot localize to this
complex, thus cannot phosphorylate ULK1, allowing ULK1 to phosphorylate Atg13 using
its own kinase activity (Congcong et al, 2009), (Figure 1.5)).

Kim et al (2011) showed that mTOR directly phosphorylates ULK1 and prevented it
from interaction with another kinase, AMPK. Phosphorylation of ULK1 by AMPK is at
different serine residues to phosphorylation by mTOR, and causes activation of ULK1.
This identifies the need for the ULK1 complex with Atg13 and FIP200 for autophagy
induction (Kim et al 2011, Hsu et al 2011).

Under nutrient rich conditions, autophagy is inhibited due to Beclin 1 (mammalian
Atg6) binding to Bcl-2 family members. However, during starvation, Bcl-2 proteins
become phosphorylated by kinases such as JNK, and no longer bind Beclin 1, allowing
autophagy to occur (Wei el al 2008). Once Beclin 1 is free from Bcl-2 interactions it can
bind to other proteins such as UVRAG, Ambra-1, Atg14L or Rubicon. Amino acid
starvation results in Atg14 localisation to the endoplasmic reticulum (ER), and
recruitment of a class III phosphatidylinositol-3-kinase (PI(3)K) called Vps34 into a
complex, (Matsunaga et al 2010 Koyama-Honda et al, 2013). Atg14 is an essential
protein within this complex as part of the PI(3)K complex interacting with Beclin 1, with
knockdown of Atg14L causing loss in PI(3)P coating of the endoplasmic reticulum (ER)
membrane by the Vps34 complex (Matsunaga et al 2010). ULK1 has been shown to
directly phosphorylate Beclin-1 in response to amino acid starvation, and induce
autophagy within in mammalian cells (Russell et al, 2013), linking the ULK1 complex to
activation of Beclinl in a complex further downstream of mTORC1 inhibition (Russell et

al, 2013).
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Figure 1.5 - ULK1 complex association by inhibition of the mTORC1 complex. Mtorcl
activation causes phosphorylation of Atg13, so no association with ULK1 occurs. mTORC1
inhibition allows ULK1 to frm a complex with Atg13 and FIP200 for activation of the autophagy
pathway (adapted from Zheng et al, 2011).

Beclin1 interaction with Vacuole membrane protein 1 (VMP1), has also been shown to
have importance in autophagy activation. Itakura et al, (2010) saw that VMP1 localised
to autophagosome forming regions of ER membranes, alongside autophagy proteins
already described, and Ropolo et al (2007), saw that expression of VMP1 induced
autophagosome formation. Molejon et al (2013), show that localisation of VMP1 to the
autophagosome forming regions of the ER is due to VMP1 containing an autophagy
related domain, which can bind the BH3 domain of Beclin-1 (Figure 1.6). This in turn
could bind Vps34 and promote PI(3)P coating of ER membranes (Molejon et al, 2013).
Activation of Vps34 results in phosphorylation of phosphatidylinositol lipids PI(3)P, and
recruitment of proteins involved in autophagosome formation which contain
phosphatidylinositol binding domains. The precise sites of lipid phosphorylation remain
controversial, and include the ER, mitochondria and plasma membrane. One of the

best-characterised pathways involves formation of omegasomes from the ER (Figure
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1.6). The omegasome is named because generation of PI(3)P occurs at a fold within the
ER membrane that appears as an ‘omega’ in electron micrographs (Hayashi-Nishino,
2009, Matsunaga, 2010). The use of an omegasome for autophagosome formation was
proposed by Axe et al, (2008), who found that during amino acid starvation, PI(3)P
binding protein double FYVE domain-containing protein 1 (DFCP1) localised to
punctate structures at the ER which were enriched with PI(3)P. They saw that this
region localised with LC3 protein also. The omegasome supports the formation of the
isolation membrane, and budding of the mature autophagosome from the ER (Figure
1.6). The use of ER as a potential membrane source for formation of autophagosomes
was confirmed by Hayashi-Nishino et al (2009). They saw direct links between the
omegasome, and the isolation membrane of a forming autophagosome by using electron
microscopy. The source of membrane for the formation of the autophagosome is
contested, and may come from the ER membrane, or by other intracellular
compartments, such as Atg9 and Atg16 containing vesicles from the plasma membrane,

as discussed later (chapter 1.4-e).
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Figure 1.6 - The canonical pathway of autophagy. Atg14L recruits the Beclin1/Vps34
complex to the ER membrane after ULK1 Phosphorylation of At13, allowing for generation of
PI(3)P of the ER membrane at the omegasome. This is recognised by the effectors DFCP1 &
WIPI2 (Atg18) . Isolation membrane production and phagophore elongation allows for
autophagosome production.

1.4-b) Early stages in autophagosome formation.

The isolation membrane is distinguishable by two proteins; WIPI2 (WD-40 repeat
containing protein that interacts with PtdIns) and DFCP1. These proteins have PI(3)P
binding sites and both bind to the isolation membrane after it is phosphorylated by
Vps34 and therefore coated with PI(3)P. Axe et al (2008) showed that when WIPI2 was
depleted in cells, many more DFCP1 puncta were seen, but no autophagosomes,
indicating that these both locate to autophagosome precursors (omegasomes), and also
shows that WIPI2 is important in the switch from omegasomes to full autophagosomes

at the ER membrane. Polson et al (2010) found a functional role of WIPI2 in aiding
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docking of LC3-II to the developing autophagosome (described in 1.4-d), as siRNA
against the WIPI2 gene, caused decreased GFP-LC3 puncta. Atg14L, part of the Beclin1-
Vps34 complex, is required for this process, as these proteins do not localise together in
regions along the ER with Atg14L gene knockdown. This caused inhibition of the

formation of autophagosomes (Matsunaga et al, 2010).

1.4-c) Association of Atg5-12, 16 complexes to the autophagosome.

Docking of DFCP1 and WIPI at the omegasome facilitates recruitment of core autophagy
protein complexes necessary for the formation of the autophagosome. The Atg5-12-
16L1 complex containing Atg16L! shown to have implications in Crohn’s disease
susceptibility (chapter 1.1-b), associates with the developing autophagosome and is
released when the mature autophagosome is formed. Due to its similarities to the
ubiquitination pathway, the autophagy pathway has also been described as containing
two ubiquitination-like (Ubl) pathways. For Atg5-12 complex formation, the E1-like
enzyme of this pathway is the Atg7 protein, homologous to the E1 ubiquitin-activating
enzyme. Atg7, an enzyme which hydrolyses ATP, activates Atg12 by forming a thioester
bond between an active cysteine residue within itself, and a glycine residue within
Atg12. Activated Atgl2 can be transferred to E2 Ubl protein Atg10, and form an Atg12-
10 thioester. The Atg12-5 complex is formed by linking a glycine of Atg12 to a lysine of
Atg5 catalysed by the Atg10 conjugating enzyme, (Mizushima et al, 1998, 2008) (Figure
1.7). The Atg5-12 complex appears to be the major form of these proteins in cells, as
indicated by Muzishima et al (2008). It is believed that the Atg5-12 complex has E3-like
activity, where this complex promotes the conjugation of Atg8 to the membrane of the
autophagosome, by enhancing the movement of Atg8 from Atg3, its E2-like protein, to

phosphatidylethanolamine (PE), for incorporation of Atg8 to the membrane (described
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in 1.4-d), (Hanada et al, 2007). There is a noncovalent-bound partner to this complex,
Atg16, which homo-oligomerizes to form the Atg12-5-16 multimer. The mammalian
Atg16 protein is Atg16L1, and this forms an 800 kDa complex with Atg5-12 proteins,
and a coiled-coiled domain of Atg16L1 has been shown to allow for dimerisation of the
Atg16L1 protein in mammals, shown with size-exclusion chromatography (Fujita et al,
2009), giving the protein the ability to form its complex with Atg5-12. Atg16L1 can form
a tetramer within this complex with Atg5 -12, and mainly resides on the outer side of

the developing autophagosome membrane (Mizushima et al, 1998, Xie et al, 2007).

1.4-d) Processing of LC3 for incorporation into autophagosome

membranes.

As already stated Atg8 (LC3) is the main component of autophagosome membranes and
stays within the membranes of the vesicle throughout its lifetime. Humans express
seven isoforms of Atg8 within three families, compared to the yeast's singular Atg8
gene. These are the microtubule-associated protein 1 light chain 3 (MAP1LC3, or LC3)
family (LC3A, LC3B, LC3B2 and LC3C), Gate16 (Golgi-associated ATPase enhancer of 16
kDa) family, and GABARAP (y-aminobutyric-acid-type-A (GABA A ) receptor-associated
protein) family (GABARAP and GABARAPL1) (Shpilka et al., 2011). All mammalian Atg8
proteins are cleaved by Atg4 and lipidated by PE, but LC3 will be used in explanations of
Atg8 processing to allow for incorporation into the autophagosome. Atg4 is a cysteine
protease that, like LC3, has one version within yeast systems. It is required to cleave the
cytoplasmic pro-LC3 to form LC3-I, which can be further modified by lipidation with PE
to be incorporated within autophagosome membranes. In mammalian systems there
are 4 Atg4 proteins, Atg4A-D, (Li et al, 2011). The affinities of Atg4 subtypes for the

different Atg8 subtypes have been analysed by Li et al (2011), who saw that Atg4B had
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the greatest activity across all LC3 subtypes. Also, Kabeya et al (2004), and Scherz-
Shouval et al (2003) saw that Atg4A had greater protease activity against GABARAP and
GATE-16 than LC3, with Li et al (2011) also suggesting Atg4C and D had relatively low
protease activity across all subgroups. However, Marifio et al (2007), suggest that Atg4C
is required for starvation-induced autophagy in mice diaphragm tissue, indicating its
activity may be tissue specific and reliant on starvation occurring within cells. Atg4
cleavage of LC3, exposes a glycine residue, which binds to an E1-like Atg7 within this
first Ubl step of LC3 processing requiring E1-like Atg7, which transfers LC3 to E2-like
Atg3 for conjugation of PE to the LC3 protein (Figure 1.7). The conjugation to PE allows
LC3-II to bind membranes and this is indicated by the formation of ‘LC3 puncta’ in cells.
Conjugation to PE requires Atg3 which in turn binds directly to the Atg12 protein in the
Atg5-12,16 complex. Atg7 is also required for PE binding to LC3, binding to Atg3 in a
complex that can interact with all Atg8 proteins (Tanida et al, 2000). The binding of
Atg3 to Atgl2 is believed to be important for allowing the Atg5-12,16 complex to
facilitate LC3 processing, (Hanada et al, 2007). Mizushima et al (2001) show that Atg5 is
essential for canonical autophagy and that cells lacking Atg5 protein (Atg5-/-) cannot
form LC3 positive autophagosomes.

The conjugation of LC3 to PE is a reversible reaction, where Atg4 can also cleave LC3
bound to the autophagosome on its outer membrane. This cleavage allows for the lipid
region of LC3-II to be removed, so LC3 can be recycled after the autophagosome has
fused with a lysosome. The now-cytoplasmic LC3-I can then be re-lipidated, and
incorporated into new autophagosomes. (Noda et al, 2009).

By over expressing an inactive Atg4b, which cannot cleave LC3, Fujita et al (2009) saw
that autophagosomes appeared unclosed by electron microscopy, indicating LC3

proteins’ role in producing a fully closed, functional autophagosome. Staining for
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mammalian LC3 subfamily protein LC3B, has previously been shown to deliver the best
correlation between LC3-II processing as seen by western blot, and autophagosome
number increases by immunostaining, compared to LC3A (Klionsky et al, 2008).
However, all mammalian Atg8 forms localise to autophagosomes as identified by

Kabeya et al (2004).
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Figure 1.7 - Ubiquitin-like protein conjugations in autophagosome formation. The Atg5-12
conjugation involves Atg7 (E1-like) activation of Atg12 by joining at a Gly residue. Atg12 is then
transferred to Atg10 (E2-like), and attached to Atg5, which then forms a complex with Atg16.
The Atg8 conjugation system involves Joining of E1-like Atg7 (E1-like) to an exposed Glycine of
Atg8 after Atg4 cleavage. Atg3 (E2-like) then aids PE conjugation. The E3-like function of Atg5-
12 in fusion of Atg8 to the autophagosome is also proposed.

The structure of Atg8 is comparable to the post translational protein modification
protein, Ubiquitin, involved in flagging proteins for degradation via the proteasome, or
autophagy as described later (chapter 1.5). Thus, all mammalian Atg8 proteins contain
amino-terminal a-helices in carboxy-terminal ubiquitin-like cores, (Paz et al, 2000).
The functional significance of Atg8 within the assembly of autophagosome has been

described. Computational modelling of Atg8 assembly within autophagosome formation
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in yeast indicates that enough Atg8 coats the autophagosome for it to be comparable to
a COPII membrane coat. COPII coating aids in the stability of vesicles used for the
movement of proteins from the endoplasmic reticulum to the Golgi apparatus. Thus,
autophagosome stability is a main theory of the use of Atg8 when localised to the
autophagosome (Xie et al, 2009).

Unlike COPII coated vesicles, autophagosomes are double membrane vesicles, whose
membranes appear smooth, thus do not require proteins similar to COPII to stabilise the
formation of a curved double membrane (Knorr et al, 2012). Knorr et al, (2012) propose
that autophagosomes are formed from membrane sheets, containing different densities
of protein to allow for curvature. A critical size of curvature is believed to cause the
formation of the organelle. This is believed to require minimal energy to occur, thus
would be advantageous in growing autophagosomes when they are needed quickly,
such as during starvation. Knorr et al, (2012) also state that the ER has the ability to
form flat sheets that could be used for this process.

Proper localisation of Atg16, within the Atg5-12-16 complex, is needed for the
incorporation of lipidated LC3 protein to autophagosomes. In a system where Atg16
was directed to the plasma membrane, Fujita et al (2008) also saw lipidated LC3, Atg5
and 12 localisation to the plasma membrane, without the formation of autophagosomes.
This indicated that the Atg16 protein, within the Atg5-12,15 complex is needed for the
final step in autophagosome formation, LC3 incorporation into to the membrane, with
mutations affecting this protein causing possible effects in autophagy within cells.

As previously mentioned, the mammalian Atg8 family is divided into LC3, Gate16 and
GABARAP subfamilies. To determine whether these are all required in the same way for
autophagosome formation, a liposome-based cell free system has been used (Weidberg

etal,2011). The LC3b and GATE-16 used were modified to induce PE binding without
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the autophagy machinery. When the first a-helix of both proteins was used alone, it
promoted both PE binding to the Atg8 proteins, and liposome membrane localisation,
indicating the importance of this region within the structure of these Atg8 proteins. The
N-terminus of each Atg8 protein was shown to be important in allowing for membrane
interaction after PE conjugation, with ionic interactions of LC3B and hydrophobic
interactions of GATE-16, allowing for the successful membrane localisation of LC3. A
separate study by Weidberg et al (2010), found that these two mammalian Atg8
proteins act differently in the formation of autophagosomes. Knockdown of LC3 still
allowed for PE lipidation of GATE-16, and vice-versa, but autophagy was inhibited
without the other subfamily present within the cell, thus did not compensate for the loss
of the other subfamilies. It was found that LC3 bound vesicles within a GABARAP/
GATE-16 knockdown experiment, saw much greater Atg5-12-16 complex localisation to
autophagosomes within cells, whereas GATE-16 overexpression in an LC3 knockdown
cell system, saw greater dissociation of Atg5-12-16. This indicates their different roles
in the joining, and removal of the Atg5-12-16 complex. GABARAP, inhibited by
knockdown of ATG44, its specific Atg4 partner for lipidation of the GABARAP protein,
had unclosed membranes, indicating that ATG5-12-16 removal is needed, alongside
GABARAP localisation to the autophagosome, for sealing events needed to form the
mature autophagosome, largely lacking ATG5-12-16 (Figure 1.8) (Weidberg et al
(2010)).

Specific phosphorylation events of LC3 have also been shown to regulate the autophagy
process. Cherra et al (2010), show that cells contain a pool of phosphorylated LC3, that
can, when dephosphorylated, rapidly aid in formation of autophagosomes when needed,

such as during rapamycin treatment. Expression of a non-phosphorylatable LC3 protein
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induced formation of more autophagosomes. This was due to losing the regulation

occurring at the autophagosome formation step (Cherra et al, 2010).

Autophagosome formation

Atg5-12-16

GABARAP/GATE-16

9O

Figure 1.8 - Timeline of requirement of LC3 and GABARAP/GATE16 in autophagosome
formation. LC3 is required for Atg5-12-16 localisation to the developing autophagosome,
GABARAP/GATE16 are required to close the autophagosome to for a double membrane vesicle.

1.4-e) Autophagosome membrane donors.

The Endoplasmic reticulum as a site for autophagosome formation is well described
(Axe et al, 2008, Hayashi-Nishino et al, 2009, chapter 1.4-b). However, Atg9 and Atg16-
membrane compartments have both been suggested as autophagosome membrane
donors. Yeast Atg9 positive vesicles have been shown to provide membrane sources for
autophagosomes, and localise to the autophagosome outer membrane (Yamamoto et al,
2012), moving from an Atg9 pool within the cytoplasm, to the pre-autophagosome
structure (PAS) where formation of autophagosomes occurs. (Mari et al, 2010).
Mammalian Atg9 localises to the Golgi membrane and endosomes, and partially
localises with autophagy protein complexes during starvation (Young et al, 2006). The
role of Atg9 as a membrane source in mammalian autophagy is not fully understood.
Young et al (2006) identified that mammalian Atg9 relocalises to endosomes with
starvation, and this can be inhibited by the presence of an active ULK1. However, when

assessing Atg9 localisation to autophagosomes in mammalian cells, Orsi et al (2012),
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only found transient interactions between Atg9 and autophagosome membrane, so any
membrane recruitment from Atg9 membrane sources does not require integration of
this Atg9 containing complex. However, Atg9 is essential early in mammalian
autophagy, as knockdown inhibited formation of puncta containing WIPI2 and DFCP1
(Orsi et al, 2012).

Atg16 containing vesicles were proposed as a site for autophagosome membrane
donation by Ravikumar et al (2010). Atg16L1 interacted with Clathrin heavy chain,
which coats vesicles in the endocytic pathway, seen with mass spectroscopy and
immuno precipitation. Knock down of Clathrin heavy chain decreased autophagosome
formation in this study. The plasma membrane as a pool of autophagosome membrane
was shown by Atg16L1 close localisation to the plasma membrane by fluorescent
microscopy, and immuno-EM of GFP-Atg16L1 (Ravikumar et al, 2010). Again, this
indicates that the function of Atg16L1 is important within the formation of

autophagosomes, by generating phospholipid membrane for autophagosome formation.
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Figure 1.9- Homotypic and heterotypic fusion of Atg16 and Atg9 bound endosomes. i)
Homotypic fusion of Atg16L1 bound recycling endosomes to form larger structures. ii)
Formation of early endosomes containing Atg9, and heterotypic fusion of Atg16L1 containing
recycling endosomes in a VAMP3 dependent manner to form pre- autophagosome membranes
(adapted from Puri et al, 2014, Moreau et al, 2011)
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Moreau et al (2011) saw that Atg16L1 vesicles increased in number, dependent upon
knockdown of specific Soluble NSF attachment protein receptor (SNARE) proteins
VAMP7, syntaxin 7, syntaxin 8 and Vtilb. SNARE proteins are mostly used for vesicle
fusion within both yeast and mammalian cells (Ungar et al, 2003). The Atg16 vesicles
formed after SNARE knockdown had decreased localisation with LC3. Live cell imaging
of Atg16L1 vesicles saw many fusion events occurring between puncta not positive for
LC3, with this lost during VAMP7, syntaxin 7, syntaxin 8, or Vtilb knockdown. By
expressing tandem fluorescently labelled red (RFP) and green (GFP) Atg16L1 proteins
within cells, they could show that Atg16L1 vesicles increased in size, to make yellow
vesicles, termed homotypic fusion. Atg16L1 vesicles decreased in size after VAMP7
knockdown, as did mature autophagosome sizes, indicating that fusion of these vesicles
allows for the formation of fully formed autophagosomes (Moreau et al, 2011).

It has been noted that Atg9, and Atg16, both localise to the plasma membrane, and are
endocytosed within separate clathirin coated endosomes. Atg9 in contained within the
early endosome, whereas Atg16L1 is contained within recycling endosomes.
Colocalisation of both of these endosomes has been shown by Puri et al (2014),
displaying heterotypic fusion of autophagy protein containing vesicles prior to full
autophagosome formation, dependent on expression of SNARE protein VAMP3. By
blocking endosome recycling, homotypic fusion of these endosomes, and formation of

autophagosomes, was inhibited (Puri et al, 2014) (Figure 1.9).

1.4-f) Quantification of autophagosome puncta.

As LC3-II is bound to the autophagosome membranes at all points in the pathway after
the vesicle is created (Figure 1.3), it can be used as a tool to monitor autophagy.

Immunofluorescence of LC3 indicates the location and quantity of autophagosomes,
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whereas western blot analysis of LC3 can identify induction of autophagy by analysing
the ratio of LC3-I (cytosolic) and LC3-II (membrane-bound). LC3 is 18 kDa when
cytoplasmic protein, but when mTOR is inhibited, the LC3’s proteolytic cleavage and
lipidation forms a 16 kDa protein (Klionsky et al, 2005, Mizushima et al, 2004).

Using GFP-LC3 transgenic mice, where GFP-LC3 is expressed within all cells of the
mouse, Yamamoto et al (2004) observed starvation induced autophagy within cells
from the liver, muscles and pancreas. Interestingly, pancreas autophagosomes
increased in size and number during 24 hours of the mouse starving. The work also
served to indicate that overexpression of GFP-LC3 did not affect the autophagy signal
within cells. Over-expressing GFP-LC3 within F9 teratocarcinoma cells still caused the
development of autophagosome rings after 2 hours of starvation, even with 10x greater
LC3 expression compared to control cells. Thus, even if the expression of GFP-LC3
within cells was normally higher than LC3 in control mice, it did not affect the
autophagy output visualised in this study. Quantification of autophagy up regulation
was performed here by manually counting autophagosome puncta number in a field of
view in each mouse organ, with sizes and shapes of autophagosomes described but not
quantified (Yamamoto et al, 2004).

Primary human embryonic fibroblasts transduced with GFP-LC3 lentivirus have been
used by Tra et al (2011), to study the autophagy output of cells which can be
differentiated from these pluripotent cells during differentiation. Puncta per cell were
assayed using Volocity software. The lentiviral expression did not affect the autophagy
output visualised in this study similarly to the transgenic GFP-LC3 mice study by
Yamamoto et al (2004).

Rubenstein et al (2012) used Atg16L1-GFP and LC3-CFP to study the relationship of

early autophagy protein Atg16L1 in the formation of autophagosomes, where only the
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largest Atg16 puncta interacted with LC3 puncta during live cell experimentation,
exacerbated by starvation of the cells. Puncta size was analysed using Image ] software
which could detect puncta at a resolution of around 150nm from confocal live cell
imaging (Rubenstein et al 2012).

Kochl et al used GFP-LC3 expressing adenovirus to assess starvation induced autophagy
within primary rat hepatocytes. The autophagosome number increase observed with 2
hours of starvation was quantified using an automated microscopy imaging system (the
METAMORPH 6.2 software package, Molecular Devices). This again indicates induction
of autophagy responses that are visualised using fluorescent microscopy can be
quantified, even when using an automated system such as METAMORPH 6.2.
Quantification of autophagosomes from immunofluorescent images of autophagosomes
can give more specific details about the autophagy induction present. Imaris software
can be used to produce a 3D rendered spot where LC3 puncta are present within a cell.
This spot can be then used to give measurements on the autophagosomes present
within the cells, such as number, diameter and relative levels of colocalisation using
filters against other fluorescence within the image (Bitplane). This software has been
used to study autophagy induction during FMDV infection. Using Imaris, Berryman et al
(2012) found that LC3 puncta present during FMDV infection were bona fide
autophagosomes that displayed the same size characteristics as autophagosomes
formed within starvation in the same cell lines used for FMDV infection. Maier et al
(2013), used Imaris software to count the numbers of autophagosome puncta induced
by Infectious Bronchitis Virus within primary chicken CK and DF1 cells, compared to
Vero cells, using a GFP-LC3 expressing adenovirus for expression of the GFP-LC3

transgene. Activation of autophagy within the Vero cells, compared to CK and DF1 cells
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after virus infection, was shown by using Imaris software to count the numbers of

autophagosomes per cell (Maier et al, 2013).

1.5) Selective autophagy by LIR proteins.

LC3-interacting region (LIR) proteins are able to bind both LC3 via their LIR, and
ubiquitin via their ubiquitin binding domain (UBD), to selectively degrade content
within cells. Ubiquitin is a small, regulatory protein, which can bind to proteins within
cells that may have mis-folded and carry no use within the cell, (Wilkinson, 2005). Much
like the UBI processes described earlier (1.4 -c, 1.4-d), it requires E1(ubiquitin-
activating), E2(ubiquitin-conjugating) and E3 (ubiqutin ligase) enzymes to allow for its
conjugation to proteins it is targeting upon lysine residues (Pickart et al, 2004). The
proteasome is designed to target ubiquitinated proteins to the proteases active at this
complex and aid in their fast break down into small peptides. However, with the
discovery of LIR proteins, the use of autophagy to degrade these specific proteins
carrying ubiquitin chains, and not just to carry out bulk degradation, has also been
demonstrated. SQSTM1/p62 is one of the most widely studied LIR proteins, and is
carried with autophagy cargo to lysosomes and degraded (Figure 1.3). This means that
degradation of SQSTM1/p62 can be used to measure activation of autophagy where an
increase in autophagy is indicated by increased degradation of SQSTM1 analysed by
western blot (Bjgrkgy et al, 2009). NBR1 is another LIR protein. NBR1 can still be
degraded by autophagy within cells deficient in SQSTM1, indicating its separate role in
performing clearance of ubiquitinated intracellular material (Kirkin et al, 2009). The
role of LIR proteins in targeting pathogens to the autophagosome is described later

(section 1.7-b).
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1.6) Recycling and renewal of lysosomes.

Lysosomes are generally considered to represent the end point of the autophagy
pathway, and recent work shows that lysosome membranes can be recycled after fusion
with autophagosomes (Yu et al 2010). An analysis of lysosomes in starved cells showed
LAMP-1 positive vesicles appeared tubular, and not their usual spherical shape. These
vesicles were LC3 positive at 4 hours of starvation, but at 8 hours were only LAMP-1
positive suggesting removal of LC3 after lysosome fusion. The LAMP-1 positive
structures are initially non-acidic, but acidify when maturing, suggesting recruitment of
the H+ ATPases able to decrease pH and aid in activity of the proteases within the
lysosome (Yu et al 2010). Rong et al (2011) saw that lysosome reformation was
dependent on the lysosome membrane protein spin, a sugar transporter of the lysosome
membrane. When knocked down, lack of spin caused the formation of large
autophagolysosomes after starvation, not being reformed as seen during control
starvation. The lysosomes in spin knockout cells also contained undigested material,
and only reformed by producing tubules, which pinch off into new lysosomes during re-
addition of amino acids, activating mTOR within the system. This indicates that correct
lysosome reformation in relation to mTOR activity is needed during autophagy (Rong et
al, 2011).

TFEB (Transcription factor EB) is a transcription factor that controls the expression of
genes required for the formation of lysosomes. Sardiello et al (2009) saw that genes
that encode lysosome proteins tend to be expressed together, and share a regulatory
element with a sequence termed a CLEAR (Coordinated lysosomal Expression and
Regulation), which TFEB binds to. They also showed increased expression of genes for

lysosome proteins when TFEB was expressed in HeLa cells. A link with autophagy is
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provided by Settembre et al (2011) who show that RNAI directed against TFEB,
decreased levels of LC3B in cells in nutrient media and following starvation, while
overexpression of TFEB increased SQSTM1, WIPI, and LC3B. This linked TFEB to
induction of proteins needed for autophagy alongside proteins required for formation of
new lysosomes. Interestingly, the movement of TFEB to the nucleus during starvation is
regulated by the mTORC1 kinase located at the lysosome membrane (Roczniak-
Ferguson et al 2012) (Figure 1.10). Blocking lysosome acidification inhibits movement
of TFEB to the nucleus, and nuclear localisation is increased when mTOR is inhibited by
Torinl. Current models suggest that the sensing of amino acid efflux across the
lysosome membrane by mTOR (chapter 1.2) may regulate phosphorylation of TFEB by
mTOR. An efflux of amino acids activates mTOR leading to phosphorylation of TFEB,
which in turn inhibits nuclear localisation. When cells are starved the flow of amino
acids is reduced and TFEB moves to the nucleus to increase expression of genes with
CLEAR regulatory elements. This generates proteins required for autophagy and

delivery of material to lysosomes (Roczniak-Ferguson et al 2012).
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Figure 1.10 - Movement of TFEB to the nucleus. TFEB is phosphorylated and inactive at the
lysosome membrane when mTOR is active in amino acid rich conditions. When mTOR is
inactive, TFEB is active and moves to the nucleus to bind sequences containing CLEAR elements
in the promoter region, which activates expression of genes required for making proteins for

formation of lysosomes and autophagosomes (adapted from Martina et al, 2012).
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1.7) Autophagy and bacterial degradation; Xenophagy.

1.7-a) Autophagy, Xenophagy and bacterial handling within cells.

Bacterial clearance by autophagy, xenophagy, is an adaptive function of the autophagy
pathway. The innate immune response is the first line in defence of pathogenic entry
into cells. As part of the innate immune response, autophagy has been shown to stop
progression of infection in cells. Birmingham et al (2006) have studied autophagy in
response to enteritis-causing Salmonella infection. During infection, S. Typhimurium
localize to Salmonella containing vacuoles (SCV’s) within cells. In their research, they
identified that the damage that these vacuoles by pin-like type three secretion systems
(TTSS) encoded by the bacterial genome, making pin-like projections across
membranes, can induce autophagy, and that LC3 positive autophagosomes co localized
with SCV’s. Thus, autophagy could be used to overcome the initial infection of cells. The
group also found that mouse embryonic fibroblasts (MEF’s) from Atg5 -/- mice, which
inhibit the formation of the autophagosome, had a significant decrease in LAMP-1
compartments containing bacteria. This indicated there was a decreased bacterial

clearance without autophagosome production machinery.

1.7-b) Targeting of bacteria to the autophagosome by LIR proteins.

The LIR protein SQSTM1 has been shown to be important in the clearance of
intracellular bacteria by autophagy, alongside a role in selective degradation of
polyubiquitinated proteins (Figure 1.11). Zheng et al, 2009, showed that in HeLa cells,
78% of the LC3 colocalise to intracellular Salmonella colocalised with SQSTM1,
compared with only 5% of Salmonella for bacteria not coated in LC3. Thus, bacterial

ubiquitination is a signal triggering the involvement of SQSTM1 in xenophagy, with
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specific roles in bacterial targeting and degradation (Figure 1.10). Aside from SQSTM1,
other methods for bacterial degradation by autophagy involve the LIR protein NDP52
(nuclear dot protein 52kDa). This protein binds ubiquitin and LC3 directly, similarly to
SQSTM1, and has been shown by Thurston et al (2009), to degrade Salmonella by
binding the ubiquitin surrounding the invading bacteria. The interactions of NDP52 and
SQSTM1 with invading Salmonella have been shown to be independent of each other.
Cemma et al, 2010, saw that NDP52 and SQSTM1 did not colocalise with each other, so
could possibly work separately to target bacteria for clearance via autophagy (Cemma
etal, 2010).

Pathogens can evade xenophagy, by avoiding ubiquitination. L.monocytogenes uses its
own protein ActA, a protein which masks the bacteria by recruiting proteins to the
bacterial surface, including actin (Yoshikawa et al, 2009). By generating protein
complexes containing ActA within cells, bacteria were not degraded, compared to

bacteria without the ability to express ActA.

1) LC3-LIR protein 2) Autophagosome 3) Autophagolysosome
targeting to formation, Lysosome degradation of
Ubiquitinated fusion. autophagosome
Salmonella. content.

Figure 1.11 - The targeting of intracellular bacteria to autophagosomes . Upon pathogen
entry to cells, its localisation to LC3 positive autophagosomes occurs after ubiquitination and
SQSTM1 localisation.
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It is possible that moving bacteria to the lysosomes for degradation can dampen
immune responses by hiding potential PAMPS (pathogen-associated membrane
patterns) within autophagosomes, and degrading them before an inflammatory
response is activated. Without autophagy, this controlled response to bacteria may be
lost, and could aid in the inflammation seen in patients with Crohn’s disease who have

the susceptibility mutation in Atg16L1, as described in chapter 1.1.

1.7-c) Anti-inflammatory role for autophagy.

The inflammasome and the interleukins IL-1p and IL-18 are induced in response to
infection and are seen in myeloid cells. Autophagy is believed to inhibit the secretion of
IL-1P in basal conditions containing amino acids after inflammasome formation using
the drug nigericin. However, Dunpont et al (2011) show that when Bone Marrow
Macrophage (BMM) cells were starved, IL-1f secretion is enhanced. The mTOR inhibitor
PP242 also caused this effect. This effect is believed to be due to the autophagosome
aiding in the secretion of this immune modulator. In cells not containing inflammasome
components, the activity of autophagy induction to increase IL-13 was also suppressed,
indicating the inflammasome was required for autophagy-induced secretion of IL-1f3.
Further links with autophagy aiding in IL-1f secretion came with using Atg5 -/- BMM
cells, which had a reduction in secretion of IL-1 with a reduced expression of Atg5
protein. Both LC3 and IL-1f colocalised visually within cells also. Linking autophagy and
secretion came with investigation into Rab8a, a GTPase required for membrane
trafficking to the plasma membrane. Using siRNA directed against Rab8a, diminished
the autophagy dependent secretion of IL-1f3 (Dunpont, 2011). This is a novel link
between the secretion of inflammatory modulators, and the autophagy pathway which

deviates from the canonical autophagy pathway previously described.

Page | 43



1.7-d) Autophagy induced by NOD2 signalling.

NOD?2 is an intracellular pathogen receptor found in monocytes, granulocytes and
dendritic cells (Ogura et al, 2001), but is found in lower levels in epithelial cells such as
the gut epithelium (Uehara et al, 2007). Bacterial MDP, a component of peptidoglycan
walls of Gram positive and negative bacteria is a ligand for NOD2 (Girardin et al, 2003).
NODZ2 signalling induced by intracellular bacteria, leads to translocation of the
transcription factor NF-kappaB to the nucleus and activation of genes involved in the
innate immune response such as inflammatory mediators and further NF-kappaB
expression, increasing immune responses to bacteria (Gutierrez et al, 2002). A link
between NOD2 and autophagy was described by Cooney et al (2010) where MDP
induced autophagy by a pathway requiring Atg5, Atg12 and Atg16L1. Parallel studies
(Travassos et al, 2010) showed a direct interaction between Atg16L1 and NOD2 and
both proteins co-localised at the plasma membrane at sites of bacterial entry, and will

be described later (section 1.8b).

1.8) Bacterial handling and Autophagy.

1.8-a) Links between NOD2 Crohn'’s disease mutations, bacterial handling

and Autophagy.

The snps identified in NODZ include snps 8, 12 and 13. Snp 13 causes a frame shift
mutation (3020 ins C) where insertion of cytosine results in a protein lacking in the
leucine rich-repeat domain of Nod2, which is believed to either make it unable to sense
bacteria by binding to Muramyl dipeptide within the bacterial cell wall, or unable to
dimerise and cause downstream signalling from NOD2 (Hugot et al, 2001). Patients

carrying the frameshift mutation show reduced cytokine responses to MDP and mice
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lacking NOD2 (NODZ2-/-) are more susceptible to microbial infections and do not
respond to MDP (Noguchi et al 2009). Recent studies have implicated the NODZ2 frame
shift mutation 3020insC to a decreased expression of anti-inflammatory interleukin IL-
10 in human primary monocytes (Noguchi et al 2009). IL10 is important in stopping a
hyper-reactive innate response to microbes and hence dampening adaptive immune
responses (Phillpot et al, 2009). This decrease in IL-10 with a Crohn’s disease-
associated NODZ frameshift mutation heightened immune response, similarly to the
increase in IL-1beta caused by the ATG16L1 knockouts. Travassos et al (2010), also
identified that this NODZ mutation associated with Crohn’s disease stops recruitment of
the Atgl16L1 protein to the plasma membrane. If this causes decreased bacterial
clearance and autophagy induction, this could be the key contribution the susceptibility
genes have to Crohn’s disease. The functional link between bacterial sensing by NOD2
and autophagy relates these two processes directly, and gives reason for effects of

mutants of both of these proteins in the inflammatory response in IBD’s.

1.8-b) Atg16L1 Crohn’s disease mutant, bacterial handling, and autophagy.

In spite of several GWAS studies, only one snp has been identified in ATG16L1 resulting
in conversion of threonine at position 300 to alanine (T300A). Mammalian Atgl6L1 is
a more complex protein than the yeast counterpart. In yeast, it binds with Atg5 and 12
similarly to the mammalian form of the protein, but only contains a coiled-coiled
domain. In human GWAS, the susceptibility allele alanine at the 300 region of the
ATG16L1 gene is found in the linker region before the WD repeat domain (Figure 1.12)
(Mizushima et al, 2003). The coiled-coiled domain allows for dimerisation of the
Atg16L1 protein in mammals, shown with size-exclusion chromatography (Fujita et al,

2009), giving the protein the ability to form its complex with Atg5-12. Thus, the activity
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of the rest of the protein found in the mammalian system, needs to be determined. WD-
repeat domains within proteins are commonly used as platforms for protein
interactions, so the Atgl6L1 WD repeat domain is expected to do so also (Mizushima et

al, 2003).

Coiled-Coil domain Linker region WD repeat domain

T3004 point mutation

Figure 1.12 - The arrangement of the yeast and mammalian homologues of Atg16L1gene.
The two proteins are homologous at the coiled-coil domain, with the mammalian protein
containing an extra WD repeat region, with a linker between these two, which is where the
T300A point mutation is found.

The T300A Atgl6L1 mutant leads to a reduced capture of Salmonella by
autophagosomes in human epithelial cells (Kuballa et al, 2008). Mice hypomorphic
(HM) for Atg16L1 have reduced expression of Atg16L1 and reduced autophagy in all
tissues (Cadwell et al, 2009). These mice show defects in Paneth cell secretion and
increased expression of leptin and adiponectin, which are mirrored in patients
homozygous for the ATG16L1 T300A snp. Furthermore, the development of chronic gut
inflammation in Atg16L1 HM mice required the presence of commensal bacteria and
persistent viral infection, recapitulating the relationship between genetic susceptibility
and environment seen in humans (explained in more detail below).

Messer et al (2013) saw that when human HTC116 cells expressed the T300A version of
Atg16L1, or had a complete knock out of Atg16L1, the complete Atg16 knock out cells,

and the T300A mutant protein cells did not infect with as many intracellular bacteria as
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control cells. This again indicates its role within uptake and processing of intracellular
bacteria as a way of controlling bacterial invasion. Raju et al (2012), showed increased
autophagosomes present after Helicobacter Pylori VacA incubation upon cells.
However, the ATG16L1 risk gene variant was shown to increase Helicobacter Pylori
infection within human patients (Raju et al, 2012). Thus, more details in the specific
effects of the Atg16L1 protein and its Crohn’s disease associated mutant, in aiding
homeostasis in the GI epithelia, will now be described.

1.8-c) Mouse models of inflammation by Atg16L1 deficiency.

Cadwell et al (2009) produced HM Atg16L1 mice, using Gene-trap technology, which
results in decreased expression of the mRNA of the Atg16L1 gene. Atgl6L1 expression
in these mice was decreased to around 23-37% of the normal Atg16L1 levels.
Morphologically, the small and large intestines appeared normal. However, the effect of
the HM mutation was at the cellular level, with a lack of granulated lysosyme (bacterial
defence peptide) staining by immunohistochemical analysis of S.I crypt tissue compared
to control S.I tissue. Granule secretion was affected in these HM mice, with the presence
of intact granules in the lumen of the crypts. This cell-specific effect further indicates a
role for autophagy in regulating the innate immune response at the intestinal epithelia,
but now at the level of a differentiated cell in the GI epithelia. lysosome staining of
Paneth cells within human Crohn’s disease patients without the NOD2 risk allele, but
with the Atg1611 T300A allele, also has a lack of granulated lysosyme staining. As the
Atg16L1HM mice did not have this specific mutation, it is encouraging to see this Paneth
cell phenotype in human patients also. In a following paper, Cadwell et al (2010) also
found that Atg16L1 HM mice in a hyperclean environment, did not have such

physiology, but did so when an environmental inducer, mouse norovirus (MNV) was

Page | 47



present within the gut of the mice. This indicates the important involvement of the gut
lumen content to the physiological status of the epithelia where organisms have the
ability to produce disordered immune response. The role of autophagy in maintaining

this is shown below (Figure 1.13).

. Bacteria
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Figure 1.13 - The known effects on bacterial handling and inflammation linked to
autophagy protein Atg16L1 and bacterial sensing protein NOD2. A) Targeting of bacteria
with ubiquitin upon entry into the cell, and subsequent LIR protein attachment and
autohagosome targeting to bacteria. B) Formation and release of granules within Paneth cells,
affected by Atg16T300A expression. C) Localisation of Nod2 and Atg16L1 to the plasma
membrane after stimulation of cells with bacterial peptide MDP. D) Secretion of IL-1f3 via an
autophagosome intermediate.

1.9) Summary

Previous work shown in this introduction indicates a link between the T300A mutation

in the essential autophagy protein Atg16L1, and a loss in gut homeostasis. Work by
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Groulx et al (2012) used mucosa from healthy patients to assess the autophagy status of
gut tissue. They used immunofluorescence of cryosectioned adult human biopsy
specimens for staining of autophagy proteins SQSTM1 and Beclin1. Using this technique,
they were able to indicate that colon crypt cells did produce autophagosomes in fixed
tissue. This method does not allow for live cell incubations of tissue, to visualise
autophagosomes after an autophagy triggering stimulus. To assess autophagy within
living human epithelial tissue, we will use organoid cultures developed by Sato et al
(2009). By culturing isolated human crypts from biopsy samples (described in Chapter
5) in autophagy-inducing conditions of starvation and MDP incubation, we will indicate
if autophagy is visually active within living and fixed isolated crypt tissue using the
autophagosome membrane marker protein LC3B. As quantification of fluorescent
images is possible (Chapter 1.4-f), we will software to assess autophagosome puncta in

cell lines, prior to visualising autophagosomes within crypt tissue.

1.10) Aims of the study.

Autophagy is an intracellular degradation pathway, which targets cytoplasmic content
to lysosomes for degradation, and allows for amino acids to be recovered when cells are
deprived of extracellular nutrients. Autophagosomes can also trap and degrade
intracellular bacteria (xenophagy). Xenophagy can be used to hide pathogens from the
immune system, and can also aid in processing of PAMPs to the immune system to aid in
the clearance of a pathogenic attack. Mutations in the autophagy protein Atg16L1, have
implicated autophagy in Crohn’s disease, a form of IBD, which causes a disordered
immune response to bacteria and other contents of the gastrointestinal lumen. We will
assess autophagy within cell lines, and within isolated human epithelial crypt tissue, to

address the activation of autophagy within the epithelial layer of the human GI tract .
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Project Aims-

e Aim 1. To develop methods to quantify autophagy using fixed cell and live cell
microscopy

e Aim 2. Validate The method through a quantitative analysis of autophagosomes
formed during starvation in tissue culture cell lines.

e Aim 3. To develop methods to visualise autophagy in human biopsy samples and
mouse organoid cultures.

e Aim 4. To quantify autophagy in primary human colon crypt cultures obtained

from biopsy
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Materials and Methods
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Chapter 2 - Materials and Methods

2.1) Cell line cell culture
2.1-a) Cells and media.

African green monkey kidney epithelial cells or Vero cells (ECACC 84113001), (Caco2)
cells (EACC 86010202), or Human embryonic kidney epithelial 293 (HEK 293) cells
(ECACC 85120602) were obtained from European Collection of Cell Cultures (ECACC)
(Porton Down, UK). Chinese Hamster Ovary (Cho) LC3 cells were previously used by
Shvets et al, 2008. Vero cells, CHO cells expressing GFP-LC3, and HEK 293 cells were
grown in DMEM + glutamax with 1% PenStrep (100 units/pl) and 10% FCS (Foetal Calf
Serum) in a 37°C incubator with 5% CO-. Caco2 cells were grown in DMEM + glutamax
with 1% PenStrep and 10% FCS with additional 1% Non Essential Amino Acids (NEAA)
and 1% Sodium Pyruvate in a 37°C incubator with 5% COz2. Cells were grown in a T75
flask, and split twice a week using 1ml Trypsin (2.5%) (Invitrogen) to detach cells. Once
detached, cells were then re-suspended in 9ml of fresh media and splitina 1in 10
dilution into a new T75 flask. This was the case for all cell lines apart from HEK 293,
which can be detached manually by resuspending in media using a 10ml stripette. For
starvation experiments, cells were washed with, and then incubated in Hank’s Balanced
Salt Solution (HBSS, Sigma, Dorset) and left in the 37°C incubator before being fixed at
the time points specified in each experiment. For Live cell imaging, HBSS + 1% HEPES
buffer was used, to minimize the impact to the cells of being in an environment without
the optimal cell culture incubator CO2 conditions used during other incubations. Tissue

culture additives used are shown in Table 1.
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Table 1) Media treatments.

Compound name Final concentration Company
chloroquine 100uM Invitrogen
Lysotracker 1uM Sigma

2.1-b) Cell seeding for microscopy.

For immunocytochemistry, Vero cells were plated onto 13mm glass cover slips in 24
well plates at 40,000 cells per well. A haemocytometer was used to count cells/10pl,
which was then used to count cells/ml used for plating. For live cell imaging of Vero
cells, 40,000 cells were plated in a 5cm dish using a 45mm glass cover slip. This
generated a 60-70% confluent slide within one day of plating.

2.1-c) Jetprime Transfection.

Vero cells were transfected with Jetprime according to the manufacturer's guidelines,
with 1ug of DNA complexed to 2ul of Jetprime reagent for each well of a 24 well plate.
Transfected plasmid used was LAMP-1-RFP (Addgene, plasmid 1817).

2.1-d) Adenovirus production.
GFP-LC3B adenovirus was originally made my Dr. Xiao-Ming Yin at the Univeristy of
Florida and was a kind gift by Dr Helena Maier from the Institute of Animal health,
Compton. Adenoviral particles were amplified using the standard Invitrogen
methodology, using HEK 293A cells competent for Adenovirus production. Cells were
grown in a T75 flask, counting 3x10° cells per 10ml DMEM +10%FCS, 1%PenStrep.
When the cells are at 80% confluency, 100ul of Adenoviral stock was added to the
media and the plate was swirled to mix the virus. The cells were then grown at 37°Cin a

CO2 incubator, and checked for 2-3 days until the cells were rounded and lifting from
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the base of the flask. The lifted cells were transferred to a 15ml tube. Cells were then
frozen at -80°C for 30 minutes, then placed within a 37°C water bath for 15 minutes.
This was repeated twice. The lysed cells were then centrifuged for 15 minutes at
3000rpm, to pellet debris from the lysed cells. 1ml aliquots of the supernantant

containing virus were stored at -80°C.

2.1-e) Viral infection of Vero Cells.

Vero cells were grown to become 70% confluent on 40mm glass cover slips. 10ul of
293A cell lysates containing GFP-LC3 Adenovirus was left in new media overnight to
allow for infection of Vero cells for 24 hours. Then, Vero cells were used for live cell

imaging experiments.

2.1-f) Inmunocytochemistry

Cells were fixed with 100% ice-cold methanol for 5 minutes, washed in PBS solution
and blocked for 10 minutes in 2%BSA/1xPBS solution. Primary antibodies were
resuspended in 2% BSA/1xPBS solution at the correct dilutions (Table 2) incubated
either overnight at 4°C with shaking, or for 1 hour at room temperature. Cells were
washed three time with 2% BSA for 5 minutes. 2% BSA washing was repeated three
times before addition of appropriate secondary antibodies at 1:500 dilutions in 1xPBS
(Table 3). Secondary antibodies were incubated with slide between 40-60 minutes at
room temperature on a rocker, shielded from light before being washed 3 times for 5
minutes in PBS. Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI),
obtained from Sigma (Dorset, UK). DAPI was diluted 1 in 1000 in 1xPBS to make a final
concentration of 10ug/ml. All coverslips were mounted onto glass slides using

Fluoromount G (Cambridge Biosciences, Cambridge, UK) and stored at 4-C.
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Table 2) Primary antibody table.

Antibody Species Company | Product Formulation Dilution
code

LC3B Mouse MBL 4E12 Affinity 1in 200
monoclonal Purified

LC3B Rabbit Sigma L7543 Affinity 1in 1000
polyclonal Purified

LC3B Rabbit Abcam AB48394 Affinity 1in 200
polyclonal Purified

LC3B Rabbit Cell #2775 Affinity 11in 200
polyclonal Signalling Purified

SQSTM1 Goat Santa P-15 Affinity 11in 200
polyclonal Cruz Purified

SQSTM1 Guinea Pig Progen GP62-C Stabilized 1in 200
polyclonal antiserum

LAMP-1 Rabbit Abcam ab24170 Affinity 1in 200
polyclonal Purified

LAMP-2 Mouse Abcam ab25631 Affinity 1in 200
monoclonal Purified

Atgl6Ll Rabbit Abgent AP1817b Purified 11in 200
polyclonal polyclonal

IgG1 Isotype | Mouse R&D MAB002 Affinity 1in 200

control monoclonal Purified

WIPI2 Mouse Abcam ab101985 | Affinity 1in 500
monoclonal Purified

Muc2 Rabbit Abcam ab76774 Affinity 1in 200
polyclonal Purified

Chromogran | Rabbit Santa sc13090 Affinity 1in 200

nin A polyclonal Cruz Purified

2.2) Culturing of intestinal crypts

2.2-a) Tissue samples and crypt isolation.

2.2-a-i) Mouse crypt isolation

Mouse small intestines and colon were dissected, flushed with PBS and cut open

londitudinally to expose the lumen. Tissue was then cut into small sections (around
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0.5cm) and incubated in 2mM EDTA in 1x PBS for 30 minutes prior to shaking and crypt
release. In the case of small intestine crypt suspensions were filtered through a 0.75mm
filter to remove large villi. Crypts were pelleted by centrifugation at 100G and then

resuspended in Matrigel in media as described in Table 4.

Table 3 ) Secondary antibody table.

Antibody Species Company | Dilution
Alexa Fluor Donkey Stratech [ 1:500
488-AP Polyclonal | (112-

545-

143)
Alexa Fluor Donkey Stratech | 1:500
594-AP Polyclonal | (115-

585-

166)
Alexa Fluor Donkey Stratech | 1:500
647=AP Polyclonal | (112-

605-

144)

2.2-a-ii) Isolation of crypts from human colon biopsy

Human tissue for this study was acquired from the Norfolk and Norwich University
Hospital in accordance to the Norwich District Ethics Committee, Norfolk and Norwich
University Hospital, UK. Biopsy material was maintained in media (Table 5) before
experimentation in a humidified 95% air, 5% CO2 incubator at 37°C. Crypt isolation was
performed using protocols adapted from the Clevers lab, and have been described
previously (Koo et al, 2011). Colon biopsies were first washed in PBS and then
incubated in 4mM EDTA solution in 1x PBS for 30 to 45 minutes followed by vigorous
shaking in 1X PBS to release crypts from the biopsy. Crypts were pelleted at 300G for 5
minutes. Isolated crypts were then resuspended in 200ul of Matrigel. Crypts were
transduced by adding 10ul of the GFP-LC3 adenovirus stock prior to suspension in

Matrigel. The Matrigel-crypt suspension was then plated onto 18mm glass cover slips in
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a 12 well plate and left in 5% CO2 incubator at 37° for 20 minutes to harden the Matrigel

prior to addition of media (Table 5) and overnight incubation at 37°C.

Table 4) Mouse Small Intestine growth media.

Component Volume Stock Final Differentiation
Concentration | Concentration medium (wnt free)

GFP-LC3 10ul/200u | - - +

Adenovirus Matrigel

F-12 Glutamax 1ml - - +

N2 10ul 100x 1x +

B27 20ul 50x 1x +

R-Spondin 10ul S5mg/ml 500pg +

EGF 10ul 2.5mg/ml 25ug +

Noggin 10ul S5ug/ml 50ng +

PenStrep 10ul - - +

N Acetyl- 20ul 50mM 1mM +

Cysteine

Wnt3A 0.5ul - - -

2.2-b) Induction of autophagy in crypt tissue.

Autophagy activated by NOD signalling was achieved by incubating crypt-Matrigel
cultures with 1ug/ml MDP and analysed after 16 hours at 37°C, in 5% COz. Autophagy
activated by starvation was achieved by incubating crypt-Matrigel cultures in Hank’s
buffered salt solution (HBSS). HBSS provides osmotic and pH buffering but lacks organic
salts and amino acids. Samples were washed two times in HBSS to remove amino acids
from the Matrigel. Where stated, tissue was incubated in 100uM chloroquine for the
duration of experiments prior to fixing in 4% Paraformaldehyde (PFA) or live cell

imaging.
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Table 5) Human colon/small intestine growth media

Component Volume Stock Final Differentiation
Concentration | Concentration :
medium (wnt free)
(per ml
media)
GFP-LC3 10ul/200ul - - +
Adenovirus Matrigel
F-12 Glutamax 1ml - - +
N2 10ul 100x 1x +
B27 20ul 50x 1x +
R-Spondin 10ul 5mg/ml 500pg +
EGF 10ul 2.5mg/ml 25ug +
Noggin 10ul S5ug/ml 50ng +
PenStrep 10ul - - +
N Acetyl- 20ul 50mM/ml 1mM +
Cysteine
Wnt3A 0.5ul - - -
SB202190 0.1l 100mM/ml 10uM -
A-83-01 Tl 0.5mM/ml 500nM +
Nicotinamide 200ul 50mM/ml 10mM -
Gastrin 1pl 0.1mg/ml 10pg +

2.2-c) Imnmunostaining of crypt tissue.

Crypt tissue was fixed in 4% PFA (pH 7.5) on ice for 1 hour, washed with PBS, and

quenched with ammonium chloride (10mM) for 10minutes. Samples were washed

again in PBS and incubated in sodium dodecyl sulphate (SDS, 1%) for 5minutes, washed
in PBS 6 times before a second permeablisation in Triton-X100 (0.5%) for 30minutes.
Crypts were then left for 2 hrs in blocking buffer (10% goat serum, 1% BSA in 1xPBS).
Crypts were then placed in 1° antibody overnight at 4°C and subsequently fluorescently
tagged with a conjugated 2° antibody for 2 hours at room temperature. Crypts were

incubated in PBS for 1 hr prior to mounting up on poly-L-lysine coated slides (BDH)
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with Hoechst (Sigma) diluted in Vectashield (1 in 1000).

2.3 Microscopy
2.3-a) Wide field fluorescent microscopy.

The fixed cell lines were imaged on a Zeiss Axioplan microscope with a 63x, 1.4NA oil-
immersion objective using 350 * 40 nm excitation and 445 * 25 nm emission for DAP],
470 + 20 nm excitation and 525 *+ 25 nm emission for GFP, and 560 * 20 nm excitation
and 630 £ 37.5 nm emission for AlexaFluor 594. Z stacks were kept the same thickness
throughout the imaging, with 12 slices at 250nm per slice. This enables the cytoplasmic
portion of the cell to be fully scanned for further analysis with Imaris software

(Bitplane).

2.3-b) Confocal live cell imaging for cell culture.

For live-cell imaging, cells grown on 40mm diameter glass cover slips were placed in a
Perfusion Open-Closed (POC) chamber (PeCon GmbH, Erbach, Germany) before
mounting on the microscope in a heated stage at 37 2C. Confocal-fluorescence imaging
was carried out on a Zeiss LSM 510 META confocal microscope, using a 63x, 1.4 NA oil-
immersion objective, with GFP excited at 488 nm and emission collected between 495
and 535 nm, and Cy3 excited at 543 nm and emission collected between 555 and 650
nm. Using the LSM image browser software provided with the microscope, cells and
regions of interest were cropped from the x63 image, and the timeframe option was
used to select the times between each image taken. Images were taken using the pinhole
set at 1, an arbitrary unit that allows the most realistic depth of image, whilst restricting
most of the light scatter from other regions of the cell during scanning. Each scan per
channel used bidirectional scanning of each pixel 4 times. This reduced the time taken

per scan by around half compared to one-directional scanning. Each channel took

Page | 59



around 8 seconds to scan fully per time point, with the time taken between each photo

adjusted for the time taken to scan each image.

2.3-c) Microscopy of crypt samples.

Immunostained crypt samples were imaged by confocal microscopy using a Zeiss
LSM510 META microscope. For each crypt, the x63, 1.4 NA oil-immersion objective was
used. 0.7x zoom images were taken of the crypt from the base to the top, and a 4x zoom
performed on a specified region per crypt. Channels used were 488 nm and emission
collected between 495 and 535 nm, and Cy3 excited at 543 nm and emission collected
between 555 and 650 nm, Cy5 excited at 640 nm and collected at 670nm. An UV laser
was used for Hoescht, which excites at 350nm and is collected at 470nm. A Differential
interference contrast (DIC) objective was used to enhance contrast of the unstained
channel, collected with the 488nm laser. Specific gains for each channel were taken at
around 700 to 800, and the pinhole set to one for all channels for the most optimum
depth of image for all channels to relate to each other. Each scan per channel used
bidirectional scanning of each pixel 4 times. This reduced the time taken per scan by

around half. Each channel took around 8 seconds to scan fully at a 0.7x zoom.

2.3-d) Live cell imaging of crypt cultures.

Cells were cultured on 18mm glass cover slips and transferred to an 18mm POC

chamber for live cell imaging of crypts. 18mm glass cover slips were imaged by confocal
microscopy using a Zeiss LSM510 META microscope. For each crypt, the x63, 1.4 NA oil-
immersion objective was used. 0.7x zoom images were taken of the crypt from the base

to the top, and a 4x zoom performed on a specified region per crypt.
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Table 6) Excitation and emission of fluorescent probes.

Fluorescent Excitation Emission (nm)
label (nm)

DAPI 350 -470

Hoescht 346 460

RFP 584 607

GFP 488 507

AlexaFlur 488 495 519
Alexafluor 594 591 618
Lysotracker Red | 577 590

2.4) Imaris Software

2.4-a) Puncta number analysis

Microscope images containing scale information (.Ism,) were analysed with the Imaris
package (BITPLANE). Within the surpass section of the software, the spot function was
used to identify and measure the diameter of fluorescent puncta. A general diameter of
an autophagosome was deemed 0.5um, and this could be used to allow the software
locate any regions of the fluorescent image that come close to this measure of
fluorescent intensity for the fluorescent channel being analysed. Once Imaris has found
regions of the fluorescent image that correspond to this crude diameter measurement,
we measured diameters so that each puncta is given its own size. This can be done with
relative intensity, which fine-tunes autophagosome sizes due to the intensity of signal
where there is strong signal (puncta) to weak signal (no fluorescence /background
fluorescence). Typically, regions where spots are found account for around 1% of the

total pixels within an image. The numbers for diameter could then be exported and used
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for later analysis. The rendered images of the puncta generated from Imaris analysis
could be coloured according to diameter on a graded scale with a diameter of 0.1 um
being blue, and anything 1 um and above being coloured red. This gave the greatest

appreciation of the spread of data for autophagosome puncta across all datasets.

2.4-b) Tracking of puncta.

For timelapse fluorescent videos, once spots have been made, an option to track spots
over time was used. By selecting autoregressive motion, and choosing 2um maximum
distance of a puncta between channels, a spot could be tracked. By specifying that a spot
can move out of frame for 3 frames, tracks could be more clearly followed also.
Autoregressive motion took into account the movement of the puncta in the previous
and next frames, so this discounted the effect of two spots at the same point in a frame
of a timelapse. If Brownian motion was selected, there is was predicted direction of
movement, thus more errors could be made. If a spot did not get tracked over the full
timelapse by doing this (for example if a puncta jumped a large distance compared to
the few frames previously) tracks could be joined after the analysis is finished so that
one puncta was tracked. Either vesicle distance (ium) or duration (seconds) were used

from this analysis.

2.4-c) Colocalisation

After a spot had been rendered, to check if any other fluorescent signals of a different
channel were colocalising with this channel, a filter could be added to the spot function
after the spots have been generated (2.4-a). This allows for the software to analyse the
fluorescent signals at the region where a spot has been rendered, discounting the

fluorescent signal in the rest of the cell. The colocalisation filter was obtained after spot
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generation, by selecting the intensity of the second fluorescent channel of interest in the
filter section of the final spot analysis. Any rendered spots which had a high level of
colocalisation with the second channel, were highlighted by the software. A sliding scale
of fluorescence was used in a similar way to generation of spots, but this fluorescence
scale was associated with the levels of fluoresence at the point of the fluorescent image
where the spot has been generated. The colocalised spots could be made into a separate
spot channel, so the user could export numerical data about those co-localising spots

within a fluorescent image.

2.4-d) Surfaces

For larger or irregular shaped signals such as nuclei, surfaces were used to render over
a fluorescent signal using Imaris. This option is under the surpass menu of the Imaris
software, but by choosing the fluorescent channel to analyse, this option rendered a
surface onto the fluorescent image, not a spot. A size restriction was chosen, and was
dependent on the signal analysed, with larger sized structures needing a larger initial
size for the software to search for surfaces. For example, if nuclei within an image were
all around 10um, the user would need to add that to the software so surfaces of that
size, of the fluorescent channel they were analysing, could be found. This was used for
nuclei rendering, and was not used for generating numerical data on size within the

experiments displayed.

2.4-e) Statistics

Analysis of the spread of the data between cells in each starvation condition was
performed with a standard deviation across the Imaris outputs for diameter and

number across cells. Numbers +/- a mean number within results (eg 1 +/- 0.2) were
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indications of the +/- the standard deviation around the mean number. Percentages
above 0.75um were taken as an overall percentage of the numbers of vesicles within
each group which had diameters the same as, or above this diameter. Student T-tests
were used to check significant differences between starvation conditions, with a 95%
confidence used (p=0.05) to determine significance. Graphically, p=0.05 =*, p=0.005 =

** and p=0.0005= *** with this scoring system displayed above graphs.
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Chapter 3:

Development of methods to quantify
autophagy using fixed cell and live cell

microscopy.
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Chapter 3 - Development of methods to quantify autophagy using fixed cell and

live cell microscopy.

3.1) Aims

The aims of this chapter are to describe ways in which we can use Imaris software to
quantify autophagy through analysis of fluorescent images obtained by microscopy. The
main protein of interest is the major structural protein of the autophagosome, LC3, but
as we are quantifying vesicles, the methods can be generalised to other autophagy
proteins such as WIPIZ2, and SQSTM1. LC3-II is bound to autophagosome membranes at
all points in the pathway up to delivery to lysosomes, and is an accepted tool to monitor
autophagy (Wu et al, 2006, Klionsky et al, 2005). Alternative methods include western
blot analysis of LC3 to identify induction of autophagy by analysing the ratio of LC3-I
(cytosolic) and LC3-II (membrane-bound) or turnover of SQSTM1/p62 (Mizushima et
al, 2004, Pankiv et al, 2007). Unfortunately, these last two methods cannot be applied
to human biopsy because there is insufficient material in the sample. This section
describes the use of IMARIS software to represent LC3 puncta as 3D rendered spots.
The rendered spots can be then used to give measurements of numbers of
autophagosomes present within the cells, their diameters and relative levels of
colocalisation with other proteins. The resolution of light in an optical microscope is
approximately 0.2-0.25um, thus resoltuion of separate autophagosomes is possible in
the size ranges shown previously (Mizushima et al, 2002). If two autophagosomes are
directly next to each other at less distance than the resolution limit, they will appear as
one structure with optical microscopy (Millar et al, 2004). The overarching aim is to
generate digital datasets that are amenable to statistical analysis so that autophagy can

be quantified under different conditions and in different tissue samples.
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3.2) Analysis of LC3 puncta

LC3 distribution can be tracked by immune staining of endogenous LC3 or by following
GFP-LC3 by fluorescence microscopy. Immunostaining for endogenous LC3 is shown in
Figure 3.1 A-D, which compares HeLa cells (Fig3.1A), MEF cells (Fig3.1B), CacoZ2 cells
(Fig3.1C) and Vero cells (Fig3.1D). In each case cells were incubated in nutrient media
(i), or with HBSS for 4 hours (ii). Regions of interest (ROI) are boxed and shown at high
magnification in the quadrant below each image. Similar analysis of CHO cells stably
expressing GFP-LC3 is shown in Figure 3.1E, while Figure 3.1F shows Vero cells
transduced using an adenovirus expressing GFP-LC3. In each case, the bulk of the LC3
signal was diffuse and located to the cytoplasm with LC3b staining, and both
cytoplasmic and nuclear with GFP-LC3 expression when cells were incubated in
nutrient media, and punctate LC3 staining, indicating formation of autophagosomes was
induced when cells were starved for 4 hours in HBSS. Figure 3.2 shows imaging of
separate live Vero cells transduced with GFP-LC3 and either kept in nutrient media
containing amino acids (Figure 3.2A), or starved in HBSS for 4 hours (Figure 3.2B).
Again, starvation for 4 hours long, induced LC3 puncta indicating increased numbers of
autophagosomes, compared to when cells were kept in nutrient media containing amino

acids.

3.3) Pixel density measurements of LC3 puncta provide a quantitative analysis of

autophagosome formation

Imaris software from BitPlane was used to analyse pixel densities in LC3 puncta. Imaris
is a software package that allows the user to create a representative 3D model
(hereafter termed a ‘render’) of a fluorescent image. For live cell experiments of

autophagosomes, this render can also be tracked over time. Pixel densities represent
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Figure 3.1 - Inmunostaining of autophagy protein LC3 in tissue culture cell lines. Cells
were incubated in nutrient media (i) or starved for 4 hours in HBSS (ii). Cells were then fixed
and permeabilised and incubated with DAPI (Blue) to show nuclei. The top panels show
fluorescence images taken at x63, with regions of interest (ROI) indicated by the white box. The
lower panels show digital zooms of the ROI. The HeLa cells (A), MEF cells (B), CaCoZ2 cells (C),
and Vero cells (D) were fixed and immunostained for LC3B (green). GFP fluorescence was
detected in CHO cells stably expressing GFP-LC3 (E), and Vero cells transduced with an
adenovirus expressing mammalian GFP-LC3. All images were taken with a Zeiss Axiovert
upright microscope. Scale bars = 10pm.
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digital data sets that can be analysed numerically to compare responses between

individual cells and between populations of cells analysed in different experiments.

3.3-a) Spot selection using ‘Spot Function’.

Figure 3.3 indicates how rendered spots can be generated from fluorescence images of
autophagosomes within cells starved for 4 hours. The Figure gives examples of how
parameters are set by the user to calculate the correct spot size to aid the software in
finding spots in this fluorescent channel. Figure 3.3Ai indicates a fluorescent image of
endogenous LC3B staining in Vero cells at 4 hours of starvation, with a zoom showing
autophagosomes more closely in Figure 3.3A-ii. In Figure 3B-E fluorescent puncta are
analysed using the ‘Spot function’ in Imaris. The software interface is shown on the left
and the annotation of puncta is shown on the right as an x63 image (i), or as a zoom of
selected autophagosomes (ii). The annotations are generated after searching for spots
using the size parameters set in the left software box. If a size much smaller than that of
the autophagosomes is selected, in this case 0.1um diameter, the Imaris software over
estimates the number of puncta (Figure 3.3B-i) with the zoom image in white indicating
all signal is shown as a spot, not representing the spots visible in the fluorescent image
(3.3Bii). When the spot size for detection is set too large to be an autophagosome,
(Figure 3.3C) in this case 6um, only the largest spots are detected (Figure 3.3C-i), and
many puncta are missed, as indicated in the zoom (Figure 3.3C-ii). However, when an
intermediate spot size for detection is used (for autophagosomes 0.5 um (Figure 3.3D)
to 0.7um (Figure 3.3E), digital ‘spots’ are only visible within the autophagosomes seen
within the fluorescent image. The software then allows you to restrict the spot

parameters through trial and error to those where fluorescent puncta present within
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A) GFP-LC3 Vero cells, Nutrient Media

Figure 3.2 - Live cell imaging of Autophagy using Adenoviral transduction of GFP-LC3.
Vero cells were transduced with an adenovirus expressing mammalian GFP-LC3, shown in
green, and incubated in nutrient media overnight before being incubated in nutrient media (Ai,
ii) or starvation media HBSS for 4 hours (B, ii). Zooms of ROI's are shown for each image.
Images were taken with a Zeiss LSM confocal microscope with a x63 objective. Scale bars=5um.

the image are identified, and the background signal is blank. Figure 3.4 shows the
second method of restricting the Imaris spot analysis to help find a suitable number of
rendered spots. The line graph taken from the software package is displayed to the top

of every image in Figure 3.4, and represents the intensity of fluorescence in the image.
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Peaks further to the right of the line graph are associated with the autophagosomes of
strongest intensity, showing as single peaks, whereas the peaks in the far left of the line
graph always produce rendered spots which associate inaccurately with background
signal of the fluorescent image. Figure 3.4A shows that when the spot detection is
restricted to only those in the far right region of the line graph, not all spots seen in the
fluorescent image are found. In contrast, Figure 3.4B shows that when you allow more
of the intensity to be analysed by Imaris, spots are picked up where the fluorescent
signal is not associated with an autophagosome. By choosing a region in-between these
two contrasting levels of intensity, spots are visible only where autophagosomes are

present in the fluorescent image (Figure 3.4C).

3.3-b) Vesicle rendering using the ‘surface border function’ to generate

different spot sizes.

Once spots have been identified the software can render pixels to provide a surface to
the puncta that allows diameters to be calculated. The aim of this process is to set the
border between the cluster of pixels that represent the fluorescent puncta and
background fluorescence. Figure 3.5A indicates selection of a region of interest, which
contains fluorescent puncta. In Figure 3.5B fluorescent puncta are analysed using the
‘Render function’ in Imaris. The annotation of puncta with white pixels is where borders
of the fluorescent puncta are compared to the background signal, and produce rendered
puncta, which contain numerical data associated with its corresponding fluorescent
image. The rendered spots are shown to the right of each fluorescent image from 3.5Bi-
iii, where the final decided upon spot border is shown in 3.5Biii. By using local contrast,
the software can differentiate puncta less than 0.3 pm in diameter, green those of about

0.5um, and red puncta 1pm or more in diameter. To the far right of each row is a higher
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magnification of render. Figure 3.5B-i shows that when spot detection is restricted to
puncta of high intensity to the right of the line graph, the border between puncta and

background is set too high

Spot Detection
Spot Detection
B ) 8 _ C ) Estinated XY Diameter: 6.00 um
Estimated XY Diameter: 0.100 um
.
I .o
D ) Spot Detection E ) Spat Detection
Estimated XY Diameter: 0.500 um Estimated XY Diameter: 0,700

Figure 3.3 - Use of the ‘spot selection’ function in Imaris to analyse LC3 puncta. Panel A
shows the fluorescence signal from endogenous LC3 staining of Vero cells starved in HBSS for 4
hours (Ai). The region of interest is shown at higher magnification in panel Aii. Panels B-E
show how the same image can be processed in different ways. Each panel shows the Imaris
software window on the left, indicating the size of signal the software will search for. The
central image (i) shows the signal after the software has attempted to find spots, with a zoom of
the same region in each panel shown on the right hand side (ii). Panel 3B shows the spot
detection set at 0.1um. Panel 3C shows the spot detection set at 6 um. Panel 3C shows the spot
detection set at 0.5 um and Panel 3D shows the spot detection set at 0.7 pum.
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Figure 3.4 - Refining the use of the ‘spot selection’ function in Imaris to analyse LC3
puncta. The left hand of each panel shows the Imaris software indicating the fluorescence signal
as a line graph of the pixel densities detected in the image seen to the right. In Panel A, the
signal chosen for spot detection is restricted to the right of the line graph. The digital zoom
show the spots found in this instance with a white square overlay. In Panel B the signal chosen
for spot detection extends towards the left of the line graph. Panel C shows analysis after an
intermediate region of the line graph is used for spot detection.
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. Many spots seen in the fluorescent image fail to be identified and the border,
identified by white pixels superimposed over the digital fluorescent image (green),
which to reach the edge of the puncta. When this information is used to generate a
rendered image there are low numbers of small diameter (blue and green) puncta. In
contrast, Figure 3.5B-ii shows that when the intensity selection is set too low the white
pixel spots extend beyond the perimeter of the puncta (green) and are found within the
background fluorescence. All puncta appear large (red) in the rendered image. By
choosing a region in-between these two contrasting levels of intensity (Figure 3.5B-iii),
spots are located to fluorescent puncta and extend to the perimeter of the puncta. They
do not move into the background fluorescence and are only present in the fluorescent

image.

3.4) Tracking fluorescent puncta during live cell imaging.

Spot detection and rendering can be applied to analysis of images taken during
timelapse microscopy of cells expressing GFP-LC3 to visualise autophagosomes. Again,
the user is given options to allow the software to track rendered puncta over time. To
begin tracking, autoregressive or Brownian motion can be used to assess the movement
of vesicles in the fluorescent image. Brownian motion allows the software to detect
random movement, and autoregressive motion allows the software to see movement of
spots in a direction, by comparing the spot in relation to spots nearby in previous and
later frames of the video. Figure 3.6A compares autoregressive (ii) and Brownian (iii)
motion using the same movement restrictions on a live cell video of GFP-LC3 puncta in

Vero cells. This shows that the autoregressive motion parameter can keep track of
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Figure 3.5 - Rendering LC3 puncta by generating appropriate spot borders. Panel A shows a
x63 fluorescence image taken from Vero cells starved for 4 hours in HBSS and immunostained for
LC3B. The region of interest is presented as a digital zoom on the right. Panel B shows how the
software is used to set spot borders and the same image is used for each analysis. The software box
is shown in the top left of the first image in each series and a digital zoom of a region of interest
(white box) is shown in the second image. The third and fourth images show corresponding
rendered images. The rendered spots are colour-coded using heat maps so the smallest spots are
blue (0.1um), mid-sized spots (0.5 um) are labelled green, and larger spots (0.75-1 um) are labelled
yellow, orange and red. Panel B-i shows an example where the border is set small and all puncta are
blue. In panel B-ii the border is set wide and puncta are red regardless of size. Panel B-iii shows
the rendered spots generated when an intermediate region of the fluorescence intensity graph is
used to generate rendered spots.
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movement of the vesicles whereas the Brownian motion parameter loses the track after
short time. If the track function fails to follow the pathway of movement, the software
allows the user to join tracks.

In Figure 3.6B, a track is lost for one vesicle between frame 1(3,6B-i) and 2 (3.6B-ii), but
then joined in frame 3.6B-iii to extend the duration of tracking so the track is
representative of the vesicles movement. Tracking puncta between frames requires the
user to select restrictions on the greatest distance vesicles can move between frames
(Figure 3.7). If this were not restricted the software would connect all puncta between
frames. In Figure 3.7A, spot distance is set at 0.2um (Figure 3.7A-i) or 20pum (Figure
3.7A-ii) for tracking puncta, with the lines overlaying the fluorescent image signifying
the movement of a vesicle, as predicted with Imaris software. When movement is
restricted to 0.2um, no track is added to the vesicle, indicating that Imaris has not
calculated spot movements using this distance. When the distance between frames is
made too large at 20um, aberrant tracks appear at right angles to the direction of travel
(arrow heads), thus, movement has been added that is

not from the vesicle present in this region of interest. Figure 3.7A-iii represents a track
when the maximum distance is kept at 3um and tracking continuity is maintained,
representing the movement of the vesicle within this region of interest. This number fits
in with predicted 3um/10 second distance travelled calculated previously for
movement of autophagosomes via microtubule association (Fass et al, 2006).

Figure 3.7B shows how the user can edit the fluorescent track by changing the period of
time (gap size) before the software considers that the object has disappeared or before
a new track is given to the vesicle. This option allows a vesicle to go out of frame for a

number of images in a timelapse and then be recovered. When no gap size selected, the
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track can sometimes appear shorter than the actual movement of the vesicle (Figure
3.7B-1), and when the gap size is too large (20 images in succession in a timelapse), too
many tracks are seen, because the software is unable to differentiate accurately
between spots in the video (Figure 3.7B-ii, arrows). When a maximum gap size is set at

1 frame, the track lasts the lifetime of the vesicle.

3.5) Analysis of protein colocalisation using Imaris software.

After spots have been rendered and tracked with Imaris software, colocalisation
analysis can be performed on fluorescent images taken from different fluorescent
channels. LIR protein p62 (Chapter 1.5) facilitates the delivery of ubiquitinated proteins
to autophagosomes (Pankiv et al, 2007, Bjgrkgy et al, 2009) and an analysis of the
degree of co-localization between SQSTM1/p62 and LC3 can be used to see if
autophagosomes take up autophagy cargoes. The fluorescent image used in Figure 3.8
A-C is displayed firstly as single channel images of LC3B (A: green 454nm), SQSTM1 (B:
red 588nm) and a merge of both (C). All images also contain the nuclear stain DAPI to
show the different cells in the image. Rendered fluorescent puncta (as previously
described for Figures 3.3-3.5) are shown in Figure 3.8 D-F. The statistical information
on the degree of co-localization can be determined by searching for rendered vesicles,
which contain fluorescence signals from the other channel the user is interested in. The
‘filter option’ of Imaris checks the fluorescence intensity of another channel within the
rendered puncta it has already found. For example, Figure 3.8, Panels G, H and I show
puncta that have been allocated as colocalised (yellow) with the other fluorescent
channel. The merged image (I) displays a representative rendered containing yellow

colocalised puncta

Page | 77



A) i) GFP-LC3 ii) Autoregressive motion iii) Brownian motion

% :

=
=

B) i) Frame 1 i) Frame 2 iii) Frame 2b

0

““‘!‘!!“““‘

Figure 3.6 - Tracking GFP-puncta during live cell imaging. Vero cells were transduced with
GFP-LC3 adenovirus and imaged by live cell imaging confocal microscopy. Time lapse images
were collected. Panel A-i. Fluorescence signal from GFP puncta at the start of the time lapse
with a digital zoom of region of interest shown below. Panel A-ii shows the image rendered
using Imaris and tracked through the time lapse with autoregressive motion feature. The track
is shown by the blue line (arrow head). Panel A-iii shows the rendered image tracked through
the time lapse with Brownian motion feature. Panels Bi-iii track specific GFP puncta with

autoregressive motion. The tracks are superimposed over the fluorescence image and colour
coded with a heat map so the start of the track is blue and the end red. The tracks in frame 1
(Bi) and frame 2 (Bii) have been joined in frame 2b (BIiti).
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Max Distance 0,200 Max Distance  20.0 Max Distance 3,00

Max Gap Size 1 Max Gap Size 1 Max Gap Size 1

B Parameters Parameters Parameters
Max Distance 3.00 Max Distance 3.00 Max Distance 3.00
Max Gap Size 0 Max Gap Size 20 Max Gap Size 1

Figure 3.7 - Editing tracks by changing the maximum distances and times tolerated
between images in a timelapse video. GFP puncta were imaged in Vero cells transduced with
adenovirus expressing GFP-LC3. GFP puncta were tracked through the time lapse series and the
fluorescent images, with the lines overlaying the fluorescent image indicating the predicted
movement of a puncta tracked by Imaris. The Imaris software box showing the parameters set
appears above each image. Panel A. Adjusting distance tolerated between frames. Panel Ai
shows the track distance set at 0.2um. Panel Aii shows the track distance set at 20pum, and Aiii
shows the track distance set at 3um. Panel B. Adjusting the time tolerated between frames.
Panel Bi shows the track when the gap size is 0 frames. Panel Bii shows the tracks present
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when the gap size is 20 frames, and Panel 3Biii shows the tracks present when the gap size is 1
frame. Scale bars = 2um.

B) SQSTM1
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“ SQSTM1
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Figure 3.8 - Assessing colocalisation between two fluorescent signals using Imaris. Vero
cells starved in HBSS for 4 hours were immunostained for LC3B in green (A) and SQSTM1 in red
(B), with the merge shown in C. Nuclei were also stained with DAPI in blue. Panels D-F show
corresponding renders of spots generated from fluorescence signals. The renders of
corresponding merged images are shown in panels G-I with colocalised pixels indicated in
yellow after filtering for high levels of fluorescent signal from the reciprocal immuno stain. Scale

bars = 8um.
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3.6) Summary

The figures displayed here show the use of the image analysis software, Imaris, to
successfully analyse the puncta seen by targeting the autophagy protein LC3B, and
associated autophagy markers, within starved cells. We have previously used this to
quantify autophagosome number and size in a paper by Berryman et al (2012). By
assessing many different cell lines we could see that autophagosomes within cells
appeared more numerous, and larger across all cell lines when starved for 4 hours
compared to nutrient media, regardless of if the cells were immunostained for LC3B, or
expressing GFP-LC3. We found that when restricting the software to only search for
strong fluorescence, we could find the correct number of autophagosomes present
within a fluorescent image. Again with realistically assessing the fluorescent image at all
times, and choosing borders around the fluorescent puncta that represent the sizes
shown in the fluorescent image, we could generate numerical data on sizes of
autophagosomes. The GFP-LC3 signal used to mark autophagosomes in live cell imaging
could also be tracked, which will again allow for generation of datasets on distances
moved and lifetimes of vesicles seen in time lapse microscopy. The editing shown here
to change the distances a spot can move, and allowing for tracks to be joined after they
are generated, gives this flexibility to generate a representative dataset. Editing of the
spots generated can also mean colocalisation analysis could be performed. The analysis
displayed here means that number of autophagosomes interacting with other
autophagy signals, here SQSTM1, means that this can be explored further in a more
intricate autophagy assessment within cells by starvation or other autophagy inducing

conditions.
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Chapter 4 - Quantitative analysis of autophagosomes formed during starvation.

4.1) Aims
The aims of this chapter are to generate digital datasets from LC3 puncta to provide a

quantitative analysis of LC3 puncta formed during a starvation time course.

4.2) Use of LC3B as a marker for autophagosomes.

In the mammalian Atg8 family, there are 3 forms of LC3 (LC3A, B and C) which localise
to autophagosome membranes during starvation. These are all expressed within
mammalian cells (He et al, 2003). All forms localise to the autophagosome membrane,
after being cleaved at the C terminus (LC3-I), and conjugated with
phosphatidylethanolamine (LC3-II). LC3B antibody staining was chosen for this study
because is the most widely used for tracking autophagosomes generated during
starvation. The use of antibodies directed against LC3B during starvation has been
shown to convey the best LC3 I to LC3II conversion by western blot. LC3B also shows
increased LC3B puncta after starvation by immunostaining (Klionsky et al, 2008). The

rat sequence of LC3B was used to generate GFP-LC3 for live cell imaging.

4.3) Live cell analysis of autophagy and autophagosome lifetime

Early research into autophagosome dynamics indicated that vesicles could last around
ten minutes. This was found using electron microscopy images of insulin treated mice,
and seeing the decrease in autophagosomes over time. The half-life of the drop of
vesicles was termed the lifetime of the autophagosomes present (Pfeifer et al, 1978).
More intricate forms of analysis of autophagosome lifetime have been performed using
fluorescent microscopy of GFP tagged LC3. Using GFP-LC3 transgenic mice, where GFP-
LC3 is expressed within all cells of the mouse, Mizushima et al (2004) observed

starvation induced autophagy within cells from the liver, muscles and pancreas.
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Pancreas cell-derived autophagosomes increased in size and number during 24 hours of
the mouse starving. The work also served to indicate that overexpression of GFP-LC3
did not affect the autophagy signal within cells. Over expressing GFP-LC3 within F9
teratocarcinoma cells still caused the development of autophagosome rings after 2
hours of starvation, even with 10x greater LC3 expression compared to control cells.
Thus, even if the expression of GFP-LC3 within cells was greater than the expression of
LC3B, it should not have affected the autophagy output visualised in this study.
Quantification of autophagy upregulation was performed in this study by visually
counting puncta number in a field of view in each mouse organ, with sizes and shapes of
autophagosomes described but not quantified.

Jahriess et al, 2008, have used live cell imaging of autophagosomes within cell lines to
establish a framework for autophagosome dynamics within cells lines. They used
mCherry LC3 tagged autophagosomes within flat, thin cells to track movement across
time either lifetime, or distances moved of vesicles. The vesicles moved towards
lysosomes after being formed randomly, and many colocalised with microtubules,
indicating this as a method for transport of these vesicles across cells, with knockdown
in microtubule motor protein dynein causing a loss in the organised movement seen in

control cells which did not contain this knockout cells.

4.4) Monitoring lysosomes for autophagy research.

Monitoring of lysosomes in relation to autophagosomes can give an idea of the activity
of autophagosomes within cells. As the lysosome is the end point for all
autophagosomes, where their content is degraded, tools to monitor them can be utilised
with autophagosomes. Research by Gannagé et al (2009) used two methods to monitor

autophagosome/lysosome interactions in cells. lysosomes were tracked with
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Lysotracker red, which accumulates within acidic vesicles before fluorescing, and

compared this to Lamp1 staining, a lysosome membrane protein(Gannagé et al 2009).

4.5) Pixel density analysis of Autophagosome puncta in fixed cells using Imaris.
4.5-a) Pixel density analysis of LC3b puncta within cell lines

Pixel density analysis was used to analyse autophagosomes generated within different
cell lines in response to starvation in HBSS. Autophagosomes were identified by
immunostaining for endogenous LC3B (Vero, Caco2) or by analysis of GFP-puncta in
CHO cells stably expressing GFP-LC3 (CHO LC3 cells). For all cell types, a fluorescent
image at x63 is shown, with an Imaris rendering placed below this image. Zooms of
regions of interest are shown to the right of each x63 image. Figure 4.1 shows analysis
of CHO cells expressing GFP-LC3. The numbers of LC3 puncta were low in cells in
nutrient media (11.5 +/- 10) compared to nearly quadruple the number of
autophagosomes after 4 hours in HBSS (38 +/- 13.6).

An analysis of the average diameter of LC3 puncta in CHO cells found that the
autophagosomes formed in cells in nutrient media appeared small (blue render
indicating 0.49 pum +/- 0.08), and that diameters increased following 4 hours in HBSS

(0.68 +/- 0.06) The proportion of autophagosomes rendered in red indicating diameters

Page | 85



A) Nutrient Media B) 4hr HBSS

F

-

B oo 1008
9 3
xd
2
g 60
$ 50
2
2 40
5
£ 30
o
2 20
£
2 10
0
Full Media 4hr HBSS
ii)
g iii)
3 08 g 40
> 3
£ Q
£ o6 S 30
& g
5 04 § 20
£ S
3 @
S 02 5 10
- =1
o ©
5 5 o A
a ES
Full Media 4hr HBSS Full Media 4hr HBSS

Figure 4.1 - Quantitative analysis of LC3 puncta formed in response to starvation in CHO
cells expressing GFP-LC3. CHO cells stably expressing GFP-LC3 were maintained in nutrient
media (A) or starved in HBSS for 4 hours (B). Cells were fixed and permeabilised and incubated
with DAPI to show nuclei. The left top panel shows GFP fluorescence imaged using a x63
objective and top right panels show a digital zoom of the region of interest. The lower panels
show GFP signal rendered using Imaris software. Rendered vesicles were colour coded using a
heat map where small vesicles (0.2um) are blue, medium sized vesicles (0.5um) are coloured
green, and large vesicles are colour coded yellow, orange or red (0.7-1.0 um). Rendered puncta
were examined from 220 cells per time point and plotted with the error bars of standard
deviations of standard deviations allowing calculations of mean numbers and diameters of
autophagosomes within cells (Panels C and D). Scale bars = 10pm.
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Figure 4.2 - Quantitative analysis of LC3 puncta formed in CaCo2 cells in response to
starvation. CaCoZ2 cells were maintained in nutrient media (A) or starved in HBSS for 4 hours
(B). Cells were fixed and permeabilised and immunostained for endogenous LC3B (green) and
incubated with DAPI (blue) to show nuclei. The left top panel shows fluorescence imaged using
a x63 objective and top right panels show a digital zoom of the region of interest. The lower
panels show fluorescence signal rendered using Imaris software. Rendered vesicles were colour
coded using a heat map where small vesicles (0.2um) are blue, medium sized vesicles (0.5um)
are coloured green, and large vesicles are colour coded yellow, orange or red (0.7-1.0 pm).
Rendered puncta were examined from =20 cells per time point and plotted with the error bars
of standard deviations allowing calculations of mean numbers and diameters of
autophagosomes within cells (Panels Ci-iii). Scale bars =10um.
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Figure 4.3 - Quantitative analysis of LC3 puncta formed in Vero cells in response to
starvation. Vero cells were maintained in nutrient media (A) or starved in HBSS for 4 hours
(B). Cells were fixed and permeabilised and immunostained for endogenous LC3B (green) and
incubated with DAPI (blue) to show nuclei. The left top panel shows fluorescence imaged using
a x63 objective and top right panels show a digital zoom of the region of interest. The lower
panels show fluorescence signal rendered using Imaris software. Rendered vesicles were colour
coded using a heat map where small vesicles (0.2um) are blue, medium sized vesicles (0.5pum)
are coloured green, and large vesicles are colour coded yellow, orange or red (0.7-1.0 pm).
Rendered puncta were examined from =20 cells per time point and plotted with the error bars
of standard deviations allowing calculations of mean numbers and diameters of
autophagosomes within cells (Panels C i-iii). Scale bars = 5um.
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>(0.75 pm, were also compared. Only 2.9% of LC3 puncta were greater than 0.75 pm in
cells in nutrient media compared to 38% in cells incubated in HBSS for 4 hours.
Figures 4.2 and 4.3 demonstrate similar analysis of Caco2 cells, (Figure 4.2) and Vero
cells, (Figure 4.3) immunostained for endogenous LC3B. Average autophagosome
numbers and diameters are shown in the bar graphs in C of each Figure.
Autophagosome numbers were low in nutrient media (Caco2: 8.5 +/- 6.1, Vero 18.3 +/-
3) but then increased after incubation in HBSS. Autophagosome diameters again
increased with starvation as did the percentage of autophagosomes reaching >0.75 pm
or greater. This increased from 5.7% in Caco2 cells in nutrient media, to 61.4% after 4
hours in HBSS. For Vero cells, there was also an increase in the number of
autophagosomes reaching >0.75um or greater after 4 hours in HBSS. (75% compared to

2.3% in nutrient media).

4.5-b) Pixel density analysis of puncta containing early autophagosome
marker WIPI2.

Early autophagy marker WIPI2 binds PtdIns(3)P and co-localises with DFCP-GFP during
autophagosome formation and is a marker for omegasomes (Polson et al, 2010). This
allows immunostaining for WIPI2 to indicate early autophagosomes. As Figure 4.4
indicates, Imaris analysis of WIPI2 puncta shows low numbers in Vero cells in nutrient
media (6.7 +/-0.75 pm) and rendering showed they were of small diameter (0.43um +/-
0.17). After 4 hours in HBSS, WIPI2 puncta increased in number (12.2+/-5.6) and size
(0.72 +/- 0.18) compared to nutrient media. Thus, increases in size and number

following starvation could be seen for an early stage autophagy protein.
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Figure 4.4 - Quantitative analysis of WIPI puncta formed in Vero cells in response to
starvation. Vero cells were maintained in nutrient media or starved in HBSS for the indicated
times. Cells were fixed and permeabilised and immunostained for endogenous WIPI2 (red) and
incubated with DAPI (blue) to show nuclei. Panel A. Vero cells were immunostained for WIPI2
(red) and stained with DAPI to show nuclei. The top images show fluorescence signal and the
lower images show puncta rendered using Imaris. Rendered vesicles were colour coded so that
small vesicles (0.2um) are blue, medium sized vesicles (0.5pum) are coloured green, and large
vesicles are colour coded yellow, orange or red (0.7-1.0 um). Panel B Rendered puncta were
examined from =20 cells per time point and plotted with the error bars of standard deviations
allowing calculations of mean diameters (B-i), numbers of puncta per cell (B-ii) and changes in
puncta diameter (B-iii). Scale bars = 5um.
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4.5-c) A comparison of LC3 puncta detected through immunostaining of
endogenous LC3 in fixed cells with GFP-LC3 puncta generated in living cells.

GFP-LC3 will be used in subsequent experiments described in this thesis to characterize
autophagosomes in living cells. It was therefore important to show that expression of
GFP-LC3 did not induce LC3 puncta alone. The above experiments showed that it was
possible to identify autophagosomes in fixed cells by immunostaining for endogenous
LC3B, and in live cells by following GFP-LC3. The next experiments carry out a side-by-
side comparison of GFP- puncta and LC3 puncta in the same cell type. To do this, Vero
cells were transduced using an adenovirus expressing GFP-LC3 (Figure 4.5A), or fixed
and then immunostained for endogenous LC3B (Figure 4.5B) . Pixel density analysis of
cells incubated in nutrient media, or starved for 4 hours in HBSS, are compared in
Figure 4.5. A comparison of data collected from 67 Vero cells shows that the diameters
of the autophagosomes in nutrient media do not differ (0.53um +/- 0.15 in fixed cells
compared to 0.56um +/- 0.16 in live cells), or in cells starved for greater than 3 hours
(0.93pum +/- 0.17 in fixed cells compared to 1.0um +/- 0.36 in live cells) by using the two

different forms of analysis.

4.6) Analysis of autophagosomes at different time points during starvation

4.6-a) Analysis of numbers and diameters of LC3 puncta at different time
points during starvation.

During analysis of several Imaris-rendered images, it was noted that the larger diameter
LC3 puncta (orange-red) were seen in cells starved in HBSS for 4 hours, but were not
present in cells incubated in nutrient media. The time course of appearance of large
LC3 puncta was therefore determined. Figures 4.6 shows analysis of autophagosome

number and diameter in CHO cells expressing GFP-LC3 (Figure 4.6A) and Caco2 cells
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Figure 4.5 - A comparison of LC3 puncta in Vero cells generated by immunostaining for
LC3B or Live cell imaging of GFP-LC3. Panel A. Vero cells were transduced with adenovirus
expressing GFP-LC3 and maintained in nutrient media (i) or starved in HBSS (ii) for 4 hours as
indicated. The fluorescence signal from GFP-LC3 (green) was captured by live cell imaging.
Panel B. Vero cells were maintained in nutrient media (i) or starved in HBSS (ii). Cells were
fixed and immunostained for endogenous LC3B (green) and incubated with DAPI to show nuclei
(blue). In each panel, the top left quadrant shows the image of a cell, with a digital zoom of the
region of interest in the top right quadrant. Imaris renders are presented below corresponding
fluorescence images. Rendered puncta were colour coded so that small vesicles (0.2um) are
blue, medium sized vesicles (0.5pum) are coloured green, and large vesicles are colour coded
yellow, orange or red (0.7-1.0 um). Panel C. Rendered puncta were examined from =20 cells per
time point and plotted with the error bars of standard deviations allowing calculations of mean
diameters (C-i), numbers of puncta per cell (C-ii) and changes in puncta diameter (C-iii). Scale
bars = 5um.
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Figure 4.6 - Comparison of LC3 puncta diameters and numbers in CHO cells and CaCo2
cells. Cells were maintained in nutrient media (i) or starved in HBSS for one hour (ii) or 4
hours (iii) as indicated. Panel A. CHO cells expressing GFP-LC3 were fixed and analysed for
fluorescence signal from GFP (green) and incubated with DAPI to show nuclei (blue). Panel B.
CaCo2 cells were fixed and immunostained for endogenous LC3B (green) and incubated with
DAPI to show nuclei (blue). In each panel, the top left quadrant shows the image of a cell, with
a digital zoom of the region of interest in the top right quadrant. Imaris renders are presented
below corresponding fluorescence images. Rendered puncta were colour coded so that small
vesicles (0.2pm) are blue, medium sized vesicles (0.5pum) are coloured green, and large vesicles
are colour coded yellow, orange or red (0.7-1.0 um). Rendered puncta were examined from =20
cells per time point taken, and plotted with the error bars of standard deviations allowing
calculations of average diameters of average diameters (iv) number of puncta per cell (v) and
change in diameters during starvation (vi). Scale bars = 10 pm.
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(Figure 4.6.B) in nutrient media (A), after 1 hour in HBSS (B) and 4 hours in HBSS (C).
The GFP-LC3 signal was rendered and colour coded using a heat map where blue
represents puncta less than 0.3 pm, green those of about 0.5pum, and yellow, orange and
red puncta 0.75um or more in diameter. The rendered images indicate that yellow and
orange puncta (0.7-0.9um) were absent from control cells in nutrient media but were
first seen following 1 hour in HBSS. The bar graphs in both Figure 1 and 2 show that
numbers of LC3 puncta increase with time, as do their average diameters, and
proportion of puncta with a diameter greater than 0.75um.

The experiment was repeated using Vero cells analysed at increasing times between 1-5
hours of starvation with HBSS. Cells were immunostained for endogenous LC3B (Figure
4.7A) and pixel densities present in LC3 puncta were rendered by Imaris software
allowing statistical analysis. As seen for CHO and Caco2 cells, large LC3 puncta were
absent from early time points and first appeared between 1 and 2 hours. After 4 hours
of starvation rendered puncta were mainly orange or red indicating diameters of 20.75-
1 um. The size of mature autophagosomes calculated from electron micrographs is
around 1um, so the pixel rendering analysis generating red spheres correlates well with
accepted dimension of autophagosomes (Muzishima et al, 2002). An analysis of
autophagosome numbers showed that Vero cells have higher numbers of LC3 puncta at
1 hour of starvation (Figure 3Bii, 37.2+/- 7.2) compared to 3 hours of starvation (14.7
+/- 3.1). However, the puncta diameter is still small at 1 hour in HBSS (0.54pum +/-0.08)

compared to 4 hours of starvation (0.91um +/-0.12)
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Figure 4.7 - Analysis of LC3 puncta in Vero cells at increasing times after starvation. Vero
cells were maintained in nutrient media or starved in HBSS for increasing times as indicated.
Panel A. Cells were fixed and immunostained for endogenous LC3B (green) and incubated with
DAPI to show nuclei (blue). The top images shows the fluorescence image from the cell and
Imaris renders are presented below corresponding fluorescence images. Rendered puncta were
colour coded so that small vesicles (0.2um) are blue, medium sized vesicles (0.5um) are
coloured green, and large vesicles are colour coded yellow, orange or red (0.7-1.0 um). Panel B.
Rendered puncta were examined from =20 cells per time point and plotted with the error bars
of standard deviations allowing calculations of average diameters (i) number of puncta per cell
(ii) and change in diameters during starvation (iii). Scale bars = Sum.
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4.6-b) Analysis of numbers and diameters of WIPI and SQSTM1/p62 puncta
at different time points during starvation.

Autophagosomes form from the ER and originate from omegasome intermediates,
which recruit WIPI2 (Hayashi-Nishino, 2009.Matsunaga, 2010). Figure 4.8A shows
examples of Vero cells immuno-stained for endogenous WIPI2 at increasing times after
starvation. The numbers and diameters of WIPI2 puncta followed a trend similar to
that seen for LC3B staining in Vero cells. The diameters of WIPI puncta were low at
early during starvation at 1 hour (0.45pm +/- 0.01) and increased with 3 hours of
starvation (0.79um +/- 0.13). Also, numbers of WIPI2 puncta peaked at 2 hours (19.6
+/-9.7) and then declined.

Autophagic flux is the movement of cytoplasmic content into autophagosomes and
transport to lysosomes for degradation. SQSTM1 binds LC3, and facilitates
incorporation of ubiquitinated proteins into autophagosomes (Pankiv et al,

2007). Figure 4.9 shows cells double stained for SQSTM1 (red) and LC3 (green) and
vesicles containing both green and red signals represent SQSTM delivered to
autophagosomes. The fluorescent images have been rendered to show green LC3 and
red SQSTM1 rendered vesicles, with colocalised vesicles in yellow. Zooms show regions
of interest across all conditions. As Figure 4.9 indicates, Vero cells immunostained for
both LC3 and SQSTM1 maintained in nutrient media have lower percentages of SQSTM1
puncta colocalising with LC3 puncta (29%), when compared to after 1 hour HBSS
(64.9%) and after 4 hours of HBSS (68.4%).. The sizes of SQSTM1puncta on average do
not appear to increase to the same extent as LC3 at later stages of starvation, only
reaching 0.57um compared to their LC3B vesicles (0.75um) after 4 hours of HBSS

during these experiments.
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Figure 4.8 - Analysis of WIPI2 puncta in Vero cells at increasing times after starvation.
Vero cells were maintained in nutrient media or starved in HBSS for increasing times as
indicated. Panel A. Cells were fixed and immunostained for endogenous WIPI2 (red) and
incubated with DAPI to show nuclei (blue). The top images shows the fluorescence image from
the cell and Imaris renders are presented below corresponding fluorescence images. Rendered
puncta were colour coded so that small vesicles (0.2um) are blue, medium sized vesicles
(0.5um) are coloured green, and large vesicles are colour coded yellow, orange or red (0.7-1.0
um). Panel B. Rendered puncta were examined from 220 cells per time point and plotted with
the error bars of standard deviations allowing calculations of average diameters (i) number of
puncta per cell (ii) and change in diameters during starvation (iii). Scale bars = 5um
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Figure 4.9- Colocalisation of LC3 with SQSTM1 within puncta formed at increasing times
of starvation. Vero Cells were incubated in nutrient media (Panel A), HBSS for 1 hour (Panel
B) or HBSS for 4 hours (Panel C), fixed and stained for LC3B (Green) and SQSTM1 (Red). Nuclei
were stained with DAPI in blue. Fluorescence images are shown to the left with digital zooms of
regions of interest. Corresponding rendered images renders are shown to the right. Panel D.
Rendered puncta were examined from =20 cells per time point taken from three starvation time
courses and plotted with the error bars of standard deviations allowing calculations of (i), the
average numbers of puncta per cell; (ii) the percentage colocalisation of LC3 and SQSTM1; (iii)
the diameters of SQSTM1 and LC3B puncta and (iv) the ratios of SQSTM1 puncta to LC3 puncta.
Scale bars = 7um
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lysosomes were identified in Vero cells by expressing a fluorescent-tagged lysosome-
associated membrane protein (Lamp1-RFP). Figure 4.10 shows the interaction of
lysosomes and autophagosomes in cells in nutrient media (Figure 5.5.a), after 1 hour of
HBSS (Figure 5.5.b) and 4 hours of HBSS (Figure 5.5.c). Imaris rendering identified LC3
colocalised with LAMP1 as yellow puncta. . The analysis of puncta containing both
signals was only performed for instances when LC3 colocalised with LAMP1-RFP. It
was not possible to identify LAMP1 puncta because the rendered images showed a

reticulum of LAMP positive vesicles and membranes that were difficult to resolve.,

4.6-c) Analysis of the lifetime of LC3 puncta formed at increasing times
following starvation.

Mature autophagosomes are reported to be approximately 1um in diameter (Mizushima
et al, 2002). The results above showed that LC3 puncta formed in nutrient media, or
after 1 hour in HBSS, had diameters less than 0.75um. This suggested that
autophagosomes formed during the first hour of starvation were unable to mature, or
that it takes between one and two hours for autophagosomes to reach diameters
>0.75um. This was tested directly by comparing time-lapse images of GFP-LC3 puncta
taken early or at late times following starvation. GFP-LC3 puncta formed in nutrient
media (figs 4.11 A, B) showed blue-green transition within 3 minutes suggesting a
diameter of 0.5um, and remained this size before disappearing. GFP-LC3 puncta formed
between 1 and 2 hours after starvation (figs 4.11.C, D) grew rapidly and could reach
diameters greater than 0.75um (orange) within 5 minutes. After 3 hours, vesicles were
able to grow to 0.75um (red) within 5 minutes of forming (figs 4.11E,F). In several cases
spherical LC3 puncta generated ring shaped vesicles of 21.0um before changing shape

and fading over a period of 8 minutes.
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Figure 4.10 - Colocalisation of LC3 and LAMP-1 within puncta formed at increasing times
of starvation. Vero cells were transfected with RFP LAMP-1 (Red). incubated in nutrient
media (Panel A), HBSS for 1 hour (Panel B) or HBSS for 4 hours (Panel C), fixed and stained for
LC3b (Green) Nuclei were stained with DAPI in blue. Fluorescence images are shown to the left
with digital zooms of regions of interest. Corresponding rendered images renders are shown to
the right. LC3b colocalised with RFP LAMP-1 is shown in yellow. Scale Bars= 7um.
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Autophagosome maturation was further analysed by plotting autophagosome lifetime
analysis against the maximum diameter of puncta. An analysis of 190 puncta from 9
different cells maintained in nutrient media (Figure 4.11G, I) showed that the bulk of
the vesicles were of low diameter (0.53 pm) and short lived (average: 135 seconds).
Analyses of 208 vesicles from 4 different cells, at between 3 and 5 hours of starvation,
showed that the puncta formed were of larger diameter and had varied lifetimes (Figure
4.11-G-iii) with some lasting 1500 seconds. Even so, the bulk of the puncta survived
less than 500 seconds (8 minutes). Figure 4.12 shows colocalisation analysis of Vero
cells expressing GFP-LC3 (green), and incubated with a live cell lysosome marker
Lysotracker (red). Videos of green and red puncta in nutrient media (Figure 4.12-A)
early (less than 30 minutes) HBSS (Figure 4.12-B) and late (greater than 3 hours) HBSS
(Figure 4.12-C). Larger autophagosomes and lysosomes are seen in later starvation. The
results on colocalisation with Imaris display that there are interactions of
autophagosomes with lysosomes as shown with Imaris renders of yellow spots in all
groups. This shows interaction of autophagosomes with lysosomes across all conditions
with this live cell technique, parallel to the analysis by fixed cells and LC3B staining in
Figure 4.10. Taken together, the data suggest that autophagosomes have similar
lifetimes regardless of period of starvation or size of autophagosomes, but
autophagosomes generated in nutrient media, or at early times after transfer to HBSS,

are unable to reach diameters 20.75um.

Page | 101



..
X c ¢ € € c e e

€J1
-dd9

0r-0T 00-80 0T-£0 0¢:S0 0€:€0 00:€0 00:-¢0 00-T0 0€:00 00-:00

0€-€0 (0) 240] 0T:¢0 0¢:10 0S:00 0€:00 00:00

SSAH Yce-T

BIP3IAl UL IINN UI

C e c

c c € c e £

w.

=1

(o]

Q.

Q

0€:80 0€:L0 0€:90 0€:90 [0133740] 0€:€0 0€:¢0 0€'T0 00:TO 0€:00 Q

Page | 102



208

®o0

08:30
12:00
10:00

b

Vesicle Diameter (Um)

08:00
)
11:55
! °
08:00

iii) HBSS 3hr>5hr

0.0

11:25
9
06:00

1500

o
o o
o
—

06:15

9
Diameter

+2000

[ 4
©
c
=}
o
Q

S) dWIIIRYI| B|DISIA

05:00

9

09:00
GFP
LC3 ‘
B 03:00
GFP:
Lc3
v
°
%0
o°
3
®

A
11:00

04:45

03:00
GFP-
Lc3
= y v
) 9
3 3 S
10:00
632
=382

n
D
L

]
04:00

)

02:15
02:00
Vesicle Diameter (Um)

J

03:25

01:30

i) HBSS 1-3hr

01:00

9

01:50

o o o o o
S) S) o S
v s | o n o n
s o~ —
8 © 4| - (spuoansﬁ dWI1941| 32ISIA
S J ]
) Lo L
8 U n —
g 8 § 5 ] 0 L w g
8 I —
@ =3 & o lh =
P
2
Q
£
Le g
g of = 2
8 L) Q@
T o
b ﬂoo C 5
= o o °(8%0 g
- °
c ° o n
k] S G
£ s
b
al SSEH Jyz-T Wi SSaH +iug W) SS8H+uE > X
=
<
o
o o o o o
o o o o
C] S ;m S 0w

— -
(Spuodas) awilLyl| 3|21SaA

Figure 4.11 - Time lapse imaging of LC3 puncta formed at different times following onset
of starvation. Vero cells were transduced with an adenovirus expressing mammalian GFP-LC3.
The following day the cells were transferred to HBSS and the time course of GFP-LC3 puncta
formation and decay was determined by time lapse imaging. GFP-LC3 puncta were tracked and
analysed using Imaris spot and render functions. The left-hand image on each panel identifies
the GFP-LC3 puncta of interest and shows its track during the time lapse as determined by
Imaris. Individual time lapse images are shown to the right and colour coded rendered images
are shown below corresponding fluorescence images. Small puncta (0.2pum) are blue, medium
sized puncta (0.5um) are coloured green, and large puncta are colour coded yellow, orange or
red (0.7-1.0 um). Time points are indicated in minutes. Panels A and B, nutrient media;
Panels C and D, 1-2 hour after transfer to HBSS and Panels E and F, 4 hours after transfer to
HBSS. Panel G Scatter plots show the lifetimes of GFP-LC3 puncta generated under the indicated
conditions plotted against maximum vesicle diameter. The vertical bar in each scatter graph
represents 0.752m, which would provide orange spheres in rendered images. (i) cells
incubated in nutrient media; (ii) cells transferred to HBSS from 1-3 hours and (iii) cells
incubated in nutrient media from 3-5 hours.
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Figure 4.12- Live cell imaging of the interacation of GFP-LC3 puncta with lysosomes
labelled with Lysotracker. Vero cells were transduced with GFP-LC3 adenovirus and
incubated in the presence of Lysotracker in; (Panel A) nutrient media, (Panel B) HBSS for less
than 30 minutes or (Panel C) HBSS for > 3 hours. In each panel merged fluorescent images are
presented at the top with GFP-LC3 in green, and Lysotracker in red. The GFP-LC3 and
Lysotracker images are rendered separately to give spot sizes (i) which are colour coded from
blue to red so the smallest autophagosomes are blue (0.1um), mid-sized autophagosomes (0.5
um) are labelled green, and large autophagosomes (0.75-1 pm) are labelled yellow, orange and
red. In (ii) the degree of colocalisation is calculated. The rendered puncta are red when not
colocalised, and yellow when colocalised. Images were taken on a Zeiss LSM confocal with an

Lysotracker-
Sizes . ™

x63 lens. Scale bars = S5um.
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4.7) Summary

To see if autophagosomes formed by starvation change in size or number, we quantified
starvation images of LC3 using the Imaris software described in detail in chapter 3.
Using 4 hours of HBSS starvation prior to fixation we saw clear changes in
autophagosomes shown in the previous chapter. The effect of 4 hours of starvation in
CHO-LC3 and CacoZ2 cells was an increase in both size of autophagosomes, number of
autophagosomes, and number of autophagosomes reaching above 0.75pum from
nutrient media. There was no statistical difference between numbers of puncta formed
in different cell lines but for CHO cells expressing GFP-LC3 and CacoZ2 cells there was a
significant increase in puncta after starvation (p=0.05). Average numbers of puncta
increased in Vero cells after starvation but there was a high and varied number of
puncta in cells in nutrient media and at a confidence level of 95%, numbers of puncta
were not significantly different. A similar analysis of puncta diameter (Figure 4.13)
showed that there was no statistical difference between puncta diameters across the
three cell lines, but there was a statistical increase in diameter following starvation for 4

hours.

k%

Diameter, pm

Cho-LC3

Figure 4.13- Average diameter of autophagosomes across cell lines from nutrient media,
to 4 hours of HBSS.

Vero cells followed a similar pattern in size increases, and percentage of

autophagosomes above 0.75pum. In comparison to previous work, Mizushima et al
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(2004) saw larger autophagosomes after 2 hours of nutrient starvation. We also
assessed the number and size of WIPI2 puncta in Vero cell. This early autophagosome
marker also cause an increase in sizes of autophagosomes, with autophagosomes
>(0.75um only being seen after 4 hours of starvation. By comparing the autophagosomes
produced by transducing Vero cells with GFP-LC3, and incubating in nutrient media and
4 hours of HBSS, we saw again that there was an increase in the average sizes of
autophagosomes produced.

Tracking of GFP-LC3 puncta with Imaris identified that the vesicles mostly lasted less than
1000 seconds (16.6 minutes) regardless of size or time point of starvation. Jahriess et al
(2008) also assessed lifetimes of autophagosome puncta within cell lines. They noted the
lifetime of vesicles to be around 13 minutes, which fits in with the timeframe of the
autophagosomes seen in Vero cell tracking of puncta within this research. By tracking
specific vesicles over time, we could see that these autophagosomes are rapidly turning over
in this timeframe, and that vesicles appeared to grow to over 1um with late starvation
(>3hours). In nutrient media and across starvation, these all co-localised with Lysotracker
when using Imaris software. We concluded that this meant that autophagosomes were not
persisting throughout starvation until 4 hours of HBSS, but were constantly being degraded at
the lysosomes throughout starvation.

The ability to use Imaris to quantify a visual image of autophagy using LC3B will now be

explored to assess autophagy within Isolated Gl epithelial organoid cultures.
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Chapter 5:

Analysis of autophagy in human biopsy

samples and mouse organoid cultures.
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Chapter 5 - Analysis of autophagy in human biopsy samples and mouse organoid

cultures

5.1) Aims.

Autophagy gene Atg16L1, and microbial sensor NOD2, have both been identified as risk
alleles for Crohn’s disease. The aims of this chapter are to see if it is possible to carry out
a quantitative analysis of autophagy in the context of Crohn’s disease by studying
primary gut epithelial tissue taken from human biopsy, or generated by mouse
intestinal organoid culture. If successful this will allow the effects of risk alleles on
autophagy to be studied in the context of Crohn’s disease by analysing human biopsy
material from Crohn’s disease patients and/or through studies of intestinal organoids

generated from mouse models of Crohn’s disease.

5.2) Development of gut organoid cultures.

The epithelium of the intestine regenerates every 4 to 5 days, with cells at the top of villi
being shed into the lumen. The epithelial layer is maintained by intestinal stem cells,
which produce all the cells within the epithelial wall. The stem cells are located at the
base of the crypt in the colon, or at the +4 position above the Paneth cells in the small
intestine, and differentiate into enterocytes (absorptive), enteroendocrine (hormone
releasing) and goblet (mucous secreting) cells (Reya et al, 2005). The

microenvironment (or stroma) around each crypt allows regulation of crypt formation.
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Figure 5.1 - The organisation of the small intestine and colon epithelia. In the small
intestine, paneth cells and LGR5+ cells reside at the base of the crypt. The stem cells here, and at
the +4 position produce transit amplifying cells which differentiate as they migrate up the crypt.
The differentiated cells include enterocytes, goblet cells and enteroendocrine cells. These
replace cells lost at the top of the villi, into the lumen of the small intestine. The colon (right)
contains LGR5+ stem cells at the base, which produce transit amplifying cells which
differentiate as they migrate up the crypt. The differentiated cells include enterocytes, goblet
cells and enteroendocrine cells.

The differentiation and movement of cells up the crypt and villus is largely dependent
on the Wnt-signalling cascade which is maintained by a Wnt gradient running from the
crypt base (high Wnt) to the villus tip (low Wnt). Activation of this pathway is indicated
by movement of (3 -Catenin into the nucleus leading to expression of ‘stem cell
maintenance’ proteins. BMP signalling has been implicated in maintaining stem cell self-
renewal by inhibiting the Wnt- 3-Catenin signalling pathway (He et al, 2004). Inhibitors
to BMP signalling such as Noggin are secreted from the myofibroblasts to inhibit this
Wnt signalling and maintain a constantly differentiating epithelial layer (Shaker et al,
2010). Maintenance of Wnt signalling ex vivo has been shown possible by R-Spondin,

which has been shown to enhance 8 Catenin signalling to the nucleus in stem cells of the
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crypt, much like Wnt does typically in all cells expressing the Wnt receptor on their
plasma membrane. In crypt stem cells, -Catenin nuclear localisation causes expression
of ‘stem cell maintenance’ proteins. R-spondin can bind to crypt stem cell specific
marker Lgr5, whose expression is controlled by Wnt signalling to the nucleus (Van Der
Filer et al, 2007). R-spondin is able to activate Wnt-signalling by binding Frizzled
receptor on the plasma membrane of stem cells in the crypt, initiating dissociation of
the destruction complex within the cell, to allow 3-Catenin to localise to the nucleus and
initiate gene expression (Sato 2009, de Lau, 2011). Sato et al (2009) found that
incubation of Lgr5 positive cells from murine small intestines, grown in media
containing R-spondin and Bmp inhibitor Noggin, can be used to grow full crypts and
maintain crypt organoid cultures. This is all without the stem cell niche present. As R-
spondin targets stem cells specifically to initiate 3-Catenin signalling, it can be used to
maintain this cell population in an ex vivo culture. Another important growth factor in
the maintenance of the epithelial layer of the GI tract is Epidermal Growth Factor (EGF).
EGF has been shown to induce small intestine epithelial cell proliferation within mice
(Malo et al, 1982), and Goodlad et al (1991) saw that mice fed with EGF had longer
crypt lengths than those without EGF.

Sato et al (2009) used the above information to formulate a medium to maintain Lgr5
positive stem cells ‘in vitro’ and from there generate SI organoids. The media contains
EGF, R-Spondin and the BMP inhibitor Noggin. Organoids are grown within a 3D matrix
termed Matrigel. This contains laminin and collagen 1V, and provides structural support
for epithelial cultures (Taub et al, 1990, Sato et al, 2009). The presence of laminin in the
Matrigel has been shown to be important in mimicking the normal crypt base
environment, which has high levels of laminin al and a2. Sato et al (2011), believe that

this prevents anoikis, cell death after detachment of cells from their extracellular matrix
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(ECM). Sato et al (2011) also found that human colon and small intestine organoids can

be generated using similar methods.

5.3) Growing 3D cultures of gut organoids.

As described above recent developments in stem cell research show that crypt-villus
organoids can be grown in 3D culture from mouse or human intestinal stem cells (Sato
etal 2009, 2011). Unlike transformed cells the organoids differentiate to make all 4
types of mature cells seen within the gut ‘in vivo’. This includes enterocytes, goblet
cells, enteroendocrine cells and Paneth cells. These cells are fully polarised with well-
defined apical and basolateral surfaces and form tight junctions and are contained
within crypt-villus structures with a 3 dimensional architecture similar as seen ‘in vivo'.
Organoids generated from small aggregates of stem cells and Paneth cells isolated from
mouse small intestinal crypts first form spherical cysts. The stem cells divide to produce
daughter cells that differentiate producing enterocytes, goblet cells, enteroendocrine
cells and Paneth cells while transit amplifying (differentiating goblet, enterocyte and
enteroendocrine) cells move to the villus tip, and as seen ‘in vivo’, undergo apoptosis

(Figure 5.1).
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Figure 5.2 - ‘In vitro’ culture of organoids from mouse small intestine. Panel A.
Representative diagrams of small intestine epithelia displaying crypts (base, squared off) and
villi (top). Stem cells are shown in yellow in the base of the crypts. Panel B. Crypts aggregates
are released by washing dissected small intestine in 2 mM EDTA and then filtered to remove
broken tissue and larger villi. The crypts are resuspended in Matrigel and incubated in growth
factors and form small spherical cysts (day 1). Cysts differentiate into organoids with obvious
crypt villus projections after 3 days. Representative phase contrast images are shown next to

diagrams. Scale bars = 50 um.
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5.3-a) Organoid culture from mouse intestine.

The production of mouse intestine organoids can be seen in Figure 5.2. Figure 5.2A
shows a schematic identifying the methodology for isolation of crypts from the small
intestine. The crypts are at the base of each villus, with the stem cells shown in yellow at
the base of each crypt. Crypts are isolated from this structure by incubation in 2mM
EDTA to chelate calcium followed by manual shaking in PBS. The crypts are then
resuspended in Matrigel and cultured with nutrient media containing the stem cell Wnt
signalling agonist R-spondin1, EGF and the BMP antagonist Noggin. Figure 5.2B shows a
diagram (left hand side) and a brightfield image (right hand side) of the development of
small intestine organoids. Crypts released at day 0, just after isolation, are shown in
Figure 5.2B-i, with small cysts being made from isolated crypts during this time. Larger
cysts appear at day 1 (Figure 5.2B-ii), and organoids containing new crypts, seen as
buds, are formed at day 3-post crypt isolation (Figure 5.2B-iii). Stem cells are shown in
yellow, and cells shed from the crypts into the lumen of the organoid following
apoptosis are shown in blue within the schematic diagrams.

Figure 5.3 shows an organoid culture of crypts taken from mouse colon. The colon
epithelium contains crypts but no villi, and the schematic in Figure 5.3A shows that
crypts also contain stem cells at their base (in yellow). These can also be isolated with
2mM EDTA, and manual shaking in PBS to release isolated crypts, which are then
resuspended in Matrigel containing Rspondin1, EGF, and Noggin. Figure 5.3B shows

colon crypts viewed by microscopy. The colon crypts are longer (100um) than those
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Figure 5.3 - ‘In vitro’ culture of organoids from mouse colon. Panel A. Representative
diagrams of colon epithelia displaying crypts (base, squared off) and villi (top). Stem cells are
shown in yellow in the base of the crypts. Panel B. Crypts aggregates are released by washing
dissected tissue in 4 mM EDTA and then filtered to remove broken tissue and larger villi. The
crypts are resuspended in Matrigel and incubated in growth factors and from small spherical
cysts (day 1) cysts differentiate into to organoids with obvious crypt villus projections after 3
days. Representative phase contrastimages are shown. Scale bars = 50pm.
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isolated from small intestine (30-50pum) On day 1, small numbers of spherical cysts
were present in the Matrigel, as shown with an *’ in Figure 5.3B-ii. However, most
crypts appeared to dissociate, as shown with a ‘+’in Figure 5.3B-ii. Unlike the small
intestinal cysts, the colon cysts did not form buds, indicating formation of new crypts, at
day 3. The colon crypts therefore underwent crypt to cyst transition, but failed to divide

and differentiate further.

5.3-b) Organoid cultures from human biopsy.

The organoid culture system was applied to human biopsy samples taken from small
intestine (Figure 5.4A) and colon (Figure 5.4B). Crypts were isolated using a similar
methodology to mouse crypt isolation, using 4mM EDTA instead of 2ZmM EDTA. It was
difficult to identify crypts within cell aggregates isolated from small intestine biopsies
however cysts were seen in the Matrigel at day 1 (Figure 5.4A-i) and day 2 (Figure 5.4A-
ii) post-isolation. The cysts did not form buds, indicating lack of formation of new
crypts. Human colon crypts were isolated from human biopsies and readily seen after
isolation (Figure 5.4B-i). These were much longer (500pm-1000pm) than those
isolated from mouse (100pm), and formed cysts when grown in human colon crypt
culture media containing Wnt3A (Figure 5.4b-ii,) The long crypt structures could be

maintained for at least 2 days in organoid media lacking Wnt 3A (Figure 5.4b-iii).

5.4) Analysis of autophagosomes within primary intestinal tissues.

Genes can be introduced into by transfection of plasmids. This can be done chemically,
by electroporation, or by using cationic lipids to capture negatively charged DNA and
enter the cell by fusing with the plasma membrane. Although transfection has been
shown to be possible in primary cultures (Maurisse et al, 2010), the efficiency of gene

expression is very low. It was therefore important to develop a different method for
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delivering GFP-tagged LC3 protein into organoid and crypt cultures. This section
describes the use of replication defective viruses for gene delivery into crypt cultures.
Replication defective adenoviruses are generated by removing E1 and E3 genes. The E1
genes are essential for replication and the deletion of E3 provides space for insertion of
‘trans genes’. Adenoviruses are generated using a ‘helper’ cell (AD293) that expresses
the missing E1 genes.

Kochl et al (2006) used GFP-LC3 expressing adenovirus to assess starvation-induced
autophagy within primary rat hepatocytes. Autophagosome numbers increased within 2
hours of starvation, demonstrating that viral transduction of primary tissue can be used
to study autophagy. This approach was therefore developed for visualisation of
autophagy in colon crypt cultures. LC3 puncta were visualised by confocal microscopy
and live cell imaging. This form of microscopy uses lasers to scan across the field of view
at a point-to-point basis; fluorophores are excited within the sample at a very selective
depth of view that eliminates much of the fluorescence above and below the region of
interest (Semwogerere et al, 2005). Thus, confocal microscopes can be used to take

images of cells within 3D structures.

5.4-a) Adenoviral transduction of organoids.

The overall aim of this part of the project was to visualise autophagy in crypts isolated
from human or mouse intestine. Figure 5.4A-i and 5.5A-ii show methodologies for
testing the effectiveness of adenovirus-mediated transduction of mouse or human small
intesine (i) or colon (ii) organoids. Isolation of crypts was performed in the same way as
previously described, but adenovirus-expressing GFP-LC3 was added at the point of

crypt re-suspension in Matrigel.
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Figure 5.4 - 'In vitro’ culture of crypt/organoids from human biopsy. Panel A. Crypts
aggregates were released from biopsies by washing in 4 mM EDTA. The crypts were
resuspended in Matrigel and incubated in growth factors. Panel A. Brightfield images of
material isolated from human small intestine biopsy cultured for one and two days. Panel B.
Brightfield images of material isolated from human colon biopsy cultured for one and two days
in the presence or absence of with Wnt3A as indicated. Scale bars = 50pum.
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Figure 5.5 - Attempted transduction of mouse crypt cultures with adenovirus expressing
GFP-LC3. Panel A. Representative diagrams of small intestine and colon epithelia displaying
crypts (base, squared off) and villi (top). Note the villi in colon are much shorter than those
seen in small intestine. Stem cells are shown in yellow in the base of the crypts. Crypts
aggregates are released by washing biopsy material in 2 mM EDTA. Adenovirus expressing GFP-
LC3 is added to crypts cultured in Matrigel. Panel B. Two mouse small intestine
organoid/crypt cultures are shown as brightfield images (i, iv) and corresponding confocal
images of the GFP fluorescence (ii, v). The region of interest in the epithelial layer of the crypts
shown is boxed and expanded to the right (iii,vi), with no fluorescence shown. Images were
taken with a Zeiss LSM confocal microscope with an x63 objective. Scale bars = 50um.

Figure 5.5B and C show mouse small intestine crypts at 3 days post isolation and viral
transduction. The crypt is shown in brightfield (Figure 5.5B-i), with the GFP channel
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Figure 5.6 -Transduction of human crypt cultures with GFP-LC3 Adenovirus. Crypt
aggregates were released by washing biopsy material in 4mM EDTA. Adenovirus expressing
GFP-LC3 was added to crypt aggregates cultured in Matrigel. Panel A. Human colon crypt
culture is shown as brightfield image (i) with corresponding confocal images of the GFP
fluorescence (ii). The region of interest is boxed and expanded to the right (iii). Panel B.
Human small intestine crypt culture is shown as brightfield image (i) with corresponding
confocal images of the GFP fluorescence (ii). The region of interest is boxed and expanded to
the right (iii). Images were taken with a Zeiss inverted brightfield microscope with a x40
objective. Scale bars = 50um.

Lack of GFP fluorescence in mouse organoids cultured with GFP-LC3 adenovirus is
shown in Figure 5.5B-ii,v, and a zoom of the green fluorescence within the epithelial
layer of the crypt in Figure 5.5B-iii, vi. After 3 days of growth, GFP signal was absent
from the epithelial cells of the crypts shown. However, green cells were seen in the
lumen of the crypt and could be seen shedding from the crypt (Figure 5.5 C-ii). These

green signals arise from the auto-fluorescence of apoptotic cells and were seen in crypt

cultures that had not been transduced with GFP-LC3 adenovirus (not shown).
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5.4-b) Adenoviral transduction of crypts cultured from human biopsy.

Figures 5.6A&B show adenovirus transduction of crypts isolated from human colon and
small intestinal biopsy following 24 hours of culture within Matrigel. The epithelial
layer of the human colon crypt is shown by brightfield microscopy (Figure 5.6A-i) and
the GFP-LC3 signal within an area of interest identified by the box is shown at higher
magnification in Figure 5.6A-ii and iii. Several cells expressing GFP-LC3 were identified
within the epithelial layer. The crypts isolated from small intestine formed cysts (Figure
5.6B-i). The lumen of the cyst showed auto-fluorescence but epithelial cells expressing
GFP-LC3 were identified (boxed area). A high magnification of the GFP-LC3 signal is
shown in Figure 5.6B-iii.

Human colon crypt cultures were analysed over three days of culture (Figure 5.7A).
Green cells were seen along the crypt axis, with this signal persisting throughout 3 days
of crypt incubation (Figure 5.7Ai-iii). To test the effectiveness of adenovirus-mediated
delivery of GFP-LC3 as a way to study autophagy within these small epithelial cells, the
crypt cultures were either incubated in nutrient media (Figure 5.7B-i), HBSS to remove
amino acids (Figure 5.7B-ii), or a combination in HBSS and lysosomal inhibitor
chloroquine to prevent degradation of LC3 (Figure 5.7B-iii). Crypts were fixed and
permeabilised, and viewed using brightfield optics with the fluorescence filters in place
to identify epithelial cells expressing GFP-LC3. Regions of interest are boxed and shown
at higher magnification in the lower panels. Small puncta were seen within cells in
nutrient media (Figure 5.7B-i). The numbers of puncta increased when crypts were
treated with HBSS (Figure 5.7B-ii), and showed brighter fluorescence in the presence of

chloroquine (fig5.7B-iii).
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Figure 5.7 - Generation of GFP-LC3 puncta following starvation of human colon
crypt cultures transduced with GFP-LC3 Adenovirus. Cryptaggregates were
released by washing colon biopsy material in EDTA. Adenovirus expressing GFP-LC3
was added to crypt aggregates cultured in Matrigel for the increasing times. Panel A.
Confocal microscopy images of the GFP fluorescence in human colon crypts maintained
in culture for indicated times Panel B. Human colon crypts maintained in culture for
three days were incubated in nutrient media (i), HBSS for 4 hours (ii), or HBSS for 4
hours in the presence of chloroquine (iii). The region of interest is boxed and expanded
to show individual epithelial cells (below). Images were taken with a Zeiss LSM confocal
microscope with an x63 objective.
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5.5) Summary.

Long term culturing of mouse and human mucosa in Laminin-rich Matrigel is a newly
defined methodology first displayed by Sato et al (2009). Firstly, we show here that
mouse small intestine organoids could be grown from crypts isolated from mouse small
intestine. Using their methodology colon crypts from mice did not persist or propagate
as cysts in the same timeframe after being grown in media containing growth factors.
We therefore used mouse small intestine to see if we could express GFP-LC3 signal
using an Adenoviral transduction method. This did not appear successful, as no cells
within the crypts after formation of organoids appeared to express the GFP signal. New
methods using Lentivirus incubation with crypt cells on top of matrigel, have become
available and will be used in future experimentation (Onuma et al, 2012). The human
crypt culture system favoured the growth of colon crypts above small intestine
organoids. The difference here is that the crypts were merely maintained over a lifetime
of a few days, compared to the mouse organoids, which made cysts that could form new
crypts over 3 days of growth within the Matrigel. However, the colon crypts maintained
in Matrigel could successfully be transduced with GFP-LC3 Adenovirus. Overexpression
of GFP-LC3 has previously shown no abberant autophagy signals within cells (Tra et al,
2011, Muzishima et al, 2008). As this fluorescent signal was seen across the whole crypt
axis we could therefore use this for later assessment of autophagy activation by
starvation, with autophagosomes seen within successfully transduced cells. The ability
to use this GFP-LC3 signal will give us the flexibility of assessing autophagy within fixed
and live tissue experiments with human colon crypt tissue in the next chapter, by using
Imaris analysis of autophagosomes already performed in cell line experimentation in

previous results chapters.
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Chapter 6:

Quantifying autophagy in primary
human colon crypt cultures obtained

from biopsy
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Chapter 6 - Quantifying autophagy in primary human colon crypt cultures

obtained from biopsy

6.1) Aims.

GWAS studies have linked mutations in Atg16L1 and NOD2 to susceptibility to Crohn’s
disease. Travassos et al (2010), showed that Atg16L1 binds NOD2 and that activation of
NOD2 by muramyl dipeptide (MDP), can induce autophagy suggesting Crohn’s disease
may result from defects in microbial sensing and autophagy in gut epithelial cells. The
aims for this chapter are to combine the methods developed in previous chapters to
generate methods to quantify autophagy within human crypt tissue. Autophagy will be
assessed following starvation or following incubation with NOD2 ligand MDP to mimic
microbial invasion.

6.2) Detection of endogenous autophagy proteins in fixed tissue.

Human colon crypts were cultured in laminin rich Matrigel, fixed and immunostained
for autophagy proteins Atg8/LC3, Atg16L1 and SQSTM1 (Figure 6.1). Crypts were
maintained in nutrient media, or deprived of amino acids using HBSS to activate
autophagy. Crypts were also incubated in HBSS in the presence of chloroquine to
activate autophagy but slow degradation of Atg8/LC3 and SQSTM1 in lysosomes.
Different antibodies against LC3B were tested in preliminary experiments using colon
crypt cultures. LC3B staining proved effective with LC3 antibody from MBL
(supplementary Figure 2) but specific staining was not obtained with antibodies from
three other sources. The immunofluorescence signal was either absent or gave high
background signal at the basal membrane of cells along the crypt. The background
staining was due to non-specific binding of primary antibody because the background

was absent when secondary antibodies were added alone, or when crypts were
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analysed using an IgG1 isotype control, which was formulated to not bind to any known
proteins (supplementary Figure 3).

When crypts were analysed with the MBL antibody LC3 puncta were seen in cells
maintained in nutrient media and these colocalised with Atg16L1 (Figure 6.1A-i) and
SQSTM1 (Figure 6.1B-i) and lysosome marker Lamp1 (Figure 6.1C-i). LC3 puncta were
more obvious following starvation in the presence of chloroquine (Figure 6.1A-C-iii)
and again Atg8/LC3 colocalised with Atg16L1, SQSTM1 and Lamp1. Having established
that autophagy could be activated by removing amino acids from human colon crypts
maintained in culture we tested whether the system could be adapted to study

autophagy by live cell imaging.

6.3) Detection of GFP-LC3 puncta in crypts transduced with adenovirus.

Crypts were transduced using an adenovirus expressing GFP-LC3 and observed at
increasing times by fluorescence microscopy (Figure 6.2). Again, Atgl6L1 and SQSTM1
were immunostained in crypts expressing GFP-LC3, and again showed co-localisation
between Atg16L1 (Figure 6.2A-i-iii), SQSTM1 (Figure 6.2B-i-iii), and the GFP-LC3
puncta shown within cells. To test the effectiveness of both LC3B and GFP-LC3 being
visually the same within crypt cells, we immunostained LC3B in cells expressing GFP-
LC3 (Figure 6.2C) and saw localisation of the antibody stain, and GFP-LC3 signal in
nutrient media (i) and with chloroquine (ii). Supplementary Figure 1 also shows the
interaction of the GFP signal with an anti GFP antibody, indicating this is true GFP
fluorescence from the adenovirus expressing GFP-LC3
6.4) Quantitative analysis of autophagosomes in colon crypt cells

6.4-a) Analysis of GFP-LC3 puncta in tissue fixed at increasing times after
starvation.

Figure 6.3 shows analysis of colon crypt cells either immunostained against endogenous
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iii) HBSS + Chloroquine

ii) HBSS

i) Nutrient media

C

Figure 6.1- Immunofluorescence analysis of endogenous LC3 and other autophagy
marker proteins in human colon crypts. Crypt aggregates were released by washing colon
biopsy material in EDTA and cultured in Matrigel for one day. Cultures were then incubated in
nutrient media (i) HBSS for 4 hours (ii) or HBSS for 4 hours in the presence of chloroquine (iii)
as indicated. Crypts were fixed and permeabilised and immunostained for endogenous LC3B
(green). Panel A, crypts were counterstained for endogenous Atgl16L1 (red). Panel B, crypts
were counterstained for endogenous SQSTM1 (red). Panel C, crypts were counterstained for
endogenous Lamp1 (red). The top left hand image shows a complete crypt. The white box
indicates a region of interest that is magnified to visualise individual LC3 puncta and marker
proteins as indicated. A further zoom from this region is shown in the bottom right hand panel
of each image, with arrows to mark colocalised puncta. All images were taken with a Zeiss LSM
confocal at an x63 objective.
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C i) Nutrient media B) 4hr HBSS + 100uM Chloroquine
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-

GFP LC3

Figure 6.2- Immunofluorescence analysis of autophagy marker proteins in human colon
crypts transduced with adenovirus expressing GFP-LC3. Crypt aggregates were released by
washing colon biopsy material in EDTA and cultured in Matrigel containing adenovirus
expressing GFP-LC3. Cultures were then incubated in nutrient media (i) HBSS for 4 hours (ii)
or HBSS for 4 hours in the presence of chloroquine (iii) as indicated. Crypts were fixed and
permeabilised and immunostained for endogenous autophagy proteins. Panel A, crypts
expressing GFP-LC3 (green) were counterstained for endogenous Atg16L1 (red). Panel B,
crypts expressing GFP-LC3 (green) were counterstained for endogenous SQSTM1 (red). The top
left hand image shows a complete crypt. The white box indicates a region of interest that is
magnified to visualise individual LC3 puncta and marker proteins as indicated. A further zoom
from this region is shown in the bottom right hand panel of each image, with arrows to mark
colocalised puncta. Panel C, crypts expressing GFP-LC3 (green) were counterstained for
endogenous LC3 (red). The dotted line outlines an individual epithelial cell and the box
identifies GFP puncta. The lower images show location of endogenous LC3 (right) and merged
images (left). All images were taken with a Zeiss LSM confocal at an x63 objective.

LC3B (A), or after transduction with GFP-LC3 expressing adenovirus (B). The images
are compared with an identical experiment carried out using Vero cells. Puncta
diameters and numbers were analysed before and after incubation in HBSS. Data from
3 replicate experiments are shown in Figure 6.3. the LC3 puncta increased in size and
number following starvation. In Vero cells, diameters increased from 0.53pm +/-0.15
to 0.93um +/- 0.17 in fixed immunostained cells, and from 0.56 +/- um 0.17 to over 1
um +/- 0.37 when analysed as GFP-LC3 puncta. The Imaris rendering shows that with
HBSS for over 3 hours, most of the vesicles appear yellow or red indicating diameters

between 0.7 and 1pm.
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Colon crypt cells also showed increases in number and diameters of LC3 puncta
following transfer to HBSS. There were on average 2.2 +/-2 autophagosomes per cell in
nutrient media when analysed by LC3B immunostaining, and 1.4 +/- 2 per cell in live
cells when analysed for GFP-LC3 puncta. In nutrient media, autophagosome diameters
were an average of 0.25 pm +/- 0.14 following immunostaining and 0.45 pm +/- 0.1 in
cells expressing GFP-LC3. Following transfer to HBSS a proportion of the
autophagosomes exhibited larger diameters and appeared as yellow-and red puncta in
rendered images (Figure 6.3-Bi-ii). Diameters were calculated to be 0.56 pm +/- 0.12
following immunostaining for LC3B and 0.6 pm +/- 0.05 when analysed in cells
expressing GFP-LC3 in nutrient media. Numbers of LC3 puncta in crypt cells increased
to 5.8 +/-2.2 puncta after transfer to HBSS and GFP-LC3 puncta increased to 6.4 +/-2.5
puncta. The data indicates that numbers of LC3 puncta increased in diameter and
number following incubation in HBSS. Importantly the data obtained from GFP-LC3
puncta correlated well with the analysis of endogenous immunostaining for LC3 (Figure
6.C). Figure 6.3-D compares the properties of autophagosomes in colon crypt cells (i)
with Vero (ii) and CacoZ2 (iii) cells. In all three cells, the vesicles all appear to be similar
size, but the crypt cells generate fewer autophagosomes.

number of autophagosomes > 0.75um also moving from around 0.4 puncta/cell in
nutrient media, to 1-2 puncta per cell after HBSS incubation. There was a clear increase
in diameter following starvation but this was not affected by the location of the cell
along the isolated crypt. Supplementary Figure 4 shows the localisation of the GFP-LC3
signal to both Goblet cells (Muc2 staining) and enteroendocrine cells (chromogrannin A

staining), indicating that this transduction is not specific to any cell type.
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Figure 6.3 - Comparison of Vero cell and Colon crypt cell Imaris quantified endogenous
and GFP-LC3 positive autophagosomes. Vero cells (Panel A) or colon crypt cells (Panel B)
were transduced with GFP-LC3 Adenovirus and incubated for 4 hours in HBSS and imaged by
live cell microscopy (i) or fixed and stained for LC3B (Green) and DAPI (Blue) after 4 hours of
HBSS incubation (ii). The left hand panels show the fluorescent images of representative cells
used for Imaris analysis of puncta number per cell and diameter on average at 4 hours of HBSS.
The right hand panels show Imaris rendered LC3 puncta. Rendered puncta were colour coded
so that small vesicles (0.2um) are blue, medium sized vesicles (0.5pum) are coloured green, and
large vesicles are colour coded yellow, orange or red (0.7-1.0 pm). Panel C- The Bar charts show
the average diameters (Ci) or numbers of autophagosomes per cell (Cii) in fixed LC3B stained,
and live GFP-LC3 expressing Vero and colon crypt cells. Comparisons of Vero (Di), CaCoZ2 (Dii)
and Colon crypt cells (Diii) cells to scale with each other are shown with LC3 in green. Nuclei are
stained in blue. All images were taken with a Zeiss LSM confocal at an x63 objective.
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6.4-b) Analysis of LC3 puncta in cells at different positions along the crypt
axis

Figure 6.4 shows representative images of crypt cells expressing GFP-LC3 at the base,
mid region and top of crypts from 3 separate experiments following incubation in
control nutrient media (i) or HBSS for 4 hours (ii). Fluorescent images are shown on
the left with green GFP-LC3 and blue DAPI (nucleus). Imaris rendered images are
presented on the right. The diameters of LC3-puncta were colour coded using a heat
map where blue represents puncta less than 0.3um, green puncta are 0.5um and red
puncta 1.0um or greater. Bar charts in 6.4-B show average number of autophagosomes
per cell at these points along the crypt axis in nutrient media (Figure 6.4B-i), or
following 4 hours in HBSS (Figure 6.4B-ii). Graphically, the average diameter of
autophagosomes in cells along the crypt axis in nutrient media are shown in Figure
6.4B-iii, with the average diameter of autophagosomes in cells across the crypt axis in
crypts incubated for 4 hours in HBSS are shown in Figure 6.4B-iv. The overall numbers
of autophagosomes whose diameter are less than or greater than 0.75pm, are shown in
Figure 6.4B-v. There were no obvious changes in number of autophagosomes across the
crypt axis, as they contain around 2 puncta per cell in nutrient media, and 5 puncta per
cell after HBSS starvation. The diameters of autophagosomes were also on average a

similar size with the average
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Figure 6.4 - Numbers of GFP-LC3 positive autophagosomes across the crypt axis. Panel A-
Representative images of GFP-LC3 expressing colon crypt cells at the base, mid region and top
of crypts from 3 separate experiments of incubations in control media (i) and HBSS for 4 hours
(ii) are shown as fluorescent images of green GFP-LC3 and blue DAPI to the left of each panel,
and Imaris rendering to the right. Rendered puncta were colour coded so that small vesicles
(0.2um) are blue, medium sized vesicles (0.5um) are coloured green, and large vesicles are
colour coded yellow, orange or red (0.7-1.0 um). Rendered puncta were colour coded so that
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small vesicles (0.2um) are blue, medium sized vesicles (0.5pm) are coloured green, and large
vesicles are colour coded yellow, orange or red (0.7-1.0 um). Panel B - Bar charts displaying
the average number of autophagosomes per cell at these points along the crypt axis in nutrient
media (Bi) or 4 hours of HBSS (Bii). The average diameter of autophagosomes in cells along the
crypt axis in nutrient media are shown in Biii, with the average diameter of autophagosomes in
cells across the crypt axis in crypts incubated for 4 hours in HBSS are shown in Biv. The overall
numbers of autophagosomes whose diameter are < or > 0.75um are shown in Bv. All images
were taken with a Zeiss LSM confocal at an x63 objective.

6.5) Quantitative analysis of autophagosome dynamics in response to starvation
in live crypt cultures.

6.5-a) Movement and diameters of GFP-LC3 puncta.

Experiments in chapter 3 and 4 showed that Imaris can track movement of puncta
during live cell imaging. The movement of LC3-GFP puncta in crypt cells were
compared with LC3-GFP puncta generated in Vero cells (Figure 6.5). A Vero cell in
nutrient media (A) contained small (0.5 um, blue-> green rendered) puncta and a
proportion of puncta moved much greater distances than others in the timeframe of the
video. When starved for 4 hours (B), the puncta in Vero cells were larger >0.75pm
(vellow, orange, red rendered vesicles). The scatter plots in panel D compare vesicle
diameter with distance moved. The vesicles were larger following starvation (0.9um)
but there movement is similar to those seen in nutrient media (7um). Figure 6.5, panel
C shows analysis of crypt cells incubated in HBSS for 3 hours. The cell contained

vesicles with a range of diameters. The vesicle highlighted as small (i) being able to
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Figure 6.5 - Imaris-tracked movement of autophagosomes in Vero cells and colon crypt
cells. Vero cells and colon crypt cells were transduced with an adenovirus expressing
mammalian GFP-LC3. The following day the cells were transferred to HBSS and the time course
of GFP-LC3 puncta formation and decay was determined by time lapse imaging. GFP-LC3 puncta
were tracked and analysed using Imaris spot and render functions. The left-hand image on each
panel identifies the GFP-LC3 puncta of interest and shows its track during the time lapse as
determined by Imaris. Individual time lapse images are shown to the right and colour coded
rendered images are shown below corresponding fluorescence images. Small puncta (0.2pum)
are blue, medium sized puncta (0.5pum) are coloured green, and large puncta are colour coded
yellow, orange or red (0.7-1.0 pm). Time points are indicated in minutes. Panel A, Vero cell,
nutrient media ; Panel C, Vero cell, 3 hours after transfer to HBSS and Panel C, 3 hours after
transfer to HBSS. Panel D, Scatter plots show the movement of puncta in um, compared to the
maximum vesicle diameter for each timepoint. Panel E, Scatter plots displaying duration a
vesicle is present within the cell is shown in Vero cells in nutrient media (Ei) and Vero cells
after 3 hours of HBSS (Eii), and colon crypt cells after 3 hours of HBSS (Eiii). All images were
taken with a Zeiss LSM confocal at an x63 objective.
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track of over 3um, whereas the larger vesicle (ii) only moves 0.71um. The scatter plot
(Panel D (iii)) again indicates that where there were mixes of autophagosome sizes, the
vesicles of 0.5um, have the ability to move greater distances within the cell, even so
these distances were shorter than seen in Vero cells. This analysis comes from repeats

with 4 other different crypt cells from separate experiments (Supplementary Figure 5).

6.5-b) Lifetimes of GFP-LC3 puncta

The lifetimes of GFP-LC3 puncta formed in Vero cell ( Figure 6.5E.j, ii) and Colon crypt
(Figure 6.5.E iii) were tracked by live cell imaging of cells maintained in nutrient media
or following starvation for more than 3 hours. Data from several experiments are
presented in the scatter plots in Figure 6.5 panel E. The lifetimes of puncta were the
same averaging 500 seconds (approximately 5 minutes). When starved, a small
population of puncta showed extended lifetimes of 1000 seconds in both Vero cells and
colon crypt cell. Due to the nature of live cell imaging, it was possible to track single cells
expressing GFP-LC3 over time of starvation. Figure 6.64, indicates that the vesicle
puncta and size increase in later starvation compared to earlier time points in
starvation in two Vero (i) and two Colon crypt cell (ii) long-term starvation
experiments. The Imaris rendering of the puncta indicate that the puncta prevalent in
early starvation (<1 hour) appear mostly small (green, blue) in both Vero and human
colon crypt cells, and increase in number and size in later points of starvation (> 2
hours) to a point where a larger proportion of vesicles can be rendered to be yellow,

orange or red (> 0.7um).
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Figure 6.6 - Single cell early vs late HBSS analysis of GFP-LC3 expressed in Vero and
Colon crypt cells. Two Vero cells (Panel A), and two colon crypt cells (Panel B) from separate
experiments expressing GFP-LC3 were incubated in HBSS over a maximum of 4 hours and
imaged at early (ia, iia) or late (ib, iib) points in starvation. The top panels show GFP-LC3
expression in green, with Imaris renders of LC3 puncta shown below each fluorescent image.
The rendered images of the LC3 puncta are coloured, where Small puncta (0.2um) are blue,
medium sized puncta (0.5um) are coloured green, and large puncta are colour coded yellow,
orange or red (0.7-1.0 um). All images were taken with a Zeiss LSM confocal at an x63 objective.
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6.6) Quantitative analysis of autophagosome induced by Muramyl Dipeptide.
6.6-a) Caco2 cells.

Autophagy can be mediated by Atg16L1, following activation of NOD2 during microbial
entry into cells (Travassos et al, 2010). NOD?2 is activated by MDP. The ability of MDP
to activate autophagy was first tested using the Caco2 cell line derived from a human
colon tumour (Figure 6.7). Figure 6.7A-i-iv shows LC3 puncta generated after
incubation of Caco2 cells with MDP for increasing times. These are compared with
puncta generated by incubation in HBSS (panels v-vi). Figure 6.7 panel B shows puncta
numbers and diameters assessed in Imaris. MDP added in nutrient media induced
formation of LC3 puncta, which grew in numbers with an average of 23 per cell at 16
hours. The diameter of puncta induced by MDP increased slightly with time, but they

remained slightly smaller than those observed in cells incubated with HBSS for 4 hours.

6.6-b) Human colon crypt cells.

The ability for MDP to induce autophagy was tested in cells from human colon crypts
transduced with adenovirus expressing GFP-LC3 (Figure 6.8). MDP induced formation
of GFP-LC3 puncta in all cells expressing GFP-LC3 when incubated for 16 hours.
Analysis of GFP puncta in fixed cells observed along the crypt axis indicated that the
numbers of puncta increased compared to nutrient media controls from 2.2 +/- 2 to
over 7.9 +/- 2.1 puncta after 16 hours of MDP. A proportion of the LC3 puncta reached
the larger (0.75um) size.

Live cell analysis of crypt cells incubated in MDP for at least 16 hours again indicated

that puncta number (9.5 +/-5.4) increased greatly compared to nutrient media controls
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Figure 6.7 - Autophagosome number increases in MDP incubations and starvation in
Caco2 cells. Panel A- Caco2 cells were grown and incubated in media (i) MDP for 4 hours (ii) 8
hours (iii) 16 hours (iv) or Hank’s Balanced Salt Solution for 1 hour (v) or 4 hours (vi) then fixed
in 100% methanol before immuno-staining against endogenous LC3b (Green). Nuclei were
stained with DAPI (Blue). Panel B- Quantification of autophagosome number (Bi) or
autophagosome diameter (Bii) per cell in each condition is also shown. All images were taken
with a Zeiss LSM confocal at an x63 objective. Scale bar = 10um.

(2.2 +/-2). Puncta diameters in nutrient media (0.45 +/-0.13) were smaller than when
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cells were incubated with MDP (0.53um+/-0.24), but the percentage of puncta reaching
> 0.75 was increased in MDP compared to nutrient media (Figure 6.8B-i). The Imaris
rendering of representative cells from MDP incubations in Figure 6.8b reveals the
spectrum of sizes from small (green) to larger (red) puncta but there were no clear
differences in autophagosome number along the crypt axis (6.8.b.iv).

When comparing, live GFP-LC3 expressing colon crypt cells, incubated with MDP for 16
hours or HBSS for over 2 hours (Figure 6.9), we saw an increase in autophagosome
number (9.5 +/- 5.5) similar to after 2 hours of HBSS in crypt cells (6.3 +/- 2.7) (Figure
7.9.bi). The number of autophagosomes > 0.75 pm are also comparable to HBSS (1.8 for
MDP, compared to 1.3 autophagosomes per cell for HBSS>2 hours). There are larger
numbers of smaller autophagosomes after MDP incubation (7.7 +/- 4) compared to
HBSS incubation (4.9 +/-2) indicating some differences between these two types of

autophagy induction techniques.
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Figure 6.8 - Analysis of MDP Incubated tissue compared to nutrient media using fixed and
live cell GFP-LC3 transduced colon crypts. Panel A- Representative images of GFP-LC3
expressing crypt cells in control media (Ai) and 1pg/ml MDP, 16 hr (Aii) are shown as
fluorescent images of green GFP-LC3 and blue DAPI to the left of each panel, and Imaris
rendering to the right. The rendered images of the LC3 puncta are coloured, where Small puncta
(0.2um) are blue, medium sized puncta (0.5pum) are coloured green, and large puncta are colour
coded yellow, orange or red (0.7-1.0 pm). Aiii shows the number of autophagosomes on average
in nutrient media, or MDP for 16 hours, with the number of autophagosomes above and below
0.75um also shown. Aiv shows the average diameter of autophagosomes in um within cells of
crypts incubated in nutrient media, or media containing 1 pg/ml MDP. Panel B Shows live cell
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analysis of crypts incubated in 1 pg/ml MDP for 16 hours pre-live cell imaging. Panel B-Bi
shows fluorescent images of cells at this timepoint of MDP incubation at the base, middleand top
of representative cells from Imaris analysis of autophagosome size and number. Below each
fluorescent image is an Imaris render of LC3 puncta. The rendered images of the LC3 puncta are
coloured, where Small puncta (0.2um) are blue, medium sized puncta (0.5pm) are coloured
green, and large puncta are colour coded yellow, orange or red (0.7-1.0 pm). Bii shows average
puncta number of MDP incubated cells compared to full media, and Biii shows the puncta
diameters on average. The average puncta number per region compared to the total average is
displayed in Figure Biv. All images were taken with a Zeiss LSM confocal at an x63 objective.
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Figure 6.9 - Comparison of GFP-LC3 positive autophagosomes formed during starvation,
with those formed after > 2 hours of HBSS. Panel A- Crypt tissue was transduced with GFP-
LC3 adenovirus, left for 24 hours before being incubated in HBSS for > 2 hours (Ai) or MDP for
16 hours (Aii) before live cell imaging. To the left of each panel is the live cell fluorescent image,
with the right displaying the autophagosome render. The rendered images of the LC3 puncta are
coloured, where small puncta (0.2um) are blue, medium sized puncta (0.5um) are coloured
green, and large puncta are colour coded yellow, orange or red (0.7-1.0 pm). Panel B- The bar
chart Bi shows the average number of autophagosomes, with this being broken down into +/-
0.75um. The bar graph Bii shows the average diameters of autophagosomes in pm for both
conditions. All images were taken with a Zeiss LSM confocal at an x63 objective.
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6.7) Summary

This chapter describes the development of methods to visualise autophagy within colonic
epithelial tissue using immunostaining and GFP-LC3 Adenoviral transduction.

As with autophagy visualization in cell culture from previous results chapters, we first
analysed LC3B puncta in human colonic crypt tissue as a way of studying autophagy within a
fully differentiated tissue. It was possible to culture human colon crypt tissue within Matrigel
(see previous chapter) so these were used to detect endogenous LC3B by immunostaining of
PFA fixed crypt tissue. In all three conditions (nutrient media, starvation and chloroquine
incubation), (Figure 6.1) It was possible to observe co-localisation of Atg16L1 with LC3B
puncta by immunostaining, This shows that autophagy was active within this tissue

at basal levels, similar to Groulx et al(2012) and that recognized autophagy protein

Atg16L1 was able to interact with the developing autophagosome across all conditions.

It was also possible to detect endogenous staining for SQSTM1 in crypt tissue. This SQSTM 1
signal was greatly increased when lysosome proteolysis was inhibited with chloroquine. There
was a degree of colocalisation of LC3B and LAMP-1 antibody signals in all three groups. Both
the SQSTM1 and LAMP-1 colocalisaion within colon crypt cells indicated that there was an
active flow of autophagosomes to lysosomes within this tissue. We were

not able to follow autophagosome formation and turnover by immunostaining. However, these
experiments indicated timeframes for starvation over 4 hours as effective in seeing a difference
in autophagosome numbers in cells of the colon crypt.

In comparison to Vero cells, tracking autophagosomes within individual colon crypt

cells, from early (< 1 hour) to late (> 2 hours) of starvation, showed again that the GFP-

LC3 signal, and Imaris rendering of puncta, produced large puncta within crypts cells in

a similar way to cell lines thus could be viewed similarly. The differences in size and

number of autophagosomes shown here will be useful for future studies in this field.
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Atg16L1 and NOD2 have been identified as risk alleles for Crohn’s disease. NOD2 is a
microbial sensor, which is activated by MDP and activates autophagy through an
interaction with Atg16L1. Addition of MDP to cells activated autophagy in colon crypts
independently of starvation. MDP generated significantly more puncta (9.5+/-5.4) in
crypts compared to nutrient media (2.2+/-2) or following starvation (5.8+/-2.2) (Figure
6.10-a). MDP also induced LC3 puncta in CacoZ2 cells. This time the numbers were lower
(23 +/-12.2) than those induced by starvation (39+/-20.2) (Figure 6.10-b).
Interestingly, the average diameter of puncta generated by MDP (0.4pum) in crypt cells
was smaller than those observed after 4 hours in HBSS (0.6pum) (Figure 6.10-c). Puncta
generated by MDP in Caco2 cells were also smaller (0.9um vs 0.65um), but the
differences were not statistically significant (Figure 6.10-c). Furthermore, the
percentage of vesicles reaching over 0.75um in diameter fell from the 60% seen
following starvation to 24% in the presence of MDP (Figure 6.10-d). The difference in
diameter may reflect different mechanisms of activation of autophagy and recruitment
of LC3 from the cytoplasm. Starvation induces autophagy through a well-characterised
pathway regulated by mTOR. Much less is known about how NOD2 activates autophagy
following binding to MDP. The interaction between NOD2 and Atg16L1 is important and
this may involve binding to TMEM59. TMEMS59 is a transmembrane protein that enters
cells by endocytosis. Its cytoplasmic domain contains an Atg16L1-binding motif while
the ectodomain can sense bacteria (Staph aureus). Activation of TMEM recruits Atg16L1
to the endosome and results in direct recruitment of LC3 from the cytoplasm to the
endosome membrane generating LC3 puncta. These puncta are different from
autophagosomes because they are modified endosomes rather than bona fide
autophagosomes and probably reflect activation of a pathway termed ‘LC3 associated

phagocytosis’ (LAP) (Boada-Romero et al, 2013). LAP can be activated by Toll-Like
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number

Receptor 9 (TLR9) ligands and immunoglobulin coated beads and may also be involved
in the recruitment of LC3 to salmonella containing vacuoles (Henault et al, 2012).

4 hours of HBSS appeared to be enough to induce an autophagic response within the
colon crypt tissue, and preliminary live cell imaging experiments showed that it was
possible to use the GFP-LC3 signal to track autophagosome formation and movement in
living tissue. Imaris was used to assess the autophagy output, measuring size, number
and displacement of autophagosomes within media control cells, earlier (less than 2

hours) and late HBSS (2 hours to 4 hours).
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Figure 6.10 - Caco2 and colon crypt cell autophagosome numbers and diameters. Average
numbers of autophagosomes in colon crypt cells in nutrient media HBSS or nutrient media
containing MDP (A), Numbers of autophagosomes in colon crypt compared to Caco2 cells (B),
Diameters of autophagosomes in colon crypt cells compared to Caco2 cells (C), and Percentages
of autophagosomes above 0.75pum in diameter (D).

Imaris analysis of number of autophagosomes was largely the same as fixed data, with
16 hours of MDP incubation producing more autophagosomes than nutrient media
incubated cells. Autophagy induction seen by HBSS is said to be operating through

different pathway to the non-canonical MDP stimulated autophagy induction via an
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Atg16-NOD2 interaction (Travassos et al, 2010). The effect of MDP in causing
autophagosome formation suggests that this tissue is sensitive to bacteria, and can
induce autophagy to aid in bacterial clearance, helping homeostasis of the epithelia to
the contents to the lumen of the gut. The autophagy output by MDP, with Atg16L1
localising to invading bacteria, could be explored further sue to the very different
methods of autophagy activation, beginning at the Atg16L1 protein and not being
controlled by mTOR as is occurring with starvation induced autophagy.

Using this system, we showed that autophagy is an active process occurring within the
cells of the colon crypt, and that this method of imaging can effectively track the

autophagy status of crypt tissue.
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Chapter 7:

Discussion.
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Chapter 7 - Discussion

7.1) Quantifying autophagosomes within cells.

The first aim of this study was to use imaging software to quantify autophagy by
analysing pixel densities in fluorescent images obtained by microscopy. LC3II is the
major structural protein of the autophagosome and stays with the autophagosome until
fusion with lysosomes. LC3II on the inside of the autophagosome is then degraded and
LC3 on the outer membrane is recycled back to the cytosol. These properties of LC3
allow immunostaining for endogenous LC3 and/or live cell imaging of GFP-LC3 to be
used to follow autophagosome formation and trafficking in cells. In chapter 3 the
possibility of generating digital datasets from fluorescent images of LC3 that were

amenable to statistical analysis was explored.

7.1-a) Use of Imaris software to obtain digital data sets.

Imaris is a software module from Bitplane that allows analysis of 3D and 4D microscopy
datasets. Imaris software was used to generate digital datasets from fluorescent puncta
generated from GFP-LC3 or immunostaining of endogenous LC3 in tissue culture cell
lines. Pixel density measurements were optimized using ‘Spot’, ‘Surface Border’ and
‘Render’ functions to produce rendered puncta containing digital datasets. LC3 puncta
were then displayed graphically to identify their spatial location within the cell. At the
same time the diameters of puncta were represented using a heat map where blue
represented puncta of about 0.5um diameter and red puncta 1.0pm or above. The
diameters calculated correlate well with analysis of autophagosomes by electron

microscopy showing diameters of 0.5-1.5pm (Muzishima et al, 2002).
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Autophagosome are reported to be around 0.5-1.5pum in diameter (Mizushima et al,
2002). More recent work by Levine et al, shows that starvation of MEF cells produced
autophagosomes and autophagolysosomes around 1pm in size when analysed by
electron microscopy (Mizushima et al, 2010), and this agrees with the 0.75-1.0um
calculated by Imaris for cells starved for 4 hours.. Sato et al (2007) investigated
autophagosome numbers and diameters crudely, by quantifying the area of a cell
containing GFP-LC3 dots. This gave an idea of up regulation of autophagy visually, but
no specific autophagosome diameter and number data was show

n. The results shown in this thesis, could encourage others to generate quantitative data
sets from LC3 puncta so experiments in one laboratory can be compared directly with
another. For example, an increase of GFP-LC3 puncta within transgenic mouse tissue
after starvation was described by Mizushima et al (2004) but not quantified. If digital
images of GFP-puncta had been rendered, it would have been possible to compare

responses of different tissues.

7.1-b) Quantitative analysis of LC3 puncta produced in response to

starvation.

The image analysis was used to see if the formation of LC3 puncta in response to
starvation could be expressed quantitatively to describe the average responses of cells
to starvation and then use the data to compare different cell lines and conditions. For
this analysis a confidence limit of 95% was chosen. Datasets from rendered puncta were
collected from three different cells lines to compare 220 cells maintained in nutrient
media or starved for 4 hours in HBSS. Figures 4.1-4.2 show when cells were starved for

4 hours, LC3 puncta were more numerous.
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7.1-c) Quantitative analysis of LC3 puncta observed by live cell imaging.

The spot detection and rendering functions were used to track GFP-LC3 signal during
live cell imaging. This allowed collection of datasets describing the distances moved by
GFP-LC3 puncta, their diameters and lifetimes. The analysis above showed that LC3
puncta were significantly larger (0.68, 0.78 & 0.85 pum on average) in all three cell lines
when analysed 4 hours after starvation compared to nutrient media controls (0.5um on
average for all three cell lines). When the diameters of puncta were calculated from =220
cells examined at increasing times after the onset of starvation the percentage puncta
with a diameter 20.75um increased to 60% at two hours, and remained at that level for
the 4 hours of the time course. One interpretation of the result was that it took 2 hours
for an autophagosome to increase in diameter from 0.5pm to =0.75um. Alternatively,
autophagosomes formed early during the onset of starvation could be unable to grow to
20.75um. To resolve this the lifetimes and diameters of puncta generated at increasing
times after onset of starvation were therefore followed by live cell imaging. The bubble
graphs (Figure7.2) shows analysis of between 200 and 600 puncta at different times
during a starvation time course. The average lifetimes of puncta generated between 1
and 3 hours were 6.4 minutes and the same as those generated at 4 hours. This lifetime
is consistent with early studies of autophagosome dynamics using electron microscopy
images of insulin treated mice, to follow the decrease in autophagosomes over time and
calculated a half time of vesicles of 10 minutes (Pfeifer et al, 1978). Interestingly, the
diameters of vesicles formed in cell culture at 4 hours were larger (0.93um compared to
0.61pm). This suggests that autophagosomes formed late during the onset of starvation

were able to increase in diameter to 20.75um.
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The analysis was repeated for early autophagosome marker WIPI2 (Atg18) and WIPI2
puncta were also larger if formed later during starvation. WIPIZ binds lipids
phosphorylated by vps34 in response to activation of mTOR (Polson et al, 2010) and
docks to the isolation membrane of the pre-autophagosome and developing
omegasome. This suggests that the defect in autophagosome maturation seen at early
times of starvation may affect early events in autophagosome formation possibly
isolation membrane and omegasome expansion. It may be possible to explore this

further by following puncta formed by additional omegasome markers such as DFCP1.

7.2) Possible role for TFEB in autophagosome expansion.

The transcription factor TFEB controls expression of genes with CLEAR regulatory
elements that are required for autophagy and the formation of lysosomes (see Figure
1.5). Settembre et al (2011) showed that RNAi directed against TFEB, decreases levels
of LC3 in cells in nutrient media and following starvation, while over-expression of
TFEB increased SQSTM1, WIPI, and LC3b. One possible explanation for the lack of
expansion of LC3 puncta seen early during starvation could be that levels of a protein
regulated by TFEB, and crucial for autophagosome formation, are low and that there
may be a time lag between the onset of starvation and the switching on of its gene by
TFEB. The movement of TFEB to the nucleus in response to starvation is regulated by
mTORC1 located at the lysosome membrane (Roczniak-Ferguson et al, 2012). An efflux
of amino acids from the lysosome keeps mTOR active, which in turn inhibits nuclear
localisation of TFEB. When cells are starved the flow of amino acids from the lysosome
is reduced and TFEB moves to the nucleus to increase expression of genes required for
autophagy and delivery of material to lysosomes (Roczniak-Ferguson et al 2012). It will

therefore be interesting to analyse the movement of TFEB into the nucleus during a
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starvation time course and determine the onset of transcription of genes with CLEAR
regulatory elements, and see if the time frame correlates with the ability of LC3 to

expand in response to starvation.

7.3) Quantifying SQSTM1 puncta during starvation.

Western blot of SQSTM1 can be used to follow autophagic flux because SQSTM1 is
degraded by autophagy in response to starvation (Pankiv et al, 2007) indicating
delivery to lysosomes. An analysis of SQSTM1 showed that cells in nutrient media
contained SQSTM1 puncta but the numbers of these puncta did not increase
significantly in response to starvation. The SQSTM1 protein binds ubiquitin and
contains an LIR domain that binds LC3 to target ubiquitinated proteins for autophagy.
An analysis of co-localisation showed that there was an increase in SQSTM1 puncta co-
localised with LC3 in response to starvation at both 1 and 4 hours of starvation, and
consistent with analysis of LC3 and WIPIZ, puncta containing SQSTM1 only showed
increased diameter at 4 hours. These results were consistent with delivery of SQSTM1
to autophagosomes in response to starvation, and showed further that SQSTM1 could
be delivered to autophagosomes formed early or late during starvation. The small
autophagosome diameters seen early during starvation did not therefore result from a
lack of delivery of autophagy cargo.

Previous work (Pankiv et al, 2007) has used live cell confocal microscopy to visualise a
tandem tagged RFP-GFP-SQSTM1. The intact fusion protein is orange but converts to
red when delivered to lysosomes because the GFP is pH sensitive. Work on drosophila
fat bodies indicate that SQSTM1 immuno-staining could be effective in identifying
induction of autophagy with increases in number of SQSTM1 aggregates being

associated with starvation of (Pircs et al, 2012). Localisation of LC3 negative, SQSTM1
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positive puncta seen within our immunostaining during nutrient media compared to
starvation, again allows for Imaris analysis of this to indicate autophagy occurring after
starvation.

Bjorkoy et al (2005) show that SQSTM1 protein aggregates are normally present within
cells, and are bound to ubiquitin. The SQSTM1 puncta that are negative for LC3 seen in
cells maintained in nutrient media probably represent pools of SQSTM1 attached to
aggregated proteins or ubiqutinated organelles. It will be interesting to follow up these
observations by live cell imaging to compare the dynamics of single and double (LC3-
SQSTM1) positive puncta and their fusion with lysosomes. Jahriess et al, 2008, have
used live cell imaging of autophagosomes to establish a framework for autophagosome
dynamics within cells lines. They observed mCherry LC3 within flat cells to track
movement and lifetimes in response to starvation. The vesicles moved towards
lysosomes after being formed randomly, and many colocalised with microtubules. A
knockdown of dynein caused a loss in organised movement suggesting movement
powered by microtubule motor proteins. The tubulin deacetlylase HDAC6 (histone
deacetlyase 6) binds dynein and ubiquitin. It will be interesting to see if SQSTM1 puncta
also contain HDAC6 and if movement of puncta or co-localisation with LC3 is affected by

Scriptaid, which inhibits HDAC6.

7.4) Analysis of autophagy in colon crypt cells.

The aims of the last chapters were to carry out a quantitative analysis of autophagy in
primary gut epithelial tissue taken from human biopsy, or generated by mouse
intestinal organoid culture. If successful this would allow the effects of Crohn’s risk

alleles to be studied in the context of disease by analysing human biopsy taken from
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Crohn’s patients and/or through studies of intestinal organoids generated from mouse
models of Crohn’s disease.
Even though there is great interest in understanding the impact of Crohn’s risk alleles
on autophagy, there has been only limited work on human tissue. Research by Groulx et
al (2012) used mucosa from healthy patients to assess the autophagy status of gut
tissue. For their research, they used immunofluorescence of cryosectioned adult human
biopsy specimens to stain for autophagy proteins SQSTM1 and Beclin1. Using this
technique, they were able to indicate that colon crypt cells did produce autophagosomes
in both healthy and cancerous patient samples. Each puncta was deemed an
autophagosome in the differentiating region of the crypt, the base, whereas the lack of
Beclin1 staining at the top regions of the crypt made them doubt the puncta formed by
SQSTM1 were autophagosomes. Groulx et al (2012), also used human intestinal
epithelial crypt (HIEC) cells as a cell culture system for activating autophagy. Other
work into autophagy activation of gut epithelial cells has used Caco2 or HCT116, human
colon epithelial cell lines to assess autophagy activation (Kathiria et al, 2012).

7.4-a) Adenovirus transduction of organoid and crypt cultures.
The work in this thesis concentrated on exploiting the long-term culture of mouse and
human intestinal organoids in laminin-rich Matrigel. Organoids represent a new
method of stem cell culture, which was first described by Sato et al in 2009. The first
experiments showed that it was possible to use these methods to grow mouse small
intestine organoids from crypts isolated from mouse small intestine. The mouse
organoids were then used as a source of primary tissue to pilot the use of adenovirus
vectors to express GFP-LC3. Unfortunately, it was not possible to detect expression of
GFP in the cultures. This may be because the cultures lack the adenovirus receptor.

Clevers et al have reported transduction of isolated mouse small intestine and gastric
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organoid cultures recently. Here, they used mouse stem cell retrovirus (MSCV) to
introduce transgenes and manipulate gene expression of organoid cultures (Koo et al,
2012). It is possible that the MSCV vector can be used to introduce GFP-LC3 into mouse
organoid cultures.

Experiments using human crypt cultures were more successful. The human crypt
cultures were maintained over 3 days within the Matrigel and could successfully be
transduced with GFP-LC3 adenovirus. It was possible to transduce cells across the
whole crypt axis allowing an analysis of autophagy in different cell types in different
positions in the crypt. It was, however, possible that over-expression of GFP-LC3 in
crypt tissue may affect endogenous autophagy pathways. The properties of endogenous
autophagosomes in human crypt tissue were therefore analysed by standard
immuostaining before and after starvation and compared with GFP-LC3 puncta. The
results showed that crypt tissue generated endogenous LC3 puncta in response to
starvation and these puncta co-localised with endogenous Atg16L1 and SQSTM1. Crypt
tissue transduced with GFP-LC3 generated GFP puncta following starvation and these
also co-localised with endogenous Atg16L1 and SQSTM1. A quantitative analysis of
puncta showed that numbers and diameters of endogenous and GFP-LC3 puncta were
the same. Taken together the results provide strong evidence that GFP-LC3 delivered by
adenovirus transduction does not perturb autophagy in crypt tissue and that this

method can be used to follow autophagosome formation in primary human tissue.

7.4-b) Analysis of GFP-LC3 puncta in crypt cells following starvation.

The next experiments compared the formation of LC3 puncta between primary crypt
tissue, Vero cells and the CacoZ2 cells that are commonly used as a tissue culture model

for gut. Endogenous LC3 puncta and GFP-LC3 puncta increased in all three cell types in
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response to starvation but the numbers of puncta generated in crypt cells (5.8 +/- 2.2)
were much lower than in tissue culture cell lines (25-30). The LC3 puncta generated in
crypts in nutrient media were also smaller (0.25 +/- 0.14m) compared to CacoZ2 cells
(0.45 +/- 0.13 pum) but they did expand three-fold following starvation to 0.6pum
diameter. One reason for the relatively low numbers of autophagosomes in crypt cells
may be because the crypt cells are small and lack the space to accommodate more. Vero
cells, CacoZ2 cells and colon crypt cells are shown at the same magnification (Figure 7.3)
and it is clear that tissue culture cells are much larger (at least 6x larger) than crypt

cells, but the density of LC3 puncta are similar.

The lifetimes, movement and diameters of puncta generated 3 hours after onset of
starvation in crypt cells were followed by live cell imaging. The bubble graph (Figure
7.4) compares puncta lifetime or puncta movement (y axis) with puncta diameter (x
axis). The average lifetime were 3 minutes, and had a similar range of lifetimes
calculated for Vero cells, but there was no correlation between lifetime and diameter.
The ranges of autophagosome durations within cells can be shown in supplementary
Figure 7. Most (~90%) of the puncta moved very short distances (less than 2pum). The
remaining (~10%) moved longer distances (2-5um) and the most motile puncta were
around 0.5pum in diameter.

This could be attributed to the small size of the cells, where vesicles being formed may
be more mobile compared to mature vesicles whose function has been fulfilled and have
less room to move. This could be investigated further by quantifying the dynamics of
lysosomes within these colon crypt cells, to understand if these are less dynamic than
the autophagosomes and lysosomes seen in cell lines in previous research by Jahriess et

al (2008).
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7.4-c) Quantitative estimation of autophagic capacity.
Taken together the results allowed a calculation of autophagic capacity for crypt cells.
For example, if LC3 puncta have a lifetime of 10 minutes this means that 6 puncta are
generated every hour for each puncta observed. For crypt cells to maintain 6 puncta
they have to produce around 36 puncta every hour. For the tissue culture cells the
capacity is much higher and to maintain 40 puncta they must generate around 240 LC3
puncta each hour if autophagosomes are constantly being formed.
7.5) Future work.
The next phase of this work will be to use the methods developed in this thesis to
provide quantitative assays for autophagy in gut epithelial tissue taken from patients
that express Atg16L1 and NODZ2 risk alleles in for Crohn’s disease. By using samples
from patients with and without Crohn's disease, this methodology will be used to
determine if patients with the Atg16L1 T300A point mutation, or truncations in NOD2,
generate more or less LC3 puncta in response to starvation or and/or MDP, which has
been shown to be possible in this work on technique development of a newly defined
method of epithelial tissue culturing. The work reported above has shown that human
colon crypt cells incubated with MDP have on average 10 LC3 puncta. A statistically
significant decrease (or increase) of one puncta per cell would represent a 10% change
in autophagy capacity that may be relevant in the contexts of microbial sensing and
pathogen control in the gut mucosa.
It will also be possible to use these methods to assess the effects of Crohn’s disease risk
alleles in mouse models where the endogenous Atg1611 has been replaced by mutated
genes. It was not possible to transduce organoids with the adenovirus and the
experiments will require development of the MSCV retroviral vector reported by Koo et

al (2012) to transduce stem cells in mouse organoids.
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Anti GFP, GFP LC3 Anti LC3, GFP LC3

Media HBSS Media HBSS

Supplementary Figure 1 - Colocalisation of anti LC3B, anti GFP and GFP-LC3

Colon crypt tissue was isolated and incubated in Matrigel containing GFP-LC3 Adenovirus. After
1 day crypts were incubated in nutrient media, or HBSS. A) Shows immunostaining using an anti
GFP antibody (red) and the GFP-LC3 expression (green) in media (i) and HBSS (ii). Panel B
shows crypts immunostained for LC3B (red), and transduced with GFP-LC3 (green) in media (i)

and HBSS (ii). Nuclei were stained with Hoescht.
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A) Abcam B)Cell signalling

Supplementary Figure 2. -Staining of LC3B antibodies in human colon crypt cells.
Colon crypt tissue was starved in HBSS, fixed and immunostained against LC3B with an Abcam
Antibody (A), a call signalling antibody (B), a Sigma antibody (C), and an MBL antibody (D)

Nuclei were stained with Hoescht.
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HBSS + chloroquine

Lamp1l staining
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Supplementary Figure 3. - Isotype control staining compared to LC3B staining in human
colon crypt cells.Isotype control experiment proved the MBL antibody was true staining. Panel
A shows MBL LC3B staining in green, localising with LAMP-1 staining in red. The Isotype control
in B shows no staining within cells of the crypt with the Isotype control (green), thus, no

localisation with LAMP-1 staining in red.
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4hr HBSS + 100uM Chloroquine

GFP LC3. %

Supplementary Figure 4 - Expression of GFP-LC3 within differentiated cells in human
colon crypts. Staining against enteroendocrine cells (A) and Goblet cells (B) was performed
after incubation in HBSS+ 100uM chloroquine. Staining for Enteroendocrine cells with
Cromogrannin a, and goblet cells with Muc2, are both in Red. GFP-LC3 is shown in green. Nuclei

were stained with Hoescht.
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2hr HBSS

2hr 30 HBSS

3hr 40 min HBSS

3hr 40 min HBSS

Supplementary Figure 5 - distance moved of autophagosomes within different crypt cells.
4 Crypt cells from separate experiments expressing GFP-LC3 (green) were imaged by confocal
timelapse microscopy, and the Imaris tracked vesicles were plotted for diameter (um) against

distance moved (pm) the blue line indicates movement above 3um
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Supplementary Figure 6 - Secondary control staining of human colon crypt cells.
Staining for secondary antibodies alone (a-anti mouse red secondary, b-anti goat green
secondary) or together (C) along anti rabbit far red were shown. LC3B staining (red) and Rabbit

far red, show no overlap of the rabbit secondary antibody with the LC3B staining.
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A) Nutrient media

B) 3hr+ HBSS

01:0

00:0

00:00 02:30

iil"i 16:00

Supplementary Figure 7 - Ranges of lifetimes of autophagosomes. Colon crypt cells
expressing GFP-LC3 in nutrient media (a) of HBSS for over 3 hours (B) were imaged over time
and vesicles forming and degrading over time are shown in panels below each full cell image
with the first image when the vesicle is first visible, and the last when it is no longer visible.
00:00 = minutes:seconds. Images were taken on a Zeiss confocal with an x63 objective.
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