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Abstract

As our body's guardian, the immune system maintains systemic health
through removal of pathogens, damage and cancer. Ageing of the immune
system is associated with compromised immune responses as well as
decreased tumour surveillance and is therefore a key risk factor for major
diseases in the elderly. Adaptive immune responses are mediated by T and B
lymphocytes, and failure in adaptive immunity is a particular hallmark of the
ageing organism. Here we show that autophagy is impaired in aged murine B
lymphocytes, and loss of autophagy causes severely reduced B cell
responses. Our data demonstrate that B cell senescence can be reversed in
an autophagy-dependent manner by spermidine, a naturally occurring
polyamine metabolite. Mechanistically, our study reveals that the translation
factor elF5A, that requires spermidine for its activation, regulates the
expression of the master autophagy/lysosomal transcription factor TFEB.
Importantly, we show in humans that spermidine, elF5A and TFEB levels
decrease with age and may serve as ageing biomarkers. Taken together our
results indicate that the translational control of autophagy by elF5A is
dysregulated with ageing, and identify a novel pathway with therapeutic

implications.



Declaration

This thesis is submitted to the University of Oxford in support of my
application for the degree of Doctor of Philosophy. The work described herein
was performed when | was a graduate student at the Weatherall Institute of
Molecular Medicine and the Kennedy Institute of Rheumatology, under the
supervision of Professor Katja Simon. All the work presented in this thesis is
the result of my own work unless otherwise stated. No part of my thesis has
been accepted or is currently being submitted for any degree, diploma or

certificate or other qualification in the University of Oxford or elsewhere.

II



Author’s Publications

Zhang H, Puleston DJ, Simon AK. 2016. Autophagy and Immune

Senescence. Trends Mol Med 22: 671-86.

Zhang H, Alsaleh G, Feltham J, Sun Y, Riffelmacher T, Charles P, Frau L, Yu
Z, Mohammed S, Balabanov S, Mellor J, Simon AK. Translational control of

TFEB and autophagy via elF5A rejuvenates B cell immunity. In submission.
Puleston DJ, Zhang H, Powell TJ, Lipina E, Sims S, Panse |, Watson AS,
Cerundolo V, Townsend AR, Klenerman P, Simon AK. 2014. Autophagy is a

critical regulator of memory CD8(+) T cell formation. Elife 3.

Yu Z, Zhang H, Huang H, Kessler BM. A simpler method for polyamine

analysis by GCXGC-MS. In submission.

II1



Acknowledgements

Numerous brilliant minds have been thriving in Oxford since 800 years ago to
push human civilization forward. | feel very lucky to have a chance to come

here, meet them and follow their footsteps.

The first English book | successfully read from start to finish was called Who
Wants to be a Scientist? It was a gift from my supervisor Professor Katja
Simon in the beginning of my first year of DPhil study. The book introduces a
wide range of topics of academic career development, which initiated a
thorough DPhil training delivered by Katja. In the following 4 years, Katja set a
close example how to be an energetic scientist and an enlightening supervisor.
| would like to express my most grateful appreciation to Katja for her valuable
encouragement and trust on me by giving me sufficient freedom to chase my
own ideas, for those illuminating conversations about the project and science,
for her great generosity in supporting me to develop my own career, and for

the large amount of time she spent on improving my scientific skills.

| wish to acknowledge my current and previous colleagues for their help in lab.
My 4-year DPhil study was accompanied by another gifted student Thomas
Riffelmacher, from whom | gained a lot of help and learned a lot. Lisa Frau

and Yizhe Sun are hardworking students taking their internships with me. |
hope they enjoyed their experience here and the credit goes to them for
helping me with my project. | would like to thank Ghada Alsaleh, Daniel
Puleston, Alexander Clarke, Sandrine Obba, Isabel Panse, Sharon Sanderson,
Ghadeer Almuhaini, Dingxi Zhou, and Felix Richter for their general help and

advice.
| am particularly grateful for the guidance given by my thesis committee

members and project advisors Dr Consuelo Anzilotti, Dr Alfredo Castello

Palomares, Professor Claus Nerlov, and Dr Giorgio Napolitani. Being the

IV



experts in immunology, haematology, and protein translation, they provided

valuable suggestions to push my project forward.

Thanks are extended to my lovely friends, who share the memory of these 4
years with me. It is a great pleasure to meet my undergraduate classmates
Xijin Xu, Xiao Qin, and Chi Zhang again in the same DPhil program, where we
firmly support each other to overcome difficulties and pursue a scientific
career. Yiyan Zheng, Yingjie Wang, and Houfu Leng provided me with
generous help in experiments and daily life. Genuine thanks also go to Yuan
(Oliver) Lui, Ran Li, Jiahe Yang, Peng Hua, Yanchun Peng, Lei Zhang, Lina
Guo, Jun Guan, Wei Wu, Linyi Zhu and all other friends for their technical

assistance and the enjoyable time we spent together.

This thesis was carefully read and corrected by Professor Xin Lu (internal
examiner) and Professor Malene Hansen (external examiner). Their valuable

input is greatly appreciated.

| would like to offer my special thanks to my parents and other family

members for their unfailing support, inspiration and love throughout my life.

Finally, | wish to thank the professional and efficient facilities of the Weatherall
Institute of Molecular Medicine, the Kennedy Institute of Rheumatology, St
Cross College, and other facilities in the university. The China Scholarship
Council, the Nuffield Department of Medicine, and the Elysium Health are
gratefully acknowledged for their generous stipend and fees to support my

study in Oxford, and the Wellcome Trust for providing general support.



Abbreviation

List of Abbreviations

Full name

ACS Antibody secreting cells

ADP Adenosine diphosphate

AID Activation-induced cytidine deaminase
AMP Adenosine monophosphate

AMPK AMP-activated protein kinase

AP Alkaline phosphatase

ATF4 Activating transcription factor 4

ATG Autophagy-related gene

ATP Adenosine triphosphate

BafA1 Bafilomycin A1

BCR B-cell receptor

bHLH Basic helix-loop-helix

C domain Constant domain

C. elegans Caenorhabditis elegans

cAMP Cyclic adenosine monophosphate

Cd40ig CDA40 ligand

CDC Centers for Disease Control and Prevention
ChIP Chromatin immunoprecipitation

CHOP CCAAT-enhancer-binding protein homologous protein
CHX Cycloheximide

VI




CLEAR

Coordinated lysosomal expression and regulation

CLP Common lymphoid progenitor
cmv Cytomegalovirus

COPII Coat protein complex Il

DFCP1 Double FYVE-containing protein 1
DFMO Difluoromethylornithine

DHS Deoxyhypusine synthase

DMH 1,2-dimethylhydrazine

DOHH Deoxyhypusine hydroxylase
DTT Dithiothreitol

EBV Epstein-Barr virus

EDTA Ethylenediaminetetraacetic acid
EF-P Elongation factor P

elF2 Eukaryotic initiation factor 2
elF5A Eukaryotic translation initiation factor 5A
ELISpot Enzyme-linked immunoSpot
ER Endoplasmic reticulum

FASP Filter aided sample preparation
FDA Food and Drug Administration
FDC Follicular dendritic cell

FDR False discovery rate

FOXO Forkhead box O protein

FOXP3 Forkhead box P3

VII




GAPDH Glyceraldehyde 3-phosphate dehydrogenase

GC Germinal centre

GC-MS Gas chromatography—mass spectrometry
GC7 N1-guanyl-1,7-diaminoheptane

GFP Green fluorescent protein

GH Growth hormone

GMP Granulocyte-macrophage progenitor
H chain Heavy chain

H&E Haemotoxylin and eosin

HAT Histone acetyltransferase

HDAC6 Histone deacetylase 6

HIV Human immunodeficiency virus
HSC Haematopoietic stem cell

IFN Interferon

IGF-1 Insulin-like growth factor 1

IKK IkB kinase

IL Interleukin

ip Intraperitoneal

IP Immunoprecipitation

IRGM1 Immunity-related GTPase family M protein 1
IkB Inhibitor of kB

L chain Light chain

LAMP2A Lysosome-associated membrane protein type 2a

VIII




LC3 (MAP1LC3)

Microtubule-associated proteins 1A/1B light chain 3B

LCMV Lymphocytic choriomeningitis virus

LMPP Lymphoid-biased multipotent progenitor cell

LPS Lipopolysaccharide

LSK Lineage Sca1*cKit* ®®'

MHC Major histocompatibility complex

MiT Microphthalmia transcription factor

MITF Microphthalmia-associated transcription factor

MkP Megakaryocyte progenitor

MMWR Morbidity and mortality weekly report

MPP Multipotent progenitor cell

MS mass spectrometry

mTORC1 Mammalian target of rapamycin complex 1/Mechanistic
target of rapamycin complex 1

NAC N-acetylcysteine

NAD Nicotinamide adenine dinucleotide

NBR1 Next to BRCA1 gene 1 protein

NCOA4 Nuclear receptor coactivator 4

NDP52 Nuclear dot protein 52

NF-xB Nuclear factor kappa-light-chain-enhancer of activated B
cells

NLS Nuclear localization signal

NOD Nucleotide-binding oligomerization domain

IX




NP-CGG

4-Hydroxy-3-nitrophenylacetyl-Chicken gamma globulin

NP-KLH 4-Hydroxy-3-nitrophenylacetyl-Keyhole limpet
hemocyanin

Nrf Nuclear respiratory factor

OoDC Ornithine decarboxylase

OPP O-propargyl-puromycin

OPTN Optineurin

PAMP Pathogen-associated molecular pattern

PBMC Peripheral blood mononuclear cell

PDE Phosphodiesterases

PE Phosphatidylethanolamine

PERK Protein kinase R (PKR)-like endoplasmic reticulum kinase

PFA Paraformaldehyde

PGC-1a Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha

PHA Phytohaemagglutinin

PI3K Phosphatidylinositol 3-kinase

PI3P Phosphatidylinositol 3-phosphate

PIK3C3 Phosphatidylinositol 3-kinase catalytic subunit type 3

PINK1 PTEN-induced putative kinase 1

Poly IC Polyinosinic-polycytidylic acid

PPI (I1) helix Polyproline I (1) helix

PPL Procedure Project Licence




Pre-B cell Precursor B cell
Pre-GM Pre-granulocyte/macrophage
Pre-MegE Pre-megakaryocytes/erythrocyte

Pre-pro-B cell

Germline progenitor B cell

Pro (P) Proline

Pro-B cell Progenitor B cell

Pro-Ery Pro-erythroblast cell

PSM Peptide-spectrum matches

PTD Protein transduction domain

PTEN Phosphatase and tensin homolog

RBC Red blood cell

ROS Reactive oxygen species

SAM3 S-adenosylmethionine metabolism protein 3

DUR3 Urea active transporter

SASP Senescence-associated secretory phenotype

SEM Standard error of the mean

Ser (S) Serine

SHM Somatic hypermutation

SILAC Stable isotope labeling with amino acids in cell culture

Sir2 Silent information regulator 2/NAD-dependent histone
deacetylase SIR2

SIRT1 SIR2-like protein 1/NAD-dependent protein deacetylase

sirtuin-1

XI




SL chain

Surrogate light chain

SNAP29 Synaptosomal-associated protein 29
SOD2 Superoxide dismutase 2
Spd Spermidine

SQSTM1 (p62)

Sequestosome-1

TBC1D17 TBC1 domain family member 17
TCEP Tris (2-carboxyethyl) phosphine

TCR T-cell receptor

TEAB Triethylammonium bicarbonate buffer
TFE3 Transcription factor E3

TFEB Transcription factor EB

TFEC Transcription factor EC

Trn Follicular helper T cell

Th1 Type 1 T helper

Th17 T helper 17

Th2 Type 2 T helper

Thr (T) Threonine

TIV Trivalent inactivated influenza vaccine
TLR Toll-like receptor

TNF Tumor necrosis factor

Treg Regulatory T cell

TSC Tuberous sclerosis protein

UHPLC Ultra-high performance liquid chromatography

XII




ULK Unc-51-like kinase

uORF Upstream open reading frame

V domain Variable domain

Val (V) Valine

Vps34 Vacuolar protein sorting-associated protein 34

WIPI2 WD repeat domain phosphoinositide-interacting protein 2

Zip Leucine zipper

XIII




Contents

ADSETACE ...ttt I
Declaration ... ————————————————————— II
Author’s Publications.......mmssssssssssssssss II
ACKNOWIEdgEMENLS.......cciiimiiinssssnssssssnsssssssss s s snsnss IV
List of ADbreviations ... —————————— VI
LiSt Of FiGUIeS....cociscrssssssssssssss s s sssssssssssssssssssseses XIX
Chapter 1. General INtroduction: ... ———— 1
Autophagy and Adaptive Immune SENeSCENCE........ummsmmmsmsmsmsssmsssssssssssssssssssssas 1
1.1 Autophagy and autophagy signaling pathways.........cccocuminmsmnnssssnssssssssnsnsinns 2
1.1.1 AULOPRNAZY PIOCESS woueereeereereemseesseessessseessessss st sesssesssessse s s s s bbb s sa s e 2

1.1.2 Autophagy cargo SPECITICILY ...comirrrerreireeereerreet s sseese s bbb sess s sss s 5

1.1.3 Autophagy signaling PAtNWAYS ......ccceereneeeneeseesseeseeseese s sssssesssssssesssssssessesassens 5
1.1.3.1 Insulin/IGF-1-mTOR signaling pathway ........ceneeeesessesesssessssssssssesssssssessnes 7

1.1.3.2 AMPK SigNaling PAthWay ....ccceomeerieeseeesseesssesseeesssssssessssssssssessssessssssssssssssssssssessssssssssssessssssssssssessanes 7

1.1.3.3 SIRT Y ettt s bbb 8

1.1.3.4 Innate iIMMUNE SIZNALS ...cieurrerrreerierreersesessessesssssessess s sssess s sssssssess s ss s ss s sssasssessanes 8

1.1.4 Age-related changes/manipulations of autophagy signaling pathways .............. 9
1.1.4. 1 INSULIN /IGF- Tttt sesss st seess s s sb s es e b s e s s ss e 9

1.1.4.2 MTORCT .ttt s bbb bbb 10

1.1.4.3 AMPK ettt R AR 10

1.1.4.4 FOXOS couetiruereessireessssssessssssesssessssssessessses s s ssse s s ssse s s ssss s bbb 11

TL14.5 SIRTT coeeeeeeeeetseessees e sssessses b ssse s bbb R bbb 11

1.1.4.6 INflamMMAZEING....orreuriereerreesseerseessesssesssesssesssesssesssse bbb sss b b s s bbb bbb nssa s 12

1.1.4.7 LYSOSOIME ..c.coreuerrreniensesssesssssessessessssssessssssessssssesssesssssse s ss s ssssssssbsssss s s s s ssssssssssssssssssssassnes 13

1.2 Autophagy controls cellular SENESCENCE .......coivcimrinmisiesismsssssssmssssss s 14
1.2.1 Mitochondria and ROS ... ssss st sessssssssssss s sssenns 14

1.2.2 GENOME STADIIILY ettt sttt st s s 16

1.2.3 PrOtEOSTASIS eueurereereeresresseseseesessessessessesssssessessessessess s s sessessessssssss s sessessesssssssssssssessessenssssssees 17
1.2.4 INFlaMMATION coeuttettrieect ittt st ss s sess s bbb s s bbb 19

1.3 Adaptive iMMUNE SENESCEINCE .....ccuurmruismsmsmssssmsssmssssssssssssssssssssssssssssssssasssssssssssssssssssssses 20
1.3 T CRIIS coureueeeeereeeee ettt bbb s bbb s R s 23
1.3.1.1 Reduced TCR repertoire diversity during ageing ... 23



1.3.1.2 Functional changes With Qe .......cenenrenneeeeseeseessessssssssssssssssssssssesssssssssssssssssssess 24

1.3.1.3 Autophagy controls T cell development and functions .......c..coeeereeseeesseeseessseesseesnens 26
1.3.1.4 Autophagy and T Cell SENESCENCE .......ouuueurrereerreessessesssseessesssesssesssssssssssssssssssssssssssssssssssssees 27

1.3.2 B COIIS coutiuieterttsetset et sesasees st s a bR R R 28
1.3.2.1 Reduced BCR repertoire diversity during ageing .......oeneesssessessseesseesssesssesssees 28
1.3.2.2 Compromised humoral reSponses With age .......ccueeneernneenseensesssesssessesssssesssesssessesssess 29
1.3.2.3 Autophagy controls B CEll TESPONSES....uererrreeresreesseessesssesssessssssesssssssssssssssssssssssssssssess 30
1.3.2.4 B-1 B CIIS ottt 31

1.4 Spermidine as an autophagy INAUCET ... 32
1.5 TheSiS SUMMATY .cocviscinnisnissississssssssssssssssssssssssssss st ssss s s sssssssssssssssssssssssssssssses 33
Chapter 2. Materials and Methods.........in. 35
20 L Lo N 36
0 00 ) o=V 0 1 PSP 36
2.1.2 Drug admMiniStration ... e ceeeceseeeeesseesessseesse e sessssssesssssssssssssesssssssesssssssssssssasssssssasssnns 36
2.1.3 Tissue and SEIrUM PIrOCESSING.....orurrureeresressersmessessesssessessessssssessessssssesssssssssessessesssessessesssees 36
2.1.4 BONE MAITOW ChIINETA ooueeeeecereeeece et ssseesse e s s s sss s 37
2.2 Cell culture and drug treatments.........cuiumssssmsmsssss s ————— 38
2.3 List of antibodies ... —————s 39
2.4 FIoW CYtOMELTY (FACS) cciioiirsnsinsnisnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssassnnes 44
2.4.1 Surface marker staining and analysSis....... e 44
2.4.2 LC3-I1 FACS StaINING . vceeeeeereereeseeesserssseessssssseesssesssssssssssssssssssssssssessssessssesssssssssssssessassesas 45
2.4.3 CYLOID SLAIMINE courreureereenreeseeseeseeesessesssesssesssessse e s s bbbt s sss s bs bbbt 45
2.4.4 OPP-CLICK ASSAY ..eureurerrrernseersesesssesssesssasssesssssssesssessse s s ssssssssssssssssesssssssasssssssssssssasssssssasssnns 45
2.5 WeStern Blot ... 46
2.6 IMmMUNOPrecCiPitation ... s 48
2.7 QUANtItative PCR ... ssessssssessssssmsssssssssssssssssssssssssssmssss ssmssssssnssnsssmsssnsnsnns 49
2.8 SIRNA transfection ... ————————— 50
2.9 HAT aCtiVItY @SSAYS .iuceerrsursrsmsmssssssssssssssssssssssssssssssssssasssssssssssssssssssssssssssssssssssnsassssssssasssses 50
2.10 NP-CGG immunization and analysis ... 51
2.70.1T IMIMUNIZATION covrreuirererreeseeseesesesessesssessseessessse s s s s st s s s ssssns s bs bbb 51
2.10.2 NP-IGM/IGGT ELISA ooiecereerrrereeessenssseesssess e sssesssessssssssssssssssssssssssssessssessssssssssssssssaseesas 51
2.10.3 NP-IGGL ELISPOT.cctierrermreereesseesesesseessseesssessseesssssssssssssssssssssssssssssssessssessssesssssssssssssessaseesas 53
2.11 Mouse B cell purification and stimulation ..., 53
2.12 CONfOCAl MICTOSCOPY rrururrrrsrsnsmsrsssssssssssssssssssssssssssssssssssssssssssssssssssassssssssnsassssssssassnsess 54
2.13 Cell fractionation ... —————— 54
2.14 Proteomics mass SPECIIOMELTY ......ccumiismsmsmssssmssssssssssssssssssssssssssssssssssnsassssssssassnsens 55

XV



2.15 Spermidine measurement by gas chromatography mass spectrometry (GC-

) 58
2.16 RiboSOmMeE Profiling......cccoennismsiniiinssnnississssnssssssssssssssssss s 58
2.17 HUMAN SAMPIES c.ceruiirnsmsnsnsmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssassssssssassnness 60
2.18 Statistical aNalySes ... ————————————— 61

Chapter 3. The Autophagy Inducer Spermidine Rejuvenates Humoral

Immunity in AGed MICe.......inisnsssssssssssssssssssssssssssssssssssssssssssss 63
R 200 T 0010 0T L0 et o) o 63
3.1.1 Murine B cell deVelOPMENT ...t sessseee s sssenns 64
3.1.2 B Cell aCtIVALION ceorrerereereeeseereerseese e sesssess s e sssessssss s ssssssssssssesss s sssesssessssssssessasessas 66

R0 2T | 70
3.2.1 Phenotypic changes of the haematopoiesis in old mice .......ccouerremrenreenrrersernneenn. 71
3.2.2 Bone marrow cells from old mice reconstitute well into recipients.........ccc...... 80
3.2.3 Autophagy is impaired in lymphocytes from old MicCe ......cccouerreereeemrenreenreersernneenn. 87
3.2.4 Autophagic flux is blocked in B cells from old mice .......cccoueneomeecrerenienseenreensernneenn. 89
3.2.5 Spermidine improves the humoral responses in 0ld MiCe.......ccomeereenreerrersneenn. 92

3.2.6 Spermidine improves the humoral responses in an autophagy-dependent

005D 0 013 96
3.2.7 Spermidine does not improve humoral responses in young mice .........ccoeceeeene. 99
3.3 DiSCUSSION i 100

3.3.2 How does autophagy modulation contribute to the aged haematopoietic
SYSTEIMT ...oeeeceeeee s s s s sess e s s s a8 s E s AR £ s R e R AR s R AR ner s 103

3.3.3 Does spermidine improve humoral responses in old mice via autophagy?..105

3.3.4 Potential side effects of SPErMIidine ......ooveneereeseenneinseennenseeseeeseessese s 107
3.3.5 CONCIUSIONS werrreeeermeesrerseermessssessesssseesssesssesss s sssess s ss s ses s e ss s s senasssnsenes 108
Chapter 4. Spermidine Regulates Autophagy via elF5A Hypusination.....110
4.1 INErOAUCHION ot 110
4.1.1 Molecular functions of SPEIMIdiNe........coemereeemeenrernseenmerneeeseessese s ssseessesseesseens 111
4.1.2 Hypusination of eIF5A and its molecular functions........oenseenseesseesneens 112
4.1.3 Cellular functions of polyamines and eIF5A ... seeseens 114
4.1.4 Physiological functions of polyamines and eIF5A.......conneenneeneenneeneeneens 115

4.2, RESUILS. .ottt 117
4.2.1 Spermidine is required for autophagy ... ———— 118

XVI



4.2.2 Spermidine does not inhibit HAT activity in Jurkat cells......ccuoornniereenneens 122
4.2.3 High dose spermidine induces ER stress in Jurkat cells........cuoorenneenreenneens 127
4.2.4 Hypusinated elF5A is required for autophagy ........ceneneeneeneeseeseeseiseeneens 129
4.2.5 Autophagy and the expression of elF5A are induced during primary B cell

Lo A2 15 (0 ) ¢ DO 133
4.2.6 Hypusinated elF5A is required for autophagy in primary B cells......ccccuuunn. 133
4.2.7 Hypusinated elF5A is required for optimal protein synthesis........cccouereenneen. 136
4.2.8 Hypusinated elF5A is required for translation initiation and termination in
PIIMATY B CEILS 1ottt ettt sees s sess e ses e bbbt e bbb s 138
4.2.9 Polyproline causes translation stalls in primary B cells ......c.ccnonerrenneenreenneens 138
4.3 DiSCUSSION ctiuiiimsmimsssmsmsnisissss RS R 141
4.3.1 Can we induce elF5A hypusination? ... ssseessesssssseens 142
4.3.2 Why is PPP stalling reduced upon GC7 treatment in primary B cells?............ 143
TG S 2 00 ) 0Tl 113 0 1 13PN 144
Chapter 5. elF5A Controls TFEB EXPressSion......msimmssssssssssssssanns 146
5.1 INtrOAUCTION vttt s s sa s 146
5.1.1 MiT tranScription fACtOTS ... ereerseeeeeseesseessesssessssesss s ssss s ssssssssssesssssssssasssssesns 147
5.1.2 TFEB is a key autophagy/lysosome transcription factor.......enneenneens 147
5.1.3 Molecular mechanisms of TFEB activation .......ceeereernesneseessseseseseees 149
5.1.4 TFEB fUNCHIONS i1 VIVO c.orermeerrereeeseeeseessessssesssesssssssssessssessssesssssssessssessssssssssssessssssssssssseees 150
5.1.4.1 TFEB knockout is embryonic lethal ........eseeseesecsserseessssssssssssssssessssaess 150
5.1.4.2 TFEB N LIVET coeueeeeeseeeeierettseeseeseesssesssess s ssses s ssse s sss s s s assssens 151
5.1.4.3 TFEB N MUSCIE oottt sss s s sss s ssssssssssssssssssenes 151
5.1.4.4 TFEB in iMMUNE CElLS .. sssssssssssssssssssssssssssssenes 152
5.1.4.5 TFEB IN QZEING ..o etuurierreeueeessersseesessssesssessssesssesssessssssssesssassssesssassssssssssssassssssssssssasssssssassssssasssssassanes 152
LS 2T 1 154
5.2.1 Identify the targets of elF5A using protein mass spectrometry ... 155
5.2.2 elF5A controls the expression of TFEB......nennsceeseeseeese e sseeseens 157
5.2.3 GC7 promotes the decay of Tfeb MRNA. ... sseesseens 162
5.2.4 Reduced expression of TFEB in mice during ageing.......coeeoneeseeneeseesneens 169
5.2.5 The spermidine-elF5A-TFEB pathway is affected in old people......ccccuueruunnee. 169
LT 20 D) T 01 )L ) 173
5.3.1 Why does mammalian TFEB require polyproline motifs? ........cccooseeeneenreenneens 174
5.3.2 How can we improve TFEB functions during ageing?.......onenseenneenseesneens 176
5.3.3 CONCIUSIONS w.errreereermeessrerseermeesssesseesssensssess s s sssess s ss s ses s e ss s e sesassssseees 177
Chapter 6. General DiSCUSSION ......ccccuvnnisnnmsssmsssssmssssssssssssssssssssssssssssssssssanns 179



6.1 Changes of protein translation during ageing.........ccun———— 180

6.2 The potential regulatory role of proline in protein translation .........cccce.... 182
6.3 Protein translation and autophagy are coordinated with each other ......... 185
6.4 TherapeutiC ProOSPECES ... s 186
6.5 TheSiS SUMIMATY ..cciiiimsissisissmsmsssssssssssssssssss s sas s m s n s s s sas s e 189
Bibliography.... s 193

XVIII



List of Figures

Chapter 1. General INtroduction ... ——————— 1
Fig1.1 The core autophagy Machinery. ... ssessssses 4
Fig 1.2 Autophagy signaling pathways and their changes with age. ......cccounnninrenncnecnne. 6
Fig 1.3 Autophagy protects cells from SENESCENCE. ......ooruerrermirnreernerreerreesseessenssesssesseeseesseseees 18
Fig 1.4 Schematic overview of the mammalian haematopoiesis. ......nenreenneennees 21
Fig 1.5 Schematic overview of the polyamine synthesis pathway. ......cccornmenneenneennen. 32

Chapter 2. Materials and Methods.........cciisssssssisssnnnn 35

Chapter 3. The Autophagy Inducer Spermidine Rejuvenates Humoral
Immunity in AGed MICE ... ssssssssssns 63

Fig 3.1 Schematic overview of B cell development. ... eseesseeeees 65

Fig 3.2 Schematic overview of T-dependent B cell activation, focusing on germinal

LoL<] o Un oI T T 5 1) o 67
Fig 3.3 Expanded HSCs in bone marrow from old micCe. .....coneneeeneeneesneeneesennseeseesseeneees 72
Fig 3.4 Expanded myeloid progenitors in bone marrow from old mice. .....ccccoueuereerneunnce. 74
Fig 3.5 Accumulated B cell progenitors in bone marrow from old mice. .....ccccueereerneunnce. 75
Fig 3.6 Spleen lineages are myeloid-biased in old mMice. ... 77
Fig 3.7 Peripheral blood lineages are myeloid-biased in old mice. .....c.cccoomerenmenreerneennen. 78
Fig 3.8 CD44hi memory-like T cells are accumulated in old mice. .....cccoveoreeereeenernreenneennens 78

Fig 3.9 Bone marrow and spleen cellularity in young, old, and old mice administered
WILh SPETTNIAINE. oottt e e bbb b s s s s bbbt 79

Fig 3.10 Use competitive bone marrow chimera to assess HSCs reconstitution ability.

Fig 3.11 Old bone marrow cells have a higher reconstitution ability of HSCs. ............... 81
Fig 3.12 Comparable reconstitution ability of myeloid progenitors between young and
10 o aT0) o LT 00 = g 0 PP 83
Fig 3.13 Comparable reconstitution ability of T cell progenitors between young and
10 o aT0) o LT 00 = g 0 PP 84
Fig 3.14 Comparable reconstitution ability of B cell progenitors between young and
10 o aT0) o LT 00 = g 0 PP 86
Fig 3.15 Autophagic flux is significantly reduced in lymphocytes from old mice, and
spermidine increases autophagic flUX i1 VIVO. ... ssesssseees 88

Fig 3.16 Purity check of magnetic-activated cell sorting (MACS) of murine B cells. ...90

XIX



Fig 3.17 Autophagy is impaired at the lysosomal degradation level in B cells from old
mice, which is ameliorated by spermidine adminiStration. ... 91
Fig 3.18 Spermidine improves humoral responses in old mice. .....ccmeemeenreennernreesneennees 93

Fig 3.19 Spermidine increases the number of long-term NP-IgG1-secreting cells in old

IXLICE. worrreureeruseesseesseessseessseeseeesseees e s s sees R R R8RSR RSB R R R R R RS 95
Fig 3.20 Reduced autophagy in Atg7-/- B CellS. ..ot seeseseees 97
Fig 3.21 Spermidine fails to improve the humoral responses in B cell-specific
AULOPhAgY-defiCIENT MICE. oerieereeeeeeereeeect ettt b bbb s st 98
Fig 3.22 Spermidine does not improve humoral responses in young mice. ......cccoueeunee. 99
Chapter 4. Spermidine Regulates Autophagy via eIF5A Hypusination ......110
Fig 4.1 Schematic overview of the polyamine synthesis and the eIF5A hypusination
PATNWAY. oottt sttt bbb s b a e e s AR s 112
Fig 4.2 Schematic overview of the tri-proline Structure. .......enseseeseesneeseesneens 113
Fig 4.3 Spermidine induces autophagy. ....ccvereereeseesessesseessessssssssessssesssessessssessanes 119
Fig 4.4 Spermidine does not affect mMTOR and AMPK activity. ......enmeeneeeseerne. 121
Fig 4.5 Spermidine is required for aUtOPhagy. ....cocenereenreenmeinneesesseeseeesesseessessseessessseesseens 121

Fig 4.6 Selected autophagy gene expression changes caused by spermidine treatment.

.......................................................................................................................................................................... 123
Fig 4.7 Spermidine does not reduce the acetylation of H3 or ATG7. ...ccooeereerrerrercreennenns 124
Fig 4.8 Spermidine does not inhibit HAT aCtiVity. .....ccoomeenreennenseeneeseesseeesessseessesseesseens 126
Fig 4.9 High-dose spermidine induces ER Stress. .....enseneessessessssessessesseens 128
Fig 4.10 Spermidine is required for the hypusination of e[F5A. .....cooncreeeneeereenneens 129
Fig 4.11 elF5A is required for autophagy. ... seessesssssssessssessesssessseens 130
Fig 4.12 Hypusination of eIF5A is required for autophagy. .......ccomeneneerneeeseesseeseeseesneens 132
Fig 4.13 Autophagy and the expression of hypusinated elF5A are induced during
Primary B Cell aCtiVATION. .ceiereereeereeeseceseessecsseesessse st st s s s 134
Fig 4.14 elF5A hypusination is required for autophagy in B cells. ......ccouonenemecrrernercseenneens 135
Fig 4.15 Hypusinated elF5A regulates autophagy in an mTOR-independent manner. ...136
Fig 4.16 Hypusinated elF5A is required for optimal protein synthesis. .......ccereenneen. 137
Fig 4.17 Hypusinated elF5A controls translation initiation and termination. ........cccccee... 139
Fig 4.18 Polyproline stalls translation. ... ssessessssssssesssssssesssssssesssssssesns 140
Chapter 5. elF5A Controls TFEB EXpression.......i. 146
Fig 5.1 Human TFEB Protein StrUCLUTE. ......occneeeseeseiseese e esessssssesssssssesssssssesssssssesns 149

Fig 5.2 GC7 does not affect the expression of the chosen polyproline-containing

AUEOPRNAZY PIOTEINS. wceieeieerieuseireeeeieee sttt sess s sesssess s ssse bbbt e b bbb bt 155

XX



Fig 5.3 Label-free quantitative protein MS to identify autophagy proteins regulated by

2] 03 S PPN 158
Fig 5.4 SILAC protein MS to identify autophagy proteins regulated by elF5A. ........... 159
Fig 5.5 elF5A controls the expression of TFEB. ... ceeeesssesessseesse s 160
Fig 5.6 Nuclear TFEB is reduced by GC7 treatment. ........coeeneenseenseeseesssessessseessesssessseens 160
Fig 5.7 The expression of TFEB target genes is reduced by GC7 treatment. ............... 161
Fig 5.8 TFEB protein sequence alignment aCross SPECIes. .....oeereeereesseessessseessesssessseens 164
Fig 5.9 Ribosome occupancy of Tfeb MRNA. ... sessssesse s 165
Fig 5.10 Tfeb mRNA has a short half life of less than 2 hours. ... 166
Fig 5.11 GC7 induces the decay of Tfeh MRNA. ...t sessssesse e 168
Fig 5.12 Reduced TFEB expression in B cells from old mice. .......ccoueenmeneeeneeseenseeseeseesneens 169
Fig 5.13 Reduced expression of TFEB and elF5A in PBMCs from old people. .......ccoceun.... 171
Fig 5.14 Spermidine levels in human PBMCs are reduced with age. ......ccoeveerrereennenn. 172
Chapter 6. General Discussion .........ooninininininans Error! Bookmark not defined.

Fig 6.1 Proposed model for the potential regulatory role of proline in protein
synthesis and Cell GrOWTH. ...t ss s e 184
Fig 6.2 Proposed working model of a novel autophagy signaling pathway and its

INVOIVEMENT IN AZEINE. .ureerieureeureereieeeeeireetseessesseessesss s ssse bbbt s sb bbb bt 191

XXI



Chapter 1. General Introduction:

Autophagy and Adaptive Inmune Senescence



Chapter 1. General Introduction

1.1 Autophagy and autophagy signaling pathways

Autophagy is a highly conserved homeostatic cellular process in which cells
degrade their own components through lysosomal degradation. There are
three types of autophagy identified in eukaryotic cells: macroautophagy,
microautophagy, and chaperone-mediated autophagy (higher eukaryotes).
Macroautophagy involves the formation of a double-membrane structure
called autophagosome, which carries bulk cellular materials to the lysosome
for degradation. Microautophagy is mediated by the direct invagination or
membrane extension of vacuoles like lysosome and endosome (3-5).
Chaperone-mediated autophagy relies on chaperones to recognize specific
protein substrates, and then unfolds and translocates them into the lysosome
(6-8). Macroautophagy is the most thoroughly studied type of autophagy, and

autophagy hereafter used in this review all refers to macroautophagy.

1.1.1 Autophagy process

The basic autophagy process is well characterized in eukaryotic cells (Fig 1.1)
(9). Upon autophagy induction, the activated ULK protein kinase complex
forms in proximal to ER, mitochondria or other membrane structures (10-12),
initiating the formation of the autophagosome. Class Il PI3-kinase complex is
then recruited by the ULK complex and produces the autophagosomal
membrane-specific lipid phosphatidylinositol 3-phosphate (PI3P). PI3P-
enriched membranes are Q-like, therefore termed omegasome (13).
Omegasome is the platform where the isolation membrane (autophagophore)

expands to engulf cytoplasmic materials including organelles and soluble
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components (14). Enrichment of PI3P on omegasomes facilitates the
recruitment of PI3P-binding proteins such as DFCP1 that may carry ER and
Golgi membranes for autophagosomal membranes expansion (13), and
WIPI2 that interacts with the ATG12-ATG5-ATG16L complex for the
phagophore membrane expansion (15). Moreover, according to a proteomic
analysis, Atg1 kinase complex (yeast homolog of ULK) and PI3-kinase
complexes also direct interacts with COPII transport vesicles, guiding ER

vesicles to fuse with autophagophore membranes (16).

The autophagophore expansion is also associated with two ubiquitin-like
reactions, ATG12-ATG5-ATG16L and LC3-phosphatidylethanolamine (LC3-
PE) (Fig 1.1). ATG12 is activated by ATG7 (E1-like) and then transferred to
ATG5 by ATG10 (E2-like). ATG12-ATG5 forms a complex with ATG16L later.
LC3 is activated by ATG7 (E1-like) and conjugated to PE by ATG3 (E2 like).
The ATG12-ATG5-ATG16L complex functions as an E3-like ligase to carry PE
for LC3 lipidation (17, 18). Although the lipidated form of LC3 (LC3-PE, or
LC3-l) is not essential for the formation of autophagosomes (19), it controls
cargo specificity via interacting with multiple adaptors such as p62, NBR1,

NDP52, and NCOA4 (20).

Eventually, the elongated membrane closes to form mature autophagosome

and fuse with the lysosome for degradation.
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Fig 1.1 The core autophagy machinery. Upon starvation or other autophagy-
inducing signals, the ULK complex is activated to recruit and stimulate the class Il
PI3K complex, which then initiates the formation of autophagophores. The
elongation of autophagophores involves two ubiquitin-like reactions for the
formation of the ATG12-ATG5-ATG16L complex and the lipidated LC3-II (LC3-PE).
Autophagophores close to form autophagosomes, which eventually fuse with

lysosomes for cargo degradation.
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1.1.2 Autophagy cargo specificity

Starvation-induced bulk autophagy degradation is thought to be a non-
selective process in which autophagosomes engulf bulk cytoplasmic
components for degradation and nutrient supply. Meanwhile, damaged or
surplus organelles, protein aggregates, and invading intracellular pathogens
are specifically targeted to autophagophores for autophagic degradation.
Such cargo specificity is usually determined by adaptor proteins, which
interact with both cargos and autophagy proteins including ULK (21) and
ATGS8 family proteins. For example, p62 was the first adaptor protein found to
bind to both LC3-PE and polyubiquitin-labelled targets, thereby targeting
polyubiquitinated substrates to autophagy (22). Another adaptor protein NBR1
functions together with p62 or independently to target ubiquitinated substrates
to autophagy (23). Besides ubiquitination-mediated substrate recognition,
certain types of direct protein-protein interaction are also used for cargo-
specific autophagy. For example, NCOA4 interacts with ferritin and targets
iron stock to autophagy to maintain intracellular iron levels (ferritinophagy)
(20), which is essential for erythroid differentiation shown in zebra fish and

human K562 erythroid cell line (24).

1.1.3 Autophagy signaling pathways
As the only bulk-degradation mechanism in cells identified so far, autophagy
is tightly regulated to maintain the homeostasis or remodel the cells in

response to various signaling inputs. Various autophagy signaling pathways
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are altered during ageing (Fig 1.2), which affects cellular autophagy and

imposes an impact on the progress of cellular senescence.
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IFN-y1

SRT1} e— AMPK
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{
n'
f
|
|'
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Positive regulators of autophagy

Transcription factors

Fig 1.2 Autophagy signaling pathways and their changes with age.
Autophagy is controlled by multiple nutrient- and stress-related signals
including growth factors, energy supply and cytokines. Particular
transcription factors integrate stress signals to regulate autophagy. Age-

related changes of autophagy signaling pathway components are labeled out

with arrows. Modified from (2).
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1.1.3.1 Insulin/IGF-1-mTOR signaling pathway

Cells turn on autophagy as a stress response to maintain nutrient supply
under starvation, and autophagy is suppressed by nutrient signals. When
environmental nutrient supply is optimum, the conserved insulin/IGF-1
signalling pathway is activated to promote cell growth. Insulin/IGF-1 activates
AKT, which further activates mTORC1 and inhibits forkhead box O proteins
(FOXOs) to promote anabolism and inhibits autophagy (Fig 1.2) (25).
mTORC1 translocates to lysosomal surface and is activated by the Rag-
Ragulator complex that senses amino acids in the lysosomal lumen (26, 27).
Activated mTORC1 inhibits autophagy induction via phosphorylation of ULK.
mTORC1 also phosphorylates and thus inhibits the function of TFEB, which is
a key transcription factor for autophagosome and lysosome biogenesis (28-
30). FOXOs are transcription factors downstream of insulin/IGF-1 pathway
and promote the expression of multiple stress response genes including

autophagy, apoptosis and cell cycle arrest (31, 32).

1.1.3.2 AMPK signaling pathway

Nutrient starvation usually leads to reduced energy supply. AMP-activated
protein kinase (AMPK) senses the cellular energy status and gets activated by
accumulated ADP and AMP (concomitant with a depletion of ATP) (33).
AMPK induces autophagy directly via phosphorylation of autophagy
machinery components including ULK and class Il PI3K (34, 35), and also

indirectly via activation of TSC1/2 to turn off the mTOR pathway (Fig 1.2) (36).
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1.1.3.3 SIRT1

Mammalian SIRT1 is a conserved protein deacetylase that uses NAD" as a
coenzyme (37). It plays a key regulatory role in multiple cellular processes
including metabolism, DNA repair, inflammation, and ageing (38). NAD" is an
indicator of the cellular metabolic status and increased NAD" activates SIRT1.
Several autophagy-related proteins such as ATG5, ATG7 and LC3 are de-
acetylated and activated by SIRT1 (39). SIRT1 also stimulates the activity of
FOXO3 and AMPK to induce autophagy (40-42). Interestingly AMPK also
enhances SIRT1 activity by increasing cellular NAD" levels (43). Therefore
there is a positive feedback loop between AMPK and SIRT1 to induce

autophagy in response to cellular stress (Fig 1.2) (44).

1.1.3.4 Innate immune signals

Besides the shortage of nutrient or growth factors, autophagy can also be
induced by multiple immune signals (45, 46). Inflammatory cytokines and
pattern recognition receptors trigger the activation of IkB kinase (IKK), which
triggers the phosphorylation and degradation of the inhibitory protein IkB and
releases NF-kB proteins for their nuclear translocation (47, 48). NF-kB
comprises a transcription factor family with five members regulating pro-
inflammatory and cell survival responses (47, 48). NF-kB induces the
expression of certain autophagy-related genes such as p62 and Beclin1 (49,
50), and is shown to be required for autophagy induction under heat shock
stress (Fig 1.2) (51). On the other hand, IKK induces autophagy in an NF-kB-

independent manner (52, 53).
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Certain immune signaling pathways also directly modify autophagy proteins to
activate autophagy. For example, Toll-like receptor 4 (TLR4) signaling triggers
Beclin1 ubiquitination, which is required for autophagy induction (54). The
intracellular bacterial sensor NOD1 and NOD2 directly recruit ATG16L1 to
bacteria entry sites on plasma membrane to facilitate the elongation of

autophagosomes for xenophagy (55).

1.1.4 Age-related changes/manipulations of autophagy signaling
pathways

Autophagy has been found reduced with age in multiple tissues including
murine lungs (56), murine skeletal muscle (57), murine degenerated neurons
(58), and human lymphocytes (59). A variety of age-related changes of
autophagy signaling pathways contribute to altered autophagy levels as

discussed below (Fig 1.2).

1.1.4.1 Insulin/IGF-1

The suppression of insulin/IGF-1 pathway by genetic modification or calorie
restriction delays ageing from yeast to mammals (60-64). Conversely, mice
with over-activated IGF-1 signaling by growth hormone (GH) overexpression
show accelerated ageing of multiple organs and have a shorter lifespan (65).
Actually human GH and IGF-1 secretion has been found to decline with age
(Fig 1.2) (66, 67). This age-related decline of GH/IGF-1 may not be a cause of

ageing but instead an adaptive response, because mutants or genetic
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polymorphisms with a suppressed GH/IGF-1 pathway are long-lived and have

fewer age-related pathologies (68).

1.1.4.2 mTORC1

mTORC1 is over activated in HSCs and skeletal muscles from old mice (Fig
1.2) (69, 70). Phosphorylation of the ribosomal protein S6, a downstream
indicator of mMTORC1 activity, is also mildly increased in muscle biopsies from
healthy elderly (69). Genetic or pharmaceutical (rapamycin) inhibition of
mTORCH1 activity increases the lifespan from yeast to mammals (70-73), and
also rejuvenates the functions of HSCs from aged mice in terms of improving
long-term lymphoid lineages reconstitution in HSC adoptively transferred
recipient mice (70). These findings suggest that increased mTORC1 signaling
plays a causal role in ageing and also might be a contributor to reduced

autophagy during ageing.

1.1.4.3 AMPK

Both total AMPK and activated AMPK levels are reduced in heart and skeletal
muscle of aged mammals (Fig 1.2) (74, 75). Mice lacking AMPK in muscles
fail to induce muscle autophagy during prolonged fasting and show a severe
myopathy as well as accumulation of dysfunctional mitochondria during
ageing (76). Overexpression or activation of AMPK induces autophagy and
prolongs the lifespan in model organisms including worms, flies and rodents
(77, 78). The up-regulation of autophagy protein ATG1 is necessary and

sufficient to mediate the anti-ageing effects of AMPK activation in flies (79),

10
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indicating that AMPK delays ageing via autophagy induction.

1.1.4.4 FOXOs

The activation of the key stress response transcription factors FOXOs in
model organisms promotes an anti-ageing effect (80). For example, dietary
restriction in worms activates AMPK, which phosphorylates and activates
DAF-16 (the worm homolog of FOXO) to induce stress response genes like
sod-3 (81). Both AMPK and DAF-16 are required for the dietary restriction-
induced lifespan elongation effect (81). FOXO3A polymorphism is also
strongly correlated with human ageing (82). There are two alleles of FOXO3A
found in human, T (major allele) and G. People with one or two G alleles are
more likely to be long-lived and have a lower incidence of age-related

diseases including cancer and diabetes (81).

1.1.4.5 SIRT1

Overexpression or activation of SIRT1 in yeast, worms, flies and mice extends
their lifespan in an autophagy-dependent manner (83-85). The polyphenol
resveratrol prolongs the lifespan of yeast, worms, and flies in a Sir2 (homolog
of mammalian SIRT1)-dependent manner (86-88). Resveratrol also improves
mitochondria metabolism as well as insulin sensitivity in young or aged mice
(42, 89) and obese people (90). SIRT1 is required for the beneficial effects of
resveratrol on mitochondrial functions (42, 89). Mechanistically resveratrol
directly inhibits the activity of cAMP-specific phosphodiesterases (PDE),

which then activate AMPK, SIRT1 and PGC-1a to promote mitochondrial

11
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functions (91). Therefore SIRT1 induces autophagy and maintains
mitochondrial health to delay ageing, making it an efficient target for drug

design.

1.1.4.6 Inflammageing

Inflammageing is a physiological status in which old mammals display chronic
low-grade inflammation. In the elderly, the balance of pro-inflammatory
cytokines (including IL-18, IL-6, IL-12, TNF, IFN-y) and anti-inflammatory
cytokines (including IL-4, IL10, TGF-B, IFN-a/B) is disrupted and more pro-
inflammatory cytokines are produced (Fig 1.2) (92). At the cellular level,
senescent cells develop the senescence-associated secretory phenotype
(SASP) which is characterized by increased secretion of multiple inflammatory
cytokines, proteases, as well as small molecules like ROS (93). The effects of
pro-inflammatory cytokines on autophagy is complex: IL-1B (94), TGF-f (95,
96), and IFN-y (97) are autophagy inducers, whereas IL-6 (98), IL-27 (97),
and TNF (99) inhibit autophagy. It is noteworthy that these autophagy-
inducing or —inhibitory effects can be also cell type-, dose- and time-
dependent. For example, IFN-a2 induces autophagy in Daudi and Hela cells
after 24 to 48 hours of treatment (100), whereas in H4 and HepG2 cells IFN-
a2 only transiently induces autophagy in the first 8 hours and then inhibits
autophagy after 12 hours of treatment (101). The complex cytokine profile
changes (inflammageing) and their relationship with autophagy and other age-

related cellular processes will need to be addressed in future studies.

12
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1.1.4.7 Lysosome

Autophagy degradation relies on lysosomes, which themselves undergo a
series of changes during ageing. A significant increase of lysosomal content
and the senescence-associated-3-galactosidase activities is observed in
senescent cells (102). Age-pigment lipofuscin accumulates in lysosomes with
age, which comprises undegradable oxidized materials and inhibits the
activity of multiple lysosomal hydrolases and anti-oxidant enzymes (Fig 1.2).
The lipofuscin-bound iron catalyzes the generation of ROS (103), which may
further oxidize and impair other cellular components and initiate a vicious
positive feedback loop to generate more lipofuscin materials. Moreover, the
expression of lysosome-associated membrane protein type 2a (LAMP2A), a
receptor of chaperone-mediated autophagy, is reduced in livers of old rodents
(104, 105). Restoration of LAMP2A preserves chaperone-mediated autophagy
activity and delays ageing in mouse liver (104). In addition to bulk degradation,
lysosomes play a central role in storage of amino acids and ions and thus
regulate cellular nutrient homeostasis (106), which may also be affected

during ageing.

Next it would be interesting to genetically or pharmaceutically induce
lysosomal biogenesis or degradation efficiency in aged organisms to see if
autophagy efficiency and more importantly, age-related functional declines

could be restored.

13
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1.2 Autophagy controls cellular senescence

Multiple changes occur in senescent cells including accumulation of damaged
organelles and protein aggregates, oxidative stress, DNA mutations and
telomere dysfunctions. These changes interact with each other in a complex
manner to cause cellular dysfunctions and senescence, which further leads to
systemic inflammation and organismal ageing. The following part will discuss

how autophagy controls ageing through different mechanisms (Fig 1.3 ).

1.2.1 Mitochondria and ROS

Mitochondria produce ATP by oxidative phosphorylation and regulate many
important cellular processes including metabolism, cell cycle, inflammation,
and apoptosis (107). Autophagy maintains mitochondrial homeostasis through
removal of damaged mitochondria (mitophagy). During mitophagy, reduced
mitochondrial membrane potential leads to the accumulation of PTEN-induced
putative kinase 1 (PINK1) on mitochondrial outer membrane. PINK1 recruits
and activates the ubiquitin ligase parkin to build polyubiquitin chains on
mitochondria which are then recognized by autophagy adaptors NDP52 and
OPTN for degradation (21, 108, 109). Autophagy deficiency leads to
accumulation of damaged mitochondria and ROS in yeast and other cell types
(110-112), while induction reduces ROS and improves cells survival (Fig 1.3)

(113).

The mitochondria free radical theory of ageing proposes that free radicals

such as O2-- generated by mitochondria electron transport cause oxidative

14
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damage of cell constituents to impair cell functions (103, 114). In accordance
with this theory, a higher ROS level is observed in aged organs and cells
(115). Mitochondria in aged cells are less efficient in ATP production (116)
and generate more ROS (117). The increased ROS can further oxidize
proteins, DNA, RNA and other cellular components to cause oxidative stress
(118, 119). Actually damaged mitochondria and accumulated ROS also
contribute to progression of age-related diseases like neuron degeneration
(120, 121). The anti-ageing treatment calorie restriction activates the

superoxide dismutase 2 (SOD2) and reduces oxidative stress (122).

However the causal role of ROS in ageing has become more controversial in
recent years, and may rather be ‘dose’-dependent. Rather than simply acting
as a ‘troublemaker’, ROS is also a stress signal initiating anti-ageing
responses and delay ageing (123). For example, calorie restriction or catalase
inactivation extends the chronological lifespan of yeast through elevated H,O-
levels, which activates superoxide dismutases to reduce oxidative stress
(124). Mutations in mitochondrial respiratory chain components, Sod-2, or
treatment with the pro-oxidant paraquat in worms induce ROS accumulation
and prolong lifespan despite the increased protein oxidation (125, 126). The
elevated ROS are taken as an anti-ageing signal in this setting because
treatment together with antioxidants vitamin C or N-acetylcysteine (NAC)
shortens the long lifespan (126). Actually autophagy can also be induced by
ROS via transcriptional and post-transcriptional mechanisms (127), which

may then remove dysfunctional mitochondria and oxidative damage.
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Therefore, ROS directly causes oxidative stress while activating autophagy
and other stress responses. Cellular homeostasis will be rescued if these
protective responses are efficiently induced. Otherwise, ROS and oxidative
damage will continue accumulating and eventually tip the balance and cause

cellular senescence or cell death.

1.2.2 Genome stability

Autophagy maintains the homeostasis of mitochondria and prevents ROS
accumulation, thus indirectly maintains genomic stability. According to the
somatic mutation theory of ageing, the accumulation of DNA mutations in
somatic cells is a cause of reduced function and senescence (128). It has
been extensively studied that ROS can attack single nucleobases to introduce
DNA point mutations and breaks (129). Antioxidants and the mitochondrial
protectant a-lipoic acid improve the genome integrity via reducing
chromosomal breaks in lymphocytes from Fanconi anemia patients (130),
indicating that ROS is an endogenous cause of genomic instability in cells.
More specifically, telomeres are especially vulnerable to DNA damage
inducers and the majority of DNA damage foci accumulate at telomeres in
stress-induced senescent cells (131, 132). Therefore telomere may also be a
favored target of ROS attack, and autophagy indirectly contributes to the

maintenance of telemere integrity (Fig 1.3).
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1.2.3 Proteostasis

Cellular protein homeostasis, or proteostasis, is tightly controlled at multiple
levels, including the rate of translation, chaperone-assisted protein folding and
eventually protein degradation (133). Proteins to be degraded are usually
tagged with polyubiquitin chains, which can be recognized by proteasomes or
autophagosomes for degradation. Depending on the structure of the
polyubiquitin tags, cargos are degraded via different mechanisms: K48-
polyubiquitinated proteins tend to be degraded by proteasomes, while K63-
polyubiquitinated protein aggregates are preferentially targeted to
autophagosomes (134, 135). The recognition of polyubiquitin-tagged targets
and the selectivity for K63-polyubiquitination are mediated by autophagy
adaptors such as p62, NBR1 and HDACG6 (23, 136). These adaptors promote
the aggregation of polyubiquitinated proteins for a more efficient sequestration

and clearance (137-140).

Ageing is associated with the disruption of proteostasis. A large scale of
protein aggregation is found in aged mice as well as age-related diseases
(115, 141). Actually both protein folding capacity and protein degradation
systems are found impaired with age (142). Meanwhile the formation of
protein aggregates is accelerated by elevated ROS levels (115). Therefore,
autophagy maintains cellular proteostasis via direct clearance of protein
aggregates and indirect alleviation of oxidative stress and protein damage

(Fig 1.3).
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Fig 1.3 Autophagy protects cells from senescence. Modified from (2).
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1.2.4 Inflammation

The effect of autophagy on inflammation is context-dependent. Pathogen-
associated molecular patterns (PAMPS) in cytosol or endosomes are
delivered by autophagy (xenophagy) to lysosomes, where they are recognized
by TLRs to trigger innate immune responses (143). Genetic or pharmaceutical
inhibition of autophagy suppresses PAMPs-induced TLRs activation in murine
B cells and dendritic cells (144-146). Moreover, the autophagy machinery is
also used for unconventional secretion of IL-1 and other proteins, and
lysosomal hydrolases assist the activation of inflammasomes in murine bone

marrow-derived macrophages (147).

On the other hand autophagy degrades intracellular pathogens and damage,
thus relieves the overall damage burden and reduces inflammation responses
(148). Inhibition of autophagy in cell lines or primary cells enhances the
secretion of IL-1 and IL-18 (149, 150). Knock of the essential autophagy
genes Atg5 or Atg7 in mouse myeloid cells results in increased pro-
inflammatory cytokines levels in multiple tissues and exacerbated lung
inflammation in response to drug stimulation (151). The increased
inflammation without autophagy can be at least partially explained by loss of
mitochondrial integrity. Autophagy deficiency promotes the release of
mitochondrial DNA and ROS from damaged mitochondria, which triggers the
activation of inflammasomes in bone marrow-derived macrophages (150, 152).
Additionally, amyloid protein aggregates, which are also potential autophagy

substrates, activate TLR2 and promote IL-1f production (153).
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It is more likely that autophagy plays an overall suppressive role in
inflammageing. When the balance between damage formation and autophagy
clearance is disrupted and cellular damage accumulate, innate immune
signaling pathways will be activated to secrete inflammatory cytokines.
Consequently, cells will undergo senescence with excessive damage, further
acquiring senescence-associated secretory phenotype and reinforcing the

overall inflammation (Fig 1.3) (154).

1.3 Adaptive immune senescence

Being a key branch of the mammalian haematopoietic system (summarized in
Fig 1.4 and Table 1.1), the adaptive immune system comprises two major cell
types, T cells and B cells, which recognize specific antigens with diversified
receptors and form long-term immune memory. T cells secrete cytokines and
cytotoxins to regulate immune responses and directly destroy target cells,
while B cells mainly secrete antibodies to mediate humoral responses.
Severely compromised adaptive immune response is a key feature of
mammalian ageing, and consequently a major cause of increased mobility
and mortality due to infectious diseases in aged population. In the following
part, age-related changes in development and responses of T cells and B
cells will be summarized, and how autophagy controls their ageing will be

discussed.
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Fig 1.4 Schematic overview of the mammalian haematopoiesis. Haematopoietic stem
cells (HSCs) give rise to the majority (if not all) of the cellular components in blood.
Self-renewal HSCs differentiate into multipotent progenitors (MPPs), which then
proliferate and differentiate into more lineage-restricted progenitors and eventually
mature blood cells including red blood cells, myeloid and lymphoid cells, and blood
cell-derived components such as platelets. Surface markers are commonly used for

identification of different cell types, which are summarized in Table 1.1.

CMP, common myeloid progenitor; LMPP, lymphoid-primed multipotent progenitors;
Pre-MegE, pre-megakaryocytes/erythrocyte; Pre-GM, pre-granulocytes/macrophage;
CLP, common lymphoid progenitor; MkP, megakaryocyte progenitor; Pro-Ery, pro-

erythroblast; GMP, granulocyte/macrophage progenitor.
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Table 1.1 Murine haematopoietic cell surface markers used in this thesis

‘ Cell type Surface marker Cell type Surface marker

HSC Lin1*'Sca1*cKit'CD48" B progenitor B220*"CD43IgM’IgD
CD150" (Fraction D)

MPP Lin1'Scal*cKit"'CD48 B progenitor B220"CD43
CD150 (Fraction E) IgM*IgD”

LSK Lin1'Scai*cKit" B progenitor B220"CD43IgD*

(Fraction F)
LMPP Lin1'Sca1*cKit'FIt3* T progenitor Lin2**CD4 CD8
(DN%1) CD44*CD25

Pre-MegE Lin1'Sca1 cKit"CD41FcR T progenitor Lin2’CD4°CD8’
[/ICD150"CD105 (DN2) CD44'CD25"

Pre-GM Lin1'Sca1 cKit"CD41FcR T progenitor Lin2CD4°CD8’
II/ICD150°CD105 (DN3) CD44 CD25*

MkP Lin1'Scat’ T progenitor Lin2’CD4°CD8’
cKit"CD41"CD150" (DN4) CD44°CD25

Pro-Ery Lin1'Sca1 cKit"CD41FcR T progenitor Lin2CD4"CD8"
IINIICD150 CD105* (DPS)

GMP Lin1"Sca1 cKit'CD41" Mature myeloid cell | CD11b"Gr1™*
CD150°FcR lI/II*

B progenitor B220"CD43"CD24 BP1 Mature B cell B220" or CD19"

(Fraction§ A)

B progenitor B220*"CD43"CD24'BP1° Mature CD4" cell CD4*

(Fraction B)

B progenitor B220"CD43"'CD24'BP1* Mature CD8" cell CDs*

(Fraction C)

*Lineage mix 1: CD4, CD5, CD8a, CD11b, B220, Ter119, Gr1

**Lineage mix 2: CD3e, TCRg, TCRb, NK1.1, B220, Ter119, Gr1, CD11b, CD11c

§: Fraction A/B/C/D/E/F, DN (double negative) and DP (double positive) refer to different

stages of B cell and T cell development, which will be discussed in detail in Chapter 3.
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1.3.1 T cells

1.3.1.1 Reduced TCR repertoire diversity during ageing

Thymus is the main site of T cell development. It reaches the peak at
childhood in size and functions, then shrinks and almost vanishes in old age
(155). Thymic involution directly impairs the development and the output of
naive T cells. Indeed, for both human CD4* and CD8" T cells, the absolute
number of naive cells (CD95-) significantly reduces with age, whereas the
number of effector/memory cells (CD95") remains unchanged (156, 157).
Different subpopulations of CD4" T cells have different kinetics with age.
While the number of type 1 T helper (Th1) and type 2 T helper (Th2) cells is

reduced with age (158), regulatory T cells (Tregs) increase in number (159).

In addition to reduced naive T cells output, persistent exposure to foreign
antigens further leads to a preponderance of effector/memory T cells in the
elderly. Chronic virus infections such as cytomegalovirus (CMV) are a major
cause of T cells oligoclonal expansions in human (160). Actually, the
peripheral repertoire of CD8" T cells can be dominated by CMV-specific cells,
with as much as 23% of the whole CD8" T cell population recognizing a single
CMV epitope in healthy elderly individuals (160). In contrast, T cell clonal
expansions in old mice are efficiently induced by adjuvant stimulations (161),
indicating that the induced inflammatory responses might be an antigen-
independent T cell clonal expansion mechanism in pathogen-free mice.
Therefore inflammageing may contribute to nonspecific T cell clonal

expansions in human.
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Therefore, reduced output of naive T cells due to thymic involution, together
with increased clonal expansion due to chronic antigen stimulation and
antigen-independent mechanisms, results in reduced diversity of TCR
repertoire in peripheral (162), which severely impairs the ability of the T cell

pool to respond to new antigens (163).

1.3.1.2 Functional changes with age

Besides the phenotypic alterations, senescent CD4* and CD8" T cells are less
responsive to antigens. Senescent effector CD4™ T cells express less CD28
and CD40L, which is accompanied by a reduced capacity of helping B cells
for their proliferation and antibody production (164). Age is associated with an
expansion of effector CD8" T cells in human, which are less proliferative in
vitro in response to antigenic challenges than CD28" naive/memory T cells
(156). The production of cytokines and lytic granules such as TNF-a, IFN-y,
and granzyme B is reduced in CD8" T cells isolated from virus-infected old
mice (165). CD8" T cells from old mice are also less proliferative in vivo when
challenged with viruses or mitogens (166, 167). A significant correlation was
observed between cytotoxicity and the amount of virus-specific CD8" T cells,
which is similar in both young and old mice (167), indicating that the reduced
CD8" T cytotoxicity is mostly due to a defect of the ‘quantity’ of expansion

rather than the effector ‘quality’ per cell.

The memory T cell responses, and therefore long-term T cell immunity, are

similarly affected during ageing. The recall expansion of CD8" T cells against
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secondary challenge to lymphocytic choriomeningitis virus (LCMV) (168),
Listeria (169), and influenza (170) is severely compromised in old mice.
Interestingly, although memory CD4" T cells formed in old TCR-transgenic
mice respond poorly to secondary immunizations, memory cells formed in
young mice and then maintained to old age respond well (171), suggesting
that it is the age at which memory T cells form that is the critical determinant

of effective memory.

In contrast to functionally severely compromised CD8" and helper CD4* T
cells, the response of Tregs is generally well maintained and in some cases
augmented. An increase of CD4" Tregs in percentage (of CD4" T cells) and in
absolute number is observed in old mice and human (159, 172-174). The
ability to suppress the proliferation and IFN-y production of CD8* T cells and
the proliferation of CD4*CD25" non-Treg T cells is also well maintained in old
mice in co-culture experiments (172, 173). Tregs from old human donors
show increased FOXP3 expression (159, 174) and are functional in
suppressing the proliferation of CD4* T cells (174). Although most functions of
Tregs are well maintained, their ability to suppress Th17 cells in vivo is
reduced (175). Th17 cells promote inflammation and are implicated in the
pathogenesis of many autoimmune diseases. Therefore defect of aged Tregs
in controlling autoimmune proliferation may contribute to increased

susceptibility to autoimmunity in the elderly.

25



Chapter 1. General Introduction

1.3.1.3 Autophagy controls T cell development and functions
Autophagy-deficient T cells develop normally in thymus, but show survival
defects which cause T lymphopenia and homeostatic proliferation (170, 176-
178). An increased content of mitochondria with accumulated ROS (179), as
well as expanded ER (180) are found in autophagy-deficient CD4" and CD8*
T cells, indicating that autophagy maintains the homeostasis of these

organelles in T cells.

Cytokine production (181) and proliferation (176, 181, 182) of autophagy-
deficient T cells are impaired after activation ex vivo. ATP generation of ex
vivo activated Th1 cells is decreased when autophagy is blocked by
lysosomal inhibitors, and the exogenous energy source methyl pyruvate
partially rescues it (181). Therefore autophagy provides energy for T cell
activation. The proliferation of CD8" T cells is not affected with autophagy
deficiency in vivo, however their survival is reduced and less memory cells are
formed/maintained (170, 183). Consistently, the memory responses of CD8" T
cells are also severely impaired in vivo (170). The ROS scavenger NAC
rescues the survival defect of autophagy-deficient CD8* T cells (184).
Unpublished data in our lab show that NAC improves the memory responses
of autophagy-deficient CD8" T cells. Therefore autophagy sustains T cell

memory at least partially via maintaining mitochondrial homeostasis.

26



Chapter 1. General Introduction

1.3.1.4 Autophagy and T cell senescence

A reduction of autophagy levels is found in CD8" T cells from aged mice (170)
and human (59). Impaired mitochondrial function and elevated ROS levels are
observed in T cells from the elderly (185). This correlation suggests that
reduced autophagy may contribute to mitochondrial damage during ageing
and autophagy induction may improve mitochondrial health to promote T cell
function. Indeed, the mTOR-dependent autophagy inducer rapamycin
improves memory CD8" T cell responses against LCMV infections in young
mice and against Ankara vaccinations in monkey (186). Another autophagy
inducer called spermidine which is mTOR-independent also restores CD8" T
cell memory responses to influenza in old mice in an autophagy-dependent
manner (170). Therefore, strategies to increase autophagy levels could be
beneficial in attempts to improve vaccination efficacy and the immune

responses against real infections in the elderly.

The survival of Tregs is significantly impaired with T cell-specific deletion of
the essential autophagy genes such as Atg7, Atg5, Vps34, and Atg1611 (177,
187, 188), which leads to chronic intestinal inflammation (188). Therefore
autophagy induction may also help restore the suppressive functions of Tregs
(especially against Th17 cells) and control inflammageing and autoimmune

diseases in the elderly.
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1.3.2 B cells

Vaccination is probably our most powerful weapon in the war against
pathogens. A robust humoral response mediated by B cells is a prerequisite
of efficient vaccination. However, old people (aged 65 years or older) are
poorly responsive to vaccinations and infections, which causes an increased
hospitalization and even death rate due to infectious diseases in this age
group. According to the Morbidity and Mortality Weekly Report (MMWR) by
the Centers for Disease Control and Prevention (CDC) of USA, the cumulative
hospitalization rate for influenza at the 2014-15 influenza season of = 65
years is 322.8 per 100,000 population, comparing to 147.4 for the sum up of
all other ages (189). Old people are also less responsive and thus less
protected from vaccination. The frequency of the trivalent inactivated influenza
vaccine- (TIV-) specific IgG antibody secreting cells (ACSs) on day 7 to 8 post
vaccination in the elderly is about 100 per 0.1 million B cells, comparing to
1000 in the young (190). Therefore interventions improving the humoral
immune responses against infections and vaccinations may significantly

relieve the infectious disease burden on the ageing group.

1.3.2.1 Reduced BCR repertoire diversity during ageing

Extensive studies have been done to define aged-related changes of B cell
development and responses. The production rate of bone marrow pre-B cells
and peripheral mature B cells is lower in aged mice (191), leading to a slower
turnover of peripheral B cell pools. However the number of peripheral B cells

is well maintained or only slightly decreased in aged mice (192). High-
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throughput DNA sequencing of immunoglobulin genes from peripheral B cells
of young or old people show that chronic infections such as CMV and Epstein-
Barr virus (EBV) correlate with B cell clonal expansion and reduction of overall
BCR repertoire diversity (193, 194). Therefore, reduced naive B cell
production and the expansion of antigen-experienced B cells both lead to the
overall reduction of the peripheral BCR repertoire, which might contribute to

inefficient humoral responses against new antigens.

1.3.2.2 Compromised humoral responses with age

The antibody response is delayed (yellow fever vaccination (195)) or
quantitatively reduced (influenza (190) and pneumococcal polysaccharide
vaccination (196)) in the elderly within 28 days post vaccination. Germinal
centre reactions are impaired in aged human B cells (197), to which reduced
T cells and dendritic cells functions are extrinsic contributors (198). Meanwhile
ex vivo activation experiments show that B cells from the elderly are less able
to up-regulate AID expression in response to influenza vaccine (199),

indicating their intrinsic defects of activation.

Interestingly, it is the quantity rather than the binding affinity of the vaccine-
specific antibodies that declines with age (190), indicating that the reduced

germinal centre reactions in the elderly are still competent to produce class-
switched high-affinity plasma cells. Reduced BCR diversity and possibly the
poor survival of newly formed long-lived plasma cells and memory B cells in

the elderly might be responsible for reduced antibody quantities, which can be
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considered as targets to develop novel interventions.

1.3.2.3 Autophagy controls B cell responses

Knockout of the essential autophagy gene Atg5 or Beclin1 in mice leads to the
reduced number of bone marrow pre-B cells with the number of mature
periphery B cells remaining unchanged (200, 201). Moreover, autophagy is
induced during plasma cell differentiation (202), and required for persistent
antibody production and the long-term survival of memory B cells (202-204).
Mechanistically, Afg5 knockout plasma cells exhibit increased ER stress and
cell death, and fail to generate sufficient antibodies and form long-lived
plasma cells in vivo (202), indicating that autophagy, or more specifically ER-
phagy, maintains the homeostasis of ER of these professional antibody-

secreting cells.

Memory B cells also have constitutively high autophagy levels (204). Memory
B cells from mice with B cell-specific Afg7 knockout are generated normally
within 2 weeks post NP-KLH immunization, but then start to decline due to
increased cell death (203, 204), indicating that the long-term maintenance
rather than the formation of memory B cells relies on autophagy. Moreover,
rapamycin, an autophagy inducer working via inhibiting mTOR, further
enhances the survival and the immune responses of memory B cells in young

adult mice against influenza infection (204).
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It is still unknown how autophagy changes in B cells during ageing, or if
autophagy inducers may rejuvenate B-cell development and responses in old
individuals. However, considering that autophagy is indispensable for long-
term humoral responses, autophagy induction might be a useful tool to

improve humoral responses to infections and vaccinations in the elderly.

1.3.2.4 B-1 B cells

Conventional B cells mediate adaptive humoral responses with long-term
memory and are known as B-2 B cells. In contrast, the other B cell
subpopulation, called B-1 B cells is more involved in innate immune functions.
B-1 B cells are maintained by self-renewal and secrete low-specificity
autoantibodies against self- and bacterial antigens such as
phosphatidylcholine, and do not give rise to robust memory responses (205).
The number of B-1 B cells and their production of autoantibodies are both
significantly increased with age (192, 206). Knockout of the essential
autophagy genes Atg7 or Atg5 leads to reduced number of B-1 B cells (201,
202, 204), thus not concurring with the general hypothesis in adaptive
immunity that decline in autophagy contributes to immune senescence.
Further investigation is still required to identify the causes of age-related

changes of B-1 B cells and their link to autophagy.
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1.4 Spermidine as an autophagy inducer

Spermidine is a small polyamine in eukaryotic, archaea and eubacteria cells.
In eukaryatic cells, the intracellular concentration of spermidine is at the
millimolar level, for example 1.33 mM in bovine lymphocytes and 1.15 mM in
rat livers (207). However, the majority of spermidine is bound to DNA, RNA
and ATP, whereas only 10% of spermidine is free which can play an important
regulatory role in cells (207). Cells can either synthesize spermidine
themselves from ornithine with the key enzyme ornithine decarboxylase (ODC)
(Fig 1.5), or directly take spermidine up from the environment (208). A series
of transporters for spermidine have been reported in yeast such as DUR3 and
SAMBS (209), but their functional counterparts in mammalian cells are still

poorly defined.

o
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Fig 1.5 Schematic overview of the polyamine synthesis pathway. Ornithine
decarboxylase 1 (ODC1) is the key enzyme for polyamine synthesis. Polyamines

include putrescine, spermidine, and spermine.

Autophagy induction is a novel function downstream spermidine discovered in
recent years. Eisenburg et al. first reported that spermidine is able to induce

autophagy and increases the lifespan of the ageing yeast, worms, and flies
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(210). Follow-up studies also showed that the memory of old flies (211), heart
functions and lifespan of old mice (212, 213), and CD8" T cell responses in
old mice (our lab) (170) are improved by spermidine in an autophagy-
dependent manner. The mechanism of autophagy induction by spermidine is

still unclear, which will be discussed in chapter 4.

1.5 Thesis summary

The role of autophagy in haematopoiesis has been extensively studied in
recent years. Previous work in our lab revealed that autophagy is essential for
the maintenance of HSCs (214), development of erythrocytes (112) and
neutrophils (215), and functions of CD8" T cells (170) and macrophages
(216). However if autophagy modulation is an effective way to improve
immune health is still unknown. Severely compromised humoral responses
are a feature of ageing, and also a cause of increased morbidity and mortality
of multiple age-related diseases. Autophagy induction may help boost immune

responses and improve the health status of the elderly.

Using aged mice as our research model, | started by assessing the age-
related changes of haematopoiesis and humoral responses, and found that
old lymphocytes had reduced autophagic flux. The autophagy inducer
spermidine significantly improved the compromised humoral responses in old
mice in an autophagy-dependent manner (Chapter 3). The following

mechanistic studies using cell lines and ex vivo activated primary murine B
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cells revealed that endogenous spermidine was required for cellular
autophagy, and the target of spermidine in autophagy regulation was the
protein translation factor elF5A (Chapter 4). Proteomics were used to identify
the target autophagy proteins downstream of elF5A, and the master
autophagy transcription factor TFEB was confirmed to be regulated by elF5A.
Interestingly, spermidine, elF5A, and TFEB were all down regulated with age
in human samples (Chapter 5). Therefore, we discovered a novel autophagy
and ageing signaling pathway, which can be harnessed to rejuvenate

adaptive immune responses.
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2.1 Mice

2.1.1 Strains

All mice are of C57BL/6J background except for B6.SJL used in chimera
experiments. Both young (6-12 weeks) and old (22-24 months) wild type mice
were purchased from Charles River UK. Mb1-cre mice were kind gift from M
Reth, Atg7"™ mice were obtained from M Komatsu and GFP-LC3 mice from N

Mizushima.

2.1.2 Drug administration

Spermidine (Cambridge Bioscience) was given in drinking water at the
concentration of 5 mM to mice. Spermidine water was changed three times
per week. All mice were held at the Biomedical Services, University of
Oxford. Animal experiments were approved by the local ethical review
committee and performed under UK project licenses PPL 30/2809, and PPL

30/3388.

2.1.3 Tissue and serum processing

Mouse spleens were crushed with a syringe plunger through 40 ym cell
strainers (22363547, Fisherbrand) with PBS-0.1% BSA-2 mM EDTA for
single-cell suspensions. After centrifugation at 300-400g, 4 °C, red blood cells
(RBCs) were lysed with RBC Lysis Buffer (00-4333-57, eBioscience) for 4
minutes on ice. RBC-lysed splenocytes were washed once more with PBS-

0.1% BSA- 2 mM EDTA and then used for experiments.
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Mouse bone marrow cells were collected from femur and tibia. Bones were
crushed with a pestle and mortar in PBS-0.1% BSA-2 mM EDTA and filtered
through 40 pym cell strainers, then used directly for other experiments without

RBC lysis.

For serum collection, mouse peripheral blood was collected from tail vein with
capillary blood collection tubes (16.440, Microvette® CB 300 Z) and left at

4 °C for 1 hour to coagulate. Samples were centrifuged at full speed (16,000
g), 4 °C for 10 minutes and the supernatant (serum) was carefully aspirated

and stored at -80 °C for long-term storage.

2.1.4 Bone marrow chimera

Competitive bone marrow chimeric mice were made to assess the
reconstitution ability of HSCs. Bone marrow cells were collected from femur
and tibia of the donor mice (young or old C57BL/6J CD45.2 mice, with young
B6.SJL CD45.1 mice as competitors) and mixed at the ratio of 1:1
(CD45.1:CD45.2). The recipient B6.SJL mice were lethally irradiated (450 cGy
twice with 4 hours apart) and rested for 1 hour prior to injection. A total of 10
million bone marrow cells were injected intravenously into recipient mice. Male
recipient mice can receive bone marrow cells from both male and female
donors, whereas female recipient mice can only receive bone marrow cells
from female donors to avoid transplant rejection. The recipient mice were

administrated with Baytril in drinking water during the first 2 weeks post
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irradiation to avoid infections. After 16 weeks of long-term reconstitution,

organs of recipient mice were collected for analysis.

2.2 Cell culture and drug treatments

Jurkat cells (TIB-152™, ATCC) were cultured in RPMI-1640 Medium (Sigma,
R8758-500ML) supplemented with 10% FBS (Sigma), Penicillin-Streptomycin
(P/S, Sigma, P0781, 1:100), and L-Glutamine (Sigma, G7513, 1:100) in 5%

CO; at 37 °C.

NIH 3T3 cells (CRL-1658, ATCC) and HEK293T cells (CRL-3216, ATCC)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% FBS, P/S, and L-Glutamine. The IPTG-inducible MISSION shRNA
lentiviral vector pLKO-puro-IPTG-3xLacO was purchased either with a shRNA
against the 3-UTR of the murine elF5A mRNA sequence (custom-made from
#SHCLND-NM181582-TRCN0000125229, Sigma) or a corresponding non-
target shRNA control (#SHC332-1EA, Sigma). Stable transduction of the
lentiviral was performed as previously described (217) using HEK293T cells
with the packaging plasmids pMDLg/pRRE (Gag/Pol), pRSV-Rev (Rev) and
phCMV-VSV-G (envelope) as well as the ProFection Mammalian Transfection
System Calcium Phosphate Kit (Promega). Positive cells were selected using
puromycin. 100 uM IPTG (Thermo Fisher) was used to induce the expression

of shRNA.
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Immortalized Dohh™"* and Dohh** 3T3 cells were established from mouse
embryonic fibroblasts as described before (218). 100 nM 4-OHT (Sigma) was

used to induce the knock out of Dohh.

10 nM Bafilomycin A1 (Cayman Chemical) was added to cells for 2 hours for
autophagic flux analysis. 10-100 yuM GC7 (Millipore), 10 ug/ml cycloheximide
(Sigma), 5 pg/ml Actinomycin D (Sigma), 100 nM Torin 1 (Cayman Chemical),
50 nM Rapamycin (Cayman Chemical, 10 yM Etoposide (Cayman Chemical),
1 mM Difluoromethylornithine (DFMO, Enzo Life Sciences), Spermidine
(Cayman Chemical) of indicated concentrations were added to cells for

indicated length of time.

2.3 List of antibodies

Table 2.1 Antibodies used in this thesis

Name/Target Company Clone Cat # Dilution
(13)
GAPDH Millipore 6C5 MAB374 5000
LC3 Sigma Poly L8918 1000
elF5A BD Biosciences 26/elF-5a 611976 3000
Hypusine Millipore Poly ABS1064 1000
ATG7 Abcam EPR6251 Ab13352 5000
8
H3 Cell Signaling Poly 9715 1000
S6 Cell Signaling 54D2 2317 500
pS6 (Ser235/236) Cell Signaling D57.2.2E 4858 2500
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AMPKa
pAMPKa (T172)
AcK

ATF4

elF2a

p-elF2a (Ser51)
ATG3

PIK3C3

IRDye 800CW Donkey Anti-
Rabbit IgG (H+L)

IRDye 680RD Donkey Anti-
Mouse IgG (H+L)

Cell Signaling
Cell Signaling
Cell Signaling
Santa Cruz

Cell Signaling
Cell Signaling

Abcam

Cell Signaling
LI-COR
Biosciences
LI-COR

Biosciences

F6

40H9
Poly

Poly
L57A5
Poly
EPR4801

D4E2
NA

NA

2793
2535
9441
sc-200
2103
9721
Ab10825
]
3358
926-
32213
926-
68022

1000
1000
1000
200
1000
1000
10000

1000
10000

20000

Flow cytometry

CD16/CD32 Monoclonal
Antibody (FcR Block)

Pacific Blue™ anti-
mouse/human CD44 Antibody
Pacific Blue™ anti-mouse
TER-119/Erythroid Cells
Antibody

Pacific Blue™ anti-mouse
CD45.1 Antibody

Pacific Blue™ anti-mouse Ly-
6G/Ly-6C (Gr-1) Antibody
Pacific Blue™ anti-mouse Ly-
6A/E (Sca-1) Antibody
Brilliant Violet 605™ anti-
mouse CD41 Antibody
Brilliant Violet 605™ anti-
mouse CD4 Antibody

Thermo Fisher

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

93

IM7

TER-119

A20

RB6-8C5

E13-161.7

MWReg30

GK1.5

14-0161-
85
103020

116232

110722

108430

122520

133921

100451

400

200

100

100

200

200

200

800
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Brilliant Violet 605™ anti- BioLegend RA3-6B2 103244 200
mouse/human CD45R/B220

Antibody

Ly-6A/E (Sca-1) Monoclonal Thermo Fisher D7 45-5981- 400
Antibody, PerCP-Cyanine5.5 82

CD19 Monoclonal Antibody, Thermo Fisher 1D3 45-0193- 400
PerCP-Cyanine5.5 82

FITC anti-mouse Ly-6A/E BioLegend D7 108106 400
(Sca-1) Antibody

CD43 Monoclonal Antibody, Thermo Fisher eBioR2/60 11-0431- 200
FITC 81

FITC anti-mouse CD4 BioLegend GK1.5 100406 800
Antibody

FITC anti-mouse IgM Antibody BiolLegend RMM-1 406506 100
PE anti-mouse/human BioLegend RA3-6B2 103208 200
CD45R/B220 Antibody

PE anti-mouse Ly-51 Antibody BiolLegend 6C3 108308 200
PE anti-mouse/human CD44 BioLegend IM7 103008 400
Antibody

PE anti-mouse Ly-6G/Ly-6C BioLegend RB6-8C5 108408 400
(Gr-1) Antibody

PE anti-mouse CD135 BioLegend A2F10 135306 50
Antibody

PE anti-mouse CD19 Antibody BiolLegend 6D5 115508 800
PE anti-mouse/human CD11b  BiolLegend M1/70 101208 800
Antibody

CD4 Monoclonal Antibody Thermo Fisher GK1.5 15-0041- 800
(GK1.5), PE-Cyanine5 82

PE/Cy5 anti-mouse CD5 BioLegend 53-7.3 100610 800
Antibody

PE/Cy5 anti-mouse CD8a BioLegend 53-6.7 100710 800
Antibody
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PE/Cy5 anti-mouse/human
CD11b Antibody

PE/Cy5 anti-mouse CD11c
Antibody

PE/Cy5 anti-mouse/human
CD45R/B220 Antibody
PE/Cy5 anti-mouse CD3¢
Antibody

TCR beta Monoclonal
Antibody, PE

TCR gamma/delta Monoclonal
Antibody, PE-Cyanine5
PE/Cy5 anti-mouse TER-
119/Erythroid Cells Antibody
PE/Cy5 anti-mouse NK-1.1
Antibody

PE/Cy5 anti-mouse Ly-6G/Ly-
6C (Gr-1) Antibody

PE/Cy7 anti-mouse CD43
Antibody

PE/Cy7 anti-mouse CD8a
Antibody

PE/Cy7 anti-mouse CD19
Antibody

PE/Cy7 anti-mouse IgM
Antibody

PE/Cy7 anti-mouse CD150
(SLAM) Antibody

APC anti-mouse CD105
Antibody

APC anti-mouse CD3¢
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Antibody (2B8), APC-eFluor 82

780

ads-AP

Goat Anti-Mouse IgG1, SouthernBiotech Poly 1070-04 2000
Human ads-AP

Rabbit IgG (IP) Santa Cruz Poly sc-2027 500
ATG7 (IP) Abcam Poly Ab58735 500
AcK (IP) Cell Signaling Poly 9441 100

2.4 Flow cytometry (FACS)

2.4.1 Surface marker staining and analysis

Cells were stained with fixable Live/Dead staining (Biolegend or Thermo
Fisher), FcR block, and surface marker antibodies in PBS at 4 °C for 20
minutes, then washed once with PBS-0.1% BSA-2 mM EDTA. Unfixed cells
were directly analyzed with four-laser LSR Fortessa X-20 and analyzed
directly. If analyzed later, cells were first fixed with 2% paraformaldehyde
(PFA) in PBS at room temperature for 10 minutes, then stored in PBS at 4 °C

for up to 3 days. Acquired data were analyzed using FlowJo 10.2.

For Annexin V staining, cells were first washed with PBS and stained with
Annexin V (1:50, Biolegend) and Live/Dead in Annexin V binding buffer at 4
°C for 20 minutes. Stained cells were then washed once with Annexin V

binding buffer and analyzed in Annexin V binding buffer without fixation.

44



Chapter 2. Materials and Methods

(10X Annexin V binding buffer: 0.1 M HEPES (pH 7.4), 1.4 M NaCl, and 25

mM CaC|2)

2.4.2 LC3-ll FACS staining

The FlowCellect™ Autophagy LC3 antibody based assay kit (FCCH100171,
Millipore) was used according to the manufacturer’s protocol. In brief, cells
were stained with surface markers and washed with Assay Buffer and
Reagent B. Then cells were stained with the LC3 antibody in Assay Buffer at
4°C for 30 minutes, and washed once with Assay Buffer. Stained cells were

then fixed with 2% PFA before FACS analysis.

2.4.3 CytolD staining

Cells were stained with CytolD (ENZ-51031-K200, Enzo Life Sciences)
according to the manufacturer’s protocol. Briefly, cells were re-suspended in
CytolD staining solution (1:4000 diluted in RPMI without phenol red (R1780,
Sigma) supplemented with 5% FBS) and incubated at 37°C for 30 minutes in
dark. Then cells were washed once by topping up with PBS, followed with the

surface marker staining and FACS analysis without fixation.

2.4.4 OPP-Click Assay

Protein translation rate was measured using the Click-iT Plus OPP Protein
Synthesis Assay (C10456, Thermo Fisher) according to the manufacturer’s
protocol. In brief, 20 uM O-propargyl-puromycin (OPP) was added to cell

culture for 30 minutes. After surface marker staining, cells were fixed with 4%
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PFA at room temperature for 10 minutes, permeabilized with 0.1% Triton X-
100 at room temperature for 10 minutes, and re-suspended in the Click-iT
Plus OPP reaction cocktail at room temperature for 30 minutes. Fluorescence-

labeled cells were analyzed by FACS.

2.5 Western blot

Cells were washed once with PBS and lysed using NP-40 lysis buffer with
proteinase inhibitors (Sigma) and phosphatase inhibitors (Sigma) on ice. After
spinning down the debris, protein concentration in the supernatant was
quantified by BCA Assay (23227, Thermo Fisher). Reducing Laemmli Sample
Buffer was then added to the supernatant and heated at 100 °C for 5 minutes.
5-20 ug proteins were loaded for SDS-PAGE analysis. For LC3 western blot,
15% Tris-HCI gel and SDS running buffer was used to separate LC3-I and
LC3-Il. For non-LC3 western blot, NUPAGE Novex 4-12% Bis-Tris gradient gel
(Thermo Fisher) with MES running buffer (Thermo Fisher) was used. Proteins
were transferred to the PVDF membrane (IPFLO0010, Millipore) and blocked
with 5% skimmed milk-TBST (TBS+0.1% Tween 20). Membranes were
incubated with primary antibodies dissolved in 1% milk over night and
secondary antibodies dissolved in 1% milk with 0.01% SDS for imaging using
the Odyssey CLx Imaging System. Data were analyzed using Image Studio

Lite.
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Table 2.2 Reducing Laemmli Sample Buffer (4X)

Component Weight/Volume Conc.
SDS 3.2g 8%
2-Mercaptoethanol 8 ml 20%
Glycerol 16 ml 40%
1M Tris (pH6.8) 8 ml 20%

Note: Add 0.03 g of bromophenol blue and bring to 40 ml with water.

Table 2.3 15% Tris-HCI polyacrylamide gels

For 2 gels 5% (Stacking) 15% (Separating)
H2>0 /ml 4.8 4.6

30% Acr-Bis /mi 1.2 10

Buffer /ml 0.875 5

10% SDS /ul 70 200

10% Ammonium persulfate /ul 70 200

TEMED /ul 7 8

Total /ml 7 20

Buffer: 1M Tris (pH6.8) for Stacking, 1.5M Tris (pH8.8) for Separating.
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Table 2.4 NP-40 lysis buffer (2X)

Compound W. Conc. (mM)  g/200 mi
NaCl 58.4 300 3.5 8.75
Tris base 121.1 20 0.48 1.2
EGTA 380.4 2 0.154 0.385
EDTA 372.2 2 0.149 0.373
Notes:

1. pHt0 7.5.

2. Add 4 ml (for 200 ml) or 10 ml (for 500 ml) of NP-40 detergent or NP-40
alternative.

3. Adjust total volume to 200 ml or 500 ml.

2.6 Immunoprecipitation

An equal number of cells from different treatments were collected, washed
once with cold PBS and lysed using NP-40 lysis buffer with proteinase and
phosphatase inhibitors on a rotator at 4 °C for 20 minutes. For 25 million
Jurkat cells, 950 pl lysis buffer was used. Cell debris was centrifuged down at
13000 rpm for 15 minutes at 4 °C. 50 pul supernatant was collected as whole
cell lysate (In put control), and the protein concentration was measured by
BCA Assay. The remaining supernatant was transferred to another tube and
mixed with 15 pl Protein A Agarose beads (Thermo Fisher) in PBS, then
rotated at 4 °C for 15 minutes to pre-clear the lysate. The beads were
removed by centrifugation at 6000 rpm for 1 minute. Immunoprecipitation (IP)

Antibody (AcK, ATG7, or rabbit IgG) and 20 ul Protein A Agarose beads were
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added to the lysate (about 900 pl) and then rotated at 4 °C over night. The
beads were washed twice with NP-40 lysis buffer containing proteinase and
phosphatase inhibitors and the supernatant discarded. 35 pl 2X Reducing
Laemmli Sample Buffer was added to the beads and heated at 100 °C for 5

minutes. The supernatant was used for Western blot analysis.

2.7 Quantitative PCR

Cells were washed once with PBS and RNA was extracted using the RNeasy
Plus Mini Kit (74134, Qiagen). The concentration of RNA was measured using
NanoDrop1000 (Thermo Fisher). RNA was reverse transcribed to cDNA using
the High Capacity RNA-to-cDNA Kit (4387406, Thermo Fisher). Tagman
probes (Thermo Fisher), TagMan Gene Expression Master Mix (Thermo
Fisher, 4369016), and the ViiA 7 Real-Time PCR System (Thermo Fisher)
were used for quantitative PCR. AACt method was used for the quantification

of target mRNAs expression using B2m as the reference gene.

Table 2.5 TagMan® probes for quantitative PCR

Gene Assay ID

B2m MmO00437762_m1
Atg9b MmO01157883_g1
Ctsd MmO00515586_m1
Gla MmO00516323_m1
Neu1 MmO00456846_m1
Psap MmO00478338_m1
Tfeb MmO00448968_m1
Wipit MmO00461219_m1

49



Chapter 2. Materials and Methods

GAPDH Hs02758991 g1
ATG5 Hs00169468_m1
BECLIN1 Hs00186838_m1
ATG7 Hs00893770_m1
ATG10 Hs00919721_m1
GABARAPL1  Hs00740588_mH
SQSTM1 Hs01061917 g1
CHOP Hs00358796_g1

2.8 siRNA transfection

NIH 3T3 cells were grown to about 50% confluency for transfection according
to the protocol from Thermo Fisher (13778075, Lipofectamine® RNAIMAX
Reagent). In brief, siRNA diluted in Opti-MEM® Medium (51985-026, Thermo
Fisher) was mixed with the Lipofectamine® RNAIMAX Reagent and added to

cells. Cells were collected on day 4 post transfection for western blot analysis.

Table 2.6 siRNAs used in this thesis

Target gene  Target sequence Manufacturer
Eif5a #1 GGACUUCGAGACAGGAGAU Dharmacon
Eif5a #2 UUACUGGGAAGAAAUAUGA Dharmacon
Ctrl NA Dharmacon

(D-001220-01-20)

2.9 HAT activity assays
Nuclei from Jurkat cells treated with or without spermidine were isolated using

the Nuclear/Cytosol Fractionation Kit (K266, BioVision) without adding
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dithiothreitol (DTT) according to the manufacturer’s protocol. The activity of
histone acetyltransferases (HATSs) of the nuclear extract was measured using
the HAT Activity Colorimetric Assay Kit (K332, BioVision). Briefly, 50 ug
nuclear extract (quantified by BCA assay) in 40 ul Nuclear Extraction Buffer
was mixed with the Assay Mix and added in a 96-well U-bottom plate and
incubated at 37 °C for up to 3 hours. Spermidine was added 15 minutes after
assay initiation. The absorbance at 440 nm was recorded every half an hour
with a plate reader. The background absorbance was acquired using empty
Nuclear Extraction Buffer mixed with the Assay Mix and subtracted from the

readings of samples.

2.10 NP-CGG immunization and analysis

2.10.1 Immunization

Mice were injected intraperitoneally (ip) with 50 yg NP-CGG (N-5055D-5,
Biosearch Technologies, dissolved in PBS) in Imject Alum adjuvant (Thermo
Fisher) on day 0. Imject Alum was added dropwise to NP-CGG solution at 1:1
ratio (v/v) and mixed on a rotator at room temperature for 30 minutes.
Secondary immunization was performed on or after day 42 by injecting ip with
50 ug NP-CGG in PBS. Peripheral blood samples were collected from tail vein

on indicated days.

2.10.2 NP-IgM/lgG1 ELISA
ELISA plates (675061, Greiner Bio-One) were coated with 5 yg/ml NP-BSA

(N-5050H-10, Biosearch Technologies) in biocarbonate/carbonate buffer at 4
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°C over night. After three washes with PBS, plates were blocked with 5%
skimmed milk (Sigma) in PBS at 37 °C for 1 hour, followed by 3 times of PBS
wash. Serum samples diluted in 1% milk were added and incubate at 37 °C
for 1 hour. For relative quantification, standard serum sample was made by
pooling samples on day 7 post secondary immunization (peak response for
both IgM and IgG1) from a prior experiment, then aliquoted for all following

experiments.

Serum samples of various days were serially diluted first to determine the
proper dilution rate. Eventually 1:500 was chosen for IgM ELISA, and 1:1000
(before boost)/5000 (after boost) was chosen for IgG1 ELISA. Standard serum
was diluted at 1:400/800/1600/3200/6400/12800 for IgM ELISA, and

1:4000/8000/16000/32000/64000/128000 for IgG1 ELISA.

After serum sample incubation, plates were washed 6 times with PBS-0.05%
Tween 20 followed with detection antibody incubation at 37 °C for 1 hour. The
alkaline phosphatase- (AP-) conjugated goat-anti mouse IgM
(SouthernBiotech) detection antibody was 1:1000 diluted in 1% milk-PBS, and
the AP-conjugated goat-anti mouse IgG1(SouthernBiotech) diluted in 1:2000.
After washing with PBS-0.05% Tween 20 for 5 times and PBS once, AP
substrate (S0942, Sigma) dissolved in pNPP buffer was added for 15-20 min
and absorbance was measured at 405 nm by ELISA plate reader (FLUOstar

Omega, BMG Labtech).
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2.10.3 NP-lgG1 ELISpot

Live cells were counted using count beads (424902, Biolegend) and 7-AAD
(00-6993-50. eBioscience) with LSR Fortessa X-20. MultiScreenHTS-HA filter
plates (MSHAS4510) were rinsed first with 35% ethanol for 30 seconds and
washed 3 times with PBS. Plates were coated with 20 yg/ml NP-BSA in PBS
at 4 °C over night. After three washes with PBS, plates were blocked with
RPMI-1640 medium supplemented with 10% FBS at 37 °C for 30 minutes.
Then bone marrow cells were added in duplicates in culture medium at the
density of 3X10°/100 pl each well and cultured at 37 °C over night. Plates
were then washed 3 times with PBS and 3 times with PBS-0.05% Tween 20.
AP-conjugated anti-mouse 1gG1 detection antibody diluted in 1% FBS was
added to plates for 1 hour incubation at 37 °C. After 5 times wash with PBS-
0.05% Tween 20 and once with PBS, AP substrate (170-6432, Bio-Rad) was
added for spot developing. Plates with clear spots and clean background were
washed with water to stop development, dried, and counted with the AID

EliSpot Reader System (ELRO78IFL, AID GmbH).

2.11 Mouse B cell purification and stimulation

RBC-lysed mouse splenocytes were washed once with MACS buffer
(PBS+0.5% BSA+2 mM EDTA). B cells were purified using the Pan B Cell
Isolation Kit 1l (130-104-443, Miltenyi) and LS columns (Miltenyi). Cells were
cultured at the density of 1 million/ml in the culture medium (RPMI-1640 +
10% FBS + P/S +L-Glutamine+ 50 yM 2-Mercaptoethanol + 20 mM HEPES)

supplemented with 10 yg/ml LPS (Santa Cruz) for stimulation. Medium was
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refreshed on day 3 of culture by replacing half volume with fresh culture

medium containing LPS for analyses on day 4 and day 5.

2.12 Confocal microscopy

B cells from GFP-LC3 mice were MACS-purified and fixed with 4% PFA at
room temperature for 10 min. After nuclear staining with DAPI (Sigma), cells
were transferred to slides using Cytospin 3 cytocentrifuge (Shandon) and
imaged with the Olympus FV1200 Laser Scanning Microscope. CellProfiler
software was used for automatic autophagosome quantification. Nuclei were
defined in DAPI channel with a diameter of 45-100 pixel units, whereas
autophagosomes were defined in GFP channel with a diameter of 3-15 pixel
units (1 pixel unit =100 nm). A threshold of 1-10 cellular GFP spots was used

for analysis.

2.13 Cell fractionation

Cells in a 1.5 mL Eppendorf tube were washed once with cold PBS and re-
suspended in HLB buffer (10 mM Tris-HCI pH 7.5, 10 mM NaCl, 2.5 mM
MgClI2) with protease inhibitors and phosphatase inhibitors, then HLB+2N
buffer (HLB+0.4% NP-40, 1N is 0.2% NP-40) was added and carefully mixed.
Samples were incubated on ice for 5 minutes and then underlayed with 200 pl
HLB+NS buffer (HLB+0.2% NP-40+10% sucrose). Samples were centrifuged
at 500 g for 5 minutes and the upper half of the supernatant was collected as

the cytoplasmic fraction. The remaining liquid was discarded and the nuclear
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pellet was washed once more with HLB buffer and lysed with NP-40 lysis

buffer. All procedures were performed on ice.

2.14 Proteomics mass spectrometry

LPS-stimulated mouse B cells were treated with 10 yM GC7 on day 2 for 24
hours. Cells were collected and fractionated for label-free quantitative mass
spectrometry (MS) analysis. For SILAC MS, B cells stained with CellTrace
Violet (C34557, Thermo Fisher) were cultured in two types of medium: light
and heavy. In light medium, SILAC RPMI-1640 medium (89984, Thermo
Fisher) supplemented with 1.15 mM L-Arg (Sigma) and 0.22 mM L-Lys
(Sigma), 10% dialysed FBS (Sigma), and P/S, L-Glutamine, 50 yM 2-
Mercaptoethanol, 20 mM HEPES were used. In heavy medium, '*Cg'°N,-L-
Arg (Arg-10, Silantes) and "*Cs'°N2-L-Lys (Lys-8, Silantes) were used instead
of the light arginine and lysine respectively. 10 yM GC7 was added to either
light or heavy medium in two repeats. After GC7 treatment, dead cells were
firstly removed using the Dead Cell Removal Kit (Miltenyi). An identical
number of cells duplicated 4 times or more in light or heavy medium were

collected by FACS, and mixed for cell fractionation and protein MS analysis.

Peptide samples were prepared using the Filter Aided Sample Preparation

(FASP), as previously described (219). Briefly, Vivacon 500 filters (Sartorius,
VNO1HO02 10 kDa/VNCTO01) were pre-washed with 200 ul 0.1% trifluoroacetic
acid in 50% acetone. Lysate samples were loaded to the filter and denatured

with 200 pl 8 M urea in 100 mM triethylammonium bicarbonate buffer (TEAB)
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for 30 minutes at room temperature. Denatured proteins were reduced by 10
mM tris (2-carboxyethyl) phosphine (TCEP) for 30 minutes at room
temperature and alkylated with 50 mM chloroacetamide for 30 minutes at
room temperature in the dark. Subsequently, 1 yg LysC (Wako) in 150 ul 50
mM TEAB containing 6M urea was added and incubated at 37 °C for 4 hours.
Then the buffer was diluted to 2 M urea by 50 mM TEAB, followed by adding
0.5 ug trypsin (Promega) overnight at 37 °C. Trypsinised samples were
centrifuged and the flow-through containing peptides was dried and re-
suspended in 70 ul 10% formic acid (or 5% formic acid and 5% DMSO for

SILAC experiment).

Peptides (2 pg) were separated on an Ultimate 3000 UHPLC system (Thermo
Fisher) and electrosprayed directly into a QExactive mass spectrometer
(Thermo Fisher) through an EASY-Spray nano-electrospray ion source
(Thermo Fisher). The peptides were trapped on a C18 PepMap100 pre-
column (300 ym i.d. x 5 mm, 100 A, Thermo Fisher) using solvent A (0.1%
formic acid in water) at a pressure of 500 bar, then separated on an in-house
packed analytical column (75 ym i.d. packed with ReproSil-Pur 120 C18-AQ,
1.9 um, 120 A, Dr. Maisch GmbH) using a linear gradient (length: 120
minutes, 15% to 35% solvent B (0.1% formic acid in acetonitrile), flow rate:
200 nl/min). Data were acquired in a data-dependent mode (DDA). Full scan
MS spectra were acquired in the Orbitrap (scan range 350-1500 m/z,
resolution 70000, AGC target 3e6, maximum injection time 50 ms). The 10

most intense peaks were selected for HCD fragmentation at 30% of
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normalised collision energy at resolution 17500, AGC target 5e4, maximum
injection time 120 ms with first fixed mass at 180 m/z. Charge exclusion was
selected for unassigned and 1+ ions. The dynamic exclusion was set to 20

seconds.

Raw MS data were processed by MaxQuant (version 1.5.0.35i) for peak
detection and quantification (220, 221). MS spectra were searched against
the Mus musculus UniProt Reference proteome (retrieved 12/01/17) alongside
a list of common contaminants, using the Andromeda search engine with the
following search parameters: full tryptic specificity, allowing two missed
cleavage sites, fixed modification was set to carbamidomethyl (C) and the
variable modification to acetylation (protein N-terminus) and oxidation (M).
The search results were filtered to a false discovery rate (FDR) of 0.01 for
proteins, peptides and peptide-spectrum matches (PSM). Protein intensity
distributions were log2 transformed and median-centred using Perseus
(version 1.5.5.3). For the SILAC analysis, missing values were replaced by an
estimated background noise value. Proteins without greater-than-background
values in both replicates for at least one condition were removed. MA plots
were generated using R (version 3.4.2). Reviewed autophagy proteins were
searched against the Mus musculus UniProt database. Data from the
independently analyzed cytoplasmic and nuclear proteins were shown as
overlaid MA-plots wherein the log2 average (GC7 + Vehicle) intensity (A) is

plotted on x versus the log2 (GC7:Vehicle) fold change (M) plotted on y.
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2.15 Spermidine measurement by gas chromatography mass
spectrometry (GC-MS)

Cells were washed with PBS and the pellet was re-suspended in lysis buffer
(80% methanol + 5% Trifluoroacetic acid) spiked with 2.5 yM 1,7-
diaminoheptane (Sigma). The cell suspension, together with acid-washed
glass beads (G8772, Sigma), was transferred to a bead beater tube and
homogenized in a bead beater (Precellys 24, Bertin Technologies) for four
cycles (6500 Hz, 45 s) with 1 minute of ice incubation between each cycle.
The homogenized samples were centrifuged at 13,000 g for 20 minutes at

4 °C. The supernatant was collected and dried over night. For chemical
derivatization, 200 ul trifluoroacetic anhydride was added to the dried pellet
and incubated at 60 °C for 1 hour shaking at 1200 rpm. The derivatization
product was dried, re-suspended in 30 pl isopropanol and transferred to glass
loading-vials. The samples were analyzed using a GCxGC-MS system as
described in Yu et al., 2017 (222). The following parameters were used for
quantification of the 1D-GC-gMS data: Slope: 1000/min, width: 0.04 s, drift

O0/min and T. DBL: 1000 min without any smoothing methods used.

2.16 Ribosome profiling

The sequencing library was prepared according to the reference (223, 224)
with the following changes. The LPS-activated B cells were MACS-purified
with the Dead Cell Removal Kit (Miltenyi) to remove dead cells prior to cell
lysis. 100 pg/ml cycloheximide was used in the lysis buffer. The B cell lysate

was spiked with the S. cerevisiae lysate at the ratio of 13 million B cells: 270

58



Chapter 2. Materials and Methods

million yeast cells (which equals to 20:4 ug miRNA). Clarified B cell and yeast
lysates were RNase I-digested, ribosome purified and miRNA extracted to
determine the miRNA vyield for spiking. Size exclusion chromatography (27-
5140-01, GE Healthcare) was used to recover ribosomes. The miRNeasy
Micro Kit (Qiagen) was used to purify miRNAs. The Ribo-Zero Gold rRNA
Removal Kits (illumina, MRZG126, MRZY1306) were used to deplete
ribosomal RNAs, in which the Ribo-Zero Removal Solutions from the mouse
and yeast kits were mixed at the ratio of 8 ul : 4 ul to remove both mouse and
yeast rRNAs. The following barcoding primers were used for next generation
sequencing. 1. 5'-
AATGATACGGCGACCACCGAGATCTACACGATCGGAAGAGCACACGTCT
GAACTCCAGTCACATGCCATCCGACGATCATTGATGG. 2. 5'-
AATGATACGGCGACCACCGAGATCTACACGATCGGAAGAGCACACGTCT
GAACTCCAGTCACTGCATCTCCGACGATCATTGATGG. The libraries were

sequenced at the Biopolymers Facility, Harvard Medical School.

For the purposes of alignment, the reference genome assemblies for Mus
musculus (GRCMS38) and Saccharomyces cerevisiae (SacCer3) were
concatenated to create a combined genome fasta file. A combined rRNA
transcript file was also created using the sequences listed in Table S1. Prior
to alignment, Adaptor sequence (ATCTCGTATGCCGTCTTCTGCTTG) was
removed from demultiplexed reads and low quality reads (Phred score < 20)
were discarded. To remove contaminating rDNA reads, reads were aligned to

the combined rDNA genome using bowtie2 and all unaligned reads were kept
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for alignment to the combined genome. Non-rDNA reads were aligned to the
combined genome using bowtie2 and the following parameters: -t -N 1 and
uniquely aligning reads were extracted using samtools view -bqg 10.

All post-alignment analysis was performed using custom scripts written in R.
P-site offsets for each read-length from 26 to 35 nts in the rpf libraries were
determined by generating metagenes relative to the START codon and
applied to aligned reads (Table S2). For all metagenes, transcripts with no
reads within the window of interest were excluded from analysis before
applying any other filters. Additionally, for each position in the windows of the
5’ and 3’ metagenes, the highest and lowest 0.1% of signals were removed

from analysis.

The 100 most stalled PPP motifs were identified using the “stall-ratio” defined
as the ratio of coverage over position +3 relative to the first proline against the
mean coverage of the entire 80 bp window. The following filters were also
applied to exclude windows with only a few sporadic spikes which may not
reflect real translation. To be considered, a window must contain > 10 reads
outside of the +3 position and the window must have reads in at least 5
positions. After applying these filters, the 100 genes with the highest stall-

ratios were selected for metagenes.

2.17 Human samples

Peripheral blood mononuclear cells (PBMCs) were isolated by density

gradient centrifugation from blood samples of healthy donors using Ficoll-
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Paque. The mean age of old donors was 77.6+6.6 years and all subjects were
gave written informed consent. The study was approved by the Ethics

Committee of Oxford University.

2.18 Statistical analyses

The GraphPad Prism software was used for statistical analyses. Data are
represented as mean + SEM. Paired or unpaired two-tailed Student’s t-test
was used for comparisons between two normally distributed data sets with
equal variances. One-tailed Student’s t-test was used when the null
hypothesis has a clear direction according to the knowledge (e.g. spermidine
is an autophagy inducer rather than an inhibitor in multiple systems;
Bafilomycin A1 treatment leads to the accumulation rather than the reduction
of LC3-Il). Welch’s unequal variances t-test was used when the two normally
distributed data sets have unequal variances. It is noteworthy that mostly in
Chapter 3, t-test was used in comparisons between young and old mice with
the null hypothesis “ageing makes no difference between young and old mice”,
and between old mice and old mice administered with spermidine with the null
hypothesis “spermidine does change the parameter/function in old mice”.
Since the two null hypotheses are independent with each other, and each of
them leads to an independent conclusion, statistical analyses were processed
separately without pooling analyses together into one family. Therefore two
independent t-tests were used without P value adjustment. Data are shown in

one graph for visual convenience without changing statistics.

61



Chapter 2. Materials and Methods

Paired or unpaired one-way ANOVA was used for multiple comparisons of
normally distributed datasets with one variable. Paired or unpaired two-way
ANOVA was used for multiple comparisons of normally distributed datasets
with two variables. Mann-Whitney U test was used for comparisons between
non-parametric datasets. Linear regression with 95% confidence interval was
used to assess the relationships between age and the expression of target
proteins or spermidine levels, in which R? was used to assess the goodness
of fit and the P value calculated from F test was used to assess if the slope
was significantly non-zero. P value was used to quantify the statistical
significance of the null hypothesis (i.e. the averages were the same) testing.

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns, not significant.
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Rejuvenates Humoral Immunity in Aged Mice

3.1 Introduction
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3.1.1 Murine B cell development

Two types of B cells have been identified in mice, B1 B cells and B2 B cells
respectively. B2 B cells are conventional B cells functioning in adaptive
immunity, whereas B1 B cells participate in innate immunity secreting poly-
specific autoantibodies against self and bacterial antigens such as
phosphatidylcholine. | will focus on B2 B cells in this thesis and hereafter B2 B

cells are referred to as B cells.

In adult mice, B cells are derived from HSCs in the bone marrow. HSCs
generate common lymphoid progenitors (CLPs), which then pass through
progenitor B cells (pro-B cells), precursor B cells (pre-B cells), and eventually

mature naive B cells (Fig 3.1).

B cell development is associated with the maturation of B cell receptor (BCR).
In contrast to HSCs and CLPs, which have germline genes for BCR and no
surface BCR expression, pro-B cells initiate a series of somatic recombination
events to form mature diverse BCRs to cope with various antigen epitopes.
BCR is a membrane-bound immunoglobulin, which typically comprises two
heavy chain subunits and two light chain subunits. Both the heavy (H) chain
and the light (L) chain contain one variable domain (V4 or V) and several
constant domains. The possibly random and error prone DNA recombination
of V, D, and J gene segments within the variable domain results in the
generation of a highly diverse BCR repertoire. The V-D-J recombination, with

the constant domains added later, results in the production of a yH chain.
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Then the pH chain is paired with a surrogate light (SL) chain to form a pre-
BCR and expressed on cell surface (Fig 3.1) (225). Developing B cells with
deficient pre-BCR by either yH mutation (226) or SL chain mutation (227) are
arrested at the pre-B cells stage, indicating that the expression of pre-BCR
serves as a critical checkpoint for pre-B cell development. Pre-BCR signaling
induces the proliferation of pre-B cells (228) and the down regulation of the SL
chain. Then the V-J recombination of the light chain gene happens and the
mature light chain substitutes SL chain to form mature BCR (Fig 3.1) (surface
IgM). Low auto-reactive B cells with self-tolerant BCRs are selected and
migrate out of the bone marrow to enter peripheral lymphoid organs and

become mature naive B cells (229).

Pre-BCR <, 2

——|( Pro-B |==( Pre-B i i
naive B

Bone marrow Periphery

Fig 3.1 Schematic overview of B cell development. CLPs in bone marrow
differentiate into Pro-B cells, Pre-B cells, immature B cells and eventually
mature naive B cells which then migrate into the periphery. Differentiation

of B cells is accompanied with the maturation of BCR.

Defects of B cell development and selection may lead to malignancy and
autoimmune diseases. Self-reactive B cells that have failed to undergo anergy

or apoptosis will secrete auto-antibodies, and also function as antigen-
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presenting cells to assist T cell-mediated autoimmune reactions. Both auto-
reactive antibodies and T cells will lead to tissue damage and autoimmune

diseases such as systemic lupus erythematosus and type 1 diabetes (230).

3.1.2 B cell activation

Mature naive B cells can be activated in different ways to proliferate and
differentiate into plasmablasts and then plasma cells. Several bacterial or
virus components can directly activate B cells in a T cell-independent manner.
There are two types of T independent antigens. Type | includes molecular
patterns of bacterial or viral infections such as lipopolysaccharide (LPS) and
pathogen DNA/RNA containing CpG motifs or polyinosinic-polycytidylic acid
(poly 1C), which activate Toll-like receptors of B cells and induce their
proliferation and differentiation. The B cell activation induced by type | Toll-like
receptor is BCR-independent and thus not antigen-specific. Type Il mainly
contains repetitive epitopes such as polysaccharides on pathogens. These
repetitive epitopes are recognized by multiple cognate BCRs and cause their
cross-linking and activation. It has been reported that type Il T-independent
activation of B cells can generate IgM* memory B cells which are like naive B

cells in terms of their lifespan and the sensitivity to antigens (231).

Most antigens activate B cells in a T cell-dependent manner (Fig 3.2). The
majority of naive B cells reside in a special zone called follicles in secondary
lymphoid organs, and these B cells are called follicular B cells. When naive

follicular B cells encounter their cognate antigens, they first function as
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Fig 3.2 Schematic overview of T-dependent B cell activation, focusing on
germinal centre reactions. B cells receive co-stimulatory signals from
cognate T cells and migrate into the dark zone of the GC, where they
undergo several rounds of proliferation and SHM before entering the light

zone. In the light zone, the mutated BCRs are exposed to antigens on

FDCs and B cells with low-affinity BCRs will undergo apoptosis. Surviving

B cells in the light zone will undergo class-switching with the help of Try
cells and then either re-enter into dark zone, or differentiate into memory

cells or plasma cells. Modified from (1).

B
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antigen-presenting cells and present these antigens to their cognate CD4* T
cells together with dendritic cells (232). Activated CD4" T cells migrate to
follicles to become follicular helper T cells (Tgn cells), which will then secret

cytokines such as IL-4 and up regulate CD40L to assist B cell activation.

Some proliferating B cells will differentiate into short-lived plasma cells which
mostly secrete low-affinity IgM as a quick humoral response. Alternatively,
proliferating B cells can also enter a distinct region in follicles called germinal
centre (GC) for germinal centre reactions (Fig 3.2). A key enzyme for germinal
centre reactions is AlD, a single-stranded DNA-specific cytidine deaminse
induced in activated B cells (233). It functions to deaminate a cytosine base
into a uracil base to cause DNA mutations, which is required for class
switching and somatic hypermutation (234). Consistent with the phenotype in
AlID-deficient mice, AID mutations in human also cause the hyper-ilgM
syndrome including the absence of class switching and somatic
hypermutations of immunoglobulin (235). Germinal centre B cells undergo
several rounds of proliferation, class switching, somatic hypermutation (SHM),
and affinity selection with the help of Try cells and follicular dendritic cells

(FDCs) (Fig 3.2) (1).

The products of germinal centre reactions are class-switched high-affinity
plasma cells and memory B cells. Eventually some high-affinity plasma cells
home to bone marrow (236) and become long-lived plasma cells. Long-lived

plasma cells and memory B cells constitute long-term humoral immunity (236).
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Class-switched memory B cells generated from germinal centre reactions can
quickly respond to secondary infections and then proliferate and differentiate
into plasma cells (and also new memory B cells) to give rise to a robust
secondary humoral response (236). Another type of memory B cells, the IgM*
memory B cells, has also been reported (236). They are more abundant and
even longer-lived than class-switched memory B cells, but with less somatic
hypermutation (236). They are generated early in primary responses in a
germinal centre-independent manner (237). These IgM* memory B cells retain
the ability to enter germinal centre reactions and may sustain the humoral

memory in the long run (236).
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Chapter 3. The Autophagy Inducer Spermidine

Rejuvenates Humoral Immunity in Aged Mice

3.2 Results
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3.2.1 Phenotypic changes of the haematopoiesis in old mice

To assess the overall phenotypic changes of the haematopoietic system in old
mice (22 to 24 months) as compared to young mice (12 weeks), flow
cytometry was used to identify various haematopoietic lineages, from
haematopoietic stem cells in bone marrow to mature lymphoid and myeloid
lineages in peripheral blood and spleen. A group of old mice were
administered with the autophagy inducer spermidine in the drinking water for

6 weeks to assess the effect of spermidine on their haematopoietic system.

Both the ratio and the absolute number of HSCs (CD150"CD48LSK),
multipotent progenitor cells (MPPs, CD150 CD48°LSK), and LSKs (Lineage
ScailcKit", a population containing HSCs and MPPs) in bone marrow were
significantly increased in old mice (Fig 3.3). In contrast, lymphoid-biased
multipotent progenitor cells (LMPPs) remained unchanged in old mice (Fig
3.3). Neither the ratio nor the number of these populations were altered by
spermidine administration (Fig 3.3), indicating that spermidine does neither
suppress nor promote the self-renewal or proliferation of haematopoietic stem

and progenitor cells, at least not after 6 weeks of continuous administration.

A biased differentiation towards myeloid lineages is a well-defined feature of
the aged haematopoietic stem cells in mice. Accordingly, it was observed that
multiple myeloid progenitors were expanded in old mice, including
megakaryocyte progenitors (MkPs), granulocyte-macrophage progenitors

(GMPs), pre-granulocyte/macrophages (Pre-GMs), pre-
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Fig 3.3 Expanded HSCs in bone marrow from old mice. Bone marrow HSCs and MPPs from
young (12 weeks), old (22-24 months), and old mice continuously administered with spermidine in
drinking water for 6 weeks were assessed by flow cytometry. A. Gating strategy for LSK (Lin
ScatcKit"), HSC (LSK*CD48CD150"), MPP (LSK*CD48 CD150’), and LMPP (LSK'FIt3"). Relative
ratio and absolute number in bone marrow are shown in B and C respectively. Lin mix: CD4, CD5,

CD8a, CD11b, B220, Ter119, Gr1. Data represented as mean + SEM. n = 6 to 7 mice per group as

indicated by dots. Student’s t-test with P values labeled out as, **P<0.01, ***P<0.001, ****P<0.0001.
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megakaryocytes/erythrocytes (pre-MegEs), and pro-erythroblast cells (Pro-

Erys) (Fig 3.4) (238).

The development of B cells was assessed by flow cytometry staining of Hardy
fractions (239). The CD43"B220" population mainly refers to pro-B cells, with
fractions A, B and C correlated with germline pro-B cells (pre-pro-B cells),
early pro-B cells, and late pro-B cells. Fractions D, E and F within the CD43-
B220" population are correlated with pre-B cells, newly formed immature B
cells, and mature B cells (Fig 3.6A/B). A mild but significant increase of pro-B
cells (CD43*B220", fraction A/B/C) was observed in old mice, whereas the
ratio and number of pre-B cells (fraction D) or newly formed B cells (fraction E)
were not changed (Fig 3.6). The observation of accumulated pro-B cells but
unaltered pre-B cells and newly formed B cells in old mice is consistent with
literatures proposing that there might be a differentiation block from pro-B
cells to pre-B cells in old mice (191). Meanwhile the exit of newly formed B
cells out of bone marrow is reduced in old mice, leading to a slow turn over of

bone marrow B cells with the overall number unchanged (191).

No significant changes of the ratio or number of myeloid progenitors and B

cell progenitors caused by spermidine administration was observed (Fig 3.4/5).
Therefore, the 6-week administration of spermidine did neither affect the early
developmental stages of the haematopoietic system, including the self-
renewal and differentiation of HSCs, nor the early developmental stages of

myeloid and B cell progenitors in old mice. However, spermidine could still
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have an impact on later developmental stages, i.e. from precursors to mature
lineages. These stages can be distinguished by changes of mature lineages

in the periphery.

In both spleen and peripheral blood, an obvious myeloid-biased phenotype
was also observed in old mice. Myeloid cells (CD11b*Gr1) were significantly
increased, whereas lymphoid cells, including B cells, CD4* T cells, and CD8*
T cells, were all significantly reduced (Fig 3.6/7). The majority of T cells in old
mice were CD44" (Fig 3.8), which is a marker of clonally expanded T cells,
indicating the expansion of existing mature T cells and a lack of naive T cells
input. Neither the lymphopenia nor the expansion of myeloid cells in
peripheral was rescued by spermidine administration (Fig 3.6/7), except for a
significant increase of CD8" T cells in peripheral blood (Fig 3.7). The input of
naive T cells (non-CD44") was not changed by spermidine either (Fig 3.8).
Therefore spermidine administration failed to exert an effect on the overall

haematopoiesis from HSCs to mature lineages in old mice.

Additionally, a mild increase in the spleen cellularity in old mice was observed
(Fig 3.9), which is consistent with the splenomegaly phenotype as reported
(240). Interestingly, spermidine administration significantly reduced the spleen
cellularity. Increased inflammatory cytokines such as IL6, IL23, and TNF can
be the cause of splenomegaly in mice (241-244). Spermidine has been shown
to reduce the TNF-a levels in old mice, which can be an explanation of this

effect.
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3.2.2 Bone marrow cells from old mice reconstitute well into recipients
| did not observe a reverse of the myeloid bias in heamatopoietic progenitors
and peripheral mature immune cells by spermidine administration in situ.
However it remains possible that the improvement of HSC function was
diluted by the already heavily expanded progenitors. To directly assess the
functions of HSCs, bone marrow chimera mice were made by transferring a
defined number of bone marrow cells from young, old, or old mice
administered with spermidine (all of CD45.2 allotype) to lethally irradiated
young recipients (CD45.1 allotype) (Fig 3.10). After 16 weeks of long-term

reconstitution, the haematopoietic system of recipient mice was assessed.

Lethal irradiation
Spd 6 weeks BM transplantation

CD45.2: CD45.1 =

5 : 5 million 16 weeks Reconstitution analysis:
-Bone marrow
’ > -Thymus
-Spleen
22-24 months, CD45.2 7 weeks, CD45.1

Fig 3.10 Use competitive bone marrow chimera to assess HSCs reconstitution
ability. Bone marrow cells taken from mice treated as in Fig 3.3 (CD45.2*) were
mixed with the competitor bone marrow cells taken from 7 weeks old CD45.1*
mice at the ratio of 5 : 5 million, and injected i.v. into lethally irradiated CD45.1*
recipient mice. After 16 weeks, the long-term reconstitution of bone marrow
haematopoietic stem and progenitor cells, thymus T progenitors, and spleen
mature lineages were assessed in recipient mice by staining for CD45.1

(competitor/control) or CD45.2 (test).
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It was found that bone marrow from old mice had a higher reconstitution
capacity for HSCs and LSKs compared to bone marrow from young mice (Fig
3.11A-C) as reported (245). This is consistent with the increased number of
HSCs as observed in old mice (Fig 3.3). The reconstitution of LMPPs is,
however, comparable between young and old donors (Fig 3.11D), indicating
the attenuated LMPP reconstitution ability of HSCs from old mice at the

single-cell level. Spermidine mildly augmented the reconstitution of HSCs
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Fig 3.11 Old bone marrow cells have a higher reconstitution ability of HSCs. A. Gating
strategy showing the CD45.1/CD45.2 staining of HSCs. Quantification results are shown in
B (HSCs), C (LSKs), and D (LMPPs). Data represented as mean + SEM. n = 6 to 10 mice
per group. Student’s t-test of CD45.2" fractions with P values labeled out, *P<0.05,

**P<0.01.
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from old bone marrow (not statistically significant, Fig 3.11). Therefore bone
marrow from old mice is not only competent, but even more capable in
reconstituting HSCs than young mice due to the elevated numbers of HSCs

that possibly compensate for functional loss.

Despite of the significantly increased reconstitution of HSCs, the reconstitution
of myeloid progenitors, including MkPs, GMPs, Pro Erys, Pre GMs, and Pre
MegEs, was only mildly but not significantly increased from old bone marrow
(Fig 3.12A-F). The reconstitution of mature myeloid lineages in spleen from
old bone marrow was found significantly increased compared to young bone
marrow (Fig 3.12A/G), consistent with the phenotype in old mice (Fig 3.4).
Therefore the increased production of myeloid progenitors and mature
myeloid lineages in old mice is partly due to intrinsic changes of HSCs. The
reason why old mice accumulate many more myeloid progenitors compared to
chimera mice receiving old bone marrow can either be attributed to a longer
period of time required for this accumulation, but more likely is an age-related
change extrinsic to HSCs. Spermidine administration did not affect the

reconstitution of myeloid progenitors and mature myeloid lineages (Fig 3.12).

T lymphopenia is a distinct phenotype of the aged haematopoietic system.
However, it was found that bone marrow from old mice gives rise to
comparable thymic T cell progenitors compared to young bone marrow (Fig

3.13A-F), and eventually comparable mature T cells in spleen (Fig 3.13A/G).
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Fig 3.12 Comparable reconstitution ability of myeloid progenitors between young
and old bone marrow. A. Gating strategy showing the CD45.1/CD45.2 staining of
the Pre-GM population. Quantification results are shown in B (MkPs), C (GMPs), D
(Pro-Erys), E (Pre-GMs), F (Pre-MegEs), and G (spleen myeloid cells). Data
represented as mean + SEM. n = 6 to 10 mice per group. Student’s t-test of

CD45.2" fractions with P values labeled out, *P<0.05.
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Fig 3.13 Comparable reconstitution ability of T cell progenitors between young and
old bone marrow. A. Gating strategy showing the CD45.1/CD45.2 staining of the DN3
population. Quantification results are shown in B (DN1, early thymic progenitors), C
(DN2), D (DN3), E (DN4), F (DP), and G (the sum of spleen CD4" and CD8" T cells).
Lin mix: CD3e, TCRg, TCRb, NK1.1, B220, Ter119, Gr1, CD11b, CD11c. Data
represented as mean + SEM. n = 6 to 10 mice per group. Student’s t-test of CD45.2*

fractions with P values labeled out.
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Therefore T lymphopenia in old mice is largely attributed to changes
independent of HSCs, such as thymic involution. Accordingly, old and young
bone marrow contributed equally to T-cell development and spermidine
administration did not affect the reconstitution of T cell progenitors and mature

T lineages in recipients (Fig 3.13).

Similarly, B cell development is not remarkably affected in old mice.
Accordingly, bone marrow from old mice was competent to produce new B
cell progenitors and mature B cells in recipient mice (Fig 3.14). Spermidine

administration did not affect B cell reconstitution either (Fig 3.14).

Therefore marked changes in haematopoiesis in old mice were observed as

expected, but spermidine administration exhibited little effect on the overall

developmental process.
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Fig 3.14 Comparable reconstitution ability of B cell progenitors between young and old
bone marrow. A. Gating strategy showing the CD45.1/CD45.2 staining of fraction C and F.
Quantification results are shown in B (fraction A), C (fraction B), D (fraction C), E (fraction D), F
(fraction E), G (fraction F), and H (spleen B cells). Data represented as mean + SEM. n =6 to

10 mice per group. Student’s t-test of CD45.2" fractions with P values labeled out.
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3.2.3 Autophagy is impaired in lymphocytes from old mice

Autophagy has been reported to be impaired during ageing in multiple tissues
and cell types including mouse/human neuron (246, 247), mouse skeletal
muscle (57), and mouse/human T cells (59, 170). Using a newly developed
autophagy detection kit based on LC3-1l flow cytometry staining, uniquely able
to identify the different haematopoietic lineages, while evaluating the
autophagic flux (Fig 3.15). Addition of Bafilomycin A1 (BafA1), a lysosomal V-
ATPase inhibitor which prevents the acidification of lysosomes, results in
blocked autophagosome-lysosome fusion and lysosomal degradation. BafA1
treatment causes the accumulation of both the autophagic cargo and the
autophagosome marker LC3-Il, the latter being therefore an indicator of the
dynamic autophagic flux. | found a general reduction of autophagic flux during
differentiation in both young (12 weeks) and old (22-24 months) mice, with
HSCs possessing the highest autophagic flux and spleen myeloid cells the
lowest (Fig 3.15B). Moreover, autophagy is not evenly affected in different cell
types. Autophagic flux is most significantly reduced in mature lymphocytes,
including spleen B cells and T cells, whereas HSCs, MPPs, LMPPs, and
myeloid cells did not show a significant reduction of autophagic flux (Fig
3.15B). Spermidine administration in the drinking water to old mice for 6

weeks increased the autophagic flux in nearly all cell types (Fig 3.15).
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Fig 3.15 Autophagic flux is significantly reduced in lymphocytes from old mice,
and spermidine increases autophagic flux in vivo. Bone marrow and spleen cells
taken from mice treated as in Fig 3.3 were measured by LC3-1l staining using flow
cytometry after 2h treatment with bafilomycin A1 (BafA1) or vehicle. A.
Representative plot of LC3-II staining of B cells. B. Autophagic flux was calculated
as LC3-Il mean fluorescence intensity (BafA1-Vehicle)/Vehicle. Data represented
as mean + SEM. n = 5 to 6 mice per group. Student’s t-test (two-tailed for Young-
Old comparison, one-tailed for Old-Old+Spd comparison) with P values labeled

out, *P<0.05, ***P<0.001, ****P<0.0001.
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3.2.4 Autophagic flux is blocked in B cells from old mice

Next | focused on B cells and confirmed the reduction of autophagic flux in B
cells from old mice. The flow cytometry plot shows that the LC3-II shift from
Vehicle to BafA1 is reduced in old B cells compared to young B cells, which is
elevated by spermidine administration (Fig 3.15A). The reduced shift in old B
cells is actually caused by increased fluorescence of LC3-II of Vehicle rather
than reduced effect of BafA1 (Fig 3.15A). Consistently and more directly,
western blot and confocal microscopy imaging results show that BafA1
caused a significant accumulation of LC3-1l or GFP-LC3 dots in B cells sorted
from young mice (Fig 3.16/17), suggesting an active autophagic flux. In
contrast, higher LC3-1l protein levels (Fig 3.17A/B) and increased number of
GFP-LC3 dots (Fig 3.17C/D) were found in old B cells compared to young B
cells under basal (Vehicle) conditions, which were not further increased by
BafA1 treatment (Fig 3.17), indicating that the increased LC3-1l in old B cells
was caused by blocked lysosomal degradation rather than increased LC3-II
formation. Spermidine administration reduced the basal LC3-II levels and
improved the autophagic flux of old B cells (Fig 3.17). Therefore autophagy is
impaired in old B cells due to reduced lysosomal degradation, and spermidine

increases autophagic flux in vivo.
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Fig 3.16 Purity check of magnetic-activated cell sorting (MACS) of murine B cells.
Splenocytes before or after MACS purification of B cells were assessed by flow
cytometry (A). The quantification is shown in B. Data represented as mean + SEM.

n = 8 mice per group as indicated by dots. Paired Student’s t-test, ****P<0.0001.
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Fig 3.17 Autophagy is impaired at the lysosomal degradation level in B cells from old mice, which is
ameliorated by spermidine administration. A/B. Representative LC3-Il immunoblot of sorted B cells
from young, old, or old mice administered with spermidine (A) with the quantification shown in B.
The LC3-1l band intensity was normalized to GAPDH first, and then to the Young Vehicle sample.
Data represented as mean + SEM. n = 6 to 7 mice per group. Paired one-tailed Student’s t-test with
P values labeled out, “P<0.05. C/D. Confocal microscopy images were acquired of sorted B cells
from young, old, or old GFP-LC3 transgenic mice treated with spermidine (C). The quantification
results of GFP-LC3 dots per cell are shown in C. Data represented as mean + SEM. N =210 to 616
cells pooled from 4 to 6 mice per group. Mann-Whitney test with P values labeled out, ***P<0.001,

****P<0.0001, ns, not significant.
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3.2.5 Spermidine improves the humoral responses in old mice

| next assessed the function of B cells by measuring immunoglobulin titers
(humoral responses) in old mice using the model antigen NP-CGG. Upon first
immunization, a fast and robust IgM primary response was induced in young
mice (Fig 3.18A, day 0 to day 42) and a gradually increasing long-term IgG1
response (Fig 3.18B, day 0 to day 42). In contrast, the IgM primary response
in old mice was delayed and significantly compromised in titer (Fig 3.18A),

and the overall IgG1 response was also severely compromised (Fig 3.18B).

A secondary immunization (boost) was performed to assess the memory
humoral responses. Young mice had an acute response and their NP-specific
IgM and IgG1 productions reached their peak in 7 days post boost (Fig 3.18,
after day 42). Old mice also showed a quick but compromised IgM memory

response but a very weak IgG1 memory response (Fig 3.18).

Spermidine was continuously given in the drinking water to old mice
throughout the whole experiment to test if it improves the humoral responses
in vivo. It was found that IgG1 primary and more remarkably, memory
responses in old mice were significantly improved by spermidine (Fig 3.18B).
A significant improvement of memory IgM responses was also observed on

day 49 and 56 (Fig 3.18A).
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Fig 3.18 Spermidine improves humoral responses in old mice. Young or old mice were
immunized with NP-CGG precipitated in the adjuvant alum (immunization) and boosted with
NP-CGG in PBS. Spermidine was given 2 days before the firstimmunization and then
continuously in drinking water. Serum was collected on indicated days and NP-specific IgM
(A) or IgG1 (B) measured by ELISA. Data represented as mean + SEM. n = 10 to 14 mice
per group, pooled from 2 independent experiments. Welch’s t-test, *P<0.05, **P<0.01,

***P<0.001, ****P<0.0001.
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| also measured the number of NP-specific IgG1-secreting plasma cells in
bone marrow at the time of sacrifice (day 39 post boost) (Fig 3.19A), which
are supposed to be long-lived plasma cells (248, 249). Consistent with the
antibody titer, both the ratio (Fig 3.19B) and the absolute number (Fig 3.19C)
of NP-specific IgG1-secreting plasma cells were markedly reduced, which
were restored by spermidine administration (Fig 3.19). The measurement of
NP-specific IgM-secreting plasma cells failed possibly due to the low binding
specificity of IgM in the ELISpot assay where alum samples showed an

equivalent number of dots as the young samples (data not shown).

In conclusion, both IgM and more strongly IgG1 primary and secondary

responses are severely compromised in old mice, which are improved by

spermidine administration.

94



Chapter 3. Spermidine rejuvenates humoral immunity

A

Young | |{8e 1 {F 5

» »
Old
e ;

Old+Spd | |78 or'e | v !

Alum
B C

100_ *kkk 4000- *kkk
(2] ..
@ 80+ * g 30004 PY *
g o " | )
s A @ 2000 N
= 40- 2 ¢
€ . Al §
— - [}
8 20 < 1000 iﬁ

u
0 - ST 0 = S VUS—
Young Old Old+Spd Alum Young Old Old+Spd  Alum

Fig 3.19 Spermidine increases the number of long-term NP-IgG1-secreting cells
in old mice. Mice treated as in Fig 3.18 were culled on day 75 and plasma cells
secreting NP-specific IgG1 from bone marrow were measured by ELISpot (A).
The quantification of relative and absolute number is shown in B and C
respectively. Data represented as mean + SEM. n = 6 to 9 mice per group as

indicated by dots. Welch'’s t-test, *P<0.05, ****P<0.0001.
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3.2.6 Spermidine improves the humoral responses in an autophagy-
dependent manner

It has been shown that spermidine induces autophagy and improves humoral
immune responses in old mice. However, whether autophagy is required for
spermidine’s immune-boosting effects remains elusive. To address this
question, we used B cell-specific Atg7-knockout (B-Atg7”) mice, in which the
essential autophagy gene Atg7 is deleted by Mb1-Cre at the early pro-B cell

stage (250).

The complete loss of ATG7 was firstly confirmed in B cells sorted from B-
Atg7" mice (Fig 3.20A/B). ATG7 is essential for the formation of
autophagosomes (251, 252). Accordingly, Atg7-knockout (-/-) B cells showed
an accumulation of LC3-I proteins with less LC3-Il under basal conditions
(Vehicle), and failed to accumulate LC3-1l upon BafA1 treatment (Fig 3.20C/D),

both indicate that the autophagic flux was efficiently blocked.

The NP-CGG-induced humoral responses were then assessed in B-Atg7”
mice administered with or without spermidine. Both the primary and the
secondary IgG1 responses were severely compromised in B-Atg7” mice (Fig
3.21A), mimicking the phenotype of old mice (Fig 3.18B). Spermidine
administration, however, failed to improve the IgG1 responses in B-Atg7/'
mice (Fig 3.21A), consistent with the hypothesis that spermidine improves
compromised humoral responses in an Atg7- or autophagy-dependent

manner.
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In contrast to impaired IgG1 responses, IgM responses were not significantly
altered in B-Atg7” mice (Fig 3.21B), and spermidine did not affect IgM
responses either (Fig 3.21B). This is consistent with the observation that
spermidine did not significantly improve primary IgM responses in old mice
(Fig 3.18A). Moreover, the compromised IgM responses in old mice (Fig
3.18A) are likely not caused by autophagy deficiency in B cells either, and the
improved IgM memory responses by spermidine may be attributable to B-cell

autophagy-independent mechanisms.
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Fig 3.20 Reduced autophagy in Atg7-/- B cells. A/B. B cells were purified from Mb1-Cre-,
Atg7""% (1/+) and Mb1-Cre+, Atg7"°"*(-/-) mice and the expression of ATG7 assessed by
Western blot. The quantification is shown in B. The ATG7 band intensity was normalized to
GAPDH first and then to +/+. n = 6 mice per group as indicated by dots. One-tailed
unpaired Student’s t-test. C/D. Purified B cells were cultured with or without BafA1 for 2h to
assess LC3-1l expression by Western blot. The quantification is shown in D. The LC3-Il band
intensity was normalized to GAPDH first and then to +/+ Vehicle. n = 4 mice per group. One-

tailed paired Student’s t-test. ***P<0.001, ****P<0.0001. Data represented as mean = SEM.
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Fig 3.21 Spermidine fails to improve the humoral responses in B cell-specific
autophagy-deficient mice. B cell-specific Atg7 knockout (B-Atg7") mice were
immunized with NP-CGG and treated with spermidine as in Fig 3.18. Serum NP-
specific IgG1 (A) and IgM (B) were measured by ELISA. Data represented as

mean + SEM. n = 3 to 7 mice per group. Welch’s t-test, **P<0.01, ***P<0.001.
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3.2.7 Spermidine does not improve humoral responses in young mice
Spermidine improves NP-specific IgG1 responses in old mice, which are
already immune-compromised. We next questioned if spermidine might also
improve humoral responses in healthy young adult mice. It was found that
constant administration of spermidine during the whole immunization
experiment did not significantly affect their IgG1 humoral responses (Fig 3.22).
This might be due to that spermidine and autophagy in B cells from healthy

young mice are sufficient for robust responses, which cannot be further

improved by more spermidine.
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Fig 3.22 Spermidine does not improve humoral responses in young mice. Young
adult mice (6-8 weeks) were immunized with NP-CGG precipitated in alum and
boosted with NP-CGG in PBS on day 51. Spermidine administration and serum NP-
specific IgG1 measurement were processed as in Fig 3.18. Data represented as
mean + SEM. n = 6 t019 mice per group, pooled from 3 independent experiments.
Student’s t-test, ns, not significant.
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Chapter 3. The Autophagy Inducer Spermidine

Rejuvenates Humoral Immunity in Aged Mice

3.3 Discussion
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3.3.1 Can we target HSCs to improve haematopoiesis/immunity in old
individuals?

Reduced adaptive immune responses are key features of haematopoietic
ageing, causing increased morbidity and mortality due to infections. Moreover,
ageing of the haematopoietic system is associated with a higher incidence of
anemia (253) and myeloproliferative diseases (254, 255). HSCs give rise to
the entire haematopoietic system. Therefore the working hypothesis in this
chapter is to improve the deficient functions of aged HSCs to control the

homeostasis of the entire haematopoietic system.

The phenotypes of aged HSCs have been well studied. Phenotypic HSCs in
human (CD34*CD38*CD90") increase in number with age (256), which is
similar to what | have observed in old C57BL/6 mice (Fig 3.3) (245).
Meanwhile the reconstitution capacity of HSCs at the single cell level declines
with age (70, 257). Accordingly bone marrow HSCs from older human donors
(> 45 years) also have reduced transplantation success comparing to the
same number of HSCs from younger donors (258). Moreover the skewed
differentiation towards myeloid lineages is another age-associated phenotype
of HSCs (Fig 3.4/6), consistent with the increase in myeloproliferative

diseases.

However, when a similar number of whole bone marrow cells (with more
HSCs in old bone marrow) were used for reconstitution, old bone marrow-

derived progenitors and mature lineages are comparable to young bone
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marrow (Fig 3.11-14). Therefore the increase in phenotypic HSCs numbers
might be an adaptive response to compensate the reduced functions at the
single cell level. Such compensatory mechanism seems to be very successful
as they, although with a larger number, reconstitute and differentiate as well
as young HSCs in adoptive transfer experiments. This suggests that intrinsic
changes in old HSCs are not a major cause of the haematopoietic ageing.
Interventions targeting HSCs themselves may not be an efficient way to

rejuvenate the old haematopoietic system.

The myeloid-bias phenotype observed in the aged haematopoietic system
(Fig 3.4/5/6/7) is much stronger than that when old HSCs have been
adoptively transferred (Fig 3.12/13/14), indicating that the aged niche
environment has a remarkable contribution to the imbalanced differentiation of
HSCs or impaired development of progenitors. Consistent with our results, a
lower engraftment efficiency, increased myeloid differentiation, and severely
reduced T cell development were observed when transferring young (2
months) bone marrow cells into old (18 months) recipient mice (259).
Mechanically, multiple age-related niche factors, such as the inflammatory
cytokine CCL5 (259) and the HSC-chemoattractant chemokine CXCL12 (260,
261), may all contribute to reduced HSCs reconstitution and unbalanced
differentiation in old niche. Therefore, instead of targeting old but still ‘healthy’

HSCs to improve haematopoiesis, niche factors may be more effective targets.
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3.3.2 How does autophagy modulation contribute to the aged
haematopoietic system?

As the only bulk-degradation mechanism in cells, autophagy plays a key role
in re-shaping the cells during differentiation and maintaining the homeostasis
of long-lived cells. Knockout of the essential autophagy gene Atg7in HSCs
causes a severe impairment of self-renewal and differentiation, and the
almost complete loss of their reconstitution ability (214). Inducible knockout of
Atg12in HSCs of adult mice also leads to an ageing-like phenotype, i.e.
increased generation of myeloid cells and reduced reconstitution efficiency
(262). Autophagy-deficiency in neutrophil, T cell, or B cell progenitors shows
defective differentiation (170, 201, 215). Autophagy is also required for
phagocytosis (216, 263, 264), antigen presentation (265-268), and lysosomal
degranulation (269) during innate immune responses, and the long-term
memory of adaptive immune responses (170, 183, 202, 204). Since the
phenotypes of ageing highly correspond to the autophagy deficiency (2), it is
reasonable to hypothesize that autophagy deficiency might be a general

cause of ageing in these cell types.

Here we show that autophagy is significantly impaired in B cells and T cells
(Fig 3.15 and Fig 3.17). Considering the fact that autophagy is required for
memory responses of B cells and T cells (170, 183, 202, 204), and autophagy
inducers including spermidine and rapamycin are able to improve B cell (204)
and T cell (170) responses, we can draw the conclusion that autophagy

deficiency contributes to the senescence of B cells and T cells. Therefore

103



Chapter 3. Spermidine rejuvenates humoral immunity

autophagy is also a practical target to improve adaptive immune responses in

the elderly.

On the other hand, | have found that autophagy is not or only mildly
attenuated in HSCs, MPPs and mature myeloid cells from old mice, indicating
that autophagy is not a direct driving force of their ageing, although knockout
of essential autophagic genes leads to an ageing-like phenotype. However, it
remains possible that autophagy inducers may still improve the behavior of
these cells in old individuals. For example, knockout of the essential
autophagy gene Atg5 in mouse bone marrow Leptin-receptor-expressing
stromal cells causes a significant reduction of both myeloid and lymphoid cells
(270), indicating that autophagy is also required for HSC niche maintenance.
This enhances the possibility to modulate haematopoiesis via inducing
autophagy in niche cells. However | did not observe a significant improvement
of haematopoiesis by spermidine treatment in old mice although spermidine
shall also get access to niche cells. This can be due to too short treatment
and the turnover of the established haematopoietic system is too slow. Bone
marrow chimera mice using lethally irradiated old mice (old niche) as recipient

treated with or without autophagy inducers will help better address that.

Moreover, spermidine down regulates the pro-inflammatory cytokine TNF-a in
plasma of old mice (212). TNF-a affects haematopoiesis in multiple ways,
including suppressing the colony formation and reconstitution of human

haematopoietic stem cells (CD347CD38") (271), and suppressing the
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erythropoiesis in fanconi anemia patients (272). Additionally, since autophagy
is required for optimal innate immune responses, it will be intriguing to see if

autophagy induction may further boost their responses.

Therefore, autophagy deficiency directly contributes to adaptive immune
senescence. Autophagy induction may directly or indirectly improve the

haematopoiesis and immune responses in the elderly.

3.3.3 Does spermidine improve humoral responses in old mice via
autophagy?

Spermidine has been reported to prolong the lifespan of yeast, worms, flies,
and mice in an autophagy-dependent manner (210, 212, 273). Spermidine
also improves the heart and CD8™ T cell functions in old mice in an
autophagy-dependent manner, similar to our observations in B cells (Fig
3.18/19 and Fig 3.21) (170, 212). Based on the observations that deletion of
essential autophagy genes counteracts spermidine’s anti-ageing effects, the
word ‘autophagy-dependent’ is carefully used to suggest that the in vivo
mechanism is autophagy induction. However, ‘autophagy-dependent’
(necessity) does not necessarily mean ‘via autophagy’ (sufficiency). Actually,
it is very hard to design a simple experiment directly showing that autophagy
induction is sufficient for the drug effect, and this is what we are faced with

here in the case of B cells.
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Autophagy-deficient memory B cells have a higher level of apoptosis and fail
to attain long-term survival (203), indicating autophagy is essential for
memory B cell maintenance. Spermidine fails to improve autophagy-deficient
memory B cell responses (Fig 3.21), indicating the necessity of autophagy for
spermidine’s effect. Meanwhile, other results indirectly suggest the sufficiency.
Autophagic flux in B cells from old mice is reduced, which, according to the
phenotype of Atg7/' B cells, should contribute to the impaired memory
responses (although may not be necessarily an initiating factor of B cell
senescence). Therefore autophagy induction in autophagy-deficient B cells
should be able to improve their memory responses, just as re-introducing
ATG7 into Atg7” B cells would rescue their phenotype. Accordingly,
spermidine increases autophagic flux in old B cells, which are deficient in
autophagy, and improves their memory responses. Therefore, autophagy
induction in B cells shall be at least one mechanism for spermidine’s immune-
boosting effect, although alternative mechanisms, such as via CD4" follicular
helper T cells, might also help to explain impaired IgM responses in old mice
and their improvement by spermidine (Fig 3.18 and Fig 3.21). It is evident that
experiments such as genetically inducing autophagy (via over-expression of
Atg5 (274) for example) in B cells from old mice would be more convincing to
demonstrate that autophagy induction in B cells is sufficient to improve their

responses.

To sum up, we conclude, albeit not definitely, that autophagy is essential for

spermidine’s immune-boosting effect (in both young and old mice), and
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spermidine improves humoral responses in old mice at least partially via

inducing autophagy in B cells.

3.3.4 Potential side effects of spermidine

Although we have not observed any detrimental effects of spermidine after up
to 11 weeks of administration in drinking water, the potential side effects
should be carefully considered for clinical applications. The best described
function of spermidine at the cellular level is to promote cell proliferation.
Spermidine-depleted cells fail to proliferate (208). Consistently, a higher
spermidine level was found in the urine of patients with solid tumours or
leukaemias (275), suggesting that cancer cells produce a significant amount
of spermidine. The spermidine-depleting drug difluoromethylornithine (DFMO/
Eflornithine) is also used to control cancer progression in clinical trials (276,
277) and has been approved for the treatment of human African
trypanosomiasis in which protozoa parasites require spermidine for
proliferation (278, 279). Therefore higher levels of spermidine may potentially
accelerate the disease progression of cancer and parasitic infections, and

spermidine may be incompatible with treatments involving DFMO.

On the other hand, spermidine prevents liver fibrosis and hepatocellular
carcinoma via inducing autophagy in livers (213), and suppresses 1,2-
dimethylhydrazine (DMH)-induced tumorigenesis in large intestine of mice
(280), indicating that spermidine is able to prevent the pathogenesis of cancer

via maintaining cellular homeostasis under stresses. Moreover, spermidine
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also promotes adaptive immune responses, which are crucial for immune
surveillance and treatment of cancer (281, 282). Additionally, fast B-cell
proliferation occurs during IgM primary responses, which was indeed not
improved by spermidine (Fig 3.18/21), indicating that spermidine does not
necessarily induce cell proliferation. Therefore the relationship between

spermidine and cancer may be more complex than previously assumed.

3.3.5 Conclusions

In this chapter, the ageing of the murine haematpoietic system was assessed
and the autophagy inducer spermidine was used to rejuvenate the aged
haematopoietic system. Consistent with previous studies, the aged
haematopoietic system is myeloid-biased, with increased number of myeloid
lineages and reduced lymphoid lineages. The adoptive transfer experiment
showed that HSCs from old bone marrow are capable of reconstitution and
giving rise to comparable lymphoid progenitors and mature lymphocytes
comparing to young bone marrow, indicating that the lymphopenia in old mice
is not due to intrinsic deficiencies of HSCs. HSCs also have a high basal
autophagic flux, which are not much impaired during ageing. Spermidine
treatment further increases autophagic flux in old HSCs, but does not alter

their reconstitution or differentiation.

In contrast to HSCs, autophagy in lymphocytes from old mice is significantly
impaired at the lysosomal degradation level. B cell responses in old mice are

also severely impaired. Spermidine increases autophagic flux in old B cells
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and significantly improves long-term humoral responses in old mice. Atg7" B
cells display the blocked autophagic flux and compromised memory IgG1
responses, mimicking the phenotype of ageing. Spermidine administration
fails to improve memory responses of Atg7" B cells, in agreement with the

hypothesis that spermidine’s immune-boosting effect is autophagy-dependent.
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elF5A Hypusination

4.1 Introduction
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4.1.1 Molecular functions of spermidine

Spermidine has been reported to interact with a variety of molecules. For
example, as a positively charged polyamine, spermidine is able to bind to
negatively charged molecules such as DNA and RNA via electrostatic forces
to stabilize their structures (207, 283, 284). Spermidine can also undergo
conformational changes to form a complex with ATP (207, 285, 286), thus has
a potential to interfere with ATP-related functions. Moreover, enzyme kinetic
studies also show that high concentration of spermidine (2 M) is able to
compete with Na* and K* for the cation binding sites on Na*, K*-ATPase and
blocks the enzyme activity (208, 287). Another specific function of spermidine
is to post-translationally modify the eukaryotic translation initiation factor 5A

(elF5A), which will be discussed in detail in 4.1.2.

Regarding the mechanism of autophagy induction by spermidine, it was
proposed by Eisenberg et al., that spermidine may inhibit the activity of
histone acetyltransferases (HATSs), which then leads to an altered
transcriptome and the increased expression of autophagy genes such as
ATG7, ATG11, and ATG15 at the transcriptional level (210). As the authors
have also pointed out, a drawback of this hypothesis is that the direct effect of
reduced HAT activities shall be gene silencing rather than activation,
contradicting with their observation that the transcription of autophagy genes

was “selectively” turned on.
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4.1.2 Hypusination of elF5A and its molecular functions

Being the unique substrate of hypusination reaction is the best defined
function of spermidine. During hypusination, spermidine transfers its
aminobutyl moiety to a specific lysine on elF5A (K50 for human and mouse
elF5A1) to transform it into hypusine (Fig 4.1). Hypusine is an unusual amino
acid and so far has only been identified as part of elF5A. Park et al. first
reported in 1981 that heavy-isotope (°*H)-labeled spermidine was
predominantly incorporated into a single protein in cultured human peripheral
lymphocytes (288, 289), which was identified later to be elF5A (elF4D) (290).
The majority of spermidine (54%) is used for hypusination reaction when
intracellular spermidine is limiting in yeast, indicating that the major function of
spermidine is to hypusinate elF5A (291). Structure studies showed that both

elF5A and its bacterial homolog elongation factor P (EF-P) bind to the

DFMO
.<,N,a/ \N;—um. l HN "y Sperm|d|neHN H\/ N, Spermme HN/\/ N\/\/r AN
Arglnlne—>Ornlth|ne—>PutreSC|ne‘V_”__‘_'f_aff SpermldlneTmySpermlne
elF5A-Lys
elF5A-Dhp
elF5A-Hyp

Fig 4.1 Schematic overview of the polyamine synthesis and the elF5A
hypusination pathway. DFMO is an irreversible inhibitor of ODC and used
to block cellular polyamine synthesis. GC7 is a reversible competitive

inhibitor of DHS and used to block hypusination.
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ribosome adjacent to the peptidyl (P) site (292-294), with hypusine at the
peptidyltransferase center (293, 294), suggesting that elF5A may interfere

with the peptide bond formation with its hypusine arm.

elF5A and the two hypusination enzymes deoxyhypusine synthase (DHS) and
deoxyhypusine hydroxylase (DOHH) (Fig 4.1) are highly conserved in
eukaryotes (295). Interestingly, although bacterial EF-P does not have
hypusine, a similar modification (lysinylation) is found on its lysine in a
homologous region (K34) (296). The evolutionary conservation indicates that

hypusine is a key structure for elF5A and its basic cellular process.

elF5A was originally named as a translation initiation factor due to its function
to promote the methionine-puromycin conjugation in vitro, which mimics the
translation initiation reaction (297, 298). Follow-on studies show that elF5A
and EF-P also promote translation elongation (299). In the absence of EF-P
or elF5A, the translation rate is reduced especially for peptides containing
three or more consecutive prolines (polyprolines) (300-302). Unlike other
amino acids, proline contains a pyrrolidine ring, which constrains its

conformation and makes it a poor peptide bond donor and acceptor (Fig 4.2)

Fig 4.2 Schematic overview of the tri-proline structure. a-carbons of the

amino acid residues are highlighted in green.
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(300, 303).

The reaction between puromycin and proline is 10 to 1000 times slower than
reactions between puromycin and other amino acids in bacterial cell-free
system without EF-P, and EF-P accelerates the puromycin-proline reaction by
about 90 folds (300). EF-P is also required for polyproline synthesis in vivo,
but dispensable for single- or double-proline synthesis possibly due to a more
sophisticated translation machinery in cells (302). Similarly in yeast, elF5A
accelerates the synthesis of polyproline peptides (MPPPK) by over 20-fold in
a cell-free system (301). Ribosomal profiling, a technique revealing translation
at the single-nucleotide resolution by directly sequencing mRNA fragments
bound to ribosomes, shows that elF5A also promotes the translation of
several other non-polyproline motifs such as GPP, DDP, and RDK in yeast
(304). Moreover, deletion of elF5A in yeast causes accumulation of
ribosomes at the stop codon, indicating that elF5A also assists translation
termination (304). In contrast to a broad function of elF5A in assisting the
overall translation, the hypusination of elF5A seems to be more specifically
required for polyproline synthesis in yeast (301, 304). Relevant molecular

functional studies of elF5A are still lacking in mammalian cells.

4.1.3 Cellular functions of polyamines and elF5A
Phytohaemagglutinin (PHA)- or anti-CD3-stimulated human lymphocytes
increase hypusinated elF5A by over 30 folds compared to resting cells on a

per cell basis, while the total protein content only increases by about 3-fold,
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indicating that elF5A and its hypusination modification are coordinatively up-
regulated during lymphocyte activation and proliferation (289, 305).
Accordingly, both genetic deletion of Eif5a and chemically induced inhibition of
hypusination suppress cell proliferation at G1 phase in yeast and cell lines
(306-309). Consistently, DFMO-induced depletion of polyamines (Fig 4.1) also
arrests mammalian cell proliferation at G1 phase (310). Therefore promoting
cell proliferation is the best defined function for both spermidine and elF5A

when this project was initiated.

4.1.4 Physiological functions of polyamines and elF5A

Possibly owing to their indispensable role in basic cellular process such as
proliferation, polyamine depletion or elF5A hypusination inhibition causes a
severe phenotype in mice. Knockout of the key polyamine synthesis gene
Odc (Fig 4.1) in mice leads to embryonic lethality. Odc™ embryos are capable
of uterine implantation on E3.5 but then degenerate quickly before E5.5 (311).
Cultured Odc™ blastocysts show compromised proliferation and then
apoptosis (311), indicating that ODC and spermidine are required for cellular
proliferation in vivo, which is required for early embryonic development. Odc*"
mice are viable and have comparable polyamine levels under basal conditions
to those in Odc*™* mice (312). In contrast, overexpression of Odc in mice does
not directly lead to obvious phenotypical changes (313-315), but predisposes
mice to increased sensitivity to carcinogens (316, 317), consistent with the

pro-proliferation function of spermidine.
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Similar to Odc”™ mice, Eif5a” and Dhs”™ mice are also embryonic lethal. Their
blastocysts develop normally in morphology upto E3.5 but quickly degenerate
by E6.5 (318, 319). In vitro culture shows that Eif5a” and Dhs’ blastocysts
fail to proliferate (318). Moreover, inducible knockout of Dhs or Dohh in adult
mice also leads to a wasting syndrome within 2 weeks of induction and
eventually death. Haemotoxylin and eosin (H&E) staining reveals loss of
integrity of multiple organs in Dhs”™ mice, including reduced cellularity in bone

marrow and spleen and damaged intestine epithelial structure (319).

Therefore, consistent with in vitro data, maintaining proliferation is a key
function of polyamines and elF5A in vivo, and is required for early embryonic
development. In the absence of mouse models with tissue-specific inducible
knockout of Odc, Eif5a, or Dhs to avoid lethality, we are still devoid of

knowledge about tissue-specific functions of spermidine and elF5A.
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Chapter 4. Spermidine Regulates Autophagy via

elF5A Hypusination

4.2. Results
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4.2.1 Spermidine is required for autophagy

To investigate the mechanism of autophagy regulation by spermidine in vitro, |
first used Jurkat cells, a CD4" T lymphocyte cell line. Spermidine (100 yM and
above) increases LC3-Il levels while reducing LC3-I in Jurkat cells as shown
by Western blot (Fig 4.3A), indicating that LC3-I is converted to LC3-1l and
autophagy is induced by spermidine treatment as reported in other cell lines
(210, 320, 321). CytolD (CYTO-ID®) is a cationic amphiphilic probe
specifically labeling autophagosomes and autolysosomes in a pH-dependent
manner. CytolD staining also confirmed that autophagy is induced upon
spermidine treatment in Jurkat cells (Fig 4.3B). Neither 100 M nor 500 yM
spermidine caused significant cell death within 6 hours of treatment, but a
prolonged treatment of 24 hours reduced cell viability in a dose-dependent
manner (Fig 4.3C), indicating that long-term treatment with spermidine causes

cellular stress.

mTOR is a key autophagy regulator and inhibition of mTOR by drugs such as
rapamycin induces autophagy via activating ULK complex and other pathways
(12). However, due to the pleotropic functions of mTOR in controlling cell
growth and metabolism, mTOR-dependent autophagy inducers have a variety
of potential side effects. It was found that spermidine did not reduce the
phosphorylation of S6 (Fig 4.4A), a downstream target of mTOR, indicating

that spermidine induces autophagy in an mTOR-independent manner.
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Fig 4.3 Spermidine induces autophagy. A/B. Jurkat cells were treated with
spermidine (Spd) of indicated concentrations for 6 hours. Autophagy was assessed
by LC3-Il Western blot (A) (Representative of 5 independent repeats), or CytolD
staining measured by flow cytometry (B) (n = 4, unpaired Student’s t-test, **P<0.01,
NS: non-staining). C. Jurkat cells were treated with spermidine of indicated
concentrations for 6 or 24 hours. Cell viabilities were assessed by Live-Dead (LD)
and Annexin V stainings (n = 3. Unpaired two-way ANOVA compared to 0 yM,

**P<0.01, ****P<0.0001, ns, not significant). Data represented as mean + SEM.
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Since spermidine can interact with ATP (207, 285, 286), it is possible that
spermidine may interfere with the cellular energy status and thus stimulate the
energy sensor AMPK and autophagy. However, it was found that spermidine
did not increase the phosphorylation of AMPKa (Fig 4.4B), the catalytic
domain of AMPK, indicating that spermidine treatment does not activate
AMPK. Therefore, spermidine induces autophagy in an mTOR- and AMPK-

independent manner.

Spermidine is a polyamine metabolite being synthesized from ornithine in
cells (Fig 4.1). DFMO inhibits the activity of the key polyamine-synthesizing
enzyme ODC (Fig 4.1) and caused the depletion of spermidine in Jurkat cells
(Fig 4.5A). Spermidine treatment rescued the depletion induced by DFMO,
which demonstrates the function of DFMO (Fig 4.5A). Consistently,
autophagic flux was reduced upon DFMO-induced depletion of spermidine,
which was rescued by a low dose (10 yM) of spermidine supplementation (Fig
4.5B). Therefore spermidine is a novel intracellular metabolite maintaining
basal autophagy. Unraveling its mechanism may reveal a novel autophagy

signaling pathway.
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Fig 4.4 Spermidine does not affect mMTOR and AMPK activity. Jurkat cells were
treated with spermidine of indicated concentrations for 6 hours. mTOR activity
was assessed by S6 phosphorylation (A), and AMPK by AMPKa
phosphorylation. Cells were treated with 50 nM rapamycin or 10 yM etoposide

for 6 hours as the positive control. Representative of 3 independent repeats.
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Fig 4.5 Spermidine is required for autophagy. Jurkat cells were treated with 1 mM
DFMO, 10 uM spermidine, or both together for 48 hours. Cellular spermidine
levels were measured by GC-MS (A). Cells were treated with 10 nM bafilomycin
A1 (BafA1) for the final 2 hours of treatment for autophagic flux measurement
using LC3-Il Western blot (B). Representative of 3 independent repeats. The raw
data of GC-MS were obtained by Zhanru Yu at the Target Discovery Institute,

University of Oxford.
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4.2.2 Spermidine does not inhibit HAT activity in Jurkat cells

Eisenberg et al. showed that spermidine inhibits HAT activity in yeast nuclear
extracts and induces the expression of autophagy genes such as ATG7 in
yeast (210). | started by testing this proposed mechanism in mammalian cells.
It was found that different from yeast, spermidine treatment did not increase
the expression of ATG5, ATG7, BECLIN1, or ATG10in Jurkat cells (Fig 4.6).
Intriguingly, a significant time-dependent up regulation of GABARAPL1 and
SQSTM1 was observed (Fig 4.6). Different from ATG5, ATG7 and other
autophagy enzymes which catalyze the autophagic reactions and can be
recycled, GABARAPL1 and SQSTM1 are autophagy adaptors being degraded
during autophagic degradation. Therefore it is possible that the late up
regulation of these ‘consumable’-like autophagy genes are due to feedback

responses to autophagy induced by other mechanisms.

Besides the function of acetylating histones to regulate gene transcription,
HATSs also directly acetylate cytoplasmic proteins to modify their activities. De-
acetylation of certain autophagy proteins such as ATG7 induces autophagy
(39, 322, 323). Therefore | measured the acetylation of ATG7 with or without
Spd treatment using immunoprecipitation (IP). Neither IP with the acetylated-
Lysine antibody (Fig 4.7A) nor with the ATG7 antibody (Fig 4.7B) showed the
acetylation changes of ATG7. Indeed there was a minor increase in
acetylation of histone H3 instead of reduction (Fig 4.7A). Therefore the

acetylation of neither histone nor ATG7 is reduced by spermidine treatment.
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Fig 4.6 Selected autophagy gene expression changes caused by spermidine
treatment. Jurkat cells were treated with 100 yM spermidine for 6 or 24 hours.
mMRNA levels of indicated genes were assessed by quantitative PCR (qPCR)
with GAPDH used as the reference gene. Data represented as mean + SEM. n
= 3. Unpaired two-way ANOVA compared to 0 hours treatment, *P<0.05,

**P<0.01, ***P<0.0001.
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Fig 4.7 Spermidine does not reduce the acetylation of H3 or ATG7. Jurkat
cells were treated with spermidine for 6 hours and lysed with NP-40 lysis
buffer. Proteins with acetylated lysine residues were pulled down (IP: AcK)
from the lysate, and assessed for H3 and ATG7 acetylation (A). To assess
ATG7 acetylation in another way, ATG7 was pulled down (IP: ATG7) and

acetylation measured by the antibody against AcK (B).
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To directly assess HAT activities, | performed the HAT activity assay in two
different ways. Firstly using a cell-free system as reported by Eisenberg et al.
(210), Jurkat nuclei extract was directly incubated with spermidine for HAT
activity measurement. Different from the published result showing an inhibition
of HAT activities by 100 nM of spermidine in yeast, no significant changes
were observed in our system (Fig 4.8A). Next | used spermidine-treated cells
under autophagy-inducing conditions as established previously (100 yM or
500 uM for 6 hours, Fig 4.3) to perform the HAT activity assay. Interestingly, it
was found that HAT activities were significantly increased upon spermidine
treatment in a dose-dependent manner (Fig 4.8B). This is consistent with our
acetylation IP result showing increased H3 acetylation (Fig 4.7A) and a similar
result is also reported in human dermal fibroblasts (324). Therefore
spermidine does not directly inhibit HAT activities at the concentrations | used,
and the treatment with spermidine indirectly up-regulates cellular HAT

activities.

It is still unknown whether the reported inhibitory effect of spermidine on HAT
activities of nuclear extracts is yeast-specific (210), but it is reproducible that
spermidine treatment increases cellular HAT activities and meanwhile
autophagy as shown by us and others (324), indicating that inhibition of HAT
activities shall not be the mechanism of spermidine-mediated autophagy
induction at least in mammalian cells. Moreover, the reduced H3 acetylation
and the up regulation of autophagy genes mRNA were observed after 10 to

20 days of spermidine treatment in yeast, which can also be secondary
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effects of long-term spermidine treatment or persistent autophagy induction
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Fig 4.8 Spermidine does not inhibit HAT activity. A. Jurkat nuclei extract was
incubated with spermidine of indicated concentrations (starting from Oh) and the
relative HAT activity was measured using the HAT Activity Colorimetric Assay
KIT (Biovision). B. Jurkat cells were treated with spermidine at the indicated
concentrations for 6 hours, and then nuclei were extracted for HAT activity
analysis. Data represented as mean + SEM. n = 3. Unpaired two-way ANOVA
compared to Vehicle of the corresponding time point, *P<0.05, **P<0.01,

***P<0.001, ****P<0.0001, ns, not significant.
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4.2.3 High dose spermidine induces ER stress in Jurkat cells

A variety of insults could cause the accumulation of unfolded proteins in ER
and triggers ER stress signaling pathways. One of the ER-stress signaling
pathways is via the activation of the ER transmembrane kinase PERK and the
following signals as shown in Fig 4.9A. We found that the expression of ATF4
was induced with increasing concentrations of spermidine (Fig 4.9B), being
consistent with the conditions of autophagy induction. Moreover, the activation
of elF2a (assessed by phosphorylation) (Fig 4.9C) and the expression of
CHORP (Fig 4.9D) were also induced by spermidine treatment. Therefore
spermidine induces ER stress at high concentrations of over 100 yM, which

might be a mechanism of autophagy induction.

Interestingly, spermidine depletion by DFMO treatment also increased the
expression of CHOP (Fig 4.9D), indicating that spermidine is not required for
ER stress responses. Therefore, the induced ER stress responses, possibly
together with other stress-responses and the induced autophagy might be
non-specifically triggered by high dose drug toxicity. However, considering
that depletion of spermidine reduces autophagic flux (Fig 4.5), there should be
an alternative mechanism of spermidine’s maintenance of basal autophagy

under physiological conditions.
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Fig 4.9 High-dose spermidine induces ER stress. A. Schematic overview of the ER stress
PERK- elF2a-ATF4-CHOP pathway. ER stress activates the protein kinase R-like endoplasmic
reticulum kinase (PERK), which phosphorylates elF2a. Phosphorylated elF2a facilitates the
translation of the transcription factor ATF4, which then induces the expression of CHOP. ATF4
and CHOP induces the expression of multiple stress-response genes including chaperones,
apoptosis, and autophagy. B/C. Jurkat cells were treated with spermidine of indicated
concentrations for 6 hours. The expression of ER stress markers ATF4 (B) and phosphorylation
of elF2a (C) were assessed by Western blot. Representative of 3 independent repeats. D. Jurkat
cells were treated with 100 yM spermidine for 6 or 24 hours, or with 1 mM DFMO for 48 hours.
The expression of the ER stress marker CHOP was assessed by qPCR. GAPDH was used as
the reference gene. Data represented as mean + SEM. n = 3. Unpaired one-way ANOVA

compared to Vehicle, *P<0.05, **P<0.01.
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4.2.4 Hypusinated elF5A is required for autophagy

Spermidine functions as the unique substrate for elF5A hypusination. |
confirmed that DFMO treatment reduced the hypusination of elF5A, which
was rescued by adding together with spermidine (Fig 4.10), indicating that

spermidine is required for elF5A hypusination in Jurkat cells.
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Fig 4.10 Spermidine is required for the hypusination of elF5A. Jurkat cells
were treated with 1 mM DFMO, 10 M spermidine, or both together for 48
hours. The expression of the overall elF5A (elF5A) and the hypusinated
elF5A (Hyp) was assessed by Western blot. Representative of 3

independent repeats.

To test if elF5A is required for autophagy, we inducibly knocked down Eif5a in
mouse NIH 3T3 cells. It was found that removal of elF5A caused a reduction
of LC3-1l with BafA1 treatment (Fig 4.11), indicating that elF5A is required for

autophagic flux.
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Fig 4.11 elF5A is required for autophagy. A. The knockdown of Eif5a was
induced by IPTG in NIH3T3 cells expressing inducible Eif5a shRNA. The
expression of elF5A and LC3-1l on indicated days after IPTG induction was
measured by Western blot. All cells were treated with BafA1 for 2 hours. The
quantification results are shown in B and C. The elF5A or LC3-1l band intensity
was normalized to GAPDH first and then to DO. n = 3 to 6 independent repeats per

group. One-tailed (B) and two-tailed (C) unpaired Student’s t-test with P values

labelled out, **P<0.01, ****P<0.0001. Data represented as mean + SEM.
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To test if the hypusination plays a role in elF5A’s control of autophagy, we
inducibly knocked out the essential hypusination gene Dohh (Fig 4.1) in 3T3
cells. Deletion of Dohh resulted in a reduction of elF5A hypusination without
affecting the overall elF5A protein abundance, and the autophagic flux was
also reduced (Fig 4.12A-C). Moreover, | also used GC7, a specific inhibitor of
the hypusination enzyme DHS (Fig 4.1) to block hypusination in Jurkat cells.
Similar to Dohh knockout, GC7 treatment led to a reduction of the elF5A
hypusination (Fig 4.12D) and the autophagic flux (Fig 4.12E). Therefore,

hypusinated elF5A is required for autophagic flux under basal conditions.

131



Chapter 4. Spermidine regulates autophagy via elF5A hypusination

A Dohh +/+ Dohh /-
orsa | W —— | P D "
e |- -— - |
elF5A
Hyp
LC3
LC3-11 | e — — -— e X
GAPDH | S G [ (e S S
DO D2 D4 DO D2 D4
BafA1 BafA1
B C
1.59 0.13 — 1.59 0.090 -
T
I
< 1.04 T E 1.0 —_
i = T
° ]
3 =
T 0.51 —_ 8 0.5 -
)
0.0 0.0
DO D4 DO D4 DO D4 DO D4
Dohh +/+ Dohh -/- Dohh +/+ Dohh -/-
D orsa | - E
Hyp ~
LC3-I| | Wy s e -~
Hyp GAPDH ——— s  — —
elF5A
GC7 (uM) 0 10 30 100
GAPDH | et Sy
Vehicle GC7

Fig 4.12 Hypusination of elF5A is required for autophagy. A-C. The deletion of Dohh was induced by 4-

OHT in 3T3 cells derived from transgenic mouse embryonic fibroblasts. The hypusination of elF5A and

LC3-1l were measured by Western blot on indicated days after 4-OHT induction. All cells were treated

with BafA1. The quantification results are shown in B and C. Hypusine was normalized to elF5A first and

then to DO. LC3-1l was normalized to GAPDH first and then to DO. n = 3 to 6 independent repeats. One-

tailed (B) and two-tailed (C) unpaired Student’s t-test with P values labelled out, **P<0.01,

****P<0.0001. Data represented as mean + SEM. D. Jurkat cells were treated with 100 yM GC7 for 24

hours, and the hypusination of elF5A was assessed by Western blot. E. Jurkat cells were treated with

GC7 at indicated concentrations for 24 hours, and the LC3-1l expression was assessed by Western

blot. All cells were treated with BafA1. Representative of 3 independent repeats.
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4.2.5 Autophagy and the expression of elF5A are induced during
primary B cell activation

To confirm that elF5A is also required for autophagy in primary cells, the
mouse spleen B cells were chosen as our model. It was found that LPS-
stimulated murine B cells significantly up regulated their LC3-Il expression as
shown by flow cytometry staining (Fig 4.13A/B) and western blot (Fig 4.13C),
indicating that autophagy is induced during B cell activation. The expression
of elF5A and its hypusination were also increased during B cell activation (Fig
4.13C-E). Interestingly, the quantification results showed that the protein
levels of overall elF5A reached the peak on day 1 post stimulation, whereas
the hypusinated elF5A proteins reach the peak on day 2 (Fig 4.13D/E). Such
delay of elF5A hypusination indicates that the hypusination system (DHS and

DOHH) is coordinately stimulated post the increase of elF5A.

4.2.6 Hypusinated elF5A is required for autophagy in primary B cells

To assess if hypusinated elF5A is also required for autophagy in primary B
cells, the DHS inhibitor GC7 was used. GC7 treatment reduced the
hypusination of elF5A without affecting the overall elF5A expression in

primary B cells (Fig 4.14A-C), and the autophagic flux was also reduced (Fig
4.14A/D). GC7 treatment did not increase the phosphorylation of S6 (Fig 4.15),
indicating that the reduced autophagic flux is not due to activation of mTOR.
Therefore, hypusinated elF5A maintains autophagic flux in activated primary

B cells in an mTOR-independent manner.
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Fig 4.13 Autophagy and the expression of hypusinated elF5A are induced during primary B
cell activation. B cells were sorted from spleens of young mice (6-12 weeks), cultured with LPS
for indicated number of days, with or without BafA1 for the final 2 hours of culture. A/B. LC3-II
was measured by flow cytometry (A) with the quantification shown in B. The grey bars refer to
BafA1 minus Vehicle. n = 3 independent repeats. One-way ANOVA was used to compare the
LC3-IlI staining of either vehicle or BafA1 treatment on indicated days to DO. C-E. The expression
of LC3-1l, overall elF5A and hypusinated elF5A were assessed by Western blot (C), and the
quantification results are shown in D and E. Target protein band intensity was normalized to

GAPDH first, and then to DO. One-way ANOVA compared to DO. n = 7. Data represented as

mean + SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Fig 4.14 elF5A hypusination is required for autophagy in B cells. B cells were
activated with LPS as in Fig 4.13, and treated on day 2 of activation with GC7 of
indicated concentrations for 24 hours. LC3-Il and elF5A hypusination were
assessed by Western blot (A). The protein bands intensity of overall elF5A (B),
hypusinated elF5A (C), and LC3-Il (D) was quantified and normalized to
GAPDH first and then to the vehicle control (0 uM GC7). Data represented as
mean + SEM. n = 6 to 10. One-way ANOVA compared to 0 yM GC7. *P<0.05,

**P<0.01, ***P<0.001, ****P<0.0001.
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Fig 4.15 Hypusinated elF5A regulates autophagy in an mTOR-independent
manner. LPS-activated mouse B cells were treated with 10 uM GC7 for 24
hours as in Fig 4.2.7.1 (left), or with the mTOR inhibitor Torin 1 for 2 hours
(right). The phosphorylation of S6 was assessed by Western blot.

Representative of 5 independent repeats.

4.2.7 Hypusinated elF5A is required for optimal protein synthesis

Since elF5A is a translation factor, | firstly tested if elF5A controls overall
protein synthesis using O-propargyl-puromycin (OPP)-Click assay (Fig 4.16A).
The protein synthesis rate is measured by the amount of incorporation of OPP
into newly synthesized peptides within half hour of incubation time. It was
found that the protein synthesis rate was reduced with GC7 treatment in
Jurkat cells, but not to the same extent as using the potent translation
elongation inhibitor cycloheximide (Fig 4.16B/C), indicating that the
hypusinated elF5A is required for optimal protein translation but may not be
essential for all translational events. Moreover, spermidine depletion by
DFMO treatment also led to a significant reduction of protein synthesis, which
was rescued by adding spermidine together (Fig 4.16D). Therefore,

spermidine and hypusinated elF5A positively regulate protein translation.
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Fig 4.16 Hypusinated elF5A is required for optimal protein synthesis. A.
Schematic overview of the OPP-Click assay measuring protein synthesis
rate. O-propargyl-puromycin (OPP) is incorporated into newly synthesized
peptides. A fluorophore is then conjugated to OPP via Click reaction for
detection. B/C. Jurkat cells were treated with 100 uM GC7 for 6 or 24 hours,
and the protein translation rate was measured by OPP-Click assay. Cells
were treated with the protein translation inhibitor cycloheximide (CHX) for 2
hours as the positive control. D. Jurkat cells were treated with 1 mM DFMO
or 1 mM DFMO+10 uM spermidine for 48 hours followed with OPP-Click
assay. n = 3 to 4. Unpaired one-way ANOVA, ****P<0.0001, ns, not

significant. Data represented as mean + SEM.
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4.2.8 Hypusinated elF5A is required for translation initiation and
termination in primary B cells

To further investigate the functions of elF5A in primary B cells, we performed
ribosome profiling which measures the ribosome occupancy on mRNAs at
single nucleotide resolution. This is the first ribosome profiling study in
mammalian cells to reveal the functions of hypusinated elF5A (304, 325). We
found that GC7 treatment resulted in higher ribosome occupancy at the start
codon and before the stop codon (Fig 4.17), indicating that the translation
initiation and termination is paused upon removal of elF5A hypusination. This
is consistent with the OPP-Click result (Fig 4.16), both indicating that
hypusinated elF5A is required for the overall translation probably in a non-

gene-specific manner in mammalian cells.

4.2.9 Polyproline causes translation stalls in primary B cells

Both bacteria and yeast studies showed that polyproline motifs cause
translational stalling, which requires EF-P or hypusinated elF5A to resolve
(300, 302, 304, 325, 326). We observed that there was a genome-wide
stalling of ribosomes at the tri-proline (PPP) motif in the vehicle sample (Fig
4.18A). Unexpectedly, a milder stalling was found in the GC7 sample (Fig
4.18A). The expected increased stalling at PPP with GC7 treatment was only
seen when we focused on 100 genes with highest stalling ratio at PPP (Fig
4.18B). Therefore different genes containing PPP motifs may respond
differently to GC7 treatment at least in primary B cells. The potential cause of

the reduced stalling by GC7 treatment will be discussed later.
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Fig 4.17 Hypusinated elF5A controls translation initiation and termination. Mouse B
cells were treated with 10 yuM GC7 as in Fig 4.14 and processed for ribosome
profiling. Ribosome occupancy of all genes is aligned at the start codon (A) or stop
codon (B) and normalized to a mean value of 1 for each gene. Arrows indicate the
stalling of initiation (A) and termination (B). The ribosome profiling was carried out
in collaboration with Jack Feltham in Jane Mellor’s group, Department of
Biochemistry, University of Oxford. The sequencing library was prepared and

the sequencing data were analyzed with Jack.
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Fig 4.18 Polyproline stalls translation. Mouse B cells treated with GC7 were
processed for ribosome profiling as in Fig 4.17. A. Ribosome occupancy of all
genes with PPP is aligned to the underlined Pro on the P site of the ribosome and
normalized to a mean value of 1 for each gene. B. 100 genes with highest stalling
ratio at PPP without or with GC7 are aligned to the underlined Pro on the P site of
the ribosome. Data were obtained and analyzed with Jack Feltham as in Fig

4.17.
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Chapter 4. Spermidine Regulates Autophagy via

elF5A Hypusination

4.3 Discussion
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4.3.1 Can we induce elF5A hypusination?

In this chapter, we show that spermidine regulates elF5A hypusination, which
is key for elF5A’s functions including maintaining autophagic flux. Therefore
drugs inducing elF5A hypusination may mimic spermidine’s effect to induce
autophagy and delay ageing. This post-translational modification involves a
series of enzymatic reactions, serving as potential drug targets. The three
forms of elF5A (Fig 4.1, elF5A-Lys, elF5A-Dhp, and elF5A-Hyp) can be
distinguished according to their different pl values using 2-dementional
western blot, which shows that about 30% of elF5A is present in a non-

hypusinated form in cultured NT2 cells (327).

To increase hypusination efficiency, either the substrate concentration or the
enzyme activity (DHS and DOHH) or both need to be improved. It is generally
easier to inhibit rather than to increase the activity of an enzyme using drugs.
Therefore in theory DHS and DOHH are not ideal targets for drug screening to
improve their activities. Another way is to increase the cellular concentration
of spermidine. Instead of directly giving more spermidine to cells, the catabolic
enzymes of spermidine such as the spermidine/spermine-N1-

acetyltransferase (208) would be an ideal target to inhibit.

Indeed, aaptamine, a natural compound isolated from the marine sponge, was
found to be able to reduce the non-hypusinated elF5A in NT2 cells (327). The
target or the mechanism of aaptamine leading to reduced non-hypusinated

elF5A is still unknown, but it would be worthwhile administering this
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compound to cultured cells or old mice to see if hypusination of elF5A and

more importantly immune senescence can be improved.

4.3.2 Why is PPP stalling reduced upon GC7 treatment in primary B cells?
According to the reported functions of EF-P or hypusinated elF5A to improve
translation of PPP motifs in bacteria and yeast (300, 302, 304, 325), the
chance is very low that ribosomes without hypusinated elF5A would translate
PPP motifs better in primary B cells. Instead, it is likely to be the complexity of
the system we are using (stimulated primary cells with drug treatment) that
causes the difference between our ribosome profiling results and the results

obtained in model organisms yeast and bacteria.

Is the discrepancy caused by the way we blocked hypusination, i.e. GC7
treatment versus genetic knockout? The inhibitor GC7 fails to fully block
elF5A hypusination as shown in Fig 4.14. It might be sufficient for cells to use
half-hypusinated elF5A to assist their translation, and therefore no further
stalling occurs. However, this hypothesis cannot explain why there is a
reduction (Fig 4.18A) of the stalling rather than no difference, and actually the
stalling does happen to a group of genes (Fig 4.18B) but for unknown reasons
is hidden in the genome-wide analysis. Compared to a complete removal of
hypusination using a genetic knockout, the advantage of half-removal is that it
more closely mimics the physiological conditions, where usually a reduction of
protein expression happens rather than full deletion. The functions of a protein

may vary in a dose-dependent manner, but unfortunately the majority of
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current biomedical research describing phenotypes largely relies on full
genetic knockout, which cannot quantitatively control protein expression in
complex biological systems. Highly specific small compounds may help with

this, exerting their effects in a dose-dependent manner.

An alternative hypothesis to explain the reduced ribosome occupancy or loss
of reads at PPP motifs by GC7 treatment is mRNA decay. Actually it has been
reported that stalls in translation elongation could target the mRNA for
endonucleolytic cleavage, named ‘no-go decay’ (328). In contrast to bacteria
and yeast, activated B cells differentiate into cells with a heavy protein
synthesis burden, i.e. professional antibody-secreting plasmablasts and
plasma cells (329, 330). Considering that there is already a marked stalling at
PPP motifs in activated B cells (Fig 4.18A), it is possible that removal of
hypusinated elF5A may cause more severe stallings, some of which are
accumulated and detected in Fig 4.18B, whereas others are degraded
resulting in reduced reads and the neutralization of the overall stalling in Fig
4.18A. To test this hypothesis of mMRNA decay, the half-life of mMRNAs could

be measured.

4.3.3 Conclusions

In this chapter, we focused on the molecular mechanism of autophagy
regulation by spermidine. Spermidine was proposed to be an inhibitor of HAT
to induce autophagy but the supporting data were weak (210). We repeated

relevant experiments and found that spermidine did not directly inhibit HAT
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activities in Jurkat cells. Instead, high-dose spermidine non-specifically
induces cellular stress and autophagy. It is possible that the cellular
spermidine is saturated to maintain autophagy, therefore it is more reasonable
to deplete spermidine rather than adding more to find out the target of

spermidine under physiological conditions.

To find out how spermidine maintains basal autophagic flux, we depleted
cellular polyamines and found that the hypusination of elF5A was reduced,
confirming that spermidine is essential for elF5A hypusination in mammalian
cells. Genetic or drug-inhibition of elF5A hypusination reduced autophagic flux
in cell lines and primary B cells, indicating that hypusinated elF5A regulates
autophagy. Following analysis of protein translation using ribosome profiling
showed that hypusinated elF5A controls overall translation initiation and
termination. Similar to bacteria and yeast, polyproline motifs cause
translational stalling in activated B cells. Removal of hypusinated elF5A leads

to more severe stalling of certain mMRNAs at polyproline motifs.
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5.1 Introduction
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5.1.1 MiT transcription factors

Transcription factor EB (TFEB) is a member of the microphthalmia
transcription factor (MiT) family belonging to the basic helix-loop-helix leucine
zipper transcription factors (bHLH-Zip) superfamily. The MiT family has four
members in mammals: TFEB, MITF, TFE3 and TFEC. They share an identical
basic domain that is used for DNA binding and similar HLH and Zip domains
to form homo- or hetero-dimers (331, 332). TFEB, MITF, and TFE3 are
activators of gene expression, whereas TFEC is more evolutionarily and
functionally divergent being a mild inhibitor or activator of transcription in

different organisms (333-335).

Only one MiT ortholog has been identified in invertebrates, called HLH-30 in
Caenorhabditis elegans (336), and Mitf in Drosophila melanogaster (337).
Two orthologs of MiT family have been described in fish and Xenopus laevis
(338, 339). This suggests that two duplication events happened between
invertebrates and mammalian cells. Whether MiT families acquire novel
functions with the increasing developmental and functional complexity is still

unclear.

5.1.2 TFEB is a key autophagy/lysosome transcription factor

TFEB activates the transcription of multiple autophagy and lysosomal genes
through binding to the Coordinated Lysosomal Expression and Regulation
(CLEAR) motif in mammalian cells (30, 340). Accordingly, TFEB

overexpression leads to increased numbers of autophagosomes, expanded
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lysosomal compartments, increased lysosomal enzyme activity, and
enhanced autophagic flux (30, 340). Conversely, knockdown of TFEB results
in reduced autophagic flux (30). Similarly, HLH-30, the TFEB ortholog in
worms, induces the transcription of autophagy and lysosomal genes (341),
suggesting the conserved functions between HLH-30 and TFEB.
Overexpression of the other three MiT transcription factors, MITF, TFES, or
TFEC does not induce the expression of lysosomal genes, indicating that the
pro-autophagy/lysosomal function is TFEB-specific (340). Interestingly, TFEB
also promotes the transcription of its own gene by direct binding to CLEAR
elements on its promoter, suggesting an autoregulatory feedback loop of

TFEB expression and autophagy (342).

In addition to autophagy/lysosome-related functions, TFEB has been reported
to control other biological process. For example, murine TFEB directly binds

to the CLEAR motif on promoter of Glut1 and Glut4 to induce the expression

of these glucose transporters and promote glucose uptake (343). Moreover,
TFEB is involved in innate immune responses and may control the expression
of cytokine genes. Upon infection or LPS-stimulation, TFEB and TFES are
activated and translocated into the nucleus of murine macrophages (344-346).
Knockout of either TFEB or TFES results in a modest but significant reduction
of cytokine expression such as IL-1f3, IL-6 and TNF-a (344, 347).
Mechanistically, chromatin immunoprecipitation- (ChIP-) seq shows that TFE3

directly binds to the promoter of several cytokine genes. CLEAR moitifs are
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also found on their promoters, suggesting that they may directly recruit TFEB

(344).

5.1.3 Molecular mechanisms of TFEB activation

The activity of TFEB is mainly controlled by phosphorylation. At the steady
state, TFEB is phosphorylated at Ser142 and Ser211 (Fig 5.1) (28, 30, 348,
349). Point mutation of either Ser142 or Ser211 into Ala leads to TFEB
nuclear translocation and activation (28, 30, 348, 349), indicating that these
two phosphorylation sites are required for its cytosolic retention. TFEB with
Ser211 phosphorylation interacts with 14-3-3 chaperone proteins, which
possibly masks the nuclear localization signal (NLS) of TFEB and thus

prevents its nuclear translocation (348, 349).

Calcineurine
ERK2

mTOR J_ mTOR
TFEB N
® ®

S142 S211
bHLH Pro-rich

L1 L1
14-3-3 NLS
binding motif

Fig 5.1 Human TFEB protein structure. The phosphorylation of S142 and
S211 are regulated by the kinase ERK2 and mTORCH1, and the phosphatase
calcineurin. Phosphorylation of S211 promotes the binding to 14-3-3, which

may mask the NLS domain for nuclear translocation.
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The phosphorylation status of TFEB is a finely regulated by multiple kinases
and phosphatases. In the presence of nutrients, S142 and Ser211 residues of
TFEB are phosphorylated by mTORC1 present on lysosomal surfaces (349-
351). Another cell growth regulator ERK2 phosphorylates TFEB at Ser142,
although the related retention mechanism is still unclear (30). On the other
hand, both Ser142 and Ser211 of TFEB are dephosphorylated by calcineurin
(352), which is a Ca?*-dependent protein phosphatase. Starvation induces
dephosphorylation of TFEB in two ways: mTORC1 dissociates from lysosomal
surface (350) and gets inactivated (353), while Ca®* is released from

lysosomes and activates calcineurin (352).

5.1.4 TFEB functions in vivo

5.1.4.1 TFEB knockout is embryonic lethal

Whole-body knockout of Tfeb in mice leads to embryonic lethality on E9.5-
10.5 due to primarily placental vascularization defects (354), indicating that
the MIT family members are not functionally redundant and TFEB has distinct
functions from the other three MiT family members. Cultured embryonic
bodies with Tfeb mutations also show impaired endodermal specification
possibly due to lysosomal defects (355). Because of the survival problem of
full Tfeb knockout, conditional knockout mouse models have been used to
uncover more specialized functions of TFEB in various healthy tissues, with a

few examples listed below.
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5.1.4.2 TFEB in liver

TFEB controls lipid metabolism in liver (342). Mice with liver-specific TFEB
knockout acquire obesity, whereas TFEB overexpression reduces body fat
and rescues obesity (342). Starvation induces TFEB expression in
hepatocytes, which drives degradation of lipid droplets in an autophagy-
dependent manner. Interestingly, TFEB also directly regulates the expression
of Pgc-1a, a transcription co-activator controlling mitochondria biogenesis and
thus energy metabolism (356). Therefore TFEB coordinates lipid autophagy

(lipophagy) with subsequent mitochondrial degradation of free fatty acids.

5.1.4.3 TFEB in muscle

The glucose metabolism is controlled by TFEB in skeletal muscle (343). Acute
exhausting contraction activates TFEB in myofibers, which then triggers
mitochondrial biogenesis and enhances mitochondrial respiration (343).
Surprisingly, TFEB activation does not activate autophagy, and knockout of
TFEB does not impair autophagic flux in skeletal muscles (343), indicating
that TFEB controls mitochondria metabolism independent of autophagy in this
tissue. Indeed TFEB can be directly recruited to the promoters of
mitochondrial biogenesis genes such as Nrf1 and Nrf2, and glucose
transporter genes such as Glut1 and Glut4 (343). Therefore TFEB directly
regulates mitochondrial biogenesis and energy metabolism in cells, which is a
novel function of TFEB besides regulating autophagy and lysosomal

biogenesis.
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5.1.4.4 TFEB in immune cells

The expression of TFEB is induced in LPS-stimulated murine dendritic cells
(357). TFEB promotes the phagosomal acidification and protein degradation,
and enhances the antigen presentation via MHC class Il (357). Interestingly,
the MHC class I-mediated exogenous antigen presentation was suppressed
by TFEB overexpression (357), suggesting that TFEB is involved in
differential regulation of antigen presentation of dendritic cells. TFEB and
TFE3 are also activated in LPS-stimulated macrophages and directly regulate

the production of cytokines as introduced in 5.1.2.

Of the members of the MiT family only TFEB and TFE3 are expressed in
murine T cells. Expression of a dominant negative form of TFE3 in T cells
disrupts the functions of TFEB and TFE3 and causes impaired activation of
CD4" T cells and the subsequent T cell-dependent humoral responses (358).
Chromatin immunoprecipitation shows that TFE3 and TFEB directly bind to
the promoter of Cd40Ig, which is a costimulatory molecule for T cell activation
(358). Whether TFEB regulates T cell responses also via autophagy or

lysosomal degradation is unknown.

5.1.4.5 TFEB in ageing

Autophagy/lysosomal degradation is a major catabolic pathway that is crucial
for cellular homeostasis and is thought to prevent ageing (106). As a master
regulator of autophagy, TFEB is likely to regulate the ageing process. C.

elegans is a short-lived animal model widely used in the ageing research.
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HLH-30, the TFEB homolog in C. elegans, has been shown to regulate
autophagy and lysosomal degradation similar to TFEB in mammalian cells
(341, 342). Moreover, HLH-30 is required for the long lifespan of multiple long-
lived mutants, and overexpression of hlh-30 further extends the lifespan of C.
elegans (341). Inhibition of autophagy reduces the lifespan of the hlh-30-
overexpressing worms, suggesting that HLH-30 prolongs lifespan at least
partially via autophagy induction (341). So far there are very few reports
assessing the role of TFEB in mammalian ageing. However, considering the
broad functions of TFEB in controlling autophagy and metabolism, it is very
likely that TFEB also prevents mammalian ageing as HLH-30 does in worms.
Mice models with conditional knockout or overexpression of TFEB will help to

address that.
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5.2 Results
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5.2.1 Identify the targets of elF5A using protein mass spectrometry
Since elF5A is a translation factor, we hypothesized that the synthesis of
certain autophagy proteins might require elF5A but could not identify these
using a hypothesis-driven approach. Two autophagy proteins containing
polyproline motifs were randomly chosen (ATG3 and PIK3C3) and found
unchanged in the presence of GC7 in Jurkat cells (Fig 5.2), indicating that
blocking hypusination of elF5A does not necessarily reduce the expression of

all polyproline-containing proteins.
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Fig 5.2 GC7 does not affect the expression of the chosen polyproline-
containing autophagy proteins. A. Jurkat cells were treated with 100 yM GC7
for 24 hours and the expression of ATG3 and PIK3C3 were assessed by

Western blot. The quantification results are shown in B. The ATG3 or PIK3C3
band intensity was normalized to GAPDH first and then to Vehicle. n = 3 to 11
independent repeats per group as indicated by dots. One-tailed unpaired Student’s t-

test with P values labelled out. Data represented as mean + SEM.
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We therefore used a hypothesis-free approach to identify changes in
autophagy components at the protein level upon inhibition of elF5A
hypusination. Label-free quantitative protein mass spectrometry (MS) was
performed using LPS-stimulated primary B cells with GC7 treatment.
According to our lab’s previous experience, autophagy proteins are generally
of low abundance, and very few autophagy proteins could be identified in the
whole cell lysate by MS. Lymphocytes have a relatively large nucleus.
Therefore to enrich autophagy proteins in the lysate, cell fractionation of
cytosol and nuclei was performed (Fig 5.3A). When focusing on autophagy
proteins a total of 17 autophagy-related proteins were identified by MS,
among which IRGM1, SNAP29, TBC1D17 in cytoplasm and TFEB in nucleus
were the most down-regulated proteins in the GC7 sample (Fig 5.3B). In
contrast, cytoplasmic SQSTM1, an autophagy adaptor and substrate, was
accumulated in the GC7 sample (Fig 5.3B), being consistent with the reduced
autophagic flux by GC7 treatment. GAPDH remained unchanged by GC7

treatment, validating the use of GAPDH as a loading control in Western blots.

To confirm the results of the label-free protein MS, a more quantitative MS
was performed using stable isotope labeling with amino acids in cell culture
(SILAC). Sufficient incorporation (=95%) of heavy amino acids into cellular
proteins is a prerequisite for SILAC MS, which for cell lines is usually achieved
by 1 to 2 weeks culture with heavy isotope-labeled amino acids. However,
LPS-stimulated B cells die quickly after 4 days of culture, while displaying a

large variation in duplication rates at the single cell level. To obtain the best
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incorporation of heavy isotope-labeled amino acids, we sorted B cells that had
replicated 4 times or more and confirmed that the overall incorporation rate
was 97.67% (Gating strategy shown in Fig 5.4A). Then the proteomes of
heavy (vehicle) and light (GC7) isotope labeled B cells (duplicated four times
or more) were compared, followed by a repeat where the labeling was
swapped. GAPDH expression was again found very little changed by GC7
treatment (Fig 5.4B). A total of 7 autophagy proteins were identified by both
repeats (Fig 5.4B). Only 2 proteins were repeatedly identified in the label-free
MS and the SILAC MS: one being SQSTM1, found increased in cytoplasm,
and another one being TEFB, found reduced in the nucleus. The
accumulation of SQSTMT1 is likely to be the result of the reduced autophagic
flux, whereas the reduction of the master autophagy transcription factor TFEB
may be a cause of the reduced autophagic flux by blocking elF5A

hypusination.

5.2.2 elF5A controls the expression of TFEB

The reduction of TFEB expression by GC7 treatment was firstly confirmed in
primary B cells by Western blot (Fig 5.5A). Genetic knockdown of Eif5a in NIH
3T3 cells also led to reduced TFEB protein levels (Fig 5.5B). Because
activated TFEB is largely confined to the nucleus, it was further confirmed that
nuclear TFEB was also reduced by GC7 treatment (Fig 5.6), which is
consistent with the protein MS results. Therefore elF5A and its hypusination

are required for the overall expression of TFEB and its nuclear localization.
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Fig 5.3 Label-free quantitative protein MS to identify autophagy proteins regulated by
elF5A. B cells were sorted from young mice (6-12 weeks) and cultured with LPS for 3
days. A. Cell fractionation efficiency was tested by Western blot. W: whole cell lysate; N:
nuclear fraction; C: cytoplasmic fraction. B. B cells treated with vehicle or 10 yM GC?7 for
24 hours were fractionated for label-free quantitative protein MS analysis. Data from the
independently analysed cytoplasmic (blue) and nuclear (red) experiments are shown
as overlaid MA-plots wherein the log2 average (GC7 + Vehicle) intensity (A) is plotted
on x versus the log2 (GC7:Vehicle) fold change (M) plotted on y. Identified autophagy
proteins are highlighted by enlarged, annotated circles and TFEB is further indicated by
a black arrow. The protein samples were analyzed by MS in collaboration with Shabaz

Mohammed’s group at the Department of Biochemistry, University of Oxford.
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Fig 5.4 SILAC protein MS to identify autophagy proteins regulated by elF5A. LPS-

activated mouse B cells were cultured in medium containing amino acids with heavy

isotope labeling (vehicle) or light isotopes (GC7-treated). Cells replicated four times or

more were sorted by flow cytometry (A) and mixed at 1:1 ratio (heavy: light isotope

labelling), followed by cell fractionation and protein MS analysis (B). For the repeat the

labeling was swapped. The cytoplasmic (blue) and nuclear (red) fractions were

analysed in a set of consecutive MS runs. The data are shown as an overlaid MA plot

with autophagy proteins highlighted as in Fig 5.3. The protein samples were analyzed

by MS in collaboration with Shabaz Mohammed’s group as in Fig 5.3.
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Fig 5.5 elF5A controls the expression of TFEB. A. LPS-stimulated mouse
B cells were treated with 10 uM GC7 for 24 hours as in Fig 5.3. The overall
TFEB expression was measured by Western blot. Representative of 6
independent repeats. B. NIH 3T3 cells were transfected with control or Eif5a
siRNA and protein expression assessed by Western blot. Representative of 3

independent repeats.
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Fig 5.6 Nuclear TFEB is reduced by GC7 treatment. B cells were treated with
GC7 as in Fig 5.5 and fractionated for cytoplasmic and nuclear TFEB

measurement by Western blot. Representative of 3 independent repeats.
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TFEB is a master transcription factor promoting the transcription of key
autophagy and lysosomal genes (30, 340). According to target gene
identification experiments in Hela cells and mouse liver, 6 representative
genes were chosen which have been repeatedly reported being direct targets
of TFEB (30, 340, 342, 359). GC7 treatment led to a significant reduction of

their mMRNAs (Fig 5.7), indicating that the function of TFEB was reduced.
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Fig 5.7 The expression of TFEB target genes is reduced by GC7 treatment. B
cells were treated with GC7 as in Fig 5.5. mRNA was extracted for gPCR analysis
of indicated genes, normalized to B2m and to vehicle. Data represented as mean +

SEM. n = 4 mice. Two-way ANOVA, ***P<0.001, ****P<0.0001.
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5.2.3 GC7 promotes the decay of Tfeb mRNA

It has been reported that TFEB protein has a very short half life of less than 4
hours in both N2a neural cell line and LPS-stimulated macrophages (344,
360), indicating that the turn over of TFEB is very fast and efficient protein
translation is required for cellular TFEB homeostasis. We have found that
triproline motifs stall protein translation in primary B cells (Fig 4.18). Mouse
TFEB contains one triproline motif and human TFEB contains two (Fig 5.8A).
Moreover, it has been reported that SPP and PPV motifs also cause
translation stalling in yeast (304), which interestingly are the two motifs
around the triproline motif of TFEB (Fig 5.8A/B). Therefore it is possible that
hypusinated elF5A promotes TFEB translation via alleviating the stalling
around the triproline motif. Interestingly, the triproline motif of TFEB is only
conserved in higher vertebrates but not in fish and invertebrates (Fig 5.8B).
The appearance of the triproline motif may bring some functional or regulatory

changes of TFEB during evolution, which will be discussed later.

Next we re-analyzed the previously obtained ribosome profiling data to see if
the ribosome occupancy on the triproline motif of Tfeb was affected by GC7
treatment. An accumulation of reads was found at the start codon and also
the triproline region of Tfeb in the vehicle sample, consistent with the whole
genome-wide analysis showing an overall paused translation at triproline
motifs. Interestingly, a lack of reads, instead of an accumulation of reads, was
found at the triproline motif of Tfeb (Fig 5.9). It should be noted that although

the reproducibility of reads at the gene level is very high in ribosome profiling
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(similar to RNA-seq), the reproducibility at the single nucleotide resolution of
single genes is low and only 30% of the peaks are reproducible (361).
Therefore the absence of peak at the TFEB triproline motif in GC7-treated
cells could be due to a random loss. However, as discussed in 4.3.2, an
alternative explanation for the reduced reads upon GC7 treatment is mRNA
decay due to extremely severe translational stalling. This motivated us to

measure the half life of Tfeb mRBRNA.

To measure mRNA half life, | used actinomycin D to inhibit de novo protein
transcription. Upon actinomycin D treatment, the amount of Tfeb mRNA is
reduced at a fast rate in LPS-stimulated B cells with a half life of less than 2
hours (Fig 5.10), which is much shorter compared with the median half life of
all genes (about 5 hours in activated human T cells) (362). Therefore Tfeb

mRNA is rapidly decayed in activated B cells.
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Fig 5.8 TFEB protein sequence alignment across species. A. Mouse and
human TFEB structures with triproline motifs labeled out. B. Protein sequence
alignment of TFEB homologs in human (Homo sapiens), mouse (Mus
musculus), frog (Xenopus tropicalis), fish (Danio rerio), worm (Caenorhabditis
elegans), and fly (Drosophila melanogaster). Regions around the triproline
motif are shown here. Colors from blue to red refer to the sequence identity

between homologs from low (BAD) to high (GOOD).
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Fig 5.9 Ribosome occupancy of Tfeb mRNA. Ribosome profiling was
performed as in Fig 4.17. The ribosome occupancy of Tfeb mRNA is compared
between vehicle- and GC7-treated primary B cells. Positions of the start codon
(ATG) and the triproline (PPP) motif are labeled out. Data were obtained and

analyzed with Jack Feltham as in Fig 4.17.
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Fig 5.10 7feb mRNA has a short half life of less than 2 hours. B cells were
cultured with LPS for 3 days and treated with the transcription inhibitor
actinomycin D. Cells were collected at the indicated hours of treatment and
MRNA was extracted for gPCR analysis of Tfeb, normalized to B2mand to 0

hour. Data represented as mean = SEM. n = 4 mice.
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GC7 treatment for 24 hours resulted in a significant reduction of Tfeb mRNA
(Fig 5.11B). Interestingly, although the overall Tfeb mRNA levels were
comparable between vehicle- and GC7-treated cells (Fig 5.11B), the half life
of Tfeb mRNA had already started to decrease after 12 hours of GC7
treatment (Fig 5.11C). Therefore the reduced Tfeb mRNA at 24 hours in GC7-
treated cells might be due to accelerated decay starting at 12 hours. Because
Tfeb is self-regulated (342), it is possible that a positive feedback loop may
occur between reduced TFEB protein synthesis due to accelerated mRNA

decay and further reduced Tfeb mRNA transcription.

In summary, TFEB contains a special triproline-containing motif (SPPPVP),
which causes ribosomal stalling. Hypusinated elF5A facilitates the translation
of these hard-to-read motifs. My data suggest that inhibition of hypusinated
elF5A leads to ribosomal stalling followed by mRNA decay. Accordingly, GC7
causes accelerated decay of Tfeb mRNA in activated B cells and eventually a
reduction of the overall Tfeb mRNA and protein. However it is still unclear
whether the TFEB polyproline motif is sufficient to cause accelerated mRNA
decay and reduced protein synthesis upon removal of hypusinated elF5A. To
answer this question, a fusion protein that links this motif to a reporter protein

will be generated.
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Fig 5.11 GC7 induces the decay of Tfeb mRNA. A. An overview of the experimental design.
LPS-stimulated B cells were treated with vehicle or 10 yM GC7 for 12 or 24 hours, and the
amount and the decay rate of Tfeb mRNA were assessed and quantified in B and C. B. After
12 or 24 hours of treatment by GC7, the cellular Tfeb mRNA was measured by qPCR,
normalized to B2m and to Vehicle. n=4-8. Paired two-way ANOVA, **P<0.01, ns, not
significant. C. B cells were treated with GC7 for 12 hours, followed with actinomycin D block
of de novo transcription. Cells were collected at 0 or 2 hours post actinomycin D treatment for
gPCR analysis of Tfeb mRNA, normalized to B2m and to 0 hour of actinomycin D treatment.

Data represented as mean + SEM. n = 4 mice. Paired Student’s t-test, *P<0.05.
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5.2.4 Reduced expression of TFEB in mice during ageing

To find out whether TFEB is a contributor to the observed reduced autophagic
flux in B cells from old mice (Fig 3.15/17), | measured TFEB protein levels in
sorted B cells from young (12 weeks) and old mice (22-24 months).
Interestingly, TFEB was highly consistently reduced in old B cells (Fig 5.12).
The reduction of TFEB explains the reduced autophagic flux we observed in B
cells from old mice (Fig 3.16-18). However it is still unknown if this is a major
cause of B cell senescence, which can only be answered by conditional

knockout of Tfeb in B cells.
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Fig 5.12 Reduced TFEB expression in B cells from old mice. TFEB expression of
B cells sorted from young (12 weeks) or old mice (22-24 months) was assessed by

Western blot.

5.2.5 The spermidine-elF5A-TFEB pathway is affected in old people
To assess if the findings of the reduced TFEB in old mice is translatable to
humans, we used human peripheral blood mononuclear cells (PBMCs).
Similar to mice, a very significant reduction of TFEB protein abundance was
observed in PBMCs from old donors (= 65 years), and more severely TFEB

expression was below detection levels in about half of these donors (Fig
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5.13A/B). Therefore, we would suggest that TFEB can be used as a blood
biomarker for human ageing. It would be also interesting to investigate
whether TFEB is reduced in other organs during ageing and if this is a key
contributor to human ageing as well as age-related diseases by re-introducing

TFEB to old cells.

Similarly, the expression of overall elF5A and the hypusinated elF5A was
reduced in PBMCs from old donors (Fig 5.13A/C/D), correlating with reduced
TFEB expression. We also confirmed that spermidine levels were reduced
with age in human PBMCs as reported before (Fig 5.14) (363). However the
relationship between depleted spermidine and reduced elF5A protein during
ageing is complex because not only the hypusinated form, but also the overall
levels of elF5A protein were reduced. It is possible that alternative
mechanisms may cause the reduced elF5A expression, or there could be

some feedback controls between spermidine and overall elF5A expression.

Taken together, the entire pathway spermidine-elF5A-TFEB is reduced during
ageing in human. The components in this pathway, especially TFEB, can be
used as novel biomarkers of ageing in human. Interventions targeting this

pathway may be helpful in ‘treating’ ageing or age-related diseases.

170



Chapter 5. elF5A controls TFEB expression

i Al 1 B

RS R L —

GAPDH

' X T

[ T IE T D T L R p—"

Age (years) 45 34

0.8

0.6

0.4

TFEB/GAPDH

0.2+

0.0

47 41

*kkk

30

2.5

2.0+

Hyp/GAPDH

0.5

0.0

Young

68 69 66 59 75 80 74 88 7 80 7 70 75

* %k
C 1.5
°
g 1.0
O
3
. g _e
2 0.5 KITX .
(0] ('Y mn
—r— .
T L R 0.0 |
Old Young Old

Young

Fig 5.13 Reduced expression of TFEB and elF5A in PBMCs from old people. A. The

expression of TFEB, overall elF5A, and hypusinated elF5A of PBMCs from healthy

human donors of different ages was assessed by Western blot, and quantified by

normalizing target band intensity to GAPDH (B-D). Young<65 years, Old=65 years,

each dot represents a donor. n = 8 to 15 donors per group as indicated by dots.

Unpaired Student’s t-test, *P<0.05, **P<0.01, ****P<0.0001. Data represented as mean

+ SEM. The PBMC isolation was performed and data analyzed with Ghada Alsaleh in

our group.
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Fig 5.14 Spermidine levels in human PBMCs are reduced with age.
Spermidine of PBMCs collected from healthy donors was measured by GC-
MS. Each dot represents a donor. n =10 donors as indicated by dots. Linear
regression with 95% confidence intervals. The goodness of fit is assessed by
R?. The P value of the slope is calculated by F test. The PBMC isolation was
performed by Ghada Alsaleh in our group. The raw data of GC-MS were
obtained by Zhanru Yu at the Target Discovery Institute, and analyzed with

Ghada Alsaleh.
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5.3 Discussion
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5.3.1 Why does mammalian TFEB require polyproline motifs?

The multiple sequence alignment of TFEB homologs in different species
shows that the polyproline motif in mice TFEB only appears in higher
vertebrates (Fig 5.8B). Polyproline motifs cause translational stalling and
reduce the translation efficiency of the protein, which seems to be an
evolutionary disadvantage. Therefore TFEB may gain some special regulatory
mechanisms or functions with the polyproline motif during evolution, which

compensates for the reduction of the translation efficiency.

Repeated proline residues form a polyproline helix, which is a frequent
structure pattern in addition to a-helix and B-structures (364). In agueous
solvents, polyproline helixes exist in left-handed trans isomer called
polyproline Il (PPIl) helix, which is more stable than the right-handed cis
isomer polyproline | (PPI) helix adopted in organic solvents (365). PPII helix
mostly serves as an interdomain linker in protein structures (364). Determined
by the geometry of exposed backbone carbonyl and amide groups, PPII
preferably occurs on surface of folded proteins (366), which gives its potential
to interact with other cellular components. Actually PPIl helix can interact with
proteins containing proline-recognition domains (PRDs) such as SH3 and WW
domains (364, 367-369). PPII helix also mediates protein-nucleic acid
interactions (370). Although the polyproline motif (61-63) is far away from the
bHLH domain (234-287) which is the main DNA-binding domain of TFEB (Fig
5.8) (371), it is possible that the C-terminal polyproline motif also has a

regulatory role in DNA- or RNA-binding. Therefore the polyproline motif-
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containing mammalian TFEB may have a more complex interacting profile
than its homologs in lower organisms, making it more competent to regulate
the complex developmental and functional programs in the mammalian

context.

On the other hand, polyproline-induced translation elongation stalling might
also be of evolutionary advantage. Protein synthesis rate is determined by the
rate-limiting stalling. In bacteria, polyproline-induced stalls only reduce protein
levels when they limit the translation more significantly than the stalling
induced by translation initiation (372). Stalling during translation elongation
may actually help with the co-translational folding of proteins (373). Indeed we
have observed that there is a genome-wide ribosome stalling at the
translation initiation site (Fig 4.17A), and the translation initiation of Tfeb
mRNA is also stalled (Fig 5.9). Therefore it is possible that the polyproline-
induced stalling in the absence of GC7 does not necessarily lead to reduced
TFEB protein synthesis in primary B cells. Instead, it ensures correct folding

and function of TFEB.

To sum up, due to multiple functions of the polyproline maoitif, it is interesting to
further investigate if TFEB gains novel regulatory roles or structural
advantages with the motif during evolution. Mammalian cell lines and mice

with point mutations of this motif would help to address this question.
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5.3.2 How can we improve TFEB functions during ageing?

A marked reduction of TFEB is observed in lymphocytes from both old mice
and old people (Fig 5.12/13). As a key regulator of autophagy/lysosomal
degradation, metabolism, and innate immune responses (as discussed in
5.1.2), TFEB controls the homeostasis and the functions of multiple organs
(as discussed in 5.1.4). Therefore the reduction of TFEB might be an
important contributor to age-related deteriorations, which can be delayed or

reversed by improving TFEB functions.

Finding the cause of the reduced TFEB expression will help to provide
effective targets against ageing. We show in this chapter that TFEB is
translationally regulated by elF5A, and that the expression of elF5A is also
reduced during ageing (Fig 5.13). Therefore reduced overall protein synthesis
could be a cause of reduced TFEB protein synthesis, and interventions
improving translation efficiency and protein folding might help increase the

translation of TFEB.

On the other hand, TFEB activity is regulated via phosphorylation by
mTORC1, ERK2, and calcineurin as introduced in 5.1.3. Actually the TFEB
suppressor mTORC1 is found over activated in HSCs and skeletal muscles
from aged mice (69, 70). Similarly, the activity of the TFEB activator
calcineurin is significantly reduced in brains from old rats and Alzheimer’s
disease patients (374, 375). Therefore TFEB function could be suppressed

first by the activated mTORC1 and the deactivated calcineurin, which results
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in reduced TFEB transcription (via the self-regulatory loop) and eventually
depletion of the overall protein. In that case inhibition of mMTORC1 or activation

of calcineurin could help rescue TFEB synthesis.

A third way way of increasing TFEB proteins could be achieved independently
of targeting its upstream signaling pathways. Instead, we could directly deliver
TFEB proteins into old cells. Human immunodeficiency virus (HIV) TAT
protein contains an arginine-rich cationic protein transduction domain (PTD)
that can drive the protein delivery into cells through macropinocytosis in a
receptor-independent fashion (376, 377). Fusion of the PTD with target
proteins of up to 120-kilodalton could deliver the target proteins in their
biologically active form into multiple tissues of mice (378). Actually the
autophagy-inducing domain of beclin1 has been fused with the TAT PTD to
achieve high cell-permeability with potent autophagy-inducing effects in vivo
(379). Similarly the whole protein or a truncated form of TFEB could be fused

with PTD and delivered into cells to rescue their functions.

5.3.3 Conclusions

In this chapter, we continued to investigate the mechanism of autophagy
regulation by spermidine, focusing on the targets of elF5A. The master
autophagy transcription factor TFEB was repeatedly found down regulated by
GC7 treatment in primary B cells in label-free protein MS and SILAC protein
MS. More specifically both overall and nuclear TFEB proteins were confirmed

to be down regulated by GC7 treatment by Western blot. Moreover, siRNA
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knockdown of Eif5a in NIH 3T3 cells also leads to a reduction of TFEB,
indicating that the regulation of TFEB by elF5A is possibly a general

mechanism in mammalian cells.

The loss of reads is found at the triproline region of Tfeb mRNA by GC7
treatment in ribosome profiling, suggesting accelerated mRNA decay. Tfeb
mRNA is quickly decayed in activated primary B cells with a half life of less
than 2 hours. GC7 treatment accelerates the decay of Tfeb mRNA, which
eventually leads to reduced Tfeb mRNA. It is proposed that elF5A solves the
translational stalling on Tfeb mRNA at regions such as triproline to help
maintain the Tfeb mRNA stability and thus regulates TFEB protein synthesis.
Therefore, a novel mechanism regulating TFEB expression at the translational
level by elF5A is identified on top of the transcriptional control of TFEB

expression and the phosphorylation control of TFEB activation.

A marked reduction of TFEB is found in B cells from old mice and PBMCs
from old people, therefore can be considered as a biomarker of ageing in
human. Spermidine and elF5A are also reduced with age in human PBMCs,
which may be a contributor of the reduced TFEB expression. The discovery of

this age-related pathway provides novel targets to ‘treat’ ageing.
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6.1 Changes of protein translation during ageing

Both in vitro analyses using cell-free system and in vivo analyses show that
the protein synthesis rate is generally reduced with age in livers of rodents
(from 20% to 75%) (380). Genetic removal of specific ribosomal proteins in
yeast and worms reduces translation rate and extends the lifespan (381-383).
Therefore translation inhibition might be an adaptive response to age-related
stresses. Indeed extracts from old but still proliferating fibroblasts have an
increased misincorporation rate of amino acids during in vitro translation
compared to extracts from young fibroblasts, indicating that protein translation
is more error-prone in old cells, and possibly even higher in senescent cells
(384). Misincorporation of amino acids may cause failure of protein folding
and increase the tendency of protein aggregation. Therefore reduced protein
synthesis may help reduce the formation of toxic protein aggregates and
meanwhile reduce the load for proteolytic and chaperone systems to maintain
proteostasis. Accordingly, improved proteostasis through up regulation of

chaperones in worms extends their lifespan (385, 386).

Indeed, reduced overall protein translation rate does not necessarily lead to
reduced expression of all protein proteins. Instead, ribosomal units can be
modified to switch the translation profile to promote the translation of specific
mRNAs. For example, the a subunit of the translation initiation factor elF2 is
phosphorylated under stress conditions, which inhibits general translation and
meanwhile alleviates the suppression of the correct translation of ATF4 by

upstream open reading frames (UORFs) (387). Subsequently ATF4 induces
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the transcription of multiple stress-related genes (388). Accordingly, the
expression of ATF4 is increased in mice with life-span extending interventions
such as calorie restriction (389, 390). Similarly, depletion of 60S ribosomal
subunits also prolongs the life span of yeast via inducing Gcn4 (the yeast
homolog of ATF4) (381). Interestingly, both elF2a phosphorylation and ATF4
expression are reduced with age (391), suggesting that age-related
translation suppression is not via inducing elF2a phosphorylation. The elF2a-
ATF4 stress response pathway could therefore be a novel target for anti-
ageing interventions. Moreover, it remains an interesting question how
ribosomal subunits change with age and how these changes affect the

translation of specific genes.

Here we show that the expression of elF5A is reduced with age in human
PBMCs. As shown in our results and by others, elF5A is a protein translation
factor controlling initiation, elongation and termination (301, 304). Accordingly,
lack of elF5A may cause the reduction of overall translation. Since the
hypusinated elF5A is especially required for solving translational pauses at
polyproline regions, our data would suggest that proteins with these specific
hard-to-read motifs are more severely affected due to reduced elF5A
expression. More specifically, the master autophagy transcription factor TFEB
contains one polyproline motif. Therefore reduced elF5A expression may lead
to impaired TFEB expression and then compromised autophagy and the
accumulation of cellular damage. It is possible that although general inhibition

of translation shows an anti-ageing effect (381-383), preserving the function of
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specific translation factors such as elF5A is also important for cellular

homeostasis through maintaining autophagy and other repair mechanisms.

6.2 The potential regulatory role of proline in protein translation

As introduced in 4.1, spermidine is the unique substrate of elF5A hypusination,
which promotes protein translation and is essential for cell proliferation. The
rigid structure of proline makes it hard to form peptide bonds, and therefore
the polyproline motifs cause translational stalling that requires hypusinated
elF5A to solve. Ornithine is the direct precursor of polyamines including
spermidine (Fig 1.5). Three amino acids can be metabolized into ornithine:
arginine, glutamine/glutamate, and proline (392). However, a usage bias
exists among these three sources for ornithine synthesis. For example,
porcine placenta mainly uses proline rather than arginine for ornithine and
spermidine synthesis to support its fast growth (393, 394). Polyamines in the
intestine of suckling pigs are also synthesized from proline with no detectable
synthesis from arginine or glutamine (395). Therefore proline is the main

source of ornithine and polyamines at least in some tissues.

Then an interestingly loop appears when putting our findings together with the
known pathways (Fig 6.1). Prolines are transformed into polyamines to assist
elF5A hypusination. Hypusinated elF5A promotes the translation of
polyproline-containing proteins including the master autophagy transcription

factor TFEB. Autophagy recycles cellular components to maintain the cellular
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proline pool.

More intriguingly, there might be a sophisticated regulatory mechanism (or
just a coincidence) that prolines are used to form polyamines to assist their
own translation (polyprolines) and maintains their own availability via
autophagy. Indeed, mathematical simulation of yeast protein translation based
on a fixed number of tRNA, mRNA and ribosome molecules shows that
proline is among the most rate-limiting amino acids for protein synthesis (396).
10-fold starvation of specific amino acids such as proline, alanine and leucine
reduces total protein production by over 10 folds, whereas 10-fold starvation
of arginine only leads to a 2-fold reduction of overall protein production (396).
The rate-limiting effect of proline during protein translation might be more
marked if elIF5A hypusination was also taken into consideration. Due to its
multiple regulatory roles in protein translation, the proline concentration might
be used as a nutrient signal for cells to control protein translation and cellular
growth (Fig 6.1). To test this hypothesis, cellular prolines could be depleted to
assess whether autophagy, elF5A hypusination, protein translation, and
cellular growth are more severely compromised than when depleting other

amino acids.
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Fig 6.1 Proposed model for the potential regulatory role of proline in protein synthesis
and cell growth. Proline is the substrate for synthesis of ornithine and spermidine.
Spermidine is used for elF5A hypusination, which promotes the translation of
polyproline-containing proteins, including the master autophagy transcription factor
TFEB. Autophagy recycles unwanted cellular components to maintain the proline pool.

Proline promotes protein translation via being a rate-limiting amino acid itself during
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6.3 Protein translation and autophagy are coordinated with each other
Only a limited number of mechanisms have been described so far that link
protein translation and autophagy, of which mTOR is a well studied one. As a
key regulator promoting cellular anabolism, mTOR induces translation and
inhibits autophagy (397). However, protein translation and autophagy are not
always mutually exclusive processes occurring in the cell. Instead, a fine
balance may exist to adapt cells to different metabolic requirements. One
example is B-cell activation as we have observed in Fig 4.13. Naive B cells
are in a metabolic quiescent state and have a very low translational rate
(using elF5A as an indicator) and autophagic flux. LPS stimulation quickly up
regulates both protein translation and autophagy and drives cells into
proliferation. Moreover, both translation (Fig 4.16/17) and autophagy
(4.5/11/12/14) are regulated by spermidine and elF5A. Therefore the
spermidine-elF5A pathway may have an important regulatory role in
coordinating protein translation and autophagy. Once cells are stimulated,
translation is turned on to generate the needed new proteins, while autophagy

provides sufficient nutrient and energy supply to support fast cellular growth.

The coordinated induction of protein translation and autophagy is based on a
regulatory loop: autophagy provides amino acids and energy for translation,
while translation maintains the synthesis of autophagic proteins. For example,
starvation inhibits mTOR and induces autophagy, but prolonged starvation
reactivates mTOR (and thus anabolism) through autophagy-assisted nutrient

generation (398). On the other hand, our results show that reduced translation
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efficiency by blocking elF5A hypusination selectively affects the expression of
certain proteins including the master autophagy transcription factor TFEB (Fig

5.3-5).

6.4 Therapeutic prospects

Focusing on the immune-boosting effect of spermidine in ageing and its
mechanism regulating autophagy, this project has a great potential for the
translational use of spermidine as an anti-ageing compound. The pathways
upstream and downstream of spermidine further open the choices of anti-

ageing targets.

Firstly, spermidine administration via drinking water significantly improves
humoral immune responses (Fig 3.18/19) and also CD8" T cell responses
(170) in old mice. Oral administration is the simplest mode of drug
administration. Old people could keep taking spermidine as a food
supplement to improve their immune efficacy against daily infections and
reduce overall inflammation. Vaccines administration could be accompanied
with a single high dose of spermidine to improve vaccination efficacy. In that
case, it remains to be tested whether spermidine can be injected together with
the vaccine or whether a single administration of spermidine works efficiently
to improve humoral immune responses. Moreover, spermidine has also been

found to protect heart functions and prolong the lifespan of old mice without
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obvious side effects (212, 213). All of these anti-ageing effects suggest that

spermidine can be a potent anti-ageing compound for human.

Secondly, spermidine could be taken as a drug for treating age-related
diseases, especially those involving autophagy deficiency. For example,
autophagy is reduced in degenerated neurons in mice (58), which contributes
to the accumulation of amyloid protein aggregates and disease progression
(399). Autophagy inducers such as rapamycin and its analogs have been
found to protect against neurodegeneration in animal models (400-402). It
would be interesting to see if spermidine can pass the blood-brain barrier and
induce autophagy in neuron cells to relieve neuronal degeneration. Another
more controversial idea is to use spermidine to treat cancer. Compromised
immune responses lead to loss of immune surveillance and thus promote
tumorigenesis and progression (403). Considering that spermidine is required
for cell proliferation, spermidine administration to cancer patients may
aggravate the proliferation of cancer cells. Instead, spermidine could be used
in vitro to improve the activation/expansion of tumour-specific immune cells,
which can then be transferred back to patients, without spermidine to

minimize its potential side effects.

Thirdly, we found that downstream of spermidine, hypusinated elF5A also
regulates autophagy. Therefore interventions improving elF5A hypusination
may have similar effects as spermidine to rejuvenate ageing. As discussed in

4.3.1, aaptamine, a naturally occurring alkaloid from marine sponges, has
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been reported to induce the hypusination in cell lines (327). It is worth testing
whether aaptamine may induce autophagy and improve adaptive immune
responses or any other physiological functions in old mice. Moreover, drug
screening using elF5A hypusination as a read out may also help identify more

anti-ageing compounds.

Fourthly, spermidine levels decline with age in human and other organisms as
we have shown in Fig 5.14 and as reported before (211, 363, 404), which
might be a cause of ageing or age-related functional declines. In addition to
direct supplement with large amounts of spermidine, one could also target
pathways regulating spermidine levels to increase spermidine. For example,
gut microbiota is thought to be an important source of polyamines in human
(405), and reduced spermidine levels could be due to disturbed gut microbiota
composition with age. Therefore reintroducing polyamine-producing bacterial
species or stimulating polyamine production of gut bacteria may help increase
spermidine levels in the elderly. On the other hand, human cells can also
synthesize, degrade or export spermidine themselves (406, 407). The
spermidine metabolizing enzymes could thus be targeted to modulate cellular

spermidine levels.

Finally, we showed that hypusinated elF5A regulates TFEB expression (Fig
5.3-5), and the protein abundance of TFEB markedly reduces with age in both
mice and human (Fig 5.12/13). Being a master regulator of

autophagy/lysosome and metabolism, the reduction of TFEB may play an
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important role in mammalian ageing. As discussed in 5.2.5 and 5.3.2, TFEB
can be considered as a novel biomarker of ageing, and interventions
increasing cellular TFEB levels may help improve cellular autophagy and

metabolism and protect cells from ageing.

It should be noted that clinical trials targeting ageing is still a big challenge for
the translation of findings of ageing research. Although it leads to the decline
of multiple tissues and age-related diseases, ageing itself is still not taken as
a ‘disease’ or approved by FDA as an indication. The huge consumption of
‘anti-ageing’ dietary supplements such as antioxidants suggests that people
are willing to take special compounds to delay ageing and prevent age-related
diseases, therefore they may also be willing to participate in more
standardized anti-ageing clinical trials. Markers or symptoms of ageing are
also very complex, making it hard to perform rigorous clinical trials. The
golden standard of ageing is functional tissue decline, therefore a
comprehensive assessment of physiological functions need to be considered
including neurologic, immune, musculoskeletal, cardiovascular, and endocrine
systems (408). Moreover, ageing may start from changes at the molecular
level before obvious functional body decline. Therefore a panel of reliable

molecular biomarkers will be key to help with early diagnosis of ageing.

6.5 Thesis summary
The adaptive immune system undergoes a series of age-related

developmental and functional declines with age, termed adaptive immune
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senescence, which contributes to multiple age-related diseases such as
increased infections and cancer. As the main bulk degradation mechanism in
cells, autophagy maintains cellular homeostasis and prevents cellular
senescence in different aspects. In this DPhil project, | started with
rejuvenating humoral immune responses in old mice using the autophagy
inducer spermidine, followed by the molecular mechanism studies of

spermidine. The findings are summarized in Fig 6.2.

Autophagic flux is significantly reduced in lymphocytes from old mice, which
can be induced by spermidine in vivo. Spermidine administration improves the
humoral responses without affecting the reconstitution ability of HSCs or the
development of B cells in old mice. Autophagy-deficient B cells show severely
compromised IgG1 memory responses, mimicking the functional decline of
ageing. Spermidine fails to improve the IgG1 responses of autophagy-
deficient B cells, indicating that the immune-boosting effect of spermidine is

autophagy-dependent.

One of the best defined functions of spermidine is being the substrate for
elF5A hypusination. Depletion of cellular spermidine leads to a reduction of
both elF5A hypusination and the autophagic flux in mammalian cells. Blocking
of elF5A hypusination reduces autophagyic flux, indicating that hypusinated
elF5A regulates autophagy. Being a translation factor, hypusinated elF5A is
required for optimal protein synthesis, suggesting that elF5A may control

autophagy via promoting the translation of certain autophagy proteins.
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Fig 6.2 Proposed working model of a novel autophagy signaling pathway and its
involvement in ageing. Spermidine is a unique substrate for the hypusination of
elF5A. Hypusinated elF5A regulates TFEB at the translational level. TFEB is a
master transcription factor of autophagy, which is required for long-term adaptive
immune responses. Spermidine levels, hypusinated elF5A, TFEB, autophagy, and
adaptive immunity are reduced with age and spermidine administration rejuvenates

B cell responses in an autophagy-dependent manner.
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Two proteomic experiments were performed to identify the target proteins of
elF5A. Interestingly, only one autophagy protein was repeatedly found down
regulated by GC7-mediated blocking of hypusination in primary B cells, which
is the master autophagy transcription factor TFEB. It was further confirmed
that both the overall and the activated nuclear TFEB proteins are reduced by
GC7 treatment. The transcription of TFEB target genes is also reduced,
suggesting the functional decline of TFEB. Mechanistic studies revealed that
Tfeb mRBRNA has a short half life of less than 2 hours in LPS-stimulated B cells,
and blocking of elF5A hypusination accelerates the decay of Tfeb mRNA
which eventually leads to reduced Tfeb mRNA in cells. It is proposed that
elF5A stabilizes Tfeb mRNA via solving the translational stalling at the

polyproline region of Tfeb mRNA to prevent the stalling-induced no-go decay.

Therefore | have identified a novel autophagy signaling pathway regulating

TFEB at the translational level. Interestingly, the whole pathway, spermidine-
elF5A-TFEB-autophagy is down regulated in PBMCs in the elderly, indicating
that this pathway may also control the ageing process and can be targeted to

delay or rejuvenate ageing.
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