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Résumé	  
	  

Les	   réponses	   immunitaires	   innées	   affectent	   le	   développement	   de	   nombreuses	  

maladies	  neurodégénératives.	  La	  maladie	  d'Alzheimer	  (MA),	   la	  démence	  la	  plus	  

fréquente	   chez	   l’homme,	   se	   caractérise	   par	   une	   accumulation	   de	   l’amyloïde	   β	  

(Aβ)	  dans	  le	  cerveau.	  Plusieurs	  études	  suggèrent	  l’existence	  d’un	  lien	  étroit	  entre	  

la	   MA	   et	   la	   neuroinflammation.	   Cependant,	   les	   mécanismes	   moléculaires	   des	  

réactions	  immunitaires	  innées	  dirigées	  contre	  l’Aβ	  n’ont	  pas	  encore	  été	  élucidés.	  

La	  mouche	  du	  vinaigre,	  Drosophila	  melanogaster,	  a	  été	  utilisée	  avec	  succès	  pour	  

caractériser	   la	   réponse	   immunitaire	   innée.	   Cet	   organisme	   invertébré,	   privé	  

d'immunité	  adaptative,	  a	  récemment	  émergé	  comme	  un	  modèle	  d’étude	  pour	  la	  

MA.	  

Dans	  le	  cadre	  de	  cette	  thèse,	  nous	  avons	  utilisé	  la	  drosophile	  comme	  organisme	  

modèle	  pour	  étudier	   les	   relations	  entre	   les	   réactions	   immunitaires	   innées	  et	   le	  

développement	  de	  la	  MA.	  

Tout	  d'abord,	  en	  utilisant	  des	  drosophiles	  développant	  la	  MA	  en	  exprimant	  l’	  Aβ	  

dans	   le	   cerveau,	   nous	   avons	   observé	   l’induction	   de	   la	   Metchnikowin,	   peptide	  

antifongique	  et	  antibactérien.	  L'expression	  de	  ce	  dernier	  est	  régulée	  par	  les	  deux	  

voies	  NF-‐κB	  chez	  la	  drosophile,	  la	  voie	  IMD	  et	  la	  voie	  Toll,	  qui	  s’apparentent	  aux	  

voies	  de	  signalisation	  TNF-‐R	  et	  TLR/IL-‐1R	  chez	  les	  mammifères	  respectivement.	  

Nous	  avons	  généré	  par	  la	  suite	  des	  lignées	  de	  drosophiles	  MA	  immunodéficientes	  

et	  nous	  avons	  observé	  que	  les	  mutants	  de	  la	  voie	  IMD,	  contrairement	  à	  ceux	  de	  la	  

voie	  Toll,	  présentent	  une	  réduction	  de	  l’aptitude	  à	  	  grimper	  plus	  importante	  que	  

les	  drosophiles	  MA	  sauvages,	  caractéristique	  de	  la	  pathogenèse	  rencontrée	  dans	  

nos	   lignées	   MA.	   Des	   études	   histologiques	   ont	   révélé	   une	   accumulation	   plus	  

importante	  de	  l’Aβ	  accompagnée	  d’une	  neurodégénérescence	  dans	  les	  mouches	  

MA	  déficientes	   pour	   immune	   deficiency	   (imd).	   De	   plus	   nous	   avons	   observé	   des	  

cellules	  gliales	  Draper-‐positives	  qui	  co-‐localisent	  avec	  les	  amas	  d’Aβ.	  Nous	  avons	  

conclu	  que	  la	  présence	  d’une	  voie	  IMD	  active	  exerce	  un	  effet	  protecteur	  dans	  le	  

développement	  de	  la	  MA	  en	  limitant	  l'accumulation	  de	  l’Aβ.	  

En	  parallèle,	  une	  analyse	  protéomique	  a	  été	  développée	  au	  sein	  de	  notre	  équipe	  

afin	  d’identifier	   les	  protéines	  qui	   interagissent	   avec	  onze	  membres	   canoniques	  



de	   la	   voie	   IMD	   en	   cellules	   S2	   suite	   à	   une	   stimulation	   par	   des	   Escherichia	   coli	  

tuées	  à	   la	   chaleur.	  Ce	  crible	  a	  permis	  d’identifier	  345	  partenaires	  putatifs	  dont	  

90%	  possèdent	  des	  orthologues	  chez	  l’Homme.	  Une	  analyse	  bioinformatique	  des	  

voies	   KEGG	   associées	   à	   ces	   gènes	   a	   révélé	   un	   enrichissement	   du	   terme	  

«	  Alzheimer	  Disease	  ».	  Douze	  des	  gènes	  identifiés	  exercent	  un	  rôle	  majeur	  dans	  

le	  maintien	  de	   l'homéostasie	  du	   calcium	  ou	  des	   fonctions	  mitochondriales.	   Les	  

résultats	  de	   ce	   crible	   soulignent	   l’importance	  des	   connections	  existant	   entre	   la	  

neuroinflammation	  et	  la	  MA	  et	  constituent	  d’intéressantes	  pistes	  à	  suivre	  pour	  la	  

poursuite	  de	  cette	  étude.	  

Enfin,	  nous	  avons	  initié	   la	  réalisation	  d’un	  crible	  génétique	  par	  mutagénèse	  sur	  

des	   drosophiles	   MA,	   en	   utilisant	   l’EMS	   comme	   agent	   mutagène.	   Ce	   crible	  

permettra	  in	  fine	  d’identifier	  de	  façon	  non	  biaisée	  de	  nouveaux	  modulateurs	  de	  la	  

neurotoxicité	   de	   l’Aβ,	   notamment	   fonctionnellement	   reliés	   à	   l’immunité	   innée.	  

Au	  cours	  d’un	  pré-‐crible,	  nous	  avons	  généré	  et	  étudié	  250	   lignées	  mutantes	  en	  

estimant	  leur	  aptitude	  à	  grimper	  en	  tant	  qu’évaluation	  de	  la	  pathologie	  liée	  à	  la	  

MA.	  Nous	  avons	  retenu	  deux	  lignées	  réduisant	  les	  capacités	  locomotrices.	  

Mes	  travaux	  de	  thèse	  ont	  permis	  :	  1)	  de	  démontrer	  que	  notre	  modèle	  drosophile	  

de	   la	   MA	   est	   adapté	   à	   l’étude	   des	   liens	   existant	   entre	   la	   MA	   et	   la	  

neuroinflammation;	  2)	  de	  proposer	  une	  liste	  de	  gènes	  potentiellement	  impliqués	  

dans	   le	   développement	   de	   la	   MA	   chez	   la	   drosophile;	   3)	   d’initier	   un	   crible	  

génétique	   qui	   nous	   permettra	   d'identifier	   de	   nouveaux	   gènes	   requis	   dans	  

l’ontogenèse	   de	   la	  MA.	   L’ensemble	   de	   ces	   résultats	   pourrait	   à	   plus	   long	   terme	  

fournir	   de	   nouvelles	   cibles	   thérapeutiques	   dans	   le	   développement	   d’un	  

traitement	  contre	  la	  MA.	  

	  

	  



Summary	  
	  

Innate	   immune	   responses	   impact	   the	   course	   of	   numerous	  

neurodegenerative	  diseases.	  Alzheimer’s	  disease	  (AD),	  the	  most	  common	  form	  of	  

dementia,	  is	  characterized	  by	  the	  accumulation	  of	  the	  amyloid	  β	  (Aβ)	  peptide	  in	  

the	  brain.	  Several	  lines	  of	  evidence	  point	  towards	  a	  strong	  link	  between	  AD	  and	  

neuroinflammation.	  However,	   the	  exact	  molecular	  events	  of	  the	   innate	   immune	  

reactions	  against	  Aβ	  need	  to	  be	  elucidated.	  

The	   fruit	   fly,	   Drosophila	   melanogaster,	   has	   been	   successfully	   used	   to	  

decipher	   the	   mechanisms	   of	   innate	   immunity.	   This	   invertebrate	   organism,	  

deprived	   of	   adaptive	   immunity,	   has	   recently	   emerged	   as	   a	   model	   for	  

neurodegenerative	  diseases	  including	  AD.	  	  

In	  the	  course	  of	  this	  PhD,	  we	  have	  used	  Drosophila	  as	  a	  model	  organism	  to	  

study	  the	  impact	  of	  the	  innate	  immune	  reactions	  on	  AD	  following	  three	  different	  

approaches.	  

First,	  using	  AD	  model	  flies,	  we	  have	  demonstrated	  that	  the	  expression	  of	  

Aβ	   in	   the	  brain	   induces	   the	  antifungal	  and	  antibacterial	  peptide,	  Metchnikowin;	  

the	   expression	   of	   which	   is	  mediated	   either	   by	   the	   IMD	   or	   the	   TOLL	   pathway,	  

similar	  to	  mammalian	  TNF-‐R	  and	  TLR	  signaling	  cascades	  respectively.	  Next,	  we	  

have	   established	   a	   series	   of	   immunocompromised	   AD	   flies	   and	   found	   that	  

mutants	  for	  the	  IMD	  pathway,	  unlike	  those	  for	  the	  TOLL	  pathway,	  present	  severe	  

climbing	   defects.	   Further	   histological	   studies	   revealed	   increased	   Aβ	  

accumulation	   in	   immune	   deficiency	   (imd)	   deficient	   AD	   flies	   and	  

neurodegeneration.	   In	   addition,	   Drapper-‐positive	   glial	   cells	   co-‐localized	   with	  

accumulated	   Aβ.	  We	   concluded	   that	   the	   IMD	   pathway	   plays	   a	   neuroprotective	  

role	  by	  limiting	  the	  accumulation	  of	  Aβ.	  

	   Second,	   our	   team	   generated	   an	   IMD	   interactome	   dataset.	   We	   aimed	   to	  

identify	  proteins	  associated	  with	  eleven	  canonical	  members	  of	  the	  IMD	  pathway.	  

Upon	   stimulation	   with	   heat-‐killed	   E.	   coli,	  we	   have	   identified	   345	   interacting	  

proteins	  out	  of	  which	  90%	  have	  human	  orthologs.	  Bioinformatic	  analysis	  of	  the	  

corresponding	   genes	   demonstrated	   that	   the	   KEGG	   pathway	   term	   ‘Alzheimer	  

disease’	  was	  significantly	  enriched	  in	  the	  dataset.	  Twelve	  genes	  were	  associated	  



with	   this	   term	   and	   their	   described	   functions	   included	   roles	   in	   maintaining	  

calcium	  homeostasis	  and	  mitochondrial	  functions.	  This	  work	  has	  shown	  that	  the	  

Drosophila	   IMD	   interactome	   dataset	   could	   be	   potentially	   used	   to	   elucidate	   the	  

mechanisms	  linking	  AD	  to	  neuroinflammation.	  	  

	   Third,	   we	   have	   set	   up	   a	   genetic	   screen	   using	   chemical	   mutagenesis	   to	  

identify	   novel	   immune-‐related	   genes	   affecting	   the	   development	   of	   AD-‐like	  

pathology	   in	   flies.	  We	  used	   the	  EMS	  mutagenesis	   approach	   and	  monitored	   the	  

climbing	  ability	  of	  the	  mutants	  as	  readout	  of	  AD	  development.	  In	  a	  pilot	  screen,	  

we	  have	  tested	  250	  mutant	   lines	  and	  retained	  two	  showing	  deficits	   in	  climbing	  

activity.	  	  

	   In	   short,	  my	   Ph.D.	   thesis	  work	   provides:	   1)	   a	   proof-‐of-‐concept	   that	   our	  

Drosophila	   AD	   model	   is	   suitable	   for	   studying	   the	   link	   between	   AD	   and	  

neuroinflammation;	  2)	  a	  generated	  dataset	  providing	  a	   list	  of	  genes	  potentially	  

relevant	   to	  AD;	  3)	   the	   genetic	   screen	  as	   a	   research	   tool	   that	  will	   enables	  us	   to	  

identify	  novel	  genes	   linked	  to	  AD.	  These	  outcomes	   from	  our	  Drosophila	   studies	  

could	  provide	  insights	  into	  new	  therapeutic	  strategies	  against	  AD.	  	  
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1 Alzheimer’s	  disease	  
	  

1.1 History	  	  
	  

On	   November	   4th	   1906,	   at	   the	   37th	   Conference	   of	   South-‐West	   German	  

Psychiatrists,	   Alois	   Alzheimer	   first	   described	   a	   form	   of	   dementia	   that	   was	  

subsequently	   named	   after	   him.	   The	   German	   psychiatrist,	   considered	   to	   be	   the	  

founding	   father	  of	  neuropathology,	   (Zilka	  and	  Novak,	  2006)	  presented	  the	  case	  

of	  a	  51-‐year-‐old	  female	  patient,	  Auguste	  Deter	  (Figure	  1),	  who	  was	  suffering	  from	  

progressive	  cognitive	  impairment,	  focal	  symptoms,	  hallucinations,	  delusions	  and	  

psychosocial	  incompetence	  (Maurer	  et	  al.,	  1997).	  

	  

After	   the	   death	   of	   Auguste	  Deter,	   Alois	   Alzheimer	   analyzed	   her	   brain	   in	  

Munich	  Medical	  School.	  Using	  the	  silver	  staining	  method,	  he	  was	  able	  to	  identify	  

neuritic	   plaques	   and	   neurofribrillary	   tangles,	   two	   hallmarks	   of	   an	   Alzheimer’s	  

disease	   (AD)	  brain.	  Although	  a	  variety	  of	   senile	  dementias	  were	  known	  at	   that	  

time,	   the	   early	   age	   onset	   of	   the	   disease	   and	   the	   presence	   of	   tangles	  made	   his	  

finding	  unique	  (Castellani	  et	  al.,	  2010).	  	  

	  

INTRODUCTION

Elie MAKSOUD 5



	  

	  

Fig.	  1:	  Photographs	  of	  Alois	  Alzheimer	  (Left)	  and	  Auguste	  Deter	  (Right)	  

	  

1.2 Statistics	  
	  

Nowadays,	  AD	  is	  the	  main	  cause	  for	  dementia	  and	  the	  6th	  leading	  cause	  of	  

death	   according	   to	   the	   latest	   Alzheimer’s	   Disease	   Facts	   and	   Figures	   report	  

(Alzheimer’s	   Association).	   It	   accounts	   for	   an	   estimated	   60	   to	   80%	   of	   cases	   of	  

dementia	  and	  affects	  more	   than	  26	  million	  people	  worldwide.	  The	   incidence	  of	  

AD	   increases	   rapidly	   with	   age:	   from	   0.5%	   among	   65-‐70	   years	   old,	   it	   rises	   to	  

approximately	   6-‐8%	   of	   individuals	   over	   the	   age	   of	   85.	   In	   fact,	   due	   to	  medical	  

progress,	  the	  proportion	  of	  the	  world	  population	  in	  the	  older	  ages	  is	  increasing.	  

As	  a	  direct	  result,	  the	  number	  of	  people	  suffering	  from	  AD	  is	  estimated	  to	  triple	  

by	  2050.	  	  

	  

1.3 Neuropathology	  in	  Alzheimer’s	  disease	  
	   	   	  

Alzheimer’s	  disease	  is	  characterized	  by	  a	  progressive	  loss	  of	  synapses	  and	  

neurons	   in	   the	  cerebral	   cortex.	  On	  a	  macroscopic	   level,	   this	   results	   in	  a	   typical	  
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symmetric	   pattern	   of	   cortical	   atrophy	   predominantly	   affecting	   the	   medial	  

temporal	   lobes	  and	  the	  primary	  motor,	  sensory	  and	  visual	  cortices.	  Due	   to	   this	  

structure	  change	   in	   the	  brain,	   lateral	  ventricules	  containing	  cerebrospinal	   fluid	  

are	  frequently	  found	  enlarged	  (Dickerson	  et	  al.,	  2009)	  (Figure	  2).	  	  

	  

	  

Fig.	  2:	  Schematic	  representation	  of	  brain	  atrophy	  in	  AD	  

Comparison	   of	   a	   healthy	   brain	   (left)	   and	   the	   brain	   of	   an	   AD	   patient	   (right).	   Gross	  

changes	  are	  represented.	  (Image	  taken	  from	  commons.wikimedia.org)	  

	  

However,	  these	  anatomical	  changes	  are	  merely	  specific	  to	  AD.	  A	  definitive	  

diagnosis	   requires	   a	   postmortem	   examination	   of	   the	   brain	   tissue	   for	   the	  

existence	  of	  amyloid	  plaques	  and	  NFTs	  (Figure	  3)	  (Mott	  and	  Hulette,	  2005).	  
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Fig.	  3:	  Neuropathological	  features	  of	  AD	  

	  Histological	  images	  of	  AD-‐related	  lesions:	  (A)	  modified	  silver	  staining	  method	  showing	  
amyloid	   plaques	   (arrows)	   and	   NFTs	   (arrowheads),	   (B)	   Aβ	   immunohistochemistry	  

revealing	   amyloid	   plaques	   and	   (C)	   hyperphosphorylated	   Tau	   immunohistochemistry	  

revealing	  neurofibrillary	  tangles.	  (Purohit	  et	  al.,	  2011)	  

	  

1.3.a Neurofibrillary	  tangles	  
	  

Neurofibrillary	   tangles	   (NFTs)	   are	   intraneuronal	   filamentous	   inclusions	  

within	   the	   perikaryal	   region	   of	   pyramidal	   neurons.	   Electron	  microscopy	   (EM)	  

studies	   of	   AD	   brains	   revealed	   that	   NFTs	   are	   largely	   made	   of	   paired	   helical	  

filaments,	  which	  are	   fibrils	  of	  approximately	  10nm	  in	  diameter	  that	  gather	   in	  a	  

helical	   tridimensional	   conformation	   (Crowther,	   1991).	  The	  main	   component	   of	  

NFTs	   is	   the	   microtubule-‐associated	   protein	   Tau,	   which	   is	   found	   to	   be	   in	   a	  

misfolded	   and	   hyperphosphorylated	   state	   (Wegmann	   et	   al.,	   2010).	   Neuropil	  

threads	   are	   always	   present	   with	   NFTs.	   They	   most	   likely	   result	   from	   the	  

breakdown	  of	  dendrites	  and	  axons	  of	  the	  tangle-‐baring	  neurons	  (Figure	  3).	  
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1.3.b Amyloid	  Plaques	  
	  

Amyloid	  or	  senile	  plaques	  are	  heterogeneous	  lesions	  ranging	  between	  10	  

and	   160µm.	   They	   result	   from	   an	   abnormal	   extracellular	   accumulation	   and	  

aggregation	   of	   Aβ	   peptides	   (38-‐43	   a.a.	   long).	   These	   peptides	   are	   produced	   by	  

proteolytic	   processing	   of	   a	   larger	   amyloid	   precursor	   protein	   (APP).	   There	   are	  

two	  different	  types	  of	  amyloid	  plaques:	  diffuse	  versus	  dense-‐core	  plaques.	  	  

	  

Dense-‐core	   plaques	   are	   usually	   neuritic,	   surrounded	   by	   dystrophic	  

neurites	   (degenerated	  axons	  and	  dendrites).	  They	  are	   abundantly	   found	   in	   the	  

brain	  of	  AD	  patients	  (Figure	  3).	  On	  the	  contrary,	  diffuse	  plaques	  are	  commonly	  

found	  in	  the	  brain	  of	  the	  cognitively	  normal	  elderly	  (Itagaki	  et	  al.,	  1989;	  Knowles	  

et	  al.,	  1999;	  Masliah	  et	  al.,	  1990;	  Urbanc	  et	  al.,	  2002).	  	  

	  

The	  ultrastructure	  of	  dense-‐core	  plaques,	  as	  revealed	  by	  EM,	  consists	  of	  a	  

central	  star-‐shaped	  nucleus.	  Fibrils	  extend	  toward	  the	  periphery,	  where	  they	  are	  

combined	   to	   astrocytic,	   microglial	   and	   neuronal	   processes,	   also	   known	   as	  

dystrophic	  neurites.	  Dystrophic	  neurites,	  of	   axonal	  or	  dendritic	  origins,	  usually	  

contain	   packets	   of	   paired	   helical	   filaments,	   as	   well	   as	   abundant	   abnormal	  

mitochondria	   and	   dense	   bodies	   of	   probable	   mitochondrial	   and/or	   lysosomal	  

origins	  (Hirai	  et	  al.,	  2001;	  Kidd,	  1964).	  

	  

Diffuse	   plaques	   demonstrate	   light,	   amorphous	   Aβ-‐immunoreactivity	  

without	   a	   clear	   fibrillar	   compact	   core.	   They	   were	   identified	   in	   the	   1980’s	  

following	  the	  development	  of	  antibodies	  against	  Aβ	  (Joachim	  et	  al.,	  1989).	  They	  
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are	  associated	  with	  very	  little	  or	  no	  neuritic	  dystrophy.	  They	  are	  usually	  found	  in	  

limbic	  and	  association	  cortices,	  areas	  that	  are	  typical	  of	  neuritic	  plaques,	  but	  also	  

in	   areas	   that	   are	   not	   implicated	   in	   the	   symptomatology	   of	   AD	   such	   as	   the	  

thalamus	  and	  cerebellum	  (Joachim	  et	  al.,	  1989).	  

	  

1.4 Proteolytic	  processing	  of	  APP	  
	  

Amyloid	   peptides	   are	   generated	   by	   endoproteolytic	   processing	   of	   the	  

parental	  amyloid	  precursor	  protein	  APP.	  APP	  is	  a	  ubiquitously	  expressed	  type-‐I	  

transmembrane	   protein.	   Its	   gene	   is	   located	   on	   chromosome	   21.	   It	   has	   a	   large,	  

extracellular,	   glycosylated	   N-‐terminus,	   a	   single	   trans-‐membrane	   domain	   and	   a	  

shorter	  cytoplasmic	  C-‐terminus.	  The	  Aβ	  region	  is	  situated	  at	  the	  cell	  surface	  with	  

a	  part	  of	  the	  peptide	  embedded	  in	  the	  membrane	  (Kang	  et	  al.,	  1987).	  	  

	  

APP	  is	  a	  member	  of	  a	  large	  family	  of	  conserved	  type	  I	  membrane	  proteins,	  

the	   amyloid	   precursor-‐like	   proteins	   (APLPs)	   including	   APLP1	   and	   APLP2	   in	  

mammals,	  APPL	   in	  Drosophila	   and	  APL-‐1	   in	  C.	  elegans	   (Rosen	  et	  al.,	  1989).	   	  All	  

these	  proteins	  share	  conserved	  motifs	  and	  undergo	  processing	  similarly	  to	  APP.	  

Of	   particular	   interest	   the	   Aβ	   peptide	   is	   only	   conserved	   among	  mammals.	   The	  

biological	   function	  of	  this	  family	  is	  not	  fully	  elucidated.	  However,	  APP	  has	  been	  

implicated	   in	   a	   variety	   of	   important	   roles	   such	   as	   cell	   adhesion,	   cell	  migration	  

and	   apoptosis,	   as	  well	   as	   synaptogenesis	   and	   insulin	   and	   glucose	   homeostasis	  

(Zheng	  and	  Koo,	  2006).	  APP	  knockout	  mice	  exhibit	  reduced	  body	  weight,	  brain	  

weight,	  size	  of	  forebrain	  commissures,	  locomotor	  activity,	  forelimb	  grip	  strength,	  
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and	   spatial	   learning	   scores.	   Many	   mice	   also	   exhibit	   agenesis	   of	   the	   corpus	  

callosum,	  and	  extensive	  reactive	  gliosis	  (Zheng	  et	  al.,	  1995).	  

	  

APP	   is	  sequentially	  cleaved	  by	  groups	  of	  enzymes	  or	  enzyme	  complexes	  

known	   as	  α-‐,	   β-‐	   and	   γ-‐secretases.	   Three	   enzymes	   with	   an	  α-‐secretase	   activity	  

have	   been	   identified,	   all	   belonging	   to	   the	   ADAM	   (a	   disintegrin-‐	   and	  

metalloproteinase)	   family.	   They	   include	   ADAM9,	   ADMA10	   and	   tumor	   necrosis	  

factor	   converting	   enzyme	   ADAM17	   (Allinson	   et	   al.,	   2003).	   The	   β-‐secretase	   or	  

BACE1	  (beta-‐site	  APP	  cleaving	  enzyme	  1)	  has	  been	  identified	  as	  a	  type	  I	  integral	  

membrane	  protein	  belonging	  to	  the	  pepsin	  family	  aspartyl	  proteases	  (Hussain	  et	  

al.,	   1999;	   Sinha	   et	   al.,	   1999;	   Vassar	   et	   al.,	   1999).	   The	   γ-‐secretase	   has	   been	  

identified	  as	  a	  complex	  of	  enzymes	  constituted	  of	  presenilin	  1	  or	  2	  (PSEN1	  and	  

PSEN2),	  nicastrin,	  anterior	  pharynx	  defective	  and	  presenilin	  enhancer	  2	  (Francis	  

et	  al.,	  2002;	  Levitan	  et	  al.,	  2001;	  Steiner	  et	  al.,	  2002;	  Wolfe	  et	  al.,	  1999;	  Yu	  et	  al.,	  

2000).	  Recently	  He	  et	  al.	  identified	  the	  γ-‐secretase	  activating	  protein	  (GSAP)	  that	  

enhances	  the	  production	  of	  amyloid	  β	  without	  affecting	  Notch	  cleavage	  (He	  et	  al.,	  

2010).	  
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Fig.	  4:	  APP	  proteolytic	  processing	  	  

A)	  Schematic	  representation	  of	  the	  non-‐amyloidogenic	  and	  amyloidogenic	  pathways.	  	  

B)	  Aβ40	  and	  Aβ42	  peptides	  amino	  acid	  sequences.	  

	  

APP	   can	   be	   cleaved	   and	  processed	   through	   two	  different	   pathways:	   the	  

amyloidogenic	  pathway	  and	  the	  non-‐amyloidogenic	  pathway	  (Figure	  4A).	  In	  the	  

prevalent,	   non-‐amyloidogenic	   pathway,	   which	   precludes	   the	   formation	   of	  

amyloids,	   the	  cleavage	  of	  APP	   is	  mediated	  by	  α-‐secretase.	  This	  cleavage	  occurs	  

within	   the	  Aβ	   domain	   and	   leads	   to	   the	   release	   of	   two	   fragments.	   The	   first	   is	   a	  

large	   ectodomain,	   sAPPα,	   secreted	   in	   the	   lumen	   and	   is	   thought	   to	   have	  

neuroprotective	   and	   neurotrophic	   effects	   (Furukawa	   et	   al.,	   1996;	   Kojro	   and	  

Fahrenholz,	   2005).	   The	   second	   is	   a	   smaller	   carboxy-‐terminal	   fragment,	   C83,	  

which	  is	  retained	  to	  the	  membrane.	   	  The	  C83	  fragment	  is	  subsequently	  cleaved	  

by	   α-‐secretase	   to	   produce	   P3	   that	   is	   believed	   to	   be	   benign	   or	   even	  

neuroprotective	  (Dulin	  et	  al.,	  2008;	  Haass	  et	  al.,	  1993).	  
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	  The	  amyloidogenic	  pathway	   is	  an	  alternative	  cleavage	  pathway	   for	  APP	  

and	  leads	  to	  the	  generation	  of	  Aβ	  peptides	  (Figure	  4A).	  APP	  molecules	  that	  were	  

not	   processed	   through	   the	   non-‐amyloidogenic	   pathway	   become	   substrates	   for	  

the	   β-‐secretase,	   releasing	   an	   ectodomain,	   sAPPβ,	   which	   appears	   to	   have	  

proapoptotic	  functions.	  The	  remaining	  99	  a.a.	  of	  APP	  or	  C99	  are	  retained	  in	  the	  

membrane.	  Furthermore,	  C99	   is	  cleaved	  38	  to	  43	  a.a.	   from	  the	  amino	  terminus	  

by	   the	   γ-‐secretase	   complex	   releasing	   Aβ	   peptides	   (Figure	   4B)	   (Jarrett	   et	   al.,	  

1993a).	  This	   cleavage	   abundantly	  produces	  Aβ40.	  Nevertheless	   the	  production	  

of	   Aβ42	   is	   noteworthy,	   because	   of	   its	   hydrophobic	   nature	   and	   its	   tendency	   to	  

oligomerise	  and	  form	  amyloid	  fibrils	  (Burdick	  et	  al.,	  1992;	  Jarrett	  et	  al.,	  1993b).	  

	  

	  

1.5 Evolution	  of	  the	  amyloid	  cascade	  hypothesis	  
	  

	  	   More	  than	  a	  century	  following	  the	  case	  description	  of	  Auguste	  Deter,	   the	  

exact	   etiology	   of	   AD	   remains	   elusive.	   However,	   in	   1992,	   Hardy	   and	   Higgins	  

proposed	  the	  amyloid	  cascade	  hypothesis,	  which	  is,	   thus	  far,	   the	  main	  basis	   for	  

most	   work	   on	   the	   pathogenesis	   of	   AD	   (Hardy	   and	   Allsop,	   1991;	   Hardy	   and	  

Higgins,	  1992;	  Selkoe,	  1991;	  Tanzi	  and	  Bertram,	  2005).	  	  

	  

The	  amyloid	  cascade	  hypothesis	  first	  proposed	  that	  the	  deposition	  of	  Aβ	  

peptides	   in	   the	  brain	  might	  be	   the	   central	   event	   in	  AD	  pathology,	  whereas	   the	  

rest	   of	   the	   disease	   process	   including	   Tau	   dysfunction	   and	   the	   formation	   of	  
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tangles	   results	   from	   an	   imbalance	   between	   Aβ	   production	   and	   Aβ	   clearance	  

(Hardy	  et	  al.,	  2002).	  	  

	  

Four	   evidence	   support	   this	   hypothesis:	   (1)	   the	   localization	   of	   the	   APP	  

gene	  to	  chromosome	  21	  (Kang	  et	  al.,	  1987).	  Since	  1969,	  it	  had	  been	  known	  that	  

middle-‐aged	   patients	   with	   Down’s	   syndrome	   invariably	   develop	   AD-‐like	  

pathology	  and	  that	  plaques	  found	  in	  their	  brain	  are	  predominantly	  composed	  of	  

Aβ	  (Glenner	  and	  Wong,	  1984a,	  b;	  Olson	  and	  Shaw,	  1969).	  Thus,	  the	  mapping	  of	  

APP	   to	   chromosome	   21	   hinted	   to	   an	   effect	   of	   a	   genetic	   dose	   of	   APP	   on	   the	  

development	   of	   AD-‐like	   pathology.	   In	   strong	   support	   of	   this	   observation,	   a	  

patient	  with	  Down’s	  syndrome,	  carrying	  only	  2	  copies	  of	  the	  APP	  gene	  because	  of	  

a	  rare	  breakpoint	  in	  the	  distal	  location	  of	  chromosome	  21q,	  showed	  no	  signs	  of	  

dementia.	  Amyloid	  deposition	  was	  absent	  from	  his	  brain	  upon	  death	  at	  78	  years-‐

old;	   (2)	   Genetic	   studies	   that	   have	   demonstrated	   that	   all	   causing	   mutations	   of	  

early	   onset	   familial	  Alzheimer’s	   disease	   (FAD)	   cases	   in	  APP,	  PSEN1	   and	  PSEN2	  

affect	  Aβ	   levels	   (Borchelt	   et	   al.,	   1996;	  Chartier-‐Harlin	  et	   al.,	   1991;	  Citron	  et	   al.,	  

1997;	  Duff	  et	  al.,	  1996;	  Goate	  et	  al.,	  1991;	  Levy	  et	  al.,	  1990);	  (3)	  Transgenic	  mice	  

expressing	  mutant	  human	  APP	  show	  plaque	  formations	  and	  behavioral	  changes	  

similar	   to	   those	   seen	   in	   AD	   (Games	   et	   al.,	   1995;	   Hsiao	   et	   al.,	   1996;	  

SturchlerPierrat	   et	   al.,	   1997);	   (4)	   Fibrillar	   Aβ	   induces	   tauopathy.	   Injection	   of	  

synthetic	   Aβ	   into	   the	   brains	   of	   Tau	   transgenic	   mice	   accelerates	   Tau	  

hyperphosphorylation	  and	  leads	  to	  tangle	  formation	  reminiscent	  of	  tauopathy	  in	  

AD	  (Gotz	  et	  al.,	  2001)	  (Santacruz	  et	  al.	  2005).	  Co-‐expression	  of	  mutant	  APP	  with	  

mutant	  Tau	  leads	  to	  enhanced	  tauopathy	  (Lewis	  et	  al.,	  2001;	  Oddo	  et	  al.,	  2003b).	  
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Over	   the	   years,	   the	   amyloid	   cascade	   hypothesis	   has	   been	   modified.	  

Increasing	   evidence	   from	  mouse	  models	   and	   human	   studies	   suggested	   a	   non-‐

linear	   correlation	   between	   dementia	   and	   the	   accumulation	   of	   amyloids	   in	   the	  

brain	  in	  the	  form	  of	  plaques	  (Games	  et	  al.,	  1995;	  Price	  et	  al.,	  2009).	  Reasons	  for	  

questioning	   the	   pathogenicity	   of	   amyloid	   plaques	   included	   their	   presence	   in	  

cognitively	  normal	  individuals	  (Katzman	  et	  al.,	  1988)	  and	  the	  lack	  of	  correlation	  

between	  the	  number	  of	  amyloid	  deposits	  in	  the	  brain	  and	  the	  degree	  of	  cognitive	  

impairment	  that	  a	  patient	  experiences	  in	  life	  (Arriagada	  et	  al.,	  1992).	  This	  aspect	  

was	   particularly	   exemplified	   in	   mouse	   models	   that	   display	   behavioral	   deficits	  

before	  the	  detection	  of	  plaque	  pathology	  (Billings	  et	  al.,	  2005;	  Mucke	  et	  al.,	  2000;	  

Oddo	  et	  al.,	  2003b).	  	  

	  

Studies	   that	   have	   followed	   the	   development	   of	   sensitive	   Aβ	   enzyme-‐

linked	  assays	  (ELISA)	  found	  that	  the	  degree	  of	  dementia	  correlates	  most	  with	  the	  

concentration	  of	   soluble	  Aβ	   species	   (Arriagada	   et	   al.,	   1992;	  Bierer	   et	   al.,	   1995;	  

Giannakopoulos	  et	  al.,	  2003;	  Hyman	  et	  al.,	  1993).	  These	  observations	  and	  further	  

studies	   have	   led	   to	   the	   proposal	   of	   the	   new	   amyloid	   cascade	   hypothesis,	  

following	  which	   small,	   soluble	  Aβ	   oligomeric	   species	   are	   the	   ultimate	   cause	   of	  

synaptic	   dysfunction	   and	   memory	   impairment	   in	   early	   AD	   (Lue	   et	   al.,	   1999;	  

Wang	   et	   al.,	   1999).	   The	   concept	   of	   Aβ-‐derived	   soluble	   toxic	   oligomers,	   not	  

monomers	   or	   insoluble	   fibrils,	   has	   been	   proposed	   to	   account	   for	   the	  

neurotoxicity	   of	   the	   Aβ	   peptide	   (Glabe,	   2006;	   Walsh	   et	   al.,	   2002).	   These	  

oligomers,	   which	   composition	   remains	   uncertain	   have	   been	   isolated	   form	  

transgenic	   mouse	   brains,	   the	   human	   brain	   or	   even	   reconstituted	   in	   vitro	   and	  

their	  toxicity	  has	  been	  demonstrated	  (Lesne	  et	  al.,	  2006;	  Shankar	  et	  al.,	  2008).	  	  
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The	   amyloid	   cascade	   hypothesis	   now	   suggests	   that	   the	   synaptotoxicity	  

and	   neurotoxicity	   of	   Aβ	   may	   be	   mediated	   by	   soluble	   multimeric	   Aβ	   species	  

through	  a	  poorly	  defined	  mechanism	  (Figure	  5)	  (Karran	  et	  al.,	  2011).	  

	  

	  

Fig.	  5:	  The	  amyloid	  cascade	  hypothesis	  

	  The	  sequence	  of	  pathogenic	  events	  leading	  to	  AD	  is	  presented.	  Increased	  levels	  of	  Aβ42	  

initiate	   AD	   pathogenesis	   cascade.	   Aβ	   oligomers	   might	   directly	   affect	   synapses	   and	  

neuronal	  degeneration,	  in	  addition	  to	  activating	  microglia	  and	  astrocytes.	  Tau	  pathology,	  

central	  to	  AD,	  is	  triggered	  by	  Aβ42.	  
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1.6 Neuropsychological	  stages	  of	  Alzheimer’s	  disease	  
	  

It	  is	  possible	  to	  distinguish	  three	  neuropsychological	  clinical	  stages	  of	  AD:	  

(1)	  the	  pre-‐clinical	  stage	  characterized	  by	  impairments	  in	  episodic	  memory	  while	  

other	   cognitive	   functions	   are	   intact;	   (2)	   the	   early	   clinical	   stage	   during	   which	  

deficits	   occur	   in	   episodic	   memory,	   verbal	   abilities,	   visuo-‐spatial	   functions,	  

attention,	   and	   executive	   functions;	   (3)	   the	   advanced	   stage	   characterized	   by	  

cognitive	   dysfunction	   in	   global	   primary	   memory,	   although	   sensory-‐motor	  

performance	   may	   be	   well	   preserved.	   At	   this	   stage,	   the	   brain's	   association	  

cortices	   are	   severely	   affected	   (Almkvist,	   1996;	   Braak	   et	   al.,	   1994;	   Braak	   and	  

Braak,	  1991).	  

	  

1.7 Biomarkers	  of	  Alzheimer’s	  disease	  
	  
	  

Nowadays,	  several	  biomarkers	  have	  been	  identified	  that	  can	  be	  predictive	  

of	   an	   underlying	   AD	   pathology.	   These	   include	   amyloid	   Aβ42,	   total	   Tau	   (t-‐tau),	  

Tau	  phosphorylated	  at	  threonine	  181	  (p-‐Tau181)	  in	  the	  CSF	  (Shaw	  et	  al.,	  2009),	  

substrate	  specific	  brain	  imaging	  such	  as	  11C	  and	  18F	  PET	  imaging	  (Apostolova	  et	  

al.,	  2010;	  Jack	  et	  al.,	  2009)	  and	  structural	  MRI	  observations	  such	  as	  hippocampal	  

volume(Gerardin	  et	  al.,	  2009).	  Recently	  Hu	  et	  al.	  added	  four	  plasma	  biomarkers	  

ApoE,	  BNP	  (B-‐type	  natriuretic	  peptide),	  CRP	  (C-‐reactive	  protein),	  PP	  (pancreatic	  

peptide)	  (Hu	  et	  al.,	  2012).	  BNP	  is	  elevated	  in	  acute	  strokes(Shibazaki	  et	  al.,	  2009)	  

and	  vascular	  dementia(Kondziella	  et	  al.,	  2009)	  and	   is	  known	  as	  a	  biomarker	  of	  

left	  ventricular	  dysfunction.	  PP	   is	  also	   increased	   in	  the	  CSF	  of	  patients	  with	  AD	  
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(Hu	   et	   al.,	   2010).	   CRP	   is	   a	   well-‐established	   biomarker	   for	   tissue	   injury	   and	  

infections.	  	  

	  

1.8 Genetic	  Factors	  
	  
	  

1.8.a Early-‐onset	  familial	  Alzheimer’s	  disease	  
	  
	  
	   Autosomal	   dominant	  mutations	   in	   three	   genes-‐	  APP,	  PSEN1	   and	  PSEN2-‐	  

are	  known	  to	  cause	  most	  cases	  of	  early	  onset	  familial	  AD	  (St	  George-‐Hyslop	  and	  

Petit,	   2005).	   These	   rare	   forms	  of	  AD	   account	   for	   less	   than	  1%	  of	   all	   cases	   and	  

typically	   involve	   patients	   in	   their	   4th	   or	   5th	   decade.	   Interestingly,	   all	   these	  

mutations	  affect	  the	  metabolism	  or	  stability	  of	  Aβ	  by	  increasing	  its	  propensity	  to	  

aggregate.	  

	  

	   One	  well-‐characterized	  mutation	  in	  APP	  is	  the	  Swedish	  mutation	  (APPSwe),	  

in	  which	   double	   K670M/N671L	   substitution	   leads	   to	   an	   increased	   cleavage	   of	  

APP	  by	  the	  β-‐secretase	  (Haass	  et	  al.,	  1995).	  Other	  mutations,	  such	  as	  the	  Arctic	  

mutation	   (APPArc)	   increase	   the	   aggregation	   propensity	   of	   Aβ,	   leading	   to	   early-‐

onset	  manifestation	  of	  AD	  (Lord	  et	  al.,	  2006;	  Nilsberth	  et	  al.,	  2001).	  Mutations	  in	  

the	   presenilins,	   such	   as	   PSEN1	   M146V	   mutation,	   increase	   levels	   of	   Aβ42	  

(Jankowsky	  et	  al.,	  2004).	  Increased	  APP	  gene	  dosage	  also	  affects	  AD	  (Gyure	  et	  al.,	  

2001;	  Mori	  et	  al.,	  2002;	  Rovelet-‐Lecrux	  et	  al.,	  2006).	  
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	   To	  date,	  182	  FAD	  mutations	  have	  been	  mapped	  to	  PSEN1	  and	  13	  to	  PSEN2	  

(www.molgen.ua.ac.be/ADMutations).	   These	   mutations,	   in	   the	   core	   catalytic	  

elements	  of	  the	  γ-‐secretase,	  spread	  all	  over	  the	  proteins	  and	  typically	  result	  in	  an	  

increased	  Aβ42	  to	  Aβ40	  ratio.	  	  

	  

1.8.b Late-‐onset	  Alzheimer’s	  disease	  
	  
	  

Several	  genes	  are	  known	  to	  increase	  the	  risk	  for	  the	  common	  form	  of	  AD	  

with	   late-‐onset.	   Based	   on	   the	   HuGENet	   interim	   criteria	   for	   the	   cumulative	  

assessment	   of	   genetic	   association	   studies	   on	  AD,	   the	   ten	   top-‐ranked	   genes	   are	  

listed	  in	  Table	  1.	  	  

	  

Table	  1:	  AD	  susceptibility	  loci	  

Results	  are	  assessed	  for	  their	  epidemiological	  credibility	  using	  HuGENet	  interim	  criteria	  
for	  the	  cumulative	  assessment	  of	  genetic	  associations	  (Ioannidis	  et	  al.,	  2008;	  Khoury	  et	  
al.,	   2009)	   and	   Bayesian	   analyses	   (Ioannidis,	   2008;	   Stephens	   and	   Balding,	   2009).	   Only	  
meta-‐analysis	   results	   with	   P-‐values	   <0.00001	   are	   shown	   (ref.	   AlzGene:	  
www.alzgene.org/TopResults.asp).	  
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1.9 Environmental	  risk	  factors	  
	  
	  

Several	  risk	  factors	  have	  been	  linked	  to	  AD.	  They	  are	  summarized	  in	  table	  2	  

(Mayeux	  et	  al.,	  2012).	  

	  

	  

Table	  2:	  Environmental	  risk	  factors	  of	  AD	  

Refer	  to	  (Mayeux	  et	  al.,	  2012).	  
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2 Animal	  models	  of	  Alzheimer’s	  disease	  
	  

Due	   to	  methodological	   and	   ethical	   issues,	   the	   study	   of	   AD	   in	   humans	   is	  

very	  complicated;	  hence	  the	  necessity	  to	  develop	  and	  phenotype	  animal	  models	  

in	   AD-‐related	   research.	   Most	   importantly,	   reliable	   animal	   models	   enable	   the	  

identification	   of	   biomarkers,	   drug	   discovery,	   and	   the	   study	   of	   pathological	  

changes,	   which	   are	   often	   not	   accessible	   in	   patients	   post	   mortem	   tissues	  

(Wentzell	  and	  Kretzschmar,	  2010).	  

	  

2.1 Spontaneous	  animal	  models	  
	  

Few	   species,	   including	   dogs,	   cats,	   bears,	   goats,	   sheep,	   wolverine	   and	  

several	   non-‐human	   primates	   spontaneously	   develop	   plaque	   pathology	   and	  

sometimes	   exhibit	   tauopathy.	   Such	   histopathological	   changes	   might	   be	   even	  

associated	  with	   cognitive	   decline	   (Van	  Dam	  and	  De	  Deyn,	   2011).	  Among	   these	  

species,	   the	  dog	  has	  been	  pointed	  out	  as	  an	  appropriate	  model	   for	   the	  study	  of	  

human	   brain	   diseases	   in	   general	   and	   AD	   in	   particular.	   In	   addition	   to	   their	  

phylogenetic	  proximity	   to	  humans	  and	  the	  deep	  knowledge	  of	  canine	  behavior,	  

dogs	   naturally	   reproduce	   several	   key	   features	   of	   AD	   including	   Aβ	   cortical	  

pathology,	   neuronal	   degeneration,	   and	   learning	   and	   memory	   problems.	   Thus,	  

dogs	  are	  frequently	  used	  for	  longitudinal	  studies	  like	  the	  beneficial	  effects	  of	  an	  

Aβ	  immune	  therapy,	  or	  of	  an	  anti-‐oxidant	  rich	  diet	  (Cotman	  and	  Head,	  2008).	  In	  

contrast,	   rodents	   in	   general	   do	  not	   naturally	   develop	  AD-‐like	   histopathological	  
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hallmarks.	   The	   formation	   of	   plaques	   and	   NFTs	   in	   their	   brains	   has	   only	   been	  

reported	  once	  in	  Octodon	  degus	  (Ardiles	  et	  al.,	  2012;	  Link,	  2005).	  

	  

2.2 Transgenic	  animal	  models	  	  
	  

Over	  the	  past	  decades	  several	  transgenic	  species	  have	  been	  generated	  to	  

create	   phenocopies	   of	  AD.	  Mammalian	  models	   have	   been	  pre-‐eminent;	   namely	  

mouse	  models	  and	  rats	  to	  a	  lesser	  extent.	  Several	  other	  models	  were	  generated	  

as	  well	  in	  various	  species	  like	  zebrafish	  (Danio	  rerio),	  nematodes	  (Caenorhabditis	  

elegans)	  and	  the	  fruit	  fly	  (Drosophila	  melanogaster).	  

	  

2.2.a Mouse	  models	  	  
	  

In	   the	   early	   90’s,	   several	   groups	   generated	   mouse	   models	   that	   would	  

replicate	   the	   pathophysiology	   of	   AD	   based	   on	   the	   amyloid	   cascade	   hypothesis.	  

Games	   et	   al.	   introduced	   the	   first	   transgenic	   AD	   model	   mouse	   (PDAPP)	   that	  

developed	  robust	  amyloid	  pathology	  (Games	  et	  al.,	  1995).	  The	  Tg2576	  (Hsiao	  et	  

al.,	  1996)	  and	  APP23	  (SturchlerPierrat	  et	  al.,	  1997)	  mouse	  models,	  currently	  the	  

most	   used	   in	  AD-‐related	   research,	   later	   followed.	   The	   PDAPP	  model	   expresses	  

human	   APP	   carrying	   the	   Indiana	   FAD	  mutation	   (V717F)	   (Murrell	   et	   al.,	   1991)	  

driven	  by	   the	  platelet-‐derived	  growth	   factor-‐beta	  promoter,	  whereas	   the	  other	  

two,	   Tg2576	   and	   APP23,	   express	   human	   APP	   with	   the	   Swedish	   mutation	  

(K670N/M671L)	  (Mullan	  et	  al.,	  1992)	  driven	  by	   the	  hamster	  prion	  protein	  and	  

murine	   Thy-‐1	   promoter,	   respectively.	   All	   three	   models	   show	   most	   AD-‐like	  

phenotypes	   from	   both	   diffuse	   and	   neuritic	   plaques	   to	   cerebral	   amyloid	  
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angiopathy	  (CAA),	  astroglyosis,	  microgliosis,	  hippocampal	  atrophy,	  synaptic	  and	  

neurotransmitter	  alterations,	  and	  cognitive	  and	  behavioral	  deficits.	  Nevertheless	  

they	   lack	   the	   formation	  of	  NFTs	  even	  when	  hyperphosphorylated	  Tau	  proteins	  

are	  present	  (for	  review,	  see	  (Van	  Dam	  and	  De	  Deyn,	  2011;	  Van	  Dam	  et	  al.,	  2005).	  

Moreover,	  they	  show	  limited	  neuronal	  loss	  (Duyckaerts	  et	  al.,	  2009).	  

	  

After	   the	   discovery	   of	  mutations	   in	   the	  PSEN	   genes	   in	   early-‐onset	   FAD,	  

transgenic	  PSEN1	  and	  PSEN2	  mice	  were	  developed.	  Plaques	  or	  NFTs	  didn’t	  form	  

in	  the	  brain	  of	  these	  mice	  despite	  the	  few	  cognitive	  and	  behavioral	  abnormalities	  

they	  presented.	  Amyloid	  deposition	  was	  dramatically	  accelerated	  in	  the	  resulting	  

double	   transgenic	   APP/PSEN	   mice	   due	   to	   an	   increased	   Aβ42	   production	  

mediated	  by	  the	  mutations	  in	  PSEN.	   	   In	  addition,	  these	  mice	  exhibited	  neuronal	  

loss,	   amyloid-‐associated	   inflammation	   and	   cognitive	   decline	   (McGowan	   et	   al.,	  

2006;	  Van	  Dam	  and	  De	  Deyn,	  2006).	  	  	  

	  

The	  major	  caveat	  of	  the	  previously	  mentioned	  models,	  that	  is	  the	  lack	  of	  

NFTs,	  was	  partially	  overcome	  by	  the	  development	  of	  human	  mutated	  Tau	  mice	  

and	   their	   crossing	   with	   APP	   models	   (Lewis	   et	   al.,	   2001).	   The	   mice	   that	   were	  

generated	   featured	   enhanced	   amyloid	   deposition	   in	   addition	   to	   increased	   Tau	  

phosphorylation,	  NFT-‐like	  structures	  and	  neuronal	  loss,	  thereby	  suggesting	  that	  

APP	  or	  Aβ	  mediates	  Tau	  pathology.	  However,	  NFTs	  and	  plaques	  didn’t	  co-‐localize	  

in	  regions	  of	  the	  brain	  relevant	  to	  AD,	  like	  the	  hippocampus	  and	  the	  cortex	  (Gotz	  

et	   al.,	   2004;	   Ribe	   et	   al.,	   2005),	   an	   issue	   that	   was	   later	   solved	   with	   the	  

development	  of	  triple	  transgenic	  mice	  (Oddo	  et	  al.,	  2003a;	  Oddo	  et	  al.,	  2003b).	  
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Triple	   transgenic	  mice	   (3xTg)	  are	  perhaps	   the	  most	  complete	  models	  of	  

AD.	  They	  were	  generated	  by	  microinjection	  of	  two	  transgenic	  constructs	  (mutant	  

APPSwe	   and	   TauP301L)	   into	   single-‐cell	   embryos	   from	   homozygous	   mutant	  

PSEN1M146V	  knock-‐in	  mice	  (Oddo	  et	  al.,	  2003b).	  These	  mice	  progressively	  develop	  

Aβ	  plaques	  and	  NFTs	  (Gotz	  et	  al.,	  2001b;	  Lewis	  et	  al.,	  2001).	  Synaptic	  dysfunction,	  

including	  LTP	  deficits,	  manifests	  in	  an	  age	  dependent	  manner,	  but	  before	  plaque	  

and	  tangles	  pathology.	  	  

	  

In	   addition	   to	   reproducing	   APP	   processing	   in	   mice	   models	   of	   AD,	   a	  

number	  of	  models	  that	  directly	  overexpress	  Aβ	  have	  been	  developed.	  LaFerla	  et	  

al.	  used	  a	  neuron-‐specific	  mouse	  neuronal	  filament	  light	  gene	  promoter	  to	  drive	  

the	  expression	  of	  Aβ42	  without	  a	   secretory	   signal	  peptide	   in	   the	  brain	  of	  mice	  

(Laferla	  et	  al.,	  1995).	  Aβ	  largely	  accumulated	  in	  neurons	  intracellularly.	  The	  aged	  

mice	  displayed	  extensive	  neuronal	  degeneration,	  a	  strong	  reactive	  gliosis	  and	  a	  

50%	  reduction	  in	  lifespan.	  However,	  plaques	  or	  NFTs	  were	  not	  observed.	  	  

	  

McGowan	   	  et	  al.	  generated	  another	  AD	  mouse	  model	  directly	  expressing	  

Aβ42	   and	   Aβ40	   (McGowan	   et	   al.,	   2005).	   Both	   peptides	   were	   fused	   to	   the	   C-‐

terminus	  part	  of	   the	   transmembrane	  protein	  BRI.	  The	  cleavage	  of	  BRI	  released	  

Aβ	   into	   the	   lumen	   or	   extracellular	   space,	   resulting	   in	   efficient	   secretion.	   Mice	  

expressing	   high	   levels	   of	   Aβ40	   didn’t	   develop	   amyloid	   pathology.	   In	   contrast,	  

mice	   expressing	   lower	   levels	   of	   Aβ42	   accumulated	   the	   peptide	   and	   developed	  

amyloid	  plaques,	  diffuse	  Aβ	  deposits	  and	  CAA.	  When	  mice	  expressing	  Aβ42	  were	  

crossed	  with	  mutant	  APP	  (Tg2576)	  mice,	   they	  presented	  a	  massive	   increase	   in	  
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amyloid	   deposition.	   This	   study	   clearly	   demonstrated	   that	  Aβ42	   is	   essential	   for	  

amyloid	  deposition	  in	  the	  parenchyma	  and	  also	  in	  vessels.	  

	  

	  

2.2.b Drosophila	  models	  	  
	  

The	  fruit	  fly	  Drosophila	  melanogaster,	  a	  rather	  simple	  organism,	  has	  been	  

extensively	   used	   to	   study	   human	   diseases,	   their	   underlying	   pathological	  

mechanisms	   and	   to	   identify	   their	   modifier	   genes	   (Fortini	   and	   Bonini,	   2000;	  

Reiter	  et	  al.,	  2001).	  An	  analysis	  of	  the	  Drosophila	  genome	  reveals	  that	  more	  than	  

75%	  of	  human	  disease-‐related	  genes	  have	  orthologs	  in	  Drosophila	  (Reiter	  et	  al.,	  

2001).	  	  

	  

Fly	   modeling	   successfully	   recapitulates	   key	   features	   of	   human	  

neurodegenerative	   diseases,	   namely,	   AD,	   Parkinson’s	   disease,	   Huntington’s	  

disease	  etc.	   (Bilen	  and	  Bonini,	  2005;	   Iijima-‐Ando	  and	   Iijima,	  2010;	  Soto,	  2003).	  

These	   models	   present	   numerous	   advantages.	   For	   instance,	   the	   fly	   brain	   is	  

composed	   of	   more	   than	   300,000	   neurons	   and	   shows	   some	   similarities	   with	  

mammalian	   brains	   in	   terms	   of	   functions	   and	   cell-‐type	   components.	   It	   is	  

organized	  in	  separate	  areas	  with	  specialized	  functions	  such	  as	  learning,	  memory,	  

olfaction	  and	  vision.	  Flies	  are	  inexpensive	  and	  easy	  to	  rear.	  They	  have	  a	  short	  life	  

cycle	   with	   a	   generation	   time	   of	   approximately	   10	   days	   when	   raised	   at	   25	   °C	  

(Figure	  6).	  The	  maximum	  lifespan	  of	  a	  fly	  is	  50	  to	  80	  days,	  which	  makes	  it	  one	  of	  

the	  most	  suitable	  models	  for	  studies	  on	  neurodegeneration	  in	  the	  ageing	  brain.	  
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Fig.	  6:	  The	  Drosophila	  life	  cycle	  

	  Development	   of	   a	   fertile	   egg	   to	   an	   adult	   fly	   over	   a	   period	   of	   10	   days	   at	   25°C.	   After	  

hatching,	   larvae	   go	   through	   three	   instars	   before	   reaching	   pupation.	   During	   pupation,	  

metamorphosis	  occurs	  leading	  to	  the	  emergence	  of	  an	  adult	  fly.	  

	  

Drosophila	  models	  are	  particularly	  advantageous	  due	  to	  the	  wide	  battery	  

of	  genetic	  tools	  that	  have	  been	  developed	  for	  research.	  The	  GAL4/UAS	  system	  is	  

a	  good	  example.	  It	  allows	  for	  spatio-‐temporal	  expression	  of	  a	  targeted	  gene	  such	  

as	  the	  human	  Aβ	  gene	  in	  AD	  model	  flies	  (Figure	  7)	  (Duffy,	  2002).	  In	  this	  system,	  

the	   yeast	   transcription	   activator	   GAL4	   binds	   to	   the	   enhancer	   UAS	   (upstream	  

activating	   sequence)	   and	   initiates	   transcription.	   Various	   public	   resources	  

provide	   large	   collections	   of	   tissue-‐	   or	   cell	   type-‐	   specific	   GAL4	   driver	   lines,	  

libraries	  of	  Drosophila	  RNAi	  lines	  and	  mutant	  lines.	  Another	  advantage	  for	  using	  
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Drosophila	   consists	   in	   the	   possibility	   of	   realizing	   forward	   genetic	   screens	   to	  

determine	   genes	   functions	   by	   chemical	   mutagenesis	   (see	   Results,	   Section	   3),	  

genetic	  deletion	  lines,	  or	  mobile	  genetic	  elements	  such	  as	  P-‐	  elements.	  

	  

Drosophila	   possesses	   numerous	   molecular	   components	   related	   to	   APP	  

processing:	  APPL	  (β	  amyloid	  protein	  precursor-‐like,	  human	  APP),	  Bace	  (beta-‐site	  

APP-‐cleaving	   enzyme,	   human	   BACE1	   know	   as	   β-‐secretase),	   the	   γ-‐secretase	  

complex	   including	   Psn	   (human	   PEN1),	   pen-‐2	   (human	   PSENEN,	   also	   known	   as	  

PEN2),	   nct	   (human	   NCSTN),	   aph-‐1	   (human	   APH1A),	   Bsg	   (human	   BSG,	   also	  

known	   as	   CD147,	   EMMPRIN,	   or	  OK),	   and	   pigeon	   (human	  PION,	   also	   known	   as	  

human	   gamma-‐secretase	   activating	   protein,	   GSAP).	   Yet,	  Drosophila	   APPL	   does	  

not	   contain	   the	   sequence	   generating	   amyloid	   β	   (Rosen	   et	   al.,	   1989)	   and	  

Drosophila	  Aβ	  has	  not	  been	  found	  under	  physiological	  condition.	  It	  is	  noteworthy	  

that	  the	  behavioral	  phenotypes	  of	  Drosophila	  APPL	  deficient	  flies	  can	  be	  rescued	  

by	  an	  expression	  of	  human	  APP.	  Psn	  with	  roles	  in	  Notch	  signaling,	  is	  also	  present	  

in	  Drosophila	  (Li	  et	  al.,	  2007).	  	  

	   	  

	   Two	  major	  approaches	  have	  been	  undertaken	  to	  generate	  AD	  model	  flies.	  

The	  first	  one	  consisted	  in	  the	  reconstitution	  of	  the	  human	  APP/secretase	  system	  

in	  Drosophila.	  Greeve	  et	  al.	  produced	  transgenic	  flies	  for	  both	  human	  BACE1	  and	  

human	   APP.	   The	   fruit	   fly	   possesses	   a	   γ-‐secretase	   capable	   of	   correctly	   cleaving	  

human	  APP.	  Thus,	  they	  were	  able	  to	  replicate	  APP	  processing	  and	  the	  production	  

of	   amyloids	   (Greeve	   et	   al.,	   2004).	   	   In	   their	   model	   when	   the	   transgenes	   were	  

expressed	  in	  the	  eye,	  retinal	  deposition	  of	  Aβ	  plaques	  was	  observed.	  They	  were	  

associated	   with	   degeneration	   of	   the	   retina	   and	   the	   underlying	   neurons	   in	   the	  
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optic	  pathway.	  A	  ubiquitous	  expression	  led	  to	  a	  shortened	  lifespan	  and	  defects	  in	  

wing	  vein	  development.	  This	  relatively	  complex	  APP-‐based	  model	  is	  very	  useful	  

for	  the	  assessment	  of	  modulators	  of	  BACE	  or	  APP	  metabolism	  (Figure	  7).	  	  

	  

	  

Fig.	  7:	  The	  two	  major	  approaches	  to	  generate	  Drosophila	  models	  of	  AD	  

	  

The	   second	   approach	   is	   suitable	   for	   investigating	   the	   downstream	  

consequences	  of	  Aβ	  production.	  Both	  Iijima	  et	  al.	  and	  Crowther	  et	  al.	  expressed	  

human	  Aβs	   in	   the	   fly	   brain.	   The	   human	  Aβ	   sequence	  was	   fused	   to	   a	   secretion	  

signal	   peptide	   allowing	   its	   expression	   and	   secretion	   in	   the	   nervous	   system	  

(Crowther	   et	   al.,	   2005;	   Iijima	   et	   al.,	   2004)	   (Figure	   7).	   Flies	   expressing	   Aβ42	  

developed	  progressive	  intracellular	  accumulation	  of	  Aβ,	  extracellular	  Aβ	  plaques	  

deposition	   and	   neurodegeneration.	   These	   flies	   also	   showed	   olfactory	   memory	  

deficits,	  reduced	  survival	  and	  a	  reduction	  of	  climbing	  activity	  (Figure	  8).	  AD-‐like	  

phenotypes	  developed	  in	  both	  age-‐	  and	  Aβ	  dose-‐dependent	  manners.	  In	  contrast,	  

flies	  expressing	  Aβ40	  didn’t	  show	  any	  phenotypical	  alteration.	  	  
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In	  addition	  to	  human	  Aβ-‐expressing	  models,	  Drosophila	  tauopathy	  models	  

have	   also	   been	   generated.	   Human	   TauR406W	   transgenic	   flies	   showed	   adult	  

onset	  progressive	  neurodegeneration,	   early	  death,	   enhanced	   toxicity	  of	  mutant	  

Tau,	  accumulation	  of	  abnormal	  Tau,	  and	  relative	  anatomic	  selectivity.	  However,	  

neurodegeneration	   occurred	   without	   NFTs	   formation	   that	   is	   seen	   in	   human	  

disease	  and	  some	  rodent	  tauopathy	  models	  (Wittmann	  et	  al.,	  2001).	  

	  

	  

Fig.	  8:	  Climbing	  Assay	  

	  AD	  model	  flies	  show	  a	  reduced	  climbing	  ability	  compared	  to	  control	  flies.	  AD	  flies	  are	  

unable	  to	  climb	  to	  the	  top	  half	  of	  the	  tube	  after	  being	  tapped	  to	  the	  bottom.	  
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2.2.c Nematode	  and	  Zebrafish	  models	  
	  

In	   nematodes	   (Caenorhabditis	   elegans)	   AD	   models,	   human	   Aβ	   was	  

expressed	  in	  muscles	  and	  neurons	  (Link,	  1995;	  Link	  et	  al.,	  2001).	  The	  generated	  

AD	  worms	  developed	  Aβ	   deposits.	   In	   the	   case	  of	   an	  expression	   in	  muscles,	   the	  

animals	  manifested	  paralysis.	   In	  addition,	  a	  tauopathy	  model	  was	  developed	  by	  

Kraemer	   et	   al.	   (Kraemer	   et	   al.,	   2003).	   Pan-‐neuronal	   expression	   of	   human	  

TauP301L	   or	   TauV337M	   in	   Caenorhabditis	   elegans	   caused	   progressive	  

uncoordinated	  locomotion	  and	  other	  characteristic	  of	  nervous	  system	  defects	  in	  

worms,	  accompanied	  by	  substantial	  neurodegeneration.	  	  

	  

In	  zebrafish	  (Danio	  rerio)	  AD	  models,	  human	  Aβ-‐expressing	  models	  are	  not	  

available.	  However,	  a	  human	  Tau	  transgenic	  model	  clearly	  showed	  tauopathies,	  

including	   phosphorylation	   and	   conformational	   changes	   of	   human	   Tau	   protein,	  

tangle	   formation,	  neuronal	  and	  behavioral	  disturbances,	  and	  cell	  death	  (Paquet	  

et	  al.,	  2009).	  	  
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3 Inflammation	  and	  Alzheimer’s	  disease	  
	  

Several	   lines	   of	   evidence	   point	   towards	   a	   strong	   link	   between	   AD	   and	  

neuroinflammation:	   (1)	   Microglial	   cells	   are	   activated	   in	   AD	   brain;	   (2)	   Non-‐

steroidal	   anti-‐inflammatory	   drugs	   (NSAID)	   reduce	   the	   risk	   of	   AD;	   (3)	   Mouse	  

genetic	   studies	   highlight	   the	   importance	   of	   immune	   regulations	   in	   AD;	   (4)	  

Epidemiology	  studies	  have	  link	  immune-‐related	  genes	  and	  (5)	  active	  and	  passive	  

vaccination	  to	  AD.	  

	  

	  

3.1 Activation	  of	  microglial	  cells	  in	  Alzheimer’s	  disease	  
	  

Microglia,	   the	   brain	   resident	  macrophages,	   are	   considered	   to	   be	   pivotal	  

players	   in	   innate	   immune	   and	   inflammatory	   responses	   in	   several	   neurologic	  

diseases.	  They	  survey	  the	  brain	  every	  few	  hours	  and	  respond	  by	  expressing	  pro-‐	  

and	  anti-‐inflammatory	  mediators	  and	  receptors	  (Wyss-‐Coray	  and	  Rogers,	  2012).	  	  

	  

Since	  the	  discovery	  of	  activated	  microglia,	  in	  the	  mid	  1980s,	  in	  AD	  cortex,	  

numerous	   reports	   have	   looked	   into	   their	   effect	   on	   neurodegeneration.	   In	   AD	  

patients	   and	   mouse	   models	   brains,	   activated	   microglia	   expressing	   major	  

histocompatibility	   complex	   type	   II	   (MHCII)	   cluster	   at	   sites	   of	   aggregated	   Aβ	  

deposition	   and	   interlace	  with	   neuritic	   plaques	   (Lubernarod	   and	   Rogers,	   1988;	  

McGeer	  et	  al.,	   1988;	  Rogers	  et	  al.,	   1988).	   	  They	  present	  an	  altered	  morphology	  

and	  an	   increased	  expression	  of	   inflammatory	   factors	   including	   reactive	  oxygen	  
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species	   (ROS),	   Th1	   cytokines	   such	   as	   IL-‐1B,	   IL-‐6,	   TNF-‐alpha	   and	   interferon	  

gamma	  (IFN-‐γ)	  receptors	  (TLRs)	  (Hanisch	  and	  Kettenmann,	  2007).	  	  

	  

	  

3.2 Anti-‐inflammatory	  drugs	  reduce	  the	  risk	  of	  

Alzheimer’s	  disease	  
	  

McGeer	   et	   al.	   first	   suggested	   that	   anti-‐inflammatory	  drugs	  might	  have	   a	  

protective	  effect	  against	  AD	  in	  1996	  (McGeer	  et	  al.,	  1996).	  To	  date	  more	  than	  30	  

epidemiologic	   studies,	   including	   9	   prospective	   studies	   on	   the	   effect	   of	   anti-‐

inflammatory	   drugs	   have	   been	   conducted	   or	   initiated.	   Most	   of	   these	   have	  

concluded	   as	   to	   a	   protective	   effect	   of	   NSAID	   against	   the	   development	   of	   AD	  

(Wyss-‐Coray	  and	  Rogers,	  2012).	  

	  

Surprisingly,	   treatment	   trials	  with	  NSAID	   such	  as	   large–scale	   trials	  with	  

ibuprofen,	   flurbiprofen	   (Green	   et	   al.,	   2009;	   Pasqualetti	   et	   al.,	   2009)	   or	  

cyclooxygenase-‐2	   inhibitors	   (COX-‐2)	   have	   most	   turned	   negative	   (Aisen	   et	   al.,	  

2003).	  Nevertheless,	  COX-‐2	  is	  expressed	  by	  neurons	  in	  the	  brain	  and	  might	  have	  

neuroprotective	  effects	  (Yasojima	  et	  al.,	  1999).	  COX-‐1	  that	  is	  highly	  expressed	  in	  

microglia	   has	   been	   suggested	   as	   an	   alternative	   target	   (McGeer	   et	   al.,	   2006).	   A	  

treatment	   trial	  with	  COX-‐1	   inhibitor	  produced	   the	  only	  positive	  study	  except	   it	  

only	   evaluated	  44	   subjects	   (Rogers	   et	   al.,	   1993).	   In	   contrast,	   seven	   of	   the	   nine	  

prospective	  studies	  have	  reported	  decreased	  risks	  of	  AD	  associated	  with	  NSAID	  

use	  (Cornelius	  et	  al.,	  2004;	  Lindsay	  et	  al.,	  2002;	  Stewart	  et	  al.,	  1997;	  Szekely	  et	  al.,	  
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2008;	   Veld	   et	   al.,	   2001;	   Vlad	   et	   al.,	   2008;	   Zandi	   et	   al.,	   2002).	   Interestingly,	  

Alzheimer’s	   Disease	   Anti-‐inflammatory	   Prevention	   Trial	   (ADAPT)	   research	  

group	   reported	   that	   treatment	   effects	   could	   vary	   at	   various	   stages	   of	   AD.	  

Particularly,	   conventional	  NSAIDs	   such	   as	  naproxen	   reduced	  AD	   incidence,	   but	  

only	  after	  2	  to	  3	  years.	  However,	  NSAIDs	  have	  an	  adverse	  effect	  in	  later	  stages	  of	  

AD	  pathogenesis	  (Breitner	  et	  al.,	  2011).	  

	  

	  

3.3 Epidemiological	  studies	  link	  immune-‐related	  genes	  

to	  Alzheimer’s	  disease	  	  
	  

Meta-‐analysis	   of	   multiple	   GWAS	   has	   identified	   a	   list	   of	   genes	   as	   AD	  

susceptibility	  loci	  (Table	  1)	  

	  
APOE	   (apolipoprotein	   E)	   is	   the	   strongest	   genetic	   variant	   of	   typical	   late-‐

onset	   AD.	   Among	   its	   three	   alleles	   of	   APOE	   ε4	   is	   the	   strongest	   risk	   allele	  

influencing	  age	  onset	  in	  a	  dose	  dependent	  manner	  (Corder	  et	  al.,	  1993).	  Recent	  

studies	  suggested	  that	  the	  human	  ApoE4	  isoform	  is	   less	  efficient	   in	  clearing	  Aβ	  

than	  the	  ApoE2	  or	  ApoE3	  isoforms	  (Castellano	  et	  al.,	  2011).	  CLU	  (clusterin,	  also	  

known	  as	  APOJ)	  is	  another	  major	  apolipoprotein	  in	  the	  brain	  (Jenne	  and	  Tschopp,	  

1992).	   Similar	   to	   ApoE,	   CLU	   can	   be	   a	   molecular	   chaperon	   of	   Aβ.	   CR1	  

(complement	   receptor	   type	  1)	   is	   the	   receptor	  of	   the	   complement	  C3b	  and	  C4b	  

proteins	  (Iida	  et	  al.,	  1982;	  Klickstein	  et	  al.,	  1988).	  Particles	  opsonized	  by	  C3b	  or	  

C4b	   can	   be	   phagocytosed	   through	   CR1	   (Khera	   and	   Das,	   2009).	   ABCA7	   (ATP-‐

binding	   cassette	   sub-‐family	   A	   member	   7,	   also	   known	   as	   Macrophage	   ABC	  
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transporter)	  plays	  a	  role	  in	  phagocytosis	  of	  apoptotic	  cells	  by	  macrophages	  and	  

may	   function	   in	  apolipoprotein-‐mediated	  phospholipids’	  efflux	   from	  cells	   (Abe-‐

Dohmae	  et	  al.,	  2004;	  Ikeda	  et	  al.,	  2003;	  Kielar	  et	  al.,	  2003;	  Wang	  et	  al.,	  2003).	  It	  

localizes	   to	   cell	   membrane	   ruffles	   and	   phagocytic	   cups	   of	   macrophages	  

stimulated	  by	  C1q	  or	  apoptotic	  cells	  (Abe-‐Dohmae	  et	  al.,	  2004;	  Ikeda	  et	  al.,	  2003;	  

Wang	   et	   al.,	   2003).	   BIN1	   (Bridging	   integrator	   1,	   also	   known	   as	   Myc-‐box-‐

dependent-‐interacting	   protein	   1,	   and	   Amphiphysin	   II)	   is	   involved	   in	   synaptic	  

vesicle	   endocytosis	   (Cousin	   and	   Robinson,	   2001).	   CD33	   (also	   known	   as	   Sialic	  

acid-‐binding	   Ig-‐like	   lectin	   3)	   acts	   as	   a	   receptor	   for	   endocytosis	   through	   a	  

mechanism	  independent	  of	  clathrin	  (Tateno	  et	  al.,	  2007).	  CD2AP	  (also	  known	  as	  

Adapter	  protein	  CMS	  (Cas	  ligand	  with	  multiple	  Src	  homology	  (SH)	  3	  domains))	  is	  

a	   scaffold	   adaptor	   protein	   (Dustin	   et	   al.,	   1998)	   and	   associates	   with	   Cortactin,	  

which	   is	   involved	   in	   the	  regulation	  of	  receptor-‐mediated	  endocytosis	  (Lynch	  et	  

al.,	  2003).	  PICALM	  (Phosphatidylinositol-‐binding	  clathrin	  assembly	  protein,	  also	  

known	  as	  Clathrin	  assembly	  lymphoid	  myeloid	  leukemia	  protein)	  plays	  a	  role	  in	  

the	  AP2	  (adaptor	  complex	  protein	  2)-‐dependent	  clathrin-‐mediated	  endocytosis	  

at	   the	  neuromuscular	   junction	  (Tebar	  et	  al.,	  1999).	  MS4A	  (membrane-‐spanning	  

4-‐domains	  subfamily	  A)	  gene	   family	   in	  human	  includes	  CD20	  (MS4A1)	  (Einfeld	  

et	   al.,	   1988;	   Stamenkovic	   and	   Seed,	   1988;	   Tedder	   et	   al.,	   1988),	   FcRβ(MS4A2)	  

(Kuster	  et	  al.,	  1992;	  Maekawa	  et	  al.,	  1992),	  Htm4	  (MSA43,	  also	  known	  as	  CD20	  

antigen-‐like	   protein)	   (Adra	   et	   al.,	   1994)	   and	   at	   least	   13	   other	   syntenic	   genes	  

(Zuccolo	  et	  al.,	  2010).	  Most	  of	  these	  genes	  have	  no	  known	  specific	  functions.	  CLU,	  

CR1,	  ABCA7,	  CD2AP,	  and	  CD33	  have	  putative	  functions	  in	  the	  immune	  system.	  
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3.4 Mouse	  genetic	  studies	  reveal	  the	  importance	  of	  

immune	  regulations	  in	  Alzheimer’s	  disease	  	  
	  

Several	   mouse	   genetics	   studies	   have	   been	   conducted.	   Deletion	   or	  

overexpression	  of	   immune-‐related	  genes	  can	  modify	  AD-‐like	  phenotypes	   in	  AD	  

mouse	  models	  with	  opposing,	  beneficial	  or	  detrimental,	  effects	  (Czirr	  and	  Wyss-‐

Coray,	  2012).	  A	  summary	  of	  these	  studies	  is	  listed	  in	  Table	  3	  and	  4.	  
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3.5 Immunization	  with	  Aβ 	  against	  Alzheimer’s	  disease	  
	  

	   In	   1999,	   Schenk	   et	   al.	   reported	   that	   immunization	   with	   human	   Aβ	  

reduced	   the	   amyloid	   pathology	   in	   APP	   mice	   (Schenk	   et	   al.,	   1999).	   Aβ	   plaque	  

burden,	   neuritic	   dystrophy	   and	   gliosis	   were	   all	   significantly	   improved	   in	  

vaccinated	   animals.	   Consequently	   to	   this	   discovery,	   a	   number	   of	   strategies	   for	  

anti-‐Aβ	   immunotherapy	   have	   been	   developed	   (Morgan,	   2011).	   They	   included:	  

active	   immunization	  with	   synthetic	   intact	  Aβ42	  or	  with	   synthetic	   fragments	   of	  

Aβ42	  conjugated	   to	   carrier	  proteins	  and	  passive	   immunization	  with	  antibodies	  

against	  Aβ42.	  The	  clinical	  trial	  of	  the	  active	  immunization	  was	  halted	  as	  a	  result	  

of	  a	  fraction	  of	  the	  patients	  developing	  meningoencephalopathy	  by	  autoreactive	  

CD8+	  T	  cells.	  Passive	  immunization	  clinical	  trials	  are	  under	  investigation.	  Three	  

hypothesis	   have	   been	   put	   forward	   to	   explain	   the	   mechanisms	   of	   action	   of	  

immunotherapy	  in	  AD	  (Delrieu	  et	  al.,	  2012)	  (Figure	  9):	  (1)	  the	  elimination	  of	  the	  

fibrillar	   amyloid	   plaques	   by	   means	   of	   microglial	   phagocytosis;	   (2)	   the	  

sequestration	   of	   amyloids	   and	   their	   elimination	   through	   the	   blood	   (peripheral	  

sink);	  and	  (3)	  the	  inhibition	  of	  aggregation.	  	  
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	  Fig.	  9:	  Models	  of	  antibody-‐mediated	  clearance	  	  

Three	   different	   models	   were	   proposed	   to	   explain	   the	   mechanisms	   of	   action	   in	  

immunotherapy.	   1)	   Plaque	   breakdown:	   amounts	   of	   the	   anti-‐Aβ	   antibodies	   reach	   the	  

amyloid	   plaques	   and	   trigger	   a	   microglial	   mediated	   phagocytosis;	   2)	   Aggregation	  

inhibition:	  anti-‐Aβ	  antibodies	  reach	  the	  amyloid	  plaques	  and	  resolve	   them	  through	  the	  

interaction	   antibody-‐Aβ;	   3)	  Peripheral	   sink:	   the	   anti-‐Aβ	   antibodies	   act	   as	   a	   peripheral	  

sink	   for	   soluble	  Aβ	   species,	   leading	   to	   the	   resolution	   of	   deposits	   in	   the	   brain	   by	  mass	  

action.	  

	  

Frenkel	   et	   al.	   reported	   that	   the	   induction	   of	   EAE	   by	   vaccination	  

(Experimental	  autoimmune	  encephalomyelitis)	  clears	  Aβ	  in	  APP	  transgenic	  mice.	  

Most	  interestingly,	  the	  vaccinated	  animals	  developed	  activated	  microglia	  that	  co-‐

localized	  with	   fibrillar	   Aβ.	   These	   animals	   presented	   increased	   clearance	   of	   Aβ	  
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that	   correlated	   strongly	  with	   the	   extent	   of	  microglial	   activation	   (Frenkel	   et	   al.,	  

2005).	  	  
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4 Drosophila	  immunity	  
	  

4.1 Drosophila’s	  innate	  immune	  system	  
	  

Being	  devoided	  of	  an	  adaptive	  immune	  system,	  Drosophila	  has	  served	  as	  a	  

model	  of	  choice	  for	  studies	  on	  innate	  immunity	  and	  host-‐pathogen	  interactions.	  

Studies	  on	  Drosophila	  innate	  immune	  responses	  were	  initiated	  in	  the	  laboratory	  

of	  Hans	  Boman	  who	  clarified	  the	  humoral	  nature	  of	  the	  response,	  its	  inducibility	  

and	  its	  lack	  of	  specificity	  (Boman	  et	  al.,	  1972;	  Hultmark	  et	  al.,	  1983;	  Steiner	  et	  al.,	  

1981).	  Boman’s	  work	  was	  followed	  by	  numerous	  studies	  on	  the	  immune	  defense	  

mechanisms	  and	  some	  were	  conducted	  in	  our	  affiliated	  laboratory	  (Lemaitre	  et	  

al.,	  1996).	  	  

	  

	   Drosophila	   relies	   on	   an	   array	   of	   defense	  mechanisms	   to	   fight	   pathogen	  

infections	  that	  include	  both	  cellular	  and	  humoral	  reactions.	  The	  cellular	  response	  

is	   best	   characterized	   by	   the	   phagocytic	   activities	   of	   plasmocytes	   (Braun	   et	   al.,	  

1998;	  Rizki	  and	  Rizki,	  1984),	  whereas	   the	  hallmark	  of	  humeral	  reactions	   is	   the	  

induction	  of	  a	  battery	  of	  antimicrobial	  peptides	  genes	  in	  the	  fat	  body	  (equivalent	  

to	   the	   mammalian	   liver),	   followed	   by	   there	   subsequent	   secretion	   in	   the	  

hemolymph	  (blood)	  (Hoffmann,	  2003)	  (Hoffmann	  and	  Reichhart,	  2002).	  	  

	   	  

	   Almost	  20	  anti-‐microbial	  peptides,	  grouped	  into	  seven	  classes,	  have	  been	  

identified	   in	  Drosophila.	   These	  are	   small	  molecules	  with	  a	  broad	   range	  activity	  

against	   bacteria	   and/or	   fungi	   (Imler	   and	   Bulet,	   2005).	   For	   example,	   Attacin	   is	  

INTRODUCTION

Elie MAKSOUD 41



	  

very	   effective	   against	  Gram-‐negative	  bacteria	   (Fehlbaum	  et	   al.,	   1994),	  whereas	  

Drosomycin	   and	  Metchnikowin	   are	   targeted	   against	   fungi	   (Asling	   et	   al.,	   1995;	  

Levashina	  et	  al.,	  1995).	  After	  infection,	  the	  regulation	  of	  the	  expression	  of	  AMPs	  

occurs	  at	   the	  transcriptional	   level	  and	  requires	  NF-‐κB	  binding	  sites	   in	  the	  AMP	  

genes	  promoter	  regions	  (Engstrom	  et	  al.,	  1993;	  Kappler	  et	  al.,	  1993;	  Meister	  et	  al.,	  

1994).	   Three	   NF-‐κB/Rel-‐like	   proteins	   are	   encoded	   in	   the	   Drosophila	   genome:	  

Dorsal,	  Dif	  and	  Relish	  (Dushay	  et	  al.,	  1996;	  Ip	  et	  al.,	  1993;	  Reichhart	  et	  al.,	  1993;	  

Steward,	   1987).	   Their	   production	   is	   ruled	   by	   two	   major	   immune	   signaling	  

pathways:	   the	  Toll	  pathway	  and	  the	  Immune	  deficiency	  (IMD)	  pathway	  (Figure	  

10).	  Depending	  on	   the	  κB	  binding	  motif	   present	   in	   their	  promoter,	  AMP	  genes	  

are	   more	   sensitive	   either	   to	   the	   Toll	   or	   the	   IMD	   pathway	   (Lemaitre	   and	  

Hoffmann,	  2007).	  
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Fig.	  10:	  The	  Toll	  and	  the	  Imd	  pathways	  

The	  hallmark	  of	  Drosophila’s	  immune	  response	  is	  the	  activation	  of	  the	  Toll	  and	  the	  IMD	  

signaling	   pathways,	   which	   are	   similar	   to	   mammalian	   IL1R/TLR	   and	   TNFR	   signaling	  

cascades,	   respectively.	   Vertebrate	   orthologs	   are	   indicated	   in	   between	   parentheses	  

(Lemaitre,	  2004).	  
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4.1.a The	  Toll	  pathway	  
	  

	   The	   Toll	   signaling	   pathway,	   similar	   to	   the	   Toll-‐like	   Receptors	   (TLRs)	  

signaling	  pathway	  in	  mammals	  (Akira	  et	  al.,	  2001),	  is	  mainly	  activated	  by	  Gram-‐

positive	  bacteria	  and	  fungi	  (Lemaitre,	  2004).	  The	  activation	  of	  Toll	  requires	  the	  

binding	  of	  an	  active	  form	  of	  Spätzle,	  cleaved	  by	  proteolytic	  processing	  cascades	  

that	   are	   activated	   by	   secreted	   recognition	   molecules	   (DeLotto	   and	   DeLotto,	  

1998;	  Mizuguchi	  et	  al.,	  1998;	  Weber	  et	  al.,	  2003).	  Through	  interaction	  with	  three	  

death	   domain	   proteins,	   namely	   MyD88,	   Tube	   and	   Pelle	   (Charatsi	   et	   al.,	   2003;	  

Horng	  and	  Medzhitov,	  2001;	  Sun	  et	  al.,	  2002;	  Tauszig-‐Delamasure	  et	  al.,	  2002),	  

activated	   Toll	   stimulates	   the	   degradation	   of	   the	   ankyrin-‐repeat	   inhibitory	  

protein	   Cactus	   (Fernandez	   et	   al.,	   2001;	   Nicolas	   et	   al.,	   1998).	   Following	   the	  

degradation	  of	  Cactus,	  DIF	  (at	  adult	  stage)	  or	  Dorsal	  (at	  larval	  stage)	  translocate	  

to	   the	   nucleus	  where	   they	   activate	   the	   transcription	   of	   immune-‐effector	   genes	  

including	  different	  AMPs	  (Avila	  et	  al.,	  2002;	  Drier	  et	  al.,	  1999).	  

	  

4.1.b The	  IMD	  pathway	  
	  

	  The	  IMD	  pathway,	  similar	  to	  mammalian	  tumor	  necrosis	  factor	  receptor	  

(TNFR)	   pathway,	   is	   largely	   involved	   in	   defense	   mechanisms	   against	   Gram-‐

negative	  bacteria	  (Hoffmann,	  2003;	  Lemaitre,	  2004).	  Peptidoglycan	  from	  Gram-‐

negative	   bacteria	   is	   sensed	   by	   PGRP-‐LC	   (Choe	   et	   al.,	   2005;	   Choe	   et	   al.,	   2002;	  

Gottar	  et	  al.,	  2002;	  Takehana	  et	  al.,	  2002)	  and	  PGRP-‐LE	  (Takehana	  et	  al.,	  2002;	  

Takehana	  et	  al.,	  2004).	  The	  binding	  of	  peptidoglycans	  and	  PGRP-‐LC/LE	  leads	  to	  

the	  recruitment	  of	   the	  IMD	  adaptor	  protein	  (Kaneko	  et	  al.,	  2006).	   IMD	  binds	  to	  
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Fadd,	  which	  interacts	  with	  the	  caspase	  DREDD	  (Death-‐related	  ced-‐3/Nedd2-‐like	  

protein)	  (Georgel	  et	  al.,	  2001;	  Leulier	  et	  al.,	  2000;	  Leulier	  et	  al.,	  2002;	  Naitza	  et	  al.,	  

2002).	  The	  complex	  of	  IMD,	  Fadd,	  and	  DREDD	  leads	  to	  the	  activation	  of	  RELISH	  

through	   two	  processes:	   (1)	   the	   cleavage	  of	  RELISH	  by	  DREDD	   (caspase-‐8)	   and	  

(2)	  the	  phosphorylation	  of	  RELISH	  by	  the	  Drosophila	  IKK	  (inhibitor	  of	  κB	  kinase)	  

complex,	  Immune	  response	  deficient	  5	  (IRD5)	  and	  Kenny	  (KEY)	  (Rutschmann	  et	  

al.,	   2000;	   Silverman	   et	   al.,	   2000)	   via	   TAK1	   (Transforming-‐growth-‐factor-‐β-‐

activated	   kinase	   1)	   (Vidal	   et	   al.,	   2001).	   	   Afterwards,	   the	   N-‐terminal	   truncated	  

form	   of	   RELISH	   translocates	   to	   the	   nucleus	   and	   activates	   various	   immune-‐

effector	  genes	  such	  as	  AMPs	  (Lemaitre,	  2004;	  Wu	  and	  Anderson,	  1998).	  	  

	  

4.2 Drosophila’s	  glial	  cells	  
	  

Drosophila	  studies	  on	  the	  phagocytic	  activity	  of	  glial	  cells	  in	  the	  CNS	  have	  

provided	   insights	   into	   the	   importance	   of	   glia	   in	   neurodegenerative	   processes.	  

There	  are	   four	  main	  classes	  of	  CNS	  glia	   in	  Drosophila:	   cortex,	  neuropil,	   surface,	  

and	   peripheral	   glia	   (Freeman	   and	   Doherty,	   2006).	   These	   cells	   exhibit	   many	  

morphological	  and	  functional	  similarities	  to	  mammalian	  counterparts.	  However,	  

the	   fruit	   fly	   is	   deprived	   of	   a	   CNS	   glia	   subtype	   specifically	   assigned	   to	   immune	  

functions	  like	  microglia	  in	  mammals;	  rather,	  all	  glia	  seem	  competent	  to	  perform	  

immune-‐like	   functions	   such	   as	   engulfment	   of	   neuronal	   corpses	   during	  

development	  (Freeman	  et	  al.,	  2003;	  Freeman	  and	  Doherty,	  2006;	  Sonnenfeld	  and	  

Jacobs,	  1995).	  	  
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MacDonald	   et	   al.	   demonstrated	   that	   following	   neural	   injury,	   neurons	  

undergo	  an	  injury-‐induced	  degeneration	  eliciting	  potent	  recruitment	  of	  activated	  

glia	   cells	   in	   the	   adult	   fly.	   Interestingly,	   recruited	   glia	   necessarily	   showed	  

enhanced	  expression	  of	  the	  engulfment	  receptor	  Draper	  (MacDonald	  et	  al.,	  2006).	  

Draper	  is	  a	  transmembrane	  protein	  that	  acts	  as	  a	  docking	  phagocytic	  receptor.	  It	  

has	   homologs	   in	   C.	   elegans	  (ced-‐1)	   and	   humans	   (MEGF10	  and	  MEGF11).	   This	  

family	  of	   genes	   is	   implicated	   in	   the	   removal	   of	   apoptotic	  neuronal	   cell	   corpses	  

from	  the	  CNS	  (Cabello	  et	  al.,	  2010;	  Freeman	  et	  al.,	  2003;	  Wu	  et	  al.,	  2009).	  In	  flies,	  

Draper	   is	   considered	   as	   a	   “cleaning	   agent”	   and	   is	   required	   for	   clearance	  

mechanisms	  (Freeman	  et	  al.,	  2003;	  Fuentes-‐Medel	  et	  al.,	  2009;	  MacDonald	  et	  al.,	  

2006).	  	  

	  

4.3 Lessons	  from	  Drosophila	  models	  of	  

neurodegeneration	  
	  

Chinchore	   et	   al.	   found	   that	   the	   activation	   of	   RELISH	   from	   the	   IMD	  

pathway	   is	   required	   for	   neurodegeneration	   in	   a	   Drosophila	   model	   of	   human	  

retinal	   disorder.	   Mutations	   in	   Relish,	   key	   and	   Dredd	   completely	   blocked	  

neurodegeneration	   in	   the	  eye.	  However	  mutations	   in	   imd	  or	   fadd	  didn’t	   reduce	  

the	   observed	   rough-‐eye	   phenotype,	   which	   suggests	   a	   non-‐canonical	   innate	  

immune	  response	  that	  activates	  DREDD	  (Chinchore	  et	  al.,	  2012).	  	  

	  

In	   another	   study,	   Petersen	   et	   al.	   induced	   Ataxia-‐telangiectasia	   in	   a	  

Drosophila	  model	   by	  mutating	   its	   causative	   gene	  ATM.	   	   They	   observed	   neuron	  
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and	  glial	  cell	  death	  in	  the	  adult	  brain,	  a	  reduction	  in	  longevity	  and	  mobility	  and	  

most	   interestingly	   an	   increased	   expression	   of	   numerous	   innate	   immune	   genes	  

notably	  AMPs.	  Moreover,	  they	  demonstrated	  that	  ATM	  knockdown	  in	  glial	  cells,	  

but	  not	  neurons,	  was	  sufficient	  for	  triggering	  the	  disease,	   indicating	  that	  a	  non-‐

cell-‐autonomous	  mechanism	  contributes	  to	  neurodegeneration.	  	  
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5 Thesis	  outline	  
	  

	   The	  aims	  of	   this	   thesis	  were	   to	   investigate	   the	   innate	   immune	   response	  

against	  human	  Aβ	  using	  a	  Drosophila	  model	  of	  Alzheimer’s	  disease,	  particularly,	  

in	  terms	  of	  the	  association	  between	  neuroinflammation	  and	  neurodegeneration.	  

Our	   specific	   aims	  were	   to:	   (1)	   determine	  whether	   any	   of	   the	   fruit	   fly’s	   innate	  

immune	  pathways	   could	  be	   activated	  by	   the	   accumulation	  of	  Aβ42	  peptides	   in	  

the	   brain;	   (2)	   reveal	   whether	   this	   activation	   could	   affect	   the	   development	   of	  

neurodegeneration;	  3)	  identify	  genetic	  factors	  modifying	  AD	  phenotypes	  in	  flies	  

by	   establishing	   a	   non-‐biased	   forward	   genetic	   screen	   and	   building	   the	   IMD	  

interactome	  database.	  

	  

Our	  aims	  were	  achieved	  by:	  

	  

1) Generating	  an	  X-‐linked	  AD	  fly	  model	  expressing	  human	  Aβ42	  in	  the	  brain	  

and	  demonstrating	   the	  presence	  of	   an	   immune	   response	  against	  human	  

Aβ42	  (Results,	  Section	  1)	  	  

2) 	  Defining	  the	  immune	  pathway	  responsible	  for	  the	  immune	  responses	  and	  

its	  roles	  in	  neurodegeneration	  (Results,	  Section	  1)	  

3) Building	   the	   IMD	   interactome	   database	   (Results,	   Section	   2)	   and	   its	  

relevance	  to	  AD	  research	  (Discussion)	  

4) Establishing	   a	   chemical	   mutagenesis-‐based	   forward	   genetics	   screen	  

(Results,	  Section	  3)	  
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1 Drosophila	  IMD	  pathway	  limits	  the	  

accumulation	  of	  amyloid	  β	  in	  
Alzheimer’s	  disease	  fly	  model
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 Abstract 

 

Innate immune responses largely impact the course of neurodegenerative diseases. In 

both sporadic and familial Alzheimer disease (AD), amyloid ! accumulation is a 

hallmark of the pathogenesis and is strongly linked to neuroinflammation. However, the 

precise molecular events of the immune reactions against amyloid ! and their resulting 

effects on AD need to be elucidated. We made use of a Drosophila model for AD, 

secreting human amyloid ! in the brain, to investigate the link between the innate 

immune reactions and the developed phenotypes in the AD model fly. Drosophila AD 

model flies induce the expression of the antifungal and antibacterial peptide gene 

Metchnikowin, which is mediated through the IMD and the TOLL pathway, similar to 

mammalian TNF-R and TLR signaling cascades, respectively. By generating several 

immunocompromised fly lines carrying the transgene encoding human amyloid !, we 

found that mutants for the IMD pathway had severe defects in climbing activity unlike 

mutants for the TOLL pathway. Further histological studies revealed that amyloid ! 

accumulation and neurodegeneration are enhanced in the immune deficiency (imd) gene 

deficient AD flies. In addition, Drapper-expressing the cell surface of glia cells co-

localize with accumulated amyloid !. We concluded that the activation of the Drosophila 

IMD pathway has a neuroprotective role by limiting the accumulation of amyloid ! in a 

Drosophila AD model. This model will provide tools to study the link between 

neuroinflammation and neurodegeneration.
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Introduction 

 

Innate immune responses and their effector functions heavily impact the course of 

various human diseases. Aging with Alzheimer disease (AD), the most common form of 

dementia, is a growing medical and socio-economical problem, especially with 

population aging in the coming decades[1]. AD pathology is characterized by the 

formation of amyloid-! plaques and neurofibrillary tangles in the brain[2]. Several lines 

of evidence from studies on AD patients and AD model mice suggest a strong link 

between AD and immune responses, often termed as neuroinflammation: (1) 

Immunohistochemical studies revealed the induction of pro-inflammatory mediators and 

the activation of microglia or astrocytes in both human AD patients and in AD model 

mice [3];  (2) Chronic use of non-steroidal anti-inflammatory drugs (NSAIDs) has been 

shown to reduce the risk of developing AD [4]. For instance, recent trial studies indicated 

that asymptomatic individuals treated with conventional NSAIDs such as naproxen 

experience reduced AD incidence, although NSAIDs use has adverse effects in the later 

stages of AD pathogenesis%[5]. (3) Epidemiologic studies of AD have identified several 

immune-related genes, namely CD33, CR1, CD2AP, ABCA7, and MS4A [6,7,8], (4) 

Microglial activation upon vaccination is strongly correlated with decreased levels of A! 

fibrils in a B-cell independent manner[9]. 

Inflammation plays opposing, neurotoxic and neuroprotective, roles during AD[10]. 

However, the nature of the molecular pathways affecting these roles throughout AD 

progression is still unclear. Understanding how innate immune responses affect the early 
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stage of AD in particular will facilitate the identification of new progonosis markers and 

the development of preventive treatments reducing the risk of AD. 

Drosophila melanogaster has provided significant insights into research on innate 

immunity[11]. Like mammals, Drosophila has humoral and cell-mediated immunity. 

Small humoral effector molecules called antimicrobial peptides are largely secreted in the 

fat body (equivalent to the mammalian liver) and attack pathogens. The induction of 

antimicrobial peptides is a hallmark of the activation of the immune system in flies. Two 

major immune-signaling pathways IMD and TOLL via NF-"B are responsible for the 

gene induction. The antibacterial peptide Attacin A is induced by the activation of the 

IMD pathway, while the antifungal peptide Drosomycin is induced by the activation of 

the TOLL pathway.  

To date various animal models of AD, including Drosophila models, have been 

established based on the amyloid hypothesis. In this hypothesis, amyloid ! (38-43 aa 

long) is generated by the cleavage of APP by !- and #- secretases[12]. The structure 

conversion of amyloid ! from $-helix to !-sheet facilitates aggregation of this small 

peptide, which leads to the formation of amyloid plaques. Regardless of the type of AD, 

sporadic or familial, the plaque formation is a common feature of AD pathology. Two 

major approaches were undertaken to establish AD model in flies. First, Iijima et al. 

generated a Drosophila model that expresses human amyloid ! extracellularly in 

neurons[13]. Those flies formed plaques of diffused amyloid deposits and showed age-

dependent learning defects, climbing disability, and extensive neurodegeneration. Based 

on this model, a number of other Drosophila models have been generated with some 

modifications%[14,15]. Second, Greeve et al. generated a double transgenic AD model fly 
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coexpressing both human APP and BACE1[16]. The generated flies showed plaques 

formation and age-dependent neurodegeneration as well as semilethality, a shortened 

lifespan, and defects in wing vein development. The Iijima model directly produces 

amyloid ! without any further processing. It serves as an excellent model for studies on 

the downstream events after cleavage of APP, such as amyloid neurotoxicity to cells, 

inflammation in the brain, and clearance of amyloid !. On the other hand, the Greeve 

model includes the APP processing and offers a comprehensive view of amyloid ! 

metabolism.  

Recent studies demonstrated that the inflammatory IMD pathway in Drosophila could be 

activated without infection. After cell death, DNA is digested by DNases. Deficiency in 

DNaseII leads to the accumulation of DNA and the subsequent activation of the IMD 

pathway, which is characterized by a constitutive expression of  antimicrobial peptides%

,+-.+/0. These observations, led us to test: (1) whether misfolded and non-degraded 

proteins can also trigger a strong innate inflammatory response in Drosophila  and (2) 

whether Drosophila AD models can serve to better understand the link between AD and 

immune responses. In that case, Drosophila AD models would  provide the means to 

determine, in vivo, how innate immune cells recognize amyloid ! and transduce the 

signal for effector functions against amyloid ! .   

To these aims, we generated an X-linked AD model fly based on the Iijima model. The 

expression of human A!42 in the brain reduced the climbing activity of our model fly 

over time. The antimicrobial peptide gene Metchnikown was highly expressed in the flies. 

Genetic studies revealed that the activation of the IMD pathway, unlike the TOLL 

pathway, play a preventive role in development of AD-like phenotypes in flies such as 
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the accumulation of amyloid !, neurodegeneration, and climbing deficits. Interestingly, 

the accumulated amyloid ! co-localized with the cell surface Draper on glial cells.  We 

concluded that the IMD pathway is activated by amyloid ! and limits accumulation of 

amyloid !. We propose that this activation induces cell-mediated immune responses to 

clear amyloid !, possibly by Draper-positive glial cells. 
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Results  

 

Metchnikowin is highly induced in Drosophila AD model  

 

We generated a fly model for Alzheimer’s disease carrying the transgene encoding 

human A!42 fused to the rat pre-proenkephalin signal peptide to allow its secretion. 

Using the %C31 integrase-mediated transgenesis, we introduced the transgene on the X 

chromosome; thereby, we were able to cross the newly obtained AD fly with several 

other mutant lines carrying mutation alleles on the 2
nd

 or 3
rd

 chromosome. The UAS-

GAL4-UAS system allows the expression of A!42 in the brain with elav-GAL4 (pan-

neuron-specific ) or cha-GAL4 (cholinergic neuron specific) driver lines (Figure 1A). 

Next, we investigated the effect of the expression of human A!42 on neuronal functions 

in flies by assessing their locomotor activity. For this purpose, we have performed 

climbing assay over time. Both human A!42-expressing flies and wild-type control flies 

showed an age-related decline in their climbing activity. However, the climbing activity 

of human A!42-expressing flies was significantly reduced in comparison to wild type 

flies (Figure 1B). Our AD model shows relatively weak phenotype as compared to the 

original model previously reported[13]. The survival of our AD model fly was not 

affected (Supplementary Figure 1).  

To monitor the activation status of the immune system in our AD model flies, we 

measured the expression of antimicrobial peptide genes (Figure 1C). Among those, 

Metchnikowin was highly induced in our AD flies while expression levels of Drosomycin 

or Attacin A remained unchanged. However, we noted that the expression of Attacin A 
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was slightly increased repeatedly. Metchinikowin can be regulated either through the 

IMD or the TOLL pathway [19,20] whereas Attacin A and Drosomycin are mainly 

regulated by the IMD and the TOLL pathway, respectively. These results indicate that the 

expression of the human A!42 in the fly brain activates the immune system and induces 

the antimicrobial peptide gene Metchnikowin. 

 

 

imd deficiency enhanced AD fly phenotypes  

In imd and Toll double mutants, Metchnikowin gene expression can no longer be detected 

after immune challenge% [20]. To determine which immune-signaling pathway, IMD or 

TOLL, contributes to the AD-like phenotypes in flies, we generated AD flies in  imd- and 

Dif-deficient backgrounds and first tested their climbing activities. Surprisingly, the 

climbing activity of imd-deficient AD flies was dramatically reduced from the earliest 

time point of the assay when compared to AD flies and imd-deficient flies without the 

AD transgene (Figure 2A). In good agreement, the survival of imd-deficient AD flies was 

also severely affected, as compared to AD flies (Supplementary Figure 2). In contrast, we 

didn’t observe any difference in the climbing activity of Dif-deficient AD flies and 

control lines: AD flies and Dif-deficient flies without the AD transgene (Figure 2B). We 

noticed that the survival of AD flies was reduced by the deficiency in Dif (Supplementary 

Figure 2). When we compared the survival of imd-deficient AD flies to that of Dif-

deficient AD flies, the former was significantly reduced (Supplementary Figure 2). 

Furthermore, we observed that the mRNA levels of human A!42 in the brain of imd- and 

Dif- deficient AD flies
 
were comparable; those levels were almost half of the mRNA 
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level of human A!42 in the brain of AD flies (Supplementary Figure 3). These results 

indicate that human A!42 transcript levels cannot explain the deficit of the climbing 

activity of imd-deficient flies. However, we We assume that the reduction of the survival 

of both imd- and Dif- deficient AD flies might be due to the loss of the elav-expressing 

neuronal cells during development. Our results demonstrate that the decline of the 

climbing activity and the survival are enhanced in imd-deficient AD flies. This suggests 

that the activation of the IMD pathway plays a preventive role for development of the AD 

fly phenotype, but not the TOLL pathway. 

  

 

Deficiencies in PGRP-LE and Tak1 from the IMD pathway reduce the climbing 

activity of AD flies 

To further confirm the protective effect of an activation of the IMD pathway against the 

development of AD-like phenotypes in flies, we tested deficiencies in other genes from 

the IMD pathway, namely: PGRP-LE and Tak1, using the neuron-specific GAL4 driver 

(cha-GAL4) and the original human A!42-expressing fly line. The climbing activity of 

hemizygous AD male flies for each of the deficiencies was assessed. Consistently with 

our previous results, the climbing activity of each of the mutants was significantly 

reduced (Figure 3A and B).  

Hence, deficiencies in three components of the IMD pathway, namely imd, PGRP-LE 

and Tak1 enhance the deficits in climbing activity in AD flies. We concluded that the 

activation of the IMD pathway is beneficial for flies to prevent the development of AD-

like phenotypes in flies.  
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Enhanced amyloid ! accumulation in the brain of imd-deficient AD flies 

As characteristically seen in the brain of human AD patients and AD model mice, AD 

flies develop plaque-like structures due to the accumulation of !-sheet-structured amyloid 

!. We examined the accumulation of amyloid ! in our AD flies in imd- and Dif-

deficiency backgrounds.  

We perfomed immunohistochemisty studies on the whole brain using anti-human 

amyloid ! antibody. Our results revealed that the accumulation of amyloid ! in the brain 

of imd-deficient AD flies was increased as compared to AD control flies. Conversely, the 

accumulation of amyloid ! in the brain of Dif-deficient AD flies was comparable to that 

of AD control flies. It is important to note that neither wild-type flies nor imd mutants 

accumulate amyloid ! without the AD transgene (Figure 4A and data not shown). 

In order to quantify the accumulation of amyloid !, we measured the fluorescence level 

of Thioflavin T in fly brains. Thioflavin T has high affinity to !-sheet structured proteins 

and displays an enhanced fluorescence upon binding to amyloid fibrils [21]. At day 10 

after eclosion, the Thioflavin signal level of imd-deficient AD flies was significantly 

increased as compared to the signal level of either wild-type flies or AD control flies. In 

contrast, the signal level of Dif-deficient AD flies was similar to wild-type flies (Figure 

4B). 

Collectively, these data demonstrate that levels of amyloid ! are increased in imd-

deficient flies.  
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imd deficient AD flies show enhanced neurodegeneration 

We have next investigated the neuropathology in imd-deficient AD flies. Our results 

showed a loss of cell bodies in imd-deficient AD flies that is concomitant with enhanced 

vacuolization when compared to AD control flies or imd mutants (Figure 5). These data 

suggest that neurodegeneration is enhanced in the imd-deficient AD flies.  

 

Draper is associated with amyloid !  deposits 

Freeman et al. identified Draper gene responsible for phagocytosis of apoptotic neurons 

and axonal debris during axon injury [22]. Draper is a single-spanning transmembrane 

protein in the glia membrane. It has orthologues in C.elegans, CED-1, and mammals, 

Jedi-1 and MEGF10% [23]. To investigate whether glial cells can associate with the 

plaques found in AD flies, we performed immunohistochemistry studies using anti-

Draper antibody as a marker of glial cells [22]. At day 10 after eclosion, the cell surface 

expression of Draper is enhanced in imd-deficeint AD flies’ brains (Figure 6A). Dot-

shaped and mostly diffused plaque-like aggregates largely colocalized with Draper 

(Figure 6B and C). We concluded that Draper-positive glial cells are activated and 

associated with amyloid ! deposits.  
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Discussion 

 

Here we demonstrate that the Drosophila IMD pathway plays a protective by limiting the 

accumulation of amyloid ! in an AD fly model. In imd-deficeint AD flies,  Draper-

positive glial cells are activated and associate with Amyloid-! aggregates.  

Although  the strong link between innate immune and AD has been suggested, the 

molecular mechanisms of the response are complex and still unclear. We used a 

Drosophila model lacking the adaptive immune system and the vascular system to 

minimize this complexity. However, as a drawback, our system does not cover the full 

pathology developed in human. The IMD pathway is similar to mammalian TNF-R 

signaling pathway. Mammals have two TNF receptors, TNFR1 (also known as p55 and 

TNFRSF1A)  and TNFR2 (also known as p75 and TNFRSF1B)%[24]. TNFR1 is 

expressed on nearly all cell types, whereas the expression of TNFR2 is restricted to 

certain cell types including microglia, endothelial cells, and CD4/CD8 T cells. TNF-R1 

recruits an adaptor molecule TRADD and activates both caspase-mediated apoptosis 

pathway via FADD and NF-"B-mediated transcriptions through RIP (equivalent to 

Drosophila IMD in this study). On the other hand, TNFR2 recruits TRAF2 and cIAP2 

and transduces the signal to NF-"B-, MAPK-, and JNK-cascades for cell survival. 

Drosophila IMD pathway conserves many molecular components from both mammalian 

TNF-R1 and TNF-R2 pathways[25]. He et al. reported that APP23/ TNF-R1
-/-

 AD model 

mice  show a significant reduction of A! deposits, by lowering BACE activity and A! 

generation [26]. In contrast, Montgomery et al. generated triple-transgenic AD mice 

lacking both TNF-R1 and TNF-R2 (3xTg-ADx TNF-RI/RII KO mice)%[27]. These mice 
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show enhanced amyloid and tau-related pathological features. Primary microglia from 

3xTg-ADx TNF-RI/RII KO mice have reduced level of phagocytic activity. These results 

indicate that TNF-R signaling is important for microglial-mediated uptake of 

extracellular A! pools. Although we have no data of phenotypes of AD model mice 

lacking solely TNF-R2, our results resemble the later case. Interestingly, TNF-R1 and 

TNF-R2 have opposing roles toward retinal ischemia%[28]. The lack of TNF-R1 leads to a 

strong reduction of neurodegeneration, whereas TNF-R2 deficiency promotes enhanced 

neurodegeneration after insult. All together, we propose a neuroprotective role of NF-"B 

activation during A!-mediated neurodegeneration by the Drosophila IMD pathway or by 

mammalian TNF-R2 signaling pathway.  

Tan et al. suggested that the activation of the TOLL pathway mediates the neurotoxic 

effects of the human A!42 in Drosophila% [29]. In their studies, a series of independent 

loss-of-function mutations in the heterozygous Tl suppress the rough eye phenotype 

induced by ectopic expression of A!42 in the compound eye. The lifespan of the UAS-

A!42/elav-GAL4 flies was extended by the Tl
r4

 mutation in a heterozygous fashion but 

not other Tl mutations or mutations in other genes belonging to the TOLL pathway such 

as tub and pll. We first examined the immune response of the heterozygous Tl
r4 

flies 

against Gram-negative bacteria M.luteus as a most potent and well-established activator 

of the TOLL pathway. The heterozygous Tl
r4 

flies induced Drosomycin, a representative 

read-out of the activation of the TOLL pathway, by 8-fold. This induction level is similar 

to other Tl-intact lines, Oregon-R (data not shown) and a fly line (BL1783) carrying 

similar markers (Supplementary Figure 4). In addition, we compared the climbing 

activity of Tl
r4

 heterozygous AD flies to that of the BL1783 heterozygous AD flies. We 
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couldn’t detect any difference (Supplementary Figure 5). However, as previously 

reported[29],  we found the survival rate of the UAS-A!42/elav-GAL4 flies was 

significantly increased by the Tl
r4

 mutation in a heterozygous fashion. Our results 

demonstrated that Dif- and Tl-deficient AD flies show no alternation in the climbing 

activity, on the other hand, the climbing activity of imd-deficeint AD flies is reduced, 

negatively correlated with the amount of accumulated A!. At this moment, we favor to 

conclude that the Drosophila TOLL pathway is not involved in the development of AD-

like phenotypes in terms of the climbing activity and the accumulation of human A!42.  

Surprisingly, the cell surface expression of Draper is increased in imd-deficeint AD flies’ 

brains. We speculate that the enhanced cell surface expression of Draper is a sign of 

activation of glial cells by A! aggregates. Since this phenomenon is seen in imd-deficeint 

AD flies’ brains, the activation of glial cells is independent of IMD. We currently 

hypothesize that IMD can regulate A! phagocytosis activity. In support, Ramet et al. 

reported that knockdown of PGRP-LC, a bacterial sensor activating the IMD pathway, 

reduces the phagocytosis activity of E.coli in Drosophila S2 cells[30]. Draper has EGF-

like motifs at the extracellular region[23] and belongs to the mammalian class F 

scavenger receptor in the SR family[31]. A recent study has shown that its mammalian 

orthologue MEGF10 can be a receptor for A![32]. Both Draper and MEGF10 are 

responsible for clearance of apoptotic cells using similar molecular machineries found in 

C.elegans. Our study also supports that the Drosophila orthologue Draper can bind to 

human A!. It is unknown whether MEGF10 or Draper play a role in A! clearance in vivo.  

Our central question is how innate immunity in the brain can recognize human A! and 

how is it activated. How are its effector functions of phagocytosis regulated?  If the IMD 
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pathway plays roles in these processes, how does it engage in these processes? It would 

be of great interest to explore the molecular mechanism of the immune response against 

human A!.   

Our AD flies provide a study model for the immune response against misfolded protein 

such as human A!. This model will help us to reveal the molecular mechanisms of how 

glia cells encounter A! to prevent from AD, leading to the therapeutic intervention. 
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Material and Methods 

 

Fly maintenance and strains 

Flies were cultured in a temperature-, humidity-, and light cycle-controlled environment 

on a semi-solid medium containing yeast. Flies used especially for AMP expression 

experiments were raised on a medium mixed with antibiotics (100 "g/ml ampicillin, 50 

"g/ml vancomycin, 100 "g/ml neomycin and 100 "g/ml metronidazole)[33] to minimize 

the risk of bacterial infection that could induce antimicrobial peptide gene expression%

[18]. The following fly strains were gifted: elav-Gal4
c155

, UAS-A!42
H29.3

from Novartis 

Institutes for BioMedical Research, Inc.%[13]; Dredd
D55

 (FBal0120963)%[34]and Tak1
1 

(FBal0126475)%[35]from Bruno Lemaitre; PGRP-LE
112

 (FBal0182386)%[36] from 

Shoichiro Kurata. Cha-GAL4(FBst0006798); 2A-PhiC31 fly line (M{vas-int.Dm}ZH-

102D, M{3xP3-RFP.attP}ZH-2A)%[37] from Konrad Basler.  Tl
r4

(FBal0016839) and 

FBst0001783 (used as control for Tl
r4

) were obtained from Bloomington Stock Center. 

Dif
1 

(DIF), imd
shadok 

(IMD), and UAS-A!42
2A.1

 (X-linked AD) were generated in the 

affiliated laboratory.  

 

Generation of Human A!42 transgenic flies on 1
st
 chromosome  

cDNA encoding rat pre-proenkephalin signal peptide fused with human amyloid-! 42 

was amplified with enkab primer (5’-

GCGAGATCTGCCACCATGGCGCAGTTCCTGAGACTT-3’) and enkab42 primer (5’-

GAGGTCGACCTACGCTATGACAACACCGCCCACCAT-3’) by PCR using genomic 

DNA as a template from UAS-A!42
H29.3

[38], cloned into pUASTAttB vector (gifted 
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from Konrad Basler), and verified by DNA sequencing. This plasmid was designated as 

pUASTattB-hAbeta42 and was subjected to phiC31-mediated transgenesis using a 2A-

PhiC31 fly line. The generated line,UAS-A!42
2A.1

,  was designated X-linked AD line.  

 

Climbing and survival assays 

Three to five days post-eclosion, 15 to 20 flies were placed in a (ø25 x h95 mm) plastic 

tube (Genesee Scientific Corporation, USA), and gently tapped 5 times to the bottom. 

After 18 seconds, the number of flies that have crossed a line situated at 5 cm from the 

bottom of the tube was counted.  

A constant light source illuminated the tubes from the top and the tests were performed 

under the following conditions: 21.5 ±1.0 °C, 35±5 % humidity. Three to five 

independent tubes were tested per genotype. For each tube the test was repeated 5 times 

at each time point. The percentage of climbing activity was determined by dividing the 

average number of flies that have climbed during 5 tests by the total number of flies in a 

tube at the starting day. For survival analysis, death events were counted over time. 

 

RNA analysis  

Total RNA was extracted from 10 adult flies using TRI REAGENT
®

 RT(Molecular 

Research Center)  and treated with DNase I (Thermo Scientific). To determine the 

mRNA level of human A!42, reverse transcription was performed using iScript
TM 

 cDNA 

Synthesis Kit (BIO-RAD). Fast SYBR
®

 Green Master Mix (Applied Biosystems) was 

used for Quantitative RT-PCR using 7500 Fast Real-Time PCR System (Applied 

Biosystems). Human A!42 mRNA level was quantified and normalized to the mRNA 
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level of Rp49 using primer sets: Q-A!42_F primer (5’- 

GATGCAGAATTCCGACATGAC -3’) and Q-A!42_R primer (5’- 

CGCTATGACAACACCGCCCAC -3’); Q-Rp49_F primer (5’-

GACGCTTCAAGGGACAGTATCTG-3’) and Q-Rp49_R (5’- 

AAACGCGGTTCTGCATGAG -3’). The AMP mRNA expression levels were 

determined using TaqMan
®

 RNA-to-CT™ 1-Step Kit (Applied Biosystems) and 

TaqMan
®

 Gene Expression Assays primers and probes (Applied Biosystems) with 7500 

Fast Real-Time PCR System (Applied Biosystems). These assays include Attacin A 

(Dm02362218_s1), Drosomycin (Dm01822006_s1),  Metchnikowin (Dm01821460_s1) 

and Rp49 (also known as RpL32, Dm02151827_g1). The expressions of the 

antimicrobial peptide genes were normalized to the expression of the Rp49 gene for each 

sample. Three to five independent experiments were performed. 

 

Thioflavin T binding assay 

Ten fly heads were homogenized with a pestle (Kontes
®

 Microtube Pellet Pestle
®

) in 

110µL of TE buffer (10mM Tris-HCl, 1mM EDTA, pH8.0). Ninety microliters of 

supernatant after centrifugation was divided into two parts. Each part in a volume of 

45µL was mixed with 5µL of 120mM Thioflavin T (Sigma-Aldrich) as a sample or 5µL 

H2O as a control. Since TE buffer contains substantial levels of autoflourecence, we 

prepared background control mixtures by replacing the brain homogenates with TE 

buffer. The mixtures were incubated at RT for 1 hour. The level of fluorescence intensity 

was measured as an arbitrary unit using a Mithras LB 940 Multimode Microplate Reader 

(Berthold technologies) with a combination of an excitation filter 450nm and an emission 
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filter 485nm and an average of 5 repeated reads was considered as a value. We 

determined the net of fluorescence intensity level as Thioflavin T index (ThT index) as 

follow:  

ThT index =FLsample [Fluorescence (Sample+ThT) – Fluorescence (Sample+H2O)] – 

FLbackground[Fluorescence (TE+ThT) -Fluorescence (TE+H2O)] 

Then, we determined the relative ThT index as follows: 

 Relative ThT Index = ThT index(Mutant)/ ThT index(WT) 

Three independent experiments were performed. 

 

Whole mount brains Immunohistochemistry 

Fly whole brains were dissected and fixed with 4% paraformaldehyde in PBST 

(Phosphate Buffered Saline with 0.5% Triton X-100) at RT for 50 min. Fixed brains were 

washed and incubated overnight in blocking solution (PBST with 10% normal goat serum 

(Jackson ImmunoResearch)). They were treated with 10% formic acid for 5 min and 

washed in PBST. After blocking again, the brains were incubated sequentially with a 

mouse monoclonal anti-human A! antibody (clone 4G8, 1:500, Sigma-Aldrich) in 

blocking solution at 4°C overnight, with a biotinylated goat anti-mouse IgG (1:2100) in 

blocking solution, and with Streptavidine-Alexa Fluor 546 (Invitrogen) (1:2000) in PBS.  

After washing, the brains were mounted in mounting media containing DAPI (Vector 

Laboratories) and observed under a LSM700 confocal microscope and an Apotome 

microscope (Carl Zeiss). 

 

Histology  
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Flies heads without proboscis and antennas were fixed and embedded in paraffin. The 

blocks were sectioned at a thickness of 5µm, subjected to hematoxylin and eosin staining 

(Sigma-Aldrich), and examined by brightfield microscopy (Zeis Axiosckop 2). At least 6 

brain hemispheres were analyzed per genotype. 

 

Statistics 

Two-tailed Student’s t-test, one-way ANOVA with Dunnett’s multiple comparison test, 

and Two-way ANOVA for repeated measures with Bonferroni post-tests were used for 

statistic analysis using Prism software. 
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Figure Legends 

 

Figure 1 Induction of the antimicrobial peptide gene Metchnikowin by expression 

of human A!42 in Drosophila neurons 

A) AD flies show reduced climbing ability. Climbing abilities of AD flies (dotted line) 

and WT flies (solid line). Thee independent experiments were performed and similar 

results were obtained. One representative result is shown. Data are presented as the 

average climbing ability ± SE from 3-5 tubes per genotype. Each tube contains 15-20 

flies. ANOVA followed by Bonferroni post-tests was performed at each time point. 

Statistical significance: ** p<0.01 and *** p<0.001.  

B) Gene expression of various antimicrobial peptide genes in adult whole bodies of 

AD
elav

 transgenic flies at 5 days after eclosion. mRNA levels of Metchnikowin, 

Drosomycin, and AttacinA were determined by quantitative RT-PCR and normalized to 

Rp49 expression (also known as RpL32). AD
elav

 flies were compared to control WT flies. 

Five independent experiments were performed and each data is plotted. w
1118

 flies were 

used as the internal control for each experiment. The relative values are indicated against 

a value obtained from WT data plot as 1.The average ± SE are presented as bars. Mann-

Whitney test was performed. ** indicates statistical significance, p<0.05 as compared to 

WT. 

Genotypes: AD
elav

, elav-Gla4
c155

/ UAS-A!42
2A.1

; WT, elav-Gla4
c155

/2A. 

 

 

Figure 2 imd deficiency reduces the climbing ability in AD transgenic flies 
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A) Climbing ability of AD
elav

 (black solid line), AD
elav

 imd
shadok 

(dashed line), and 

imd
shadok 

(grey solid line) flies.  

B) Climbing ability of AD
elav

 (black solid line), AD
elav

 Dif
1 

(dashed line) and Dif
1 

(grey 

solid line) flies.  

Thee independent experiments were performed and similar results were obtained. One 

representative result is shown. Data are presented as the average climbing ability ± SE. 

Two-way ANOVA followed by Bonferroni post-tests was performed at each time point. 

Statistical significance: *** p<0.001.  

Genotypes: AD
elav

, elav-Gla4
c155

/ UAS-A!42
2A.1

;cn bw/cn bw; AD
elav

imd
shadok

, elav-

Gla4
c155

/ UAS-A!42
2A.1

;cn imd
shadok

 bw/ cn imd
shadok

 bw; imd
shadok

, cn imd
shadok

 bw/ cn 

imd
shadok

 bw; AD
elav

 Dif
1
, elav-Gla4

c155
/ UAS-A!42

2A.1
;cn Dif

1
 bw/ cn Dif

1
 bw; Dif

1
, cn 

Dif
1
 bw/ cn Dif

1
 bw 

 

 

Figure 3 Deficiencies of PGRP-LE and Tak1 in the IMD pathway affect climbing 

ability in AD transgenic flies 

Climbing ability of A) PGRP-LE- and B) Tak1- deficient AD
cha

 flies.  

Thee independent experiments were performed and similar results were obtained. One 

representative result is shown. Data are presented as the average climbing ability ± SE. 

Two-way ANOVA followed by Bonferroni post-tests was performed at each time point. 

Statistical significance: * p<0.05 and *** p<0.001. 
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Genotypes: AD
cha

 (w
1118

) (black solid line in A and B), w
1118

/Y;cha-Gla4, UAS-

A!42
H29.3

/+; AD
cha

 PGRP-LE
112

(dashed line in A), y
1
w

67c23
PGRP-LE

112
/Y;cha-Gla4, 

UAS-A!42
H29.3

/+; AD
cha

 Tak1
1
(dashed line in B), y

1
w

1
Tak

1
/Y;cha-Gla4, UAS-A!42

H29.3
/+ 

 

 

Figure 4 Amyloid !  accumulated in the AD imd
shadok

 fly brain and formed plaque-

like structures 

A) Clusters of dot-shaped amyloid aggregates appeared in the AD
elav

 imd
shadok

 fly 

brain. Immunostaining of human amyloid ! of 12-day-old whole brains using anti- 

human A! antibody (clone 4G8). (a) WT, (b and e) AD
elav

, (c) AD
elav

 Dif
1
 and (d and f) 

AD
elav

 imd
shadok

 flies. (e and f) Anti-human A! antibody (clone 4G8; red) and DAPI 

(blue).  

B) The amount of Thioflavin T-sensitive amyloid fibrils was increased in the AD 

imd
shadok

 fly brain of 10 day-old flies. Data are presented as the average ThT index ± SE 

as compared to WT from 3 independent experiments. Results were analyzed using one-

way ANOVA followed by Tukey’s multiple comparaison test. Statistical significance: * 

p<0.05 and ** p<0.01. 

Genotypes: AD
elav

, elav-Gla4
c155

/ UAS-A!42
2A.1

;cn bw/cn bw; AD
elav

imd
shadok

, elav-

Gla4
c155

/ UAS-A!42
2A.1

;cn imd
shadok

 bw/ cn imd
shadok

 bw; imd
shadok

, cn imd
shadok

 bw/ cn 

imd
shadok

 bw; AD
elav

 Dif
1
, elav-Gla4

c155
/ UAS-A!42

2A.1
;cn Dif

1
 bw/ cn Dif

1
 bw; Dif

1
, cn 

Dif
1
 bw/ cn Dif

1
 bw 
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Figure 5 Neurodegeneration in the AD imd
shadok

 fly brain 

H & E staining of brain sections of 20-day-old AD
elav

 imd
shadok

 flies show enhanced 

vacuolization when compared to AD
elav

 or imd
shadok

 flies. At least 3 hemispheres were 

checked for each genotype. Magnification x200 

Genotypes: WT, cn bw/cn bw; AD
elav

, elav-Gla4
c155

/ UAS-A!42
2A.1

;cn bw/cn bw; 

AD
elav

imd
shadok

, elav-Gla4
c155

/ UAS-A!42
2A.1

;cn imd
shadok

 bw/ cn imd
shadok

 bw; imd
shadok

, 

cn imd
shadok

 bw/ cn imd
shadok

 bw 

 

Figure 6 Human A!  aggregants are associated with Draper-positive cells 

A) Cell surface expression of Draper. The Draper expression on the cell surface was 

enhanced in AD
elav

, imd
shadok

. B) Draper and human A!  staining. Brains from WT, 

AD
elav

, and AD
elav

 imd
shadok

 flies were stained with anti-Draper antibody and anti-human 

A! antibody. Amounts of human A! aggregants were increased in AD
elav

 imd
shadok

. C) 

Colocalization of Draper and human A! . Majority of human human A! aggregants 

were co-localized with Draper-staining, which is expressed in glia cells. Pearson's 

coefficient: R= 0.596 ± 0.111;Overlap coefficient: R= 0.894 ± 0.022. Pearson's 

coefficient and Overlap coefficient were calculated using the JACoP plugin in ImageJ64 

[39]. Averaged and the standard deviation were calculated with coefficients from three 

different images and shown. 

Genotype: WT, cn bw/cn bw; AD
elav

, elav-Gla4
c155

/ UAS-A!42
2A.1

;cn bw/cn bw; 

AD
elav

imd
shadok

, elav-Gla4
c155

/ UAS-A!42
2A.1

;cn imd
shadok

 bw/ cn imd
shadok

 bw 
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Supplementary Figures 

 

Supplementary Figure 1: Survival assay. 

Survival curves of WT (black solid line) and  AD
elav 

(dashed line). The long-rank test was 

performed. No statistic significance was observed. N=180 per genotype. 

Genotypes: AD
elav

, elav-Gla4
c155

/ UAS-A!42
2A.1

; WT, elav-Gla4
c155

/2A. 

  

Supplementary Figure 2: Survival assay. 

Survival curves of AD
elav

 (black solid line), AD
elav

 imd
shadok 

(dashed line), and AD
elav

 Dif
1 

(dotted line) flies. The long-rank test was performed. Statistic significance: p<0.001 

(AD
elav

 vs. AD
elav

 imd
shadok

 or AD
elav

 Dif
1
); p<0.005 ( AD

elav
 imd

shadok
 vs. AD

elav
 Dif

1
) 

N=180 per genotype. 

Genotypes: AD
elav

, elav-Gla4
c155

/ UAS-A!42
2A.1

;cn bw/cn bw; AD
elav

imd
shadok

, elav-

Gla4
c155

/ UAS-A!42
2A.1

;cn imd
shadok

 bw/ cn imd
shadok

 bw; AD
elav

 Dif
1
, elav-Gla4

c155
/ UAS-

A!42
2A.1

;cn Dif
1
 bw/ cn Dif

1
 bw. 

 

 

Supplementary Figure 3: A!42 transgene expression levels. 

Human A!42 mRNA levels in the head of WT, AD
elav

, AD
elav

 Dif
1
, and AD

elav
 imd

shadok
 

flies were quantified by real-time quantitative PCR and normalized to rp49 mRNA 

expression levels. The results are presented as the average ± SE from three independent 

experiments. One-way ANOVA followed by Tukey’s multiple comparaison tests was 

performed. Statistic significance: * P<0.05 and ** P<0.01 
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Genotypes: WT, cn bw/cn bw ;AD
elav

, elav-Gla4
c155

/ UAS-A!42
2A.1

;cn bw/cn bw; 

AD
elav

imd
shadok

, elav-Gla4
c155

/ UAS-A!42
2A.1

;cn imd
shadok

 bw/ cn imd
shadok

 bw; AD
elav

 Dif
1
, 

elav-Gla4
c155

/ UAS-A!42
2A.1

;cn Dif
1
 bw/ cn Dif

1
 bw. 

 

 

Supplementary Fig 4: Induction of Drosomycin in Tl
r4

/+ flies during M. luteus 

infection.  

5-day-old flies were pricked either by Gram-positive bacteria M. luteus or PBS. The 

mRNA level of Drosomycin was determined by quantitative PCR and normalized to 

Rp49 expression levels. The values were indicated relatively to non-pricked CONT  flies. 

Data are presented as the average ± SE from three independent experiments. One-way 

ANOVA followed by Tukey’s multiple comparaison test was performed. * indicates 

statistically significance, p<0.05. White, gray, and black columns indicated groups of 

flies with non-, PBS-, and bacteria-pricked, respectively. No significant difference was 

observed between CONT-M. luteus and Tl
r4

-M. luteus.  

Genotypes: CONT, ru
1
 h

1
 th

1
 st

1
 kni

1
 cu

1
 sr

1
 e

s
 ca

1
/TM3, Sb

1
 Ser

1
; Tl

r4
, elav-Gla4

c155
/ 

UAS-A!42
2A.1

;%ru
1
 h

1
 th

1
 st

1
 kni

ri-1
 rn

roe-1
 p

p
 e

1
 Tl

r4
/TM3, Ser

1
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Supplementary Fig 5 : Climbing ability and life span of AD
elav

 Tl
r4 

flies 

 

(upper) Climbing ability of AD
elav

 CONT (black solid line) and AD
elav

 Tl
r4

 (dashed line). 

Thee independent experiments were performed and similar results were obtained. One 

representative result is shown. Data are presented as the average climbing ability ± SE. 

Two-way ANOVA followed by Bonferroni post-tests was performed. Significant 

difference was not observed between the two groups. (below) Survival curves of AD
elav 

 

CONT (black solid line) and AD
elav

 Tl
r4

 (dashed line). The long-rank test was performed. 

Statistic significance: p<0.0001. N=100 per genotype. 

Genotypes: AD
elav 

 CONT, elav-Gla4
c155

/ UAS-A!42
2A.1

;;%ru
1
 h

1
 th

1
 st

1
 kni

1
 cu

1
 sr

1
 e

s
 

ca
1
/+; AD

elav
 Tl

r4
, elav-Gla4

c155
/ UAS-A!42

2A.1
;%ru

1
 h

1
 th

1
 st

1
 kni

ri-1
 rn

roe-1
 p

p
 e

1
 Tl

r4
/+ 
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Summary 

The Drosophila defense against pathogens largely relies on the activation of 

two major pathways, IMD and TOLL!
1
. The IMD pathway is activated mainly 

by Gram-negative bacteria
2
, whereas the TOLL pathway responds 

predominantly to Gram-positive bacteria and fungi 
3
. The activation of these 

pathways leads to the rapid induction via NF-kB of numerous immune genes, 

which include various antimicrobial peptide genes. Recent evidence indicates 

that the IMD pathway is also involved in responses to various other reactions in 

the absence of infection (“inflammatory-like” reactions) 
4,5

. To gain a better 

understanding of the molecular machineries underlying the pleiotropic 

functions of this pathway, we have developed a proteomics analysis. Our first 

aim was to identify the proteins interacting with the 11 canonical members of 

the pathway initially identified by genetic studies
1
. We have identified 345 

interactant proteins in heat-killed E.coli stimulated Drosophila S2 cells, 90% of 

which have human orthologues. Comparative analysis of Gene Ontology (GO) 

annotation datasets from Human and Flies point to three significant common 

categories: (1) NuA4 Histone acetyltransferase complex, (2) SWI/SNF-type 

Chromatin remodeling complex, and (3) Transcription cofactor binding. Our 

Drosophila data point in particular to sumoylation of the IkB-kinase 

homologue Ird5 in Drosophila, a layer of regulation not described to date. 

Among numerous directions opened by our proteomics analysis, we have 

decided to first investigate this facet of the IMD pathway. Here we show that a 

highly conserved sumoylation consensus site binds Drosophila SUMO (SMT3) 
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in a challenge-dependent manner and that this process confers an increased 

level of activation of the antimicrobial peptide genes during bacterial challenge 

both in vitro and in flies. Our results demonstrate that sumoylation in IKK! 

plays an important role for the induction of antimicrobial peptide genes.  
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Text 

We chose as baits the following 11 proteins previously shown to be involved in 

the activation of the IMD pathway: PGRP-LC, PGRP-LE, IMD, BG4 

(dFADD), DREDD, TAK1, TAB2, IAP2, IRD5 (DmIKK!), KEY (DmIKK"), 

and RELISH
1
. Each protein was fused N-terminally or C-terminally with a 

biotin tag and was stably expressed in S2 cells previously subjected to stable 

integration of the bacterial enzyme BirA to allow for biotinylation of the tags. 

In total, we established 22 stable transformant cell lines (11 genes x 2 tag 

locations), which were individually stimulated by heat-killed E.coli before 

harvest at 4 different time points (t=0 min, 10 min, 2 hour, and 8 hour) (Fig. 

1a). This procedure was followed by streptavidin-mediated affinity purification 

of 95 bait-protein complexes (22 transformants x 4 time points, plus 7 

unstimulated controls without baits), on-bead trypsin digestions of the protein 

complexes and LC-MS/MS analysis
6
. To define a cut-off method, we 

performed a small-scale RNAi-mediated functional test on selected 519 genes 

(see Supplemental materials and methods). We identified 345 proteins and 

visualized the IMD pathway interactome in an open-source Cytoscape 

platform
7
(Fig. 1b). Each bait-protein complex, merged from both N- and C- 

terminal tags, contained an average of 86 proteins with values ranging from 36 

for DREDD to 146 for IRD5 (Fig. 1c). Interestingly, 313 out of the 345 

proteins identified in this interactome have human orthologues (Supplementary 

Data, Cytoscape Annotation file). The number of identified proteins also 

changed over time depending on the bait protein (Figure 1d). As shown in 
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supplementary Fig.S1, our results on some interactants and protein-protein 

interactions are in good agreement with those found in the comprehensive 

Drosophila Interaction Database (DroID) which contains all known protein-

protein and genetic interactions
8
. For instance, both sets show that IMD, 

FADD, and DREDD form a complex and that IRD5 and KEY are also 

associated. In addition, several proteins identified as interactants in previous 

genome-wide RNAi functional screens of the IMD pathway genes were also 

identified in this study: KAY, PVR, MASK, #TUB84B CG6509, IntS1, 

RPL22, OST48, EIF-2#, #TUB84D, MESR4, AGO2, SCAR, RpS27, hyx, and 

MED11
9-11

. However, some interacting proteins present in insoluble fractions 

would be absent from our analysis due to the extraction method which we 

used
12

.  

We next submitted our interactome dataset to a gene ontology (GO) analysis, 

using DAVID Bioinformatics Resources
13

. Comparison of GO terms from Fly 

or Human gene annotation databases point to 3 major shared GO terms: (1) 

Histone acetyltransferase complex [GO:0000123], (2) Chromatin remodeling 

complex[GO:0016585], and (3)Transcription cofactor 

binding[GO:0008134](Figure 2a). Of the 345 genes identified, 43 genes are 

listed in the 3 major GO terms. We grouped the individual genes under each 

GO term as presented in the Venn diagram, Fig.2b, Of particular interest, pont 

(human RUVB1, RuvB-like 1), rept (human RUVB2, RuvB-like 2) and dom 

(human SRCAP, Snf2-related CREBBP activator protein) are located in an 

overlapping area of the three GO term groups defined above. Knockdown by 
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RNA interference of the pont, rept, or dom genes showed a marked reduction 

of the NF-kB reporter activity in S2 cells after heat-killed E.coli stimulation 

(Supplementary Data, RNAi screen file). Pont and Rept belong to the AAA+ 

(ATPase associated with diverse cellular activities) family of ATPases and are 

part of chromatin-remodeling complexes. Recent studies implicate these 

molecules in various cellular processes including transcription, DNA damage 

response, snoRNA assembly, and cancer metastasis
14

. Our data indicate that 

PONT and REPT are constitutively present in the IKK complex. It is an interesting 

possibility that the Drosophila IKK! kinase might directly phosphorylate one or both 

of these molecules $ Dom is an SWR1-class chromatin-remodeling ATPase and 

has a role in the exchange of the phosphorylated from of the H2Av histone 

variant with unmodified H2Av in nucleosomal arrays during DNA damage
15

. 

Before H2A exchange by DOM, mammalian H2AX, an equivalent of 

Drosophila H2Av, can be acetylated by TIP60 (catalytic subunit of NuA4-type 

HAT complex), followed by polyubiquitinylation by the E2 ubiquitin -

conjugating enzyme UBC13
16

. Interestingly, in our dataset, DOM is associated 

only at 2hr, with IAP2, which carries ubiquitin E3 ligase activity. We also 

noted that H2Av is associated with IAP2 only at 2 hr in our primary dataset 

(before cut-off). The precise mechanism of the NusA4 (TIP60) HAT complex 

in the activation of NF-kB during bacterial challenge remains to be elucidated.  

Pending an in-depth analysis of the precise functions of the various interactants 

found in this study, we chose to focus here on the relevance of the GO term 

“IkB kinase activity”, which ranks first in Fig.3a, and the GO term “SUMO 
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binding”. Indeed, we observed the presence of SUMO proteins in the 

Drosophila IKK complex which associates IRD5 (IKK!) and KEY(IKK"). 

Drosophila expresses a gene encoding a SUMO protein (smt3) and we 

addressed the well-characterized lwr
5
 mutant flies, which carry a G-to-A 

missense mutation, replacing an Arg by a His at amino acid position 104 of the 

E2 SUMO-conjugation enzyme DmUBC9. As the homozygous mutants are 

lethal
17

, we infected heterozygote lwr flies with live E.coli and noted that these 

flies rapidly succumbed to this infection (Fig.3b). Consistently, bacterial 

growth in heterozygote lwr flies was drastically increased at day 10 

postinfection, as compared to wild-type (Fig. 3c). Furthermore, the expression 

of the anti-bacterial peptide gene Attacin A, one of the representative target 

genes of NF-kB in the IMD pathway, was significantly reduced in heterozygote 

lwr flies (Fig. 3d). These results reveal that sumoylation plays an important 

role in IMD-dependent immune responses against bacteria.  

Sumoylation is a post-translational protein modification that contributes to 

many facets of functional regulations of proteins such as kinase activity, 

subcellular localization, protein-DNA binding etc. We next stably expressed 

HA-tagged IRD5 and KEY, together with polyhistidine-tagged SMT3, and 

performed affinity-purification of sumoylated proteins in denatured conditions 

followed by immunoblot using anti-HA antibodies.  We found that IRD5 is 

sumoylated, but not KEY (Fig. 3e). In our experimental conditions, we 

observed that the majority of IRD5 is mono-sumoylated (Supplementary 

Fig.S2). Amino acid sequence alignment of the IRD5 homologues among 12 
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Drosophila species and several mammalian species, and the prediction of 

sumoylation sites using web-based bioinformatics software SUMOsp 2.0 

(http://sumosp.biocuckoo.org/), led us to identify a potential sumoylation motif 

Y-K-x-D/E around K152. This sequence motif is conserved among all 

Drosophila species and in many vertebrate species; it is shared with another 

IKK family member, i.e. IKK# in mammals (Fig. 4a). Note that Drosophila 

IK2, and its mammalian orthologues TBK1 and IKK%, do not have this Lysine 

residue although the sequence in this region is well conserved (Supplementary 

Fig.S3). As shown by 3D-structure analysis by Xu G et al
18

, the residue K152 

is located in the loop between two ! strands, !6 and !7 (Fig.4b). We next 

investigated whether the sumoylation consensus sequence in IRD5 is indeed 

sumoylated and, if so, which functional relevance it would assert in NF-kB 

activation. For this, we used Drosophila cell lines stably expressing 

polyhistidine-tagged SMT3 and either wild-type (WT) or mutated (K152A) 

IRD5 tagged with HA. Cells were stimulated with heat-killed E.coli and 

proteins were extracted followed by immunoprecipitation and immunoblotting. 

Figure 4c and d show that WT IRD5 is increasingly sumoylated over time; in 

contrast the mutated form (K152A) remains at the level of unstimulated cells. 

Note that IRD5 has three other potential sumoylation sites, which are not 

conserved among the different Drosophila species. We next analyzed the 

relevance of K152-sumoylation of IRD5 for NF-kB activation. For this, we 

knocked down idr5 by RNA interference and observed that the level of 

induction of the reporter gene activity was lowered by 50% as compared to 
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controls. We then transfected these ird5 knockdown cells by either (1) wild-

type (WT), (2) SUMO mutant-form (K152A), or (3) kinase dead-form 

(K50A)
19

 of IRD5. Significantly only wild-type IRD5 could restore the effect 

observed in ird5 knockdown cells (Fig 4e). The expression of different forms 

of ird5 did not affect the level of induction (Supplementary Fig.S4). 

Furthermore we established ird5 transgenic fly lines expressing either WT or 

K152A in an ird5 deficient background. At 6 hours after injecting Gram-

negative bacteria into these flies, we observed that only the WT construct could 

induce endogenous Attacin A, in contrast to K152A (Fig.4f). These data 

indicate that K152 sumoylation of IRD5 plays a pivotal role in NF-kB 

activation in vivo and in vitro. 

The data provided above may serve as a basis for further in depth analysis in the 

highly conserved regulatory network of the IMD pathway. The roles of many of the 

interactant proteins presented in the figures have remained elusive to date and their 

functions will have to be established both in the antimicrobial defense and in the 

“inflammation-like” reactions such as those noted in DNaseII deficient flies. In the 

latter case the receptors of the endogenous insults have not been characterized and we 

hope that studies like the one presented here will also be helpful to that effect. 

Finally, as the vast majority of the 345 proteins isolated here have human orthologues, 

it is reasonable to expect that understanding their functions in Drosophila and in 

mammals will provide new targets for fighting diseases in the complex area of 

immune and these defenses.  
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Methods summary  

 

Identification of interactants. Each of 11 canonical members of the IMD pathway 

was fused with biotin tag at N- or C- terminal and individual proteins were stably 

expressed in S2 cell line expressing bacterial biotinylation enzyme BirA. Individual 

stable transformants were stimulated by heat-killed E.coli and harvested at 4 different 

time points. The in vivo biotinylated bait protein complex at each time point was 

purified and subjected to LC-MS/MS analysis. After defining a cut-off, 345 genes 

were identified, visualized by Cytoscape
7
, and subjected to the GO analysis using 

DAVID
13

. Small scale-RNAi screens were performed as previously described!
10,20

.  

Flies. Flies were infected with E.coli by injection and monitored for the survival and 

the bacteria growth. Transgenic flies were generated by &C31 integrase-mediated 

transgenesis
21

. 

Molecular biology and Biochemistry. S2 cells were transformed by Ca-Phosphate 

transfection. The Gateway' system was used for clonings (Life Technologies). The 

activation of the IMD pathway was measured by the promoter activities of the 

antimicrobial peptide Metchnikowin and Attacin A genes using Dual-Luciferase 

Reporter Assay System (Promega), or by quantitative RT-PCR (Applied Biosystems). 

Sumoylated proteins were purified under denatured condition using His-tagged 

SUMO.  

Statistics. Prism software was used. 
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Figure Legends 

 

Figure 1 Overview of the functional proteomics analysis of the IMD pathway. a, 

Work flow of the experiment. b, Overview of the IMD interactome. Diamonds, bait 

proteins; Circles, interactants. The size of nodes is in relation to the numbers of 

interactants. Gene symbols are listed. c, Number of identified proteins per bait. d, 

Fold change of number of identified proteins over time in each bait. Number of 

identified proteins at 0min is considered as a base.  

 

 

Figure 2 Functional clusters common between Humans and Flies and their 

associated genes. a, GO terms of cellular component, biological process, and 

molecular function shared between Human and Fly annotation databases are shown. 

Black and Grey bars indicate fold enrichment values for Humans and Flies, 

respectively. Blue, green, or red color refers to the family or relative of the GO term 

described in the text. b, Clusters of genes in GO terms: Chromatin 

remodeling(SWI/SNF-type complex), Histone acetyltransferase complex (NuA4 

histone acetylase complex), and Transcription cofactor binding.  Colors correspond to 

those in section a.  

 

 

RESULTS

Elie MAKSOUD 103



! "#!

Figure 3 Sumoylation cascade and its role in the defense against bacteria. a, 

Ontology term enrichment in Molecular function in the IMD interactome using 

Drosophila database. b, The survival of dUbc9 mutants during bacterial challenge 

(WT, n=43; MUT, n=50). Statistical significance: * p<0.0001 by Log-rank test. c, 

Bacterial growth over time postinfection (n=3-4 per dot). Statistical significance: * 

p<0.0001 by two-tailed Student-t test (WT vs. MUT at day 10). Individual 

experiments are shown in dots and bars indicate the average and standard deviation. 

d, Attacin A induction at 6 hrs postinfection. The average and standard deviation of 

three independent experiments are shown. Attacin A expression is normalized to that 

of ribosomal protein RpL32. Statistical significance: * p=0.0143 by Student’s t-test 

(WT vs. MUT during infection). e, SMT3 is covalently linked to IRD5 but not to 

KEY. HIS-tagged SMT3 was immunoprecipitated and HA-tagged IRD5 and KEY 

were detected by anti-HA antibody. 5% of input is shown as Total.  

 

 

Figure 4 K152-sumoylation of IRD5 is induced and critical in AMP expression. 

a, Amino acid sequence alignment of the IRD5 homologues among 12 

Drosophila species and of several mammalian species. Sumoylation consensus 

motif, (-K-x-D/E: (, hydrophobic amino acids; x, any amino acid. b, 3D-view 

of Xenopus IKK!. Yellow region indicates Lysine in the consensus motif
18

. c, 

K152 of IRD5 is sumoylated in a stimulation-dependent manner. HIS-tagged 

SMT3 was immunoprecipitated and HA-tagged IRD5 WT and IRD5 K152A were 

detected by anti-HA antibody. 5% of input is shown as Total. d, A time dependent 

analysis of the levels of sumoylation in cells transfected with WT versus K152A 
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IRD5 constructs; cells were in addition challenged by administration of heat-killed 

E.coli at 0 min (control), 10 min, 2 hour and 8 hour. The value observed at 0 min for 

WT constructs was set as 1 in the scale. The average and standard deviation from 

three experiments are shown. One-way ANOVA was performed (p=0.0009) and 

followed by Dunnett’s multiple comparison test. * indicates statistically 

significance(p<0.05) as compared to WT at 0 min. e, IRD5 WT constructs restore 

Attacin A induction but not the SUMO-mutant and Kinase-dead forms. S2 cells were 

knocked down by GFP dsRNA as negative control or 3’UTR Ird5 dsRNA and 

various forms (WT, wild-type;K152A, SUMO-mutant; K50A, kinase-dead) of Ird5 

were individually expressed. Firefly luciferase activities of the reporter AttacinA-

Firefly Luciferase were measured and normalized to Renilla luciferase activities of 

Act5C-Renilla Luciferase. The relative value against non-stimulated cells is shown. 

The value represents the average and standard deviation from three independent 

experiments. One-way ANOVA was performed (p=0.0003) and followed by 

Dunnett’s multiple comparison test. * indicates statistically significance(p<0.05) as 

compared to Vec/GFP:GFP dsRNA knockdown; empty vector transfection. f, In vivo 

rescue experiment. Ird5 WT or K152A transgenic flies in Ird5-deficient background 

were established using )C31 transgenesis. Flies were challenged by live E.coli. 

Attacin A mRNA level was measured by quantitative RT-PCR and normalized to 

RpL32. The relative values are indicated against non-transgenic Ird5 mutants. Each 

value represents the average with standard deviation, from three independent 

experiments. A pool of 5-7 adult flies per genotype was collected in each experiment. 

One-way ANOVA was performed (p<0.0001) and followed by Dunnett’s multiple 

comparison test. * indicates statistical significance (p<0.05) by comparing to non-

transgenic Ird5 mutants. 
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Materials and Methods: 

Fly lines and transgenesis 

All flies were raised on standard cornmeal–agar medium at 25°C at a light cycle- and 

humidity controlled-room. cn[1] bw[1] and y[1] w[1] flies were used for wild-type 

controls. y[1] w[*]; lwr[5] b[1] cn[1] bw[1]/CyO, y[+](FBst0009317) and 

P{ry[+t7.2]=Dipt2.2-lacZ}3, ird5[1] ca[1]/TM6B, Tb[1](FBst0030916) were obtained 

from the Bloomington stock center. For )C31-mediated transgenesis previously 

described
21

, we utilized 2
nd

 chromosome-linked attB landing fly line y[1] M{vas-

int.Dm}ZH-2A w[*]; M{3xP3-RFP.attP}ZH-51D (FBst0024483) from the 

Bloomington stock center. By crossings, we generated and analyzed on y[1] w[*]/Y; 

M{3xP3-RFP.hsp-IRD5-WT or K152A}ZH-51D/+; P{ry[+t7.2]=Dipt2.2-lacZ}3, 

ird5[1] ca[1].  

 

Antibodies and other reagents  

The following antibodies and a reagent were used in this study: mouse monoclonal 

antibodies against human CD4 (clone RPA-T4; GE Healthcare) for flow cytometry; 

streptavidin-HRP (Roche), rabbit polyclonal antibodies against HA (Sigma), and  

mouse monoclonal antibodies against 6X His (clone HIS.H8, Millipore) for 

immunoblotting. 

 

Cloning and plasmid construct 

Each cDNA from 11 genes in the Drosophila IMD pathway was amplified by PCR 

and inserted into a pDONR221 or a pDONR201 vector (Invitrogen) using Gateway
®
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cloning system according to the manufacture’s protocol. These genes are: PGRP-LCx 

(FBgn0035976), PGRP-LE (FBgn0030695), imd (FBgn0013983), FADD 

(FBgn0038928), Dredd (FBgn0020381), Iap2 (FBgn0015247), Tab2 (FBgn0086358), 

Tak1 (FBgn0026323), Key (FBgn0041205), Ird5 (FBgn0024222) and Rel 

(FBgn0014018). Briefly, for N-terminal tagging, forward primers consist of 31-

nucleotide sequence containing attB1 sequence and gene specific sequence depleting 

Methionine codon(s) in the beginning of CDS. Reverse primers contain gene specific 

sequence followed by triple STOP codons and attB2 sequence. For C-terminal 

tagging, forward primers contain attB1 sequence, KOZAK sequence, and gene 

specific sequence. Reverse primers have attB2 sequence and gene specific sequence 

excluding STOP codon. For TAB2 cloning, we used pCR
®

8/GW/TOPO
®

 vector 

(Invitrogen). pIZ/V5-His(Invitrogen)-backborn pDEST-BIO-N or –C contains biotin-

tag sequence (encoding a peptide of GLNDIFEAQKIEWHE), the chloramphenicol 

resistance gene and the ccdB gene flanked by attR1 and attR2 sites, and Drosophila C 

virus inter ribosomal entry site (between gp1 and gp2)  fused with cDNA of 

cytoplasmic region-truncated form of human CD4 C-terminal tagged with V5 epitope 

and 6XHis for clone selections by flow cytometry (Supplementary Fig.S5). After 

confirming sequence of each pENTRY construct, LR reaction was performed using 

pDEST-BIO-N or –C for N-terminal or C-terminal tagging, respectively. A total of 22 

plasmids (11 genes x 2 different location tagging) were prepared for establishing 

stable transformants. BirA cDNA was gift from F.G. Glosveld and cloned into pPAC 

Drosophila expression vector under the control of Actin5C promoter (pPAC-HA-

BirA). pJL169 is a NF-*B activation reporter plasmid containing Firefly luciferase 

gene fused with Attacin A promoter. pJL346 contains Renilla Luciferase gene driven 

by Actin5C promoter. pJL1 plasmid contains pac (Puromycin N-acetyl-transferase) 
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gene fused with Act5C promoter. Plasmid for IRD5 kinase-dead form K50A or 

SUMO-mutant form K152A was generated from pENTRY-N-IRD5 WT by 

mutagenesis. Series of expression plasmid pHHW-IRD5 (WT, K152A, and K50A) 

were generated by gateway cloning and then by conventional subcloning method we 

generated pMT-HA-N-IRD5 series for immunoprecipitation experiment. For 

functional analysis by transient expression of IRD5 (also known as DLAK) using S2 

cells, pPAC-His-DLAK series were used. pPAC-His-DLAK WT and K50A were 

provided by Dr.WJ Lee. Further pPAC-His-DLAK K152A was generated using DNA 

fragment from pENTRY-N-IRD5 K152A.  

All primers used in this study are listed in Supplementary Data, List of primers.  

 

dsRNA synthesis  

Forward and reverse primers contain T7 promoter sequences and gene-specific 

sequences were synthesized. PCR fragments were amplified with pairs of primers 

targeting at GFP and IRD5 3’ UTR listed in Supplementary Table 2. dsRNA were 

synthesized using the PCR fragments as templates by MEGAscript T7 transcription 

kit (Ambion) and purified by RNeasy Mini kit (Qiagen) or NucleoSpin® RNAII kit 

(Macherey-Nagel).  

 

Cell lines 

Drosophila S2 cells were purchased from Invitrogen and transfected with plasmid 

DNAs by Ca-phosphate precipitation method. A stable cell line 1F3 was established 

by transfecting pPAC-HA-BirA, pJL169 (AttacinA-Firefly Luciferase), and pJL1 
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(Puromycin selection) plasmids, and selected in the media containing 2 µg/ml 

puromycin. After testing the BirA protein expression by immunoblotting and immune 

response against Heat-killed E.coli by the luciferase reporter assay described below, 

the clone was chosen. Each plasmid of 22 pDEST-BIO constructs was tranfected into 

1F3 cell line and stable clones were selected in the media containing both Zeocine 

(125 µg/ml) and puromycin (1 µg/ml) and further by the expression level of human 

CD4 by flow cytometry using antibodies against human CD4. After three rounds of 

flow cytometry screens, clones giving high expression profiles were chosen and 

verified by immunoblotting with streptavidin-HRP for their protein expressions and 

molecular sizes. All selected clones were tested for immune responses against Heat-

killed E.coli by the luciferase reporter assay. One of clones for each construct was 

subjected to protein complex purifications. For purification of SMT3-linked IRD5 

WT, IRD5 K152A, or KEY, stable cell lines were established by co-transfected with 

pPAC-6xHis-smt3 and pMT-HA-IRD5 WT or K152A and selected in the media 

containing 2 µg/ml puromycin.  

 

Luciferase assay 

Cells transfected with the reporter gene were stimulated by heat-killed E.coli for 8 

hours. After harvesting them and lysed with 1x Reporter lysis buffer (Promega), 

lysates were mixed with luciferase assay reagent (Promega) and measured by Mithras 

LB 940 (Berthold Technologies). The fold induction was calculated as follows:  

Fold Induction = (FLuc/RLuc)HK stimulation/(FLuc/RLuc)No stimulation  
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Fly infection study  

Flies at age of 3-5 days were infected by intrathoracic injection (Nanoject II 

apparatus; Drummond Scientific) of 13.8 nl of a tandem dimmer Tomato expressing-

DH5a suspension (OD=1), incubated at 25°C, and monitored for their survivals for 2 

weeks. For bacterial growth, 3-4 infected flies were homogenized in PBS. Diluted 

homogenates were spread on LB agar plate containing ampicillin and numbers of 

colonies were counted.  

  

Q-PCR 

Flies were collected at 6 hours after bacterial infections and total RNA was extracted 

using NucleoSpin® RNAII kit (Macherey-Nagel). TaqMan® RNA-to-CT™ 1-Step 

Kit (Applied Biosystems) with Attacin A (Dm02362218_s1) and RpL32 

(Dm02151827_g1) of TaqMan® Gene Expression Assays primers and probes 

(Applied Biosystems) was used for quantitative RT-PCR via 7500 Fast Real-Time 

PCR System (Applied Biosystems). A pool of 5-10 flies was used for each 

experiment. The expression of the antimicrobial peptide gene was normalized to the 

expression of the RpL32 gene for each sample. Each assay was performed in 

duplicates and the average of the duplicates was used for a single experiment data set. 

Three independent experiments were performed.  

 

IRD5 rescue experiment on S2 cells 

1F3 cell line (1.0x10
6 

cells) was transfected with 1.5µg of dsRNA against either GFP 

or IRD5 3' UTR, 1µg of plasmid (pPAC-DLAK-WT, -K50A, or –K152A), and 20ng 

of the pJL346 (Act5C-Renilla Luciferase) by Ca-phosphate precipitation method. At 
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48 hours after transfections, cells were stimulated with heat-killed E.coli at m.o.i 40. 

Cells were harvested at 8 hours after stimulations for luciferase assays. For each 

experiment, transfections were performed in triplicates in 24 well plates. The firefly 

and renilla luciferase activities in each well were measured in duplicates and averaged 

for a single data set. The experiment was repeated for three times.  

 

Immunoprecipitations and immunoblotting 

IRD5 and KEY proteins were expressed in the stable S2 cell lines that were treated 

with copper sulfate for 24 hours at the final concentration of 500µM and then 

stimulated with heat-killed E.coli at m.o.i 40 over time. 6 x 10
6
 cells per a 6cm-dish 

were divided into two parts: 15% of the portion was used for quantifying the inputs of 

total proteins and the rest was used for purification of 6xHis-tagged SMT3-protein 

conjugates. The protocol of Rodriguez, M.S. et al!
22

 was followed. Approximately 5.1 

x 10
6
 cells (85%) of cells were lysed in 2.4 ml of Guanidium lysis buffer (6M 

Guanidium-HCl, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris–HCl pH 8.0 plus 5 mM 

imidazole and 10 mM !-mercaptoethanol. The lysates were mixed with 50µl of Ni
2+

-

NTA-agarose beads pre-washed with the lysis buffer and incubated for overnight at 

room temperature with agitation. The beads were sequentially washed with the 

following buffers! Buffer A (6M guanidinium–HCl, 0.1M Na2HPO4/NaH2PO4, 

0.01M Tris–HCl pH 8.0 plus 10 mM !-mercaptoethanol) ; Buffer B (8 M urea, 0.1 M 

Na2HPO4/NaH2PO4, 0.01 M Tris–HCl pH 8.0, 10 mM b-mercaptoethanol ); Buffer C 

(8 M urea, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris–HCl pH 6.3, 10 mM !-

mercaptoethanol plus 0.2% Triton X-100 ) ; Buffer D (8 M urea, 0.1 M 

Na2HPO4/NaH2PO4, 0.01 M Tris–HCl pH 6.3, 10 mM !-mercaptoethanol plus 0.1% 
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Triton X-100 ). After the last wash with buffer D the beads were eluted with 200 mM 

imidazole in 5% SDS, 0.15 M Tris–HCl pH 6.7, 30% glycerol, 0.72 M !-

mercaptoethanol. The elutes were subjected to SDS–PAGE (10% or 18%) and the 

proteins transferred to PVDF membrane. Immunoblotting was performed with 

polyclonal antibodies against HA. Signal intensity per band was quantified by Fusion 

Fx (Vilber Lourmat). Ratio of the band signal intensity of SMT-IRD5 to that of IRD5 

was calculated. The value observed at 0 min for IRD5 WT was set  as 1 in the scale. 

The fold signal intensity was presented.  

 

Protein complex purification 

Cells (~10
8
) of each clone were harvested at four different time points (t=0 min, 10 

min, 2 hours, and 8 hours) in 1ml TNT buffer (50mM Tris-HCl, pH7.5, 150mM 

NaCl, 10% Glycerol, 1% Triton X-100, 100mM NaF, 5µM ZnCl2, 1mM Na3VO4, 

10mM EGTA, pH8.0, proteinase inhibitor complete containing EDTA). Lysate was 

kept on ice for 30 min. Centrifuge 13000rpm for 30 min at 4˚C. Supernatant was 

mixed with 150µl of pre-washed streptavidin-sepharose beads and rotated for 30 min 

at 4˚C. The beads were washed as follows: three times with WASH buffer I (50mM 

Tris-HCl, pH7.5, 150mM NaCl, 10% Glycerol, 1% Triton X-100, 100mM NaF, 5µM  

ZnCl2, 1mM Na3VO4, 10mM EGTA, pH8.0), one time with WASH buffer II (50mM 

Tris-HCl, pH7.5, 150mM NaCl, 10% Glycerol, 100mM NaF, 5µM ZnCl2, 1mM 

Na3VO4, 10mM EGTA, pH8.0), and suspended in WASH buffer III (50mM Tris-HCl, 

pH7.5,150mM NaCl, 10% Glycerol, 100mM NaF, 5µM ZnCl2, 1mM Na3VO4, 10mM 

EGTA, pH8.0, proteinase inhibitor complete containing EDTA).  
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Mass spectrometry and data analysis 

The beads in WASH buffer III were further washed by WASH buffer IV (50mM Tris-

HCl, pH7.5, 150mM NaCl) for three times. Beads were directly incubated with a 

reducing solution (5mM DTT, 25mM NH4HCO3) for 30min at 56°C and subsequently 

with alkylating solution (25mM iodoacetamide, 25mM NH4HCO3) for 20min to 

overnight. Then samples were incubated for ?? at ?? at ??°C with 10ng of trypsin and 

peptides were recovered by filtering through C18 Proxeon Tips. Five times-diluted 

peptide samples were separated by a reverse-phase column (PepmapC18, 75mm 

diameter, 15cm long, Dionex) at a flow rate of 220nL/min using a gradient of 90 min 

from ????. FTICR-type spectrometer (LTQ-FT, ThermoFisher) with resolution 6000 

at the range between 500 and 2000Da was used. Total of 6 scans of spectra with the 

most intense peaks were collected. Searches against 17D_melanogaster (16535 

entries) were performed for each sample using MASCOT software 

(http://www.matrixscience.com/). Protein showing two peptides with a score higher 

than 30 or one peptide with that higher than 50 were validated. Protein modifications 

of Carbamidomethylation(C), oxydation (M, H, W), Phosphorylation (Y) were 

incorporated to this analysis. In addition, the fragment spectra should have, at least, a 

succession of y- and/or b- ions. Peptides failing to meet these criteria were rejected. 

(See detailed in the section “Selection of the identification method” in Supplementary 

information)  

 

Interactome visualization and gene ontology studies 

Protein-protein interactions were visualized by CYTOSCAPE Ver.2.8 open-source 

software
7
. Human orthologues corresponding to our interactant genes were listed by 
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referring to Ensembl BioMart, FlyMine, or FlyBase. Some interactant genes were 

further analyzed by alignments using BlastP. When multiple human orthologues were 

found, the highest identity in percentage with respect to Drosophila gene was taken as 

a representative gene. Since we ranked the gene ontology terms in enrichment fold, 

we submitted the same number of genes for Human or Drosophila database. The 

Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 was 

used for our gene ontology studies
13

. 

 

Statistics 

,-./012345!60754809:!0/04:0!185!.84/-1;!<=>?<!-4@4!7:45!A.@!:0102:02B!1813;:2:!

7:28C!D@2:E!:.A0-1@4F 
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Supplementary Methods 

 

Selection of the identification method 

An overview of the procedure of the identification method is shown in Supplementary 

Figure S5. We took two sequential steps of cut-off and termed them: (1) Mechanical and 

(2) Biological cut-offs. The mechanical cut-off was performed in the process of MS/MS 

Ion search. The biological cut-off was made by comparing series of samples to the 

parental cell line (1F3) that does not express bait protein and was not stimulated in 

individual experimental runs of MS/MS. The detailed cut-off methods were described as 

below: 

 

Mechanical data cut-off 

We used two different software search engines, MASCOT (Matrix Science) with a cut-

off setting (MASCOT 2 in Supplementary Table S1) and Bioworks (Thermofisher) with a 

cut-off setting (Bioworks 3 in Supplementary Table S1), and identified 3170 proteins 

corresponding to 2635 genes in total. To define an identification method with higher 

stringency that provides us a list of proteins with high confidence, we decided to perform 

a small-scale RNAi-mediated gene knockdown experiment on a short list of selected 519 

genes. We selected these genes as follows. As shown in Supplementary Table S1, several 

cut-off settings (Mascot 1,2, and 3; Bioworks 1,2, and 3) were established with these 

options: (1) search engines, (2) number of peptides and threshold values, (3) presence or 

absence of distinct peptides, (4) the m/z values either of the b- and y- ions or of all ions. 
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We generated a criss-cross table of different cut-off settings of MASCOT and Bioworks 

and grouped by different stringencies into 5 (Supplementary Table S2, Upper table). We 

chose numbers of genes from each group as shown in Supplementary Table S2, Lower 

table and performed the RNAi experiment. We included 10 genes not related to this 

experiment and set them as Group 6. Drosophila S2 cells were knocked down with 

dsRNA for each gene, stimulated with heat-killed E.coli, and activities of the reporter 

gene Metchnikowin as a read-out of NF-kB activation were monitored (Supplemental 

Data, RNAi screens). We termed genes that give either positive or negative impacts on 

Metchnikowin reporter activities as “RNAi positive” genes (see the details in RNAi 

screen section). As we expected, group 1 and 2, which have high stringency cut-off 

settings, provided us high percentages of “RNAi positive” genes, as compared to other 

groups. Using this RNAi screen result on selected 519 genes, we next compared 6 

different cut-off methods by the proportion of “RNAi positive” genes in the population 

selected by each method (Supplementary Table S4). From 3170 proteins, Method 2 and 4 

reduce to 246 and 132 proteins by cut-off, respectively. In contrast, Method 3 and 5 only 

reduce to 2157 and 1514 proteins. We decided to take intermediate stringent Method 1 or 

6. Method 6 has slightly higher proportion of “RNAi positive” genes, as compared to 

Method 1. We chose Method 6 for further analysis.   

 

Biological data cut-off  

We eliminate interactant candidates with the condition that the average number of 

peptides of 4 (4 time points in one terminal tag) or 8 (4 time points in both terminal tags) 
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protein complexes per bait protein is less than or equal to two times larger number of 

peptides from negative control parental cell line (Supplementary Equation).  

 

As shown in Supplementary Figure S6, the mechanical data cut-off reduces to 495 

proteins and the biological data cut-off further eliminates 30 proteins. Proportion of 

“RNAi positive “ is increased from 16.4% in short list before cut-offs to 26.4% after the 

biological cut-off. This result indicates that our cut-off method enriches functional 

population of genes. The size of IMD interactome dataset is 465 proteins corresponding 

to 345 genes. Two hundred and thirty one genes out of 345 were tested for their function 

in the activation of IMD pathway using the same cell line 1F3. Thirty three percent of 

genes affect the activation of the IMD pathway (Supplementary Data files, RNAi screen 

and Summary of interactants in IMD interactome). 

 

RNAi screens 

 

Cell culture, dsRNA synthesis, RNAi treatment and luciferase experiments were 

performed essentially as previously described
11

. Primer and amplicon sequence 

information is refere to http://rnai.dkfz.de. For the IMD pathway, briefly, 15,000 S2 

cells/well were transfected with mtk-luc firefly luciferase reporter plasmid and pRp128-

RL. After 72 hours of incubations, heat-killed E.coli was added to final concentration of 

200ug/ml. Sixteen hours after stimulation, mtk-luc activity was measured with a Mithras 

LB940 plate reader (Berthold Technologies). Five hundred nineteen genes listed in 
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Supplemental Data, RNAi screen were tested. We considered genes with Z-score >1.8 

(for positive regulators) or <-1.8 (for negative regulators) as relevant regulators on the 

IMD pathway activation and termed them as “RNAi positive”. Using the same 

preparation of dsRNA library, we performed RNAi screen on the parental cell line 1F3 

that carry AttacinA-luciferase (pJL169) and was used for proteomics analysis. For this 

RNAi screen, we followed a protocol by Ramadan N et al
20

. The screen was performed in 

duplicate. The value was calculated as follows: 

(FLuc stim./FLuc no stim.) dsRNA treated cells / (FLuc stim./FLuc no stim.) no treated cells  

We considered genes with value >1.25 (for negative regulators) or <0.75 (for positive 

regulators) as “RNAi positive” genes.  
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~130
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Supplementary Figure S2. Monosumoylation on IRD5

Total lysate and immunoprecipitate with Ni+beads were loaded side by side on SDSPAGE 
gel. The estimated molecular weight of IRD5 with additional HA tag and fragement from 
Gateway cloning AttB1 is ~93kDa. The estimated molecular weight of HisSMT3 is ~11kDa. 
The monosumoylated IRD4 was predominantly detected at least in this condition.

leading edge
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Supplementary Figure S3. 

Alignment of IKK family members at the conserved SUMOylation site
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Supplementary Figure S4. Expression of IRD5 transgenes

The same total RNA samples prepared in Figure 4f were used in this study.
Ird5 mRNA level was measured by quantitative RTPCR and normalized 
to RpL32. The relative values are indicated against nontransgenic Ird5 mutants. 
Each value represents the average with standard deviation, from three independent experiments. 
Studentt test was performed. n.s. indicates not statistical significance.
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Mass spectrometry
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Supplementary Figure S5. Expression vector construct and the experimental flow 

a.Expression vector construct. The vector backbone is pIZ/HisV5 from Invitrogen. OpIE2, 
the constitutive promoter from the baculovirus Orgyia pseudotsugata multicapsid nuclear 
polyhedrosis virus (OpMNPV); DCV IRES, Drosophila C vitus IRES sequence between gp1 
and gp2; hCD4∆CYT, human CD4 cytoplasmic region truncated form.
b.Experimental flow. By limited dilutions after transfections of bait constructs to 1F3 cell line 
that carry both BirA gene and AttacinAluciferase gene, clones were selected. Each 
clones were tested for expression of hCD4 by antiCD4 antibody as primary selections. 
For positive clones, their expressions of the bait protein and their immune responses against E.coli 
were comfirmed by immunoblotting and by luciferase assay, respectively. 
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Supplementary Figure S6. The flow of defining a cutoff method. 

Numbers of identified proteins and their corresponding genes are shown in black Italic and 
in red, respectively. “RNAi positive” shown in percentage indicates the proportion of genes that 
give impacts negatively or positively on the promoter activities of Metchnikowin gene by 
RNAimediated functional screen on populations of genes in short list. Numbers of tested 
genes were shown on the left of the percentages of RNAi positive. 1F3 cell line is the same 
cell line that we used for proteomics. The percentage number is proportion of “RNAi positive”
of tested 231 genes using the promoter activities of Attacin A gene.

3170 2635 519

495 363

Biological data cutoff

465 345

Visualization and network analysis by Cytoscape

Mass spectrometry

Identification

MASCOT 2
Bioworks 3

Mechanical data cutoff

different cutoff settings (Supplementary Table S1)

Comparison of cutoff methods
(See Supplementary Table S1 & S4 )

Method 6 (Mascot 3)

Selection

Short list

RNAi 
positive

274 24.5%

231 26.4%

16.4%
(Supplemetary Table S2 & S3)

Biological data cutoff
(Supplementary Table 5)

Protein database Flybase gene

Merged

1F3 cell line 33.3%

Method 6 (Mascot 3)
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Supplementary Table S1. Different cutoff settings and their parameters

Cutoff setting 
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Group

1
2
3
4
5
6

Total

MASCOT 1

Color

code

MASCOT 2 and Bioworks 13
Bioworks 1 and no MASCOT1
MASCOT 2
No MASCOT & Bioworks 23
Irelevant genes 

Descriptions

132
240
29

1133
1636

3170

131
240
29
152
85

647
10

92
186
21
139
76

519
5

27
40
1
14
3

85
0

29.3%
21.5%
4.8%
10.1%
3.9%
0.0%
16.4%

Dataset

Protein

#

RNAi

tested

Gene

#

short

list

Protein 

#

RNAi

Positive

Gene

#

RNAi

Positive

(%)

Supplementary Table S2 Generating a short list for RNAimediated functional screen

Upper Table, Crisscross table of two search engines with different settings. Total number 
of proteins are divided into 6 groups with color codes. 
Lower Table, Sizes of populaiton in each group. The number of proteins, their corresponding 
genes, tested genes for RNAi, positives in RNAi screen and proportion of “RNAi positive” 
genes in each group are shown.  

Bioworks 1

Bioworks 2

Bioworks 3

MASCOT 1 MASCOT 2

No Bioworks

No MASCOT
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Group 1 & 2

Bioworks 1

Mascot 1

Mascot 1 & 2

Mascot 3

278

182

92

423

274

Short list

total 

Gene

#

Short list

RNAi

positive

(%)

Dataset

protein

#

to be handled

519

24.1

29.1

29.3

19.1

24.5

371

246

132

1514

495

Bioworks 1 & 2425 17.6 2157

Descriptions

Supplementary Table S3.  Cutoff methods and sizes of population to be handled 

after cutoff by individual methods

Method

1

2

3

4

5
6

Short list

 

Gene

#
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3 EMS	  mutagenesis	  screen	  for	  
Alzheimer’s	  modifying	  genes
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Forward	   genetic	   screens	   in	   Drosophila	   have	   been	   very	   useful	   for	  

biomedical	  research	  (St	  Johnston,	  2002).	  We	  decided	  to	  perform	  a	  genetic	  screen	  

for	  AD	  modifying	  genes	  using	  a	  non-‐biased	  chemical	  mutagenesis	  approach.	  Our	  

main	   interest	   from	   this	   screen	   has	   been	   the	   identification	   of	   genes	   capable	   of	  

affecting	  AD	  phenotypes	  through	  an	  interaction	  with	  the	  innate	  immune	  system.	  	  

	  

3.1 Ethyl	  methane	  sulphonate	  (EMS)	  mutagenesis	  
	  

EMS	  mutagenesis	   is	   the	  most	   commonly	  used	  method	   for	   inducing	  only	  

point	  mutations	   in	   flies.	   This	   chemical	  mutagenesis	   screen	   is	   advantageous	   in	  

terms	  of	  producing	  an	  unbiased	   library	  of	  mutants	  as	  opposed	   to	   transposable	  

elements	   generated	   library	   (St	   Johnston,	  2002).	  The	  ethyl	   group	  of	  EMS	   reacts	  

with	   guanine	   (G)	   and	   generates	   O-‐6-‐methylguanine.	   During	   DNA	   replication,	  

polymerases	   misplace	   thymine	   (T)	   instead	   of	   cytosine	   (C).	   After	   subsequent	  

rounds	  of	  replication,	  the	  original	  G:C	  pair	  is	  replaced	  by	  an	  A:T	  pair.	  Using	  the	  

standard	  mutagenesis	  protocol,	  the	  mutation	  rate	  for	  the	  average	  gene	  is	  about	  1	  

in	  1000.	  	  

	  

3.2 Practical	  approach	  
	  

The	  duration	  of	  a	  saturated	  screening	  is	  generally	  long.	  To	  ensure	  that	  our	  

screening	  method	  works,	  we	  have	  decided	  to	  first	  screen	  genes	  located	  on	  the	  X	  

chromosome.	   A	   time-‐consuming	   step	   for	   performing	   genetic	   screens	   in	   flies	   is	  

producing	   large	   numbers	   of	   virgin	   females	   for	   crossings.	   In	   general,	   1	  male	   is	  
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crossed	  to	  3	  to	  5	   females.	  This	  means	  that	  more	  than	  300	  to	  500	  virgin	   female	  

flies	  are	  needed	  per	  screen	  of	  a	  100	  mutants.	  Moreover,	  collecting	  virgin	  females	  

just	  after	  eclosion	  is	  a	  time-‐sensitive	  procedure.	  To	  avoid	  this	  hindered	  step,	  we	  

established	  a	   “male	   terminator”	   line	   carrying	  an	  AD	  phenotype-‐inducing	  allele.	  

This	   line	   carries	   a	   transgene	   (Xhs)	   encoding	   apoptosis-‐inducing	   protein	   Hid	  

under	   a	   heat-‐shock	   promoter	   on	   the	   X	   chromosome.	   To	  maintain	   this	   line,	  we	  

used	  attached-‐X	  (XX)	  chromosomes	  in	  females.	  	  

In	  Drosophila,	  sex	   determination	   is	   achieved	   by	   a	   balance	   of	   female	  

determinants	  on	  the	  X	  chromosome	  and	  male	  determinants	  on	  the	  autosomes.	  If	  

there	   is	   one	  X	   chromosome	   in	   a	   diploid	   cell	   the	   fly	   is	  male.	   If	   there	   are	   two	  X	  

chromosomes	  in	  a	  diploid	  cell	  the	  fly	  is	  female.	  Flies	  with	  three	  X	  chromosomes	  

are	  not	  viable	  and	  the	  Y	  chromosome	  is	  not	  involved	  in	  determining	  sex	  (Gilbert,	  

2000).	  	  

The	   AD	   phenotype-‐inducing	   allele	   (termed	  ADcha	   in	   our	   scheme)	   on	   2nd	  

chromosome	   contains	   cha-‐GAL4	   (cholinergic	   neurons	   GAL4	   driver)	   and	   UAS-‐

hAβ42	  (Figure	  11).	  CyO	  is	  a	  balancer	  chromosome	  that	  prevents	  recombination	  

between	   homologous	  chromosomes.	   We	   obtained	   an	   ADcha	   fly	   line	   in	   which	  

larvae	   could	   be	   heat-‐treated	   at	   37°C	   in	   order	   to	   kill	   all	   males	   and	   only	   keep	  

virgin	  females.	  	  
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Fig.	  11:	  Crossing	  scheme	  for	  the	  generation	  of	  	  “male	  terminator”	  AD	  flies	  

	  

The	  usage	  of	  attached-‐X	  (XX)	  chromosomes	  has	  another	  major	  advantage.	  

Crossing	   to	   regular	   females	   carrying	   two	   X	   chromosomes	   doesn’t	   allow	  

distinguishing	  a	  mutated	  X	  chromosome	  coming	  from	  EMS-‐fed	  males	  from	  a	  non-‐

mutated	  X	  chromosome	  from	  a	  female	  fly;	  whereas	  when	  crossing	  to	  attached-‐X	  

females,	  all	  males	   in	   the	  progeny	  will	  necessarily	  carry	   the	  mutated	  paternal	  X	  

chromosome.	  

	  

We	  fed	  starved	  wild	  type	  male	  flies	  on	  various	  doses	  of	  EMS	  ranging	  from	  

20mM	   to	   50	   mM	   in	   5%	   sucrose	   for	   18	   hours.	   Mutagenized	   males	   were	   later	  

crossed	   “en	  masse”	   to	   the	   attached-‐X	   ADcha	   virgin	   females	   (Figure	   12).	   As	   the	  

mutations	   are	   induced	   in	   mature	   spermatids,	   each	   F1	   male	   inherits	   a	  

mutagenized	   X	   chromosome	   carrying	   a	   different	   spectrum	   of	   mutations.	   We	  

selected	  males	   carrying	   ADcha	  allele.	   Each	   one	   of	   these	  male	   was	   then	   crossed	  

with	   virgin	   females	   for	   two	   reasons.	   The	   first	   is	   to	   maintain	   a	   stock	   of	   flies	  

carrying	  the	  mutation	  for	  further	  analysis.	  The	  second	  reason	  is	  to	  obtain	  the	  15	  

to	   20	   males	   required	   to	   perform	   climbing	   assays	   (Test	   1).	   Following	   the	  

RESULTS

Elie MAKSOUD 139



	  

assessment	   of	   the	   climbing	   activity	   of	   the	   flies,	  we	   performed	   a	   second	   larger	  

scaled-‐test	   for	   possible	   enhancer	   or	   repressor	   mutations	   that	   were	   detected	  

after	  Test	  1	  (Test	  2).	  

	  

	  

Fig.	  12:	  EMS	  mutagenesis	  strategy	  

Red	   asterisks	   correspond	   to	   mutations	   on	   the	   X	   chromosome.	   Black	   asterisks	  

correspond	  to	  possible	  EMS-‐induced	  mutations	  on	  the	  2nd	  or	  3rd	  chromosome.	  	  
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3.3 Results	  and	  mapping	  strategy	  
	  

For	   the	   first	   test	   (Test	  1),	  we	  assessed	   the	   climbing	  activity	  of	  15	   to	  20	  

male	   flies	   at	   10,	   15,	   20	   and	   25	   days	   post-‐eclosion.	   We	   retained	   the	   mutants	  

which	   climbing	   activity	   was	   significantly	   different	   from	   the	   average	   climbing	  

activity	  of	  ADcha	  control	  flies	  at	  least	  at	  two	  consecutive	  time	  points	  (Figure	  14A).	  

Possible	  positives	  were	  amplified	  and	  we	  performed	  climbing	  assays	  on	  3	  groups	  

of	  20	  flies	  for	  each	  positive	  mutant	  (Test	  2).	  To	  date,	  we	  have	  pre-‐screened	  250	  

flies	  in	  total.	  Out	  of	  these,	  24	  mutations	  affected	  the	  climbing	  activity	  mostly	  by	  

enhancing	  its	  reduction.	  After	  second	  testing,	  we	  retained	  only	  2	  mutants	  named	  

EM34	  and	  EM52	  (Figure	  13).	  	  

	  

Fig.	  13:	  Representative	  climbing	  activity	  results	  after	  Test	  2	  

The	  climbing	  activity	  of	  the	  mutants	  is	  compared	  to	  that	  of	  non-‐mutated	  AD	  flies.	  

EM34,	   ADcha	   and	   EM52,	   ADcha	   show	   a	   significant	   reduction	   of	   their	   climbing	  

activity	  at	  time	  points	  indicated	  by	  asterisks	  (***	  =	  p<0.001)	  
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Next,	   we	   assessed	   the	  mutant	   flies’	   climbing	   ability	   without	   expressing	  

Aβ42.	  To	  our	  surprise,	  the	  EM34	  mutant	  line	  showed	  a	  reduced	  climbing	  activity	  

as	   compared	   to	   the	   Aβ42-‐expressing	   EM34	   line.	   This	   result	   indicated	   that	   the	  

expression	  of	  Aβ42	  rescues	  the	  reduction	  in	  climbing	  activity	  of	  EM34.	  From	  our	  

results	  (Results,	  Section	  1)	  demonstrating	  that	  Aβ42	  activates	  the	  IMD	  pathway	  

and	   thus	   contributes	   to	   the	   protection	   against	   the	   development	   of	   AD-‐like	  

phenotypes	   in	   flies,	   we	   hypothesize	   that,	   in	   EM34,	   Aβ	   activates	   the	   innate	  

immune	  system	  which	  allows	  the	  fly	  to	  overcome	  the	  defects	  in	  neuronal	  activity	  

caused	  by	  the	  mutation.	  In	  fact,	  at	  later	  stages,	  the	  climbing	  activity	  of	  the	  Aβ42-‐

expressing	   EM34	   line	   is	   significantly	   reduced	   as	   compared	   to	   control	   AD	   flies	  

(Figure	   14B).	   The	   EM34	   allele	   could	   possibly	   have	   a	   function	   in	   phagocytosis	  

independently	  of	  the	  IMD	  pathway.	  	  

	  

On	   the	   other	   hand,	   the	   climbing	   activity	   of	   both	   EM52	   and	   Aβ42-‐

expressing	   EM52	   flies	   was	   very	   low	   from	   the	   beginning	   of	   the	   assay	   and	   we	  

couldn’t	  conclude	  whether	  the	  mutation	  in	  EM52	  allele	  affects	  AD-‐like	  pathology	  

in	   flies	   (Figure	   14C).	   The	   allele	   in	   EM52	   could	   be	   important	   for	   locomotion	  

activity	  itself.	  	  

	  

Further	   characterizations	   of	   these	   mutants	   will	   need	   to	   be	   performed,	  

particularly	  concerning	  the	  activation	  state	  of	  the	  immune	  system,	  the	  clearance	  

of	  Aβ,	  and	  neurodegeneration.	  	  

	  

RESULTS

Elie MAKSOUD 142



	  

	  

RESULTS

Elie MAKSOUD 143



	  

Fig.14:	  Climbing	  activity	  assays	  

A)	  The	  average	  climbing	  ability	  of	  ADcha	  flies	  is	  significantly	  reduced	  as	  compared	  

to	  WT	  flies	  following	  the	  expression	  of	  hAβ42;	  B)	  The	  climbing	  activity	  of	  EM34,	  

ADcha	  flies	   is	   significantly	   higher	   than	   the	   climbing	   activity	   of	   EM34	  mutant.	   C)	  

The	  climbing	  activities	  of	  EM52,	  ADcha	  flies	  and	  EM52	  are	  both	  very	  low	  since	  the	  

beginning	  of	  the	  assay	  (*:	  p<0.05	  and	  ***:	  p<0,001).	  

	  

3.4 Perspectives	  
	  

Here,	  we	  have	  generated	   the	  material	   required	   for	  a	   genetic	   screen	  and	  

optimized	   its	   condition	   with	   the	   aim	   of	   identifying	   novel	   genes	   affecting	   the	  

development	  of	  AD-‐like	  phenotypes	  in	  flies.	  	  

	  

We	  have	  used	  the	  EMS	  mutagenesis	  method	  in	  order	  to	  generate	  unbiased	  

mutations	  that	  span	  the	  entire	  genome	  of	  the	  fly	  at	  the	  same	  frequency	  in	  coding	  

and	   non-‐coding	   sequences.	   In	   the	   past,	   EMS	   used	   to	   suffer	   from	   a	   major	  

drawback	  that	  is	  the	  difficulty	  to	  map	  mutations	  to	  specific	  genes.	  However	  this	  

problem	  has	  been	  solved	  with	  the	  recent	  advances	  in	  sequencing	  technologies	  in	  

addition	  to	  the	  availability	  of	  other	  genetic	  tools	  in	  flies	  facilitating	  the	  mapping	  

processes	  such	  as	  libraries	  of	  deletion	  mutants.	  It	  is	  important	  however	  to	  note	  

that	  EMS	  introduces	  more	  than	  200	  mutations	  on	  a	  chromosome.	  Our	  strategy	  to	  

map	  mutations	  affecting	  AD-‐like	  pathology	  consists	  in	  crossing	  male	  mutant	  flies	  

with	  deletion	  line	  mutants	  and	  looking	  for	  a	  reduction	  in	  the	  climbing	  activity	  of	  

female	  AD	  flies.	  In	  that	  way,	  it	  will	  be	  possible	  to	  guide	  the	  search	  for	  modifying	  

mutations	   to	   smaller	   chromosomal	   regions.	   Sequencing	   the	   X	   chromosome,	   in	  

the	   particular	   case	   of	   our	   pre-‐screen,	   will	   lead	   to	   the	   identification	   of	   one	   or	  
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several	   mutations	   in	   the	   region	   of	   interest.	   Further	   rescue	   experiments	   will	  

allow	   determining	   which	   mutation	   is	   responsible	   for	   modifying	   AD-‐like	  

phenotypes	  in	  the	  fly	  (Figure	  15).	  

	  

	  

Fig.	  15:	  Mapping	  strategy	  of	  AD	  modifying	  mutations	  	  
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The	   impact	   of	   inflammatory	   responses	   on	   the	   pathological	   processes	  

occurring	  during	  the	  development	  of	  AD	  has	  become	  widely	  accepted.	  Evidence	  

for	   a	   strong	   link	   between	   neuroinflammation	   and	   AD	   has	   been	   reported	   by	  

numerous	  studies.	  However,	  it	  is	  still	  unknown	  how	  the	  activation	  of	  the	  innate	  

immune	  system,	   in	  particular,	  affects	   the	  development	  of	  AD	  pathology.	  During	  

my	  PhD,	  we	  have	  aimed	  at	  deciphering	  the	  molecular	  mechanisms	  of	  the	  innate	  

immune	  responses	  in	  AD	  using	  Drosophila.	  	  

	  

	   Drosophila,	  as	  a	  model	  organism,	  has	  been	  successful	  used	  to	  study	  host-‐

pathogen	   interactions	   (Lemaitre	  et	  al.,	  1996).	  More	  recently,	   this	   rather	  simple	  

invertebrate	  organism,	  deprived	  of	  an	  adaptive	  immune	  system,	  has	  emerged	  as	  

a	  model	   for	  studying	  the	  mechanisms	  of	  numerous	  neurodegenerative	  diseases	  

including	   tauopathy,	   Parkinson’s	   disease,	   Huntington	   disease,	   AD	   etc.	   Thus,	  

Drosophila	   has	   been	   very	   helpful	   in	   elucidating	   various	   aspects	   of	   these	  

pathologies	   providing	   new	   insights	   into	   research	   on	   neurodegeneration	   (Bilen	  

and	  Bonini,	  2005).	  	  

	  

In	   the	   last	   three	   years,	   I	   have	   been	   able	   to:	   (1)	   establish	   a	   Drosophila	  

model	  to	  study	  the	  inflammatory	  responses	  in	  AD,	  (2)	  demonstrate	  that	  the	  IMD	  

pathway,	  one	  of	  Drosophila’s	   inflammatory	  signaling	  cascade,	  plays	  a	  protective	  

role	   against	   the	   development	   of	   AD,	   (3)	   generate	   the	   IMD	   interactome	  dataset	  

relevant	   to	   the	   study	   of	   AD,	   and	   (4)	   introduce	   a	   forward	   genetic	   screening	  

method	  for	  the	  identification	  of	  AD	  modifying	  genes.	  	  
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1 The	  IMD	  pathway	  prevents	  the	  
development	  of	  AD	  phenotypes	  

	  

The	  Drosophila	   AD	   model	   we	   have	   established	   constitutively	   expresses	  

antibacterial	  and	  antifungal	  peptide	  gene	  Metchnikowin	   following	  the	  activation	  

of	   the	   IMD	   pathway.	   This	   activation	   plays	   a	   protective	   role	   against	   the	  

development	   of	   AD-‐like	   phenotypes	   that	   include	   the	   formation	   of	   amyloid	  

plaques,	   neurodegeneration	   and	   neuronal	   dysfunction.	   However,	   an	   important	  

question	   needs	   to	   be	   answered:	   what	   are	   the	   effector	   cells?	   We	   currently	  

hypothesize	  that	  Draper-‐positive	  glial	  cells	  initiate	  the	  immune	  response	  against	  

human	  Aβ42	  based	  on	  our	   immunohistochemistry	  observations	   indicating	   that	  

human	  Aβ42	  and	  Draper	  co-‐localize	  in	  the	  brain.	  In	  order	  to	  test	  this	  hypothesis,	  

we	  are	  generating	  a	  new	  fly	  line	  expressing	  human	  Aβ42	  using	  a	  gene	  expression	  

system	  independent	  of	   the	  GAL4-‐UAS	  system,	  called	  the	  Q	  system	  (Potter	  et	  al.,	  

2010).	   We	   decided	   to	   use	   the	   Q	   system	   for	   human	   Aβ42	   expression	   in	   an	  

inducible	   manner	   whereas	   we	   will	   use	   the	   UAS-‐GAL4	   system	   to	   inactivate	   or	  

express	   targeted	  genes	   in	  a	   tissue-‐specific	  manner.	  We	  anticipate	   that	   rescuing	  

IMD	  in	  glial	  or	  neuronal	  cells,	   in	  an	  AD	  background,	  will	  provide	  the	  answer	  to	  

our	  question.	  	  

	  

Another	  question	  concerns	  the	  nature	  of	  the	  molecule,	  in	  Drosophila,	  that	  

recognizes	   aggregated	   proteins	   such	   as	   human	   Aβ	   upstream	   of	   IMD	   adaptor	  

molecules.	  We	  believe	  that	  Draper	  plays	  this	  role	  based	  on	  the	  fact	  that	  MEGF10,	  

its	  mammalian	  ortholog,	  can	  be	  a	  receptor	  for	  Aβ.	  The	  cell	  surface	  expression	  of	  

Draper	   is	  up-‐regulated	   in	   imd-‐deficient	  background;	  hence	  we	  assume	   that	   the	  
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activation	   of	   glial	   cells	   doesn’t	   require	   the	   IMD	   pathway.	   However,	   since	   the	  

accumulation	   of	   Aβ	   is	   enhanced	   in	   imd-‐deficient	   background,	  we	   propose	   that	  

the	   IMD	   pathway	   might	   rather	   affect	   glial	   cells’	   clearance	   ability	   of	   Aβ.	   The	  

molecular	  mechanisms	   of	   the	   imd-‐independent	   activation	   of	   glial	   cells	   and	   the	  

imd-‐dependent	  Aβ	  clearance	  need	  to	  be	  further	  elucidated.	  	  

	  

Another	   interesting	  observation	   from	  our	   study	   is	   that	   the	  deficiency	   in	  

PGRP-‐LE	   reduces	   the	   climbing	   activity	   of	   AD	   model	   flies.	   Yano	   et	   al.	  

demonstrated	  that	  PGRP-‐LE	  induces	  autophagy	  independently	  of	  the	  IMD	  or	  the	  

TOLL	   pathways	   during	   infection	   of	   intracellular	   bacteria,	   such	   as	   Salmonera,	  

Listeria,	   and	   Mycobacterium	   (Yano	   et	   al.,	   2008).	   Mechanisms	   of	   autophagy	  

induction	   by	   PGRP-‐LE	   are	   still	   unknown.	   Nevertheless,	   loss	   of	   autophagy	   has	  

been	  shown	  to	  induce	  neurodegeneration	  in	  mice	  (Hara	  et	  al.,	  2006;	  Komatsu	  et	  

al.,	  2006).	  It	  will	  be	  very	  interesting	  to	  investigate	  the	  role	  of	  PGRP-‐LE-‐mediated	  

autophagy	  in	  AD	  model	  flies.	  
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2 Alzheimer’s	  disease–related	  genes	  are	  
enriched	  in	  the	  IMD	  interactome	  dataset	  	  
	  

The	  activation	  of	  the	  IMD	  pathway	  in	  Drosophila	  can	  be	  activated	  without	  

pathogen	  infection.	  For	  instance,	  our	  team	  and	  others	  have	  demonstrated	  that	  it	  

could	  be	  activated	  by	  undigested	  DNA	   (Liu	  et	   al.,	   2012;	  Mukae	  et	   al.,	   2002).	   In	  

order	   to	   better	   understand	   the	   process	   of	   activation	   of	   the	   IMD	   pathway,	   we	  

aimed	   at	   identifying	  proteins	   interacting	  with	   eleven	  of	   its	   canonical	  members	  

following	   a	   functional	   proteomics	   approach.	   Using	   the	   Drosophila	   immune-‐

responsible	  S2	  cell	   line,	  we	  were	  able	  to	  identify	  345	  proteins	  associated	  to	  the	  

eleven	   chosen	   members.	   We	   found	   that	   90%	   of	   the	   genes	   encoding	   these	  

proteins	  have	  human	  orthologs.	  With	  our	  recent	   finding	  about	  the	  activation	  of	  

the	  IMD	  pathway	  in	  AD	  model	  flies,	  we	  first	  investigated	  the	  applicability	  of	  our	  

dataset	   for	  studies	  on	  AD.	  Using	  the	  Database	  for	  Annotation,	  Visualization	  and	  

Integrated	   Discovery	   (DAVID),	   we	   analyzed	   the	   human	   orthologs	   of	   the	   345	  

Drosophila	  genes.	  We	  were	  able	   to	   identify	  a	  statistically	  significant	  association	  

with	  several	  KEGG	  pathway	  terms	  such	  as	  ribosome,	  NOD-‐like	  receptor	  signaling	  

pathway,	   apoptosis,	   RNA	   degradation	   etc…	   Most	   interestingly,	   this	   analysis	  

pointed	  that	  genes	  related	  to	  the	  term	  “cytosolic	  DNA-‐sensing	  pathway”	  or	  to	  the	  

term	   “Alzheimer	   disease”	   are	   enriched	   in	   this	   dataset	   (Table	   5).	   Twelve	   genes	  

from	  our	  analysis	  are	  linked	  to	  AD:	  PSEN,	  FADD,	  NMDAR,	  IP3R,	  SERCA,	  CYC	  (CytC),	  

ABAD,	   in	   addition	   to	   NDUFS2	   from	   the	   mitochondrial	   respiratory	   chain	   (RC)	  

complex	  (Cx)	  I	  (CxI),	  UQCR2	  (CxIII)	  and	  ATP5A1,	  AT5F1	  and	  ATP5B	  (CxV)	  (Figure	  

16).	  
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Table	  5:	  DAVID	  bioinformatics	  analysis	  on	  human	  orthologs	  of	  Drosophila	  genes	  

identified	  from	  the	  IMD	  interactome.	  	  
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Fig.	  16:	  KEGG	  pathway	  relative	  to	  Alzheimer’s	  disease.	  	  

Proteins	  or	  complexes	  that	  were	  identified	  from	  the	  IMD	  interactome	  are	  highlighted	  in	  

orange.	  	  

	  

Presenilin	   (PSEN)	   is	   one	   of	   the	   most	   interesting	   proteins	   that	   were	  

identified	  from	  the	  IMD	  interactome.	  In	  addition	  to	  being	  part	  of	  the	  γ-‐secretase	  

complex	   and	   its	   catalytic	   role	   in	   APP	   processing	   in	   neurons,	   Farfara	   et	   al.	  

demonstrated	  that	  primary	  glial	  cells	  deficient	  in	  PSEN	  1	  and	  2	  show	  impairment	  

in	   phagocytosis	   of	   soluble	   Aβ	   (Farfara	   et	   al.,	   2011).	   Interestingly,	   the	   plant	  

Physcomitrella	  patens	   has	   an	  ortholog	  of	  PSEN	   gene,	   although	   it	   lacks	  Notch	   or	  

APP.	  Khandelwal	  et	  al.	  showed	  that	  PSEN	  has	  an	  evolutionary	  conserved	  role	  in	  

development,	   independent	   of	   its	   γ-‐secretase	   activity.	   They	  were	   able	   to	   rescue	  

the	  growth	  of	  PSEN-‐deficient	  mouse	  embryonic	  fibroblasts	  with	  the	  plant	  PSEN	  

(Khandelwal	  et	  al.,	  2007).	  	  

	  

Many	  familial	  Alzheimer’s	  disease	  mutations	  in	  PSEN	  cause	  aberrant	  Ca2+	  

signaling	   (Smith	   et	   al.,	   2005).	   Exaggerated	   endoplasmic	   reticulum	   (ER)	   Ca2+	  

release	  has	  been	  ascribed	  to	  the	  enhanced	  loading	  of	  the	  ER	  lumen	  due	  either	  to	  

enhanced	  sarco	  ER	  Ca2+-‐ATPase	  (SERCA)	  Ca2+	  pump	  activity	  (Green	  et	  al.,	  2008)	  

or	  to	  disregulation	  of	  a	  putative	  Ca2+	  channel	  function	  of	  wild-‐type	  PSEN	  (Nelson	  

et	   al.,	   2007;	   Tu	   et	   al.,	   2006).	   Alternately,	   exaggerated	   Ca2+	   release	   has	   been	  

accounted	   for	   enhanced	   Ca2+	   liberation	   from	   normal	   stores	   through	   inositol	  

triphosphate	  receptors	  (IP3R)	  and	  other	  Ca2+	  channels	  either	  as	  a	  consequence	  of	  

enhanced	  channel	  expression	  or	   in	   the	   case	  of	   the	   IP3R	  of	   enhanced	  activity	   in	  

response	  to	  its	  ligand	  inositol	  trisphosphate	  (IP3)	  (Stutzmann,	  2005).	  	  
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Inositol	  trisphosphate	  receptors	  are	  a	  family	  of	  three	  genes	  that	  modulate	  

the	   concentration	   of	   cytoplasmic	   Ca2+	   from	   internal	   cellular	   stores.	   They	   are	  

ubiquitously	   expressed	   in	   all	   cell	   types	   (Foskett,	   2010).	   A	   biochemical	  

interaction	   of	   WT	   and	   FAD	   mutant	   PSEN1	   and	   2	   with	   IP3R	   was	   identified.	  

Functionally,	   FAD	   PSEN	   specifically	   had	   gain-‐of-‐function	   consequences	   on	   the	  

activity	   of	   the	   channel,	   which	   in	   turn	   was	   associated	   with	   exaggerated	   Ca2+	  

signaling	  in	  intact	  cells	  (Cheung	  et	  al.,	  2010;	  Cheung	  et	  al.,	  2008).	  

	  

SERCA	   pumps	   were	   also	   identified	   from	   the	   IMD	   interactome.	   At	   rest,	  

these	  pumps	  maintain	  cytosolic	  Ca2+	  at	  low	  levels	  by	  pumping	  it	  into	  stores	  in	  the	  

ER	   (Berridge	   et	   al.,	   2000).	   SERCA	   pumps	   have	   the	   highest	   affinity	   for	   Ca2+	  

removal	  from	  the	  cytosol	  and	  together	  with	  plasma	  membrane	  Ca2+-‐ATPases	  and	  

transporters,	   determine	   the	   resting	   cytosolic	   Ca2+	   concentration	   (Aubier	   and	  

Viires,	   1998).	   SERCA2b,	   in	   particular,	   is	   ubiquitously	   expressed	   in	   smooth	  

muscle	   tissues	   and	   non-‐muscle	   tissues	   including	   neurons	   (Baba-‐Aissa	   et	   al.,	  

1998).	  Green	  et	  al.	  demonstrated	  that	  SERCA2b	  pump	  activity	  is	  physiologically	  

regulated	  by	  PSEN	  and	   regulates	  Aβ	   production.	  They	  have	   shown	   that	   SERCA	  

activity	  is	  diminished	  in	  fibroblasts	  lacking	  both	  PSEN	  genes	  and	  that	  PSEN	  and	  

SERCA	  interact	  physically	  (Green	  et	  al.,	  2008).	  

	  

When	  we	  take	  into	  consideration	  the	  functions	  of	  SERCA,	  IP3R,	  and	  PSEN	  

indentified	  from	  the	  IMD	  interactome	  and	  their	  close	  interactions,	  we	  speculate	  

that	   the	   inactivation	   of	   the	   IMD	   pathway	   in	   AD	   flies	   might	   deregulate	   Ca2+	  

signaling	  through	  the	  Drosophila	  PSEN	  affecting	  glial	  cells	  phagocytosis	  activity,	  

which	  leads	  to	  increased	  Aβ	  levels.	  
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N-‐methyl-‐d-‐aspartate	   receptors	   (NMDAR)	   are	   one	   of	   the	   families	   of	  

ionotropic	  glutamate	  receptors	  abundant	  in	  the	  brain	  that	  are	  as	  well	  implicated	  

in	  calcium	  homeostasis.	  Glutamatergic	  modulation	  plays	  an	  important	  role	  in	  the	  

pathogenesis	  of	  neuronal	  death	  in	  neurodegenerative	  diseases	  notably	  AD	  (Xu	  et	  

al.,	  2012).	  A	  number	  of	  studies	  have	  shown	  that	  NMDAR	  mediate	  neuronal	  loss	  in	  

AD	  (Xu	  et	  al.,	  2012).	  For	  instance,	  De	  Felice	  et	  al.	  have	  demonstrated	  that	  amyloid	  

plaques	  are	  capable	  of	  over-‐activating	  of	  NMDAR,	  which	  leads	  to	  an	  overflow	  of	  

Ca2+	   into	   neurons	   and	   the	   activation	   of	   key	   enzymes	   linked	   to	   AD.	   They	   have	  

shown	  that	  Aβ	  oligomers	   induce	  neuronal	  oxidative	  stress	  through	  an	  NMDAR-‐

dependent	  mechanism	   (De	   Felice	   et	   al.,	   2007).	   In	   another	   study,	   it	  was	   shown	  

that	   NMDAR	   knockdown	   in	   mature	   hippocampal	   neurons	   abolishes	   oligomer	  

binding	  to	  dendrites,	  indicating	  that	  NMDARs	  are	  required	  for	  synaptic	  targeting	  

of	  oligomers	  (Decker	  et	  al.,	  2010).	  Moreover,	  NMDAR	  have	  been	  reported	  to	  be	  

functionally	   present	   in	   glial	   cells	   (Verkhratsky	   and	   Kirchhoff,	   2007).	  

Interestingly,	  Memantine	  is	  one	  of	  two	  FDA-‐approved	  drugs.	  It	  acts	  as	  an	  agonist	  

of	  NMDAR.	  

	  

Another	   hypothesis	   proposed	   to	   explain	   the	   origins	   of	   AD	   implicates	  

mitochondrial	   dysfunction	   and	   oxidative	   stress	   as	   early	   events	   in	   AD	  

development	  (Blass	  and	  Gibson,	  1999;	  Castellani	  et	  al.,	  2002).	  	  

	  

AD-‐related	  oxidative	  damage	  has	  been	  associated	  with	  an	  altered	  function	  

of	   the	   mitochondrial	   respiratory	   chain	   (RC)	   through	   a	   decreased	   complex	   IV	  

enzyme	   activity,	   a	   common	   finding	   in	   various	   human	   and	   rodent	   AD	   cellular	  

models.	  In	  this	  regard,	  APP	  and	  Aβ	  have	  been	  shown	  to	  induce	  RC	  activity	  defects	  
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and	  oxidative	  stress	  by	  mechanisms	  that	  are	  being	  investigated.	  For	  instance,	   it	  

was	  shown	  that	  Aβ	  treatment	  alters	  the	  assembly	  and	  enzyme	  activities	  of	  the	  RC	  

complexes	   I	   and	   IV	   in	   rat	   choroid	   plexus	   epithelial	   cells	   and	   also	   in	   human	  

choroid	   plexus	   cells	   from	   patients	   suffering	   from	   AD	   (Carro	   et	   al.,	   2010).	  

Moreover,	  proteomic	  and	  functional	  analysis	   in	  transgenic	  mice	  overexpressing	  

the	   P301L	   mutant	   human	   Tau	   protein	   identified	   mainly	   metabolism-‐related	  

proteins	  including	  mitochondrial	  respiratory	  chain	  complex	  components	  mostly	  

from	   the	   complex	   I	   and	   V.	   Functional	   analysis	   demonstrated	   a	   mitochondrial	  

dysfunction	   in	   P301L	   Tau	   mice,	   which	   was	   associated	   with	   higher	   levels	   of	  

reactive	  oxygen	  species	  in	  aged	  transgenic	  mice	  (David	  et	  al.,	  2005).	  

	  

Aβ-‐binding	  alcohol	  dehydrogenase	  (ABAD)	  is	  a	  member	  of	  the	  short-‐chain	  

dehydrogenase-‐reductase	   family	   concentrated	   in	   the	  mitochondria	   of	   neurons.	  

Following	   binding	   of	   Aβ	   to	   ABAD,	   the	   structure	   of	   the	   enzyme	   is	   distorted	  

rendering	   it	   inactive	   with	   respect	   to	   its	   metabolic	   properties,	   and	   promotes	  

mitochondrial	  generation	  of	  free	  radicals	  (Yan	  and	  Stern,	  2005).	  Lustabder	  et	  al.	  

demonstrated	  that	  Aβ	  interacts	  with	  ABAD	  in	  the	  mitochondria	  of	  both	  patients	  

and	   transgenic	  mice.	   By	   specifically	   inhibiting	   ABAD-‐Aβ	   interaction,	   they	   have	  

observed	  a	   suppression	  of	  Aβ-‐induced	  apoptosis	  and	   free-‐radical	  generation	   in	  

neurons.	   Furthermore,	   they	  have	  demonstrated	   that	   double	   transgenic	  mice	   in	  

which	   increased	   levels	   of	   ABAD	   are	   expressed	   in	   an	   Aβ-‐rich	   environment,	  

present	   exaggerated	   neuronal	   oxidative	   stress	   and	   impaired	   memory.	   Thus	  

mitochondrial	   ABAD	   could	   become	   a	   pathogenic	   factor	   in	   an	   Aβ-‐rich	  

environment	  (Lustbader	  et	  al.,	  2004).	  
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Ubiquinol	   cytochrome	   c	   reductase	   core	   protein	   2	   (UQCRC2)	   and	  

cytochrome	  C1	  (CYC)	  identified	  by	  our	  IMD	  interactome	  are	  components	  of	  the	  

mitochondrial	  RC	  CxIII.	  They	  have	  been	  shown	  to	  bind	  a	  cleaved	  form	  of	  ApoE4,	  

ApoE4	   (1-‐272),	   found	   in	   the	   brains	   of	   AD	   patients	   and	   transgenic	   mice	  

expressing	   human	   ApoE.	   ApoE4	   (1-‐272)	   associates	   with	   NFTs-‐like	   structures	  

and	   causes	  mitochondrial	   dysfunction	   in	   cultured	   neuronal	   cells	   (Brecht	   et	   al.,	  

2004;	  Huang	  et	  al.,	  2001)	  (Nakamura	  et	  al.,	  2009).	  Overexpression	  of	  ApoE4	  (1–

272)	   fragment	   in	  Neuro2a	   cells	   impairs	   activities	   of	   complex	   III	   and	   IV.	   These	  

studies	   suggest	   that	   the	   C-‐terminal-‐truncated	   fragment	   of	   ApoE4	   binds	   to	  

mitochondrial	   complexes	   and	   affects	   their	   activities,	   thereby	   leading	   to	  

neurodegeneration	  (Nakamura	  et	  al.,	  2009).	  

	  

All	   previous	   genes	   are	   essential	   either	   for	   calcium	   homeostasis	   or	  

mitochondrial	   functions,	   two	   molecular	   functions	   known	   be	   related	   to	   AD	  

pathology	  (Green	  and	  LaFerla,	  2008)	  (Querfurth	  and	  Selkoe,	  1994).	  

	  

FADD	   is	   a	   component	   of	   the	   IMD	   pathway	   (Leulier	   et	   al.,	   2002).	   FADD,	  

IMD	  (similar	  to	  RIPK1),	  and	  Dredd	  (equivalent	  to	  caspase	  8/10)	  form	  a	  complex	  

to	   transduce	   the	   signal	   to	   activate	  NF-‐κB	  and	   to	   induce	  apoptosis.	   In	  mammal,	  

Ivins	  et	  al.	  reported	  that	  Aβ-‐induced	  neuronal	  apoptosis	  could	  be	  inhibited	  by	  a	  

caspase	  8	  inhibitor	  and	  by	  expressing	  a	  dominant	  negative	  form	  of	  FADD	  (Ivins	  

et	   al.,	   1999).	   Hong	   et	   al.	   recently	   reported	   that	   the	   inhibition	   of	   JNK/dFOXO	  

pathway	   and	   caspases	   rescues	   neurological	   impairments	   in	   a	   Drosophila	   AD	  

model	  (Hong	  et	  al.,	  2012).	  
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3 Genetic	  screening	  for	  AD	  modifying	  genes	  
in	  Drosophila	  
	  

To	   date,	   two	   published	   genetic	   screens	   were	   performed	   in	   AD	   flies	  

expressing	   Aβ42	   fused	   downstream	   of	   a	   secretion	   signal	   peptide.	   Cao	   et	   al.	  

looked	  for	  modifiers	  of	  the	  rough	  eye	  phenotype	  generated	  by	  over-‐expression	  of	  

Aβ42	   in	   the	  compound	  eye	  of	   the	   fly.	  They	  screened	   for	  dominant	  modifiers	  of	  

the	  phenotype	   in	  a	   library	  of	  1963	  unique	   insertions	  of	  mobile	   transposon	  (EP	  

elements)	  constructs	   that	  enhance	   the	  expression	  of	  neighboring	  genes	  (Cao	  et	  

al.,	  2008).	  	  

	  

In	  another	  screen,	  Rival	  et	  al.	  used	  a	  different	  approach.	  They	  expressed	  

Aβ42	  in	  neurons	  and	  measured	  differences	  in	  lifespan	  as	  a	  read-‐out	  for	  disease	  

modifiers.	  For	  their	  screen,	  Rival	  et	  al.	  used	  EP-‐like	  elements	  to	  up-‐regulate	  a	  set	  

of	  random	  genes	  and	  were	  able	  to	  identify	  a	  number	  of	  dominant	  modifier	  genes	  

(Rival	  et	  al.,	  2009).	  	  

	  

Both	  screens	  identified	  an	  important	  role	  for	  the	  transition	  metals	  copper	  

and	  iron	  amongst	  genes	  implicated	  in	  vesicle	  transport,	  stress	  response,	  protein	  

degradation	  and	  chromatin	  structure.	  The	  most	  powerful	  modifying	  genes	  from	  

Rival	   et	   al.	   screen	  were	  however	   those	   encoding	   iron	  binding	  proteins	  notably	  

the	  light	  and	  heavy	  chains	  of	  ferritin.	  Furthermore,	  the	  co-‐expression	  of	  ferritin	  

heavy/light	  chains	  and	  Aβ42	  in	  the	  brain	  prolonged	  the	  longevity	  and	  improved	  

locomotion.	   Although	   the	   oxidative	   damage	   was	   reduced,	   Aβ	   levels	   were	  
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increased.	  The	   authors	   suggested	   a	   role	  of	   the	  Fenton	   reaction	   generating	   free	  

radicals	  in	  Aβ	  toxicity.	  	  

	  

The	  screen	  by	  Cao	  et	  al.	   focused	  only	  on	  cell-‐autonomous	  toxic	  effects	  of	  

human	   Aβ.	   Our	   results	   from	   Toll-‐deficient	   flies	   and	   findings	   from	   Rival	   et	   al.	  

suggest	   that	   the	   lifespan	   and	   Aβ	   accumulation	   are	   not	   always	   correlated.	   This	  

implies	   the	   complexity	   of	   AD	   pathogenesis	   even	   in	   a	   relatively	   simple	   animal	  

model	  such	  as	  Drosophila.	  The	  read-‐out	  of	  a	  genetic	  screen	  is	  the	  most	  important	  

factor	  for	  its	  success.	  	  	  

	  

	  

	   	  

In	   summary,	  we	   have	   identified	   a	   protective	   role	   of	   the	  Drosophila	   IMD	  

pathway	   against	   the	   development	   of	   AD-‐like	   pathology.	   We	   have	   also	  

demonstrated	  that	  several	  AD-‐related	  genes	  are	  enriched	  in	  the	  IMD	  interactome.	  

Most	   of	   these	   genes	   are	   involved	   in	   calcium	   homeostasis	   and	   mitochondrial	  

functions.	   On	   the	   long	   term,	   it	  will	   be	   very	   interesting	   to	   continue	   the	   genetic	  

screen	  for	  modifier	  genes	  of	  AD-‐like	  pathology	  in	  the	  fly.	  Results	  from	  this	  screen	  

would	  be	  of	  great	  help	  in	  defining	  new	  pathways	  of	  AD	  pathogenesis.	  

	  

	   This	  work	  will	  be	  pursued	  to	  determine	  how	  the	   innate	   immune	  system	  

encounters	  Aβ	   and	  mediates	   its	   toxicity	   and	  what	  modulates	   its	   impact	   on	   the	  

pathophysiology	   of	   AD.	   By	   answering	   these	   questions	  we	   believe	   that	   we	  will	  

shed	   the	   light	   over	   unclear	   aspects	   of	   AD	   paving	   the	   way	   towards	   a	   better	  

understanding	  of	  this	  pathology.	  	  
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Elie MAKSOUD 
REGULATIONS IMMUNITAIRES 

DANS UN MODELE DROSOPHILE 
DE LA MALADIE D’ALZHEIMER  

 

 

Résumé 
La maladie d'Alzheimer (MA) se caractérise par l’accumulation de l’amyloïde β (Aβ) dans le cerveau. 

Des indications suggèrent un lien étroit entre la MA et la neuroinflammation. Cependant, l’aspect 

moléculaire des réactions immunitaires innées contre l’Aβ n’a pas été élucidé. Nous avons utilisé la 

drosophile pour étudier l'impact des réactions immunitaires innées sur la MA. Au cours de ma thèse, 

j'ai: (1) mis en place un modèle drosophile de la MA pour l’étude du rôle des réactions 

inflammatoires, (2) montré que la voie inflammatoire IMD exerce un rôle neuroprotecteur empêchant 

le développement de phénotypes associés à la MA (3) généré l’interactome de la voie IMD utile lors 

de l’étude des mécanismes liant la MA à la neuroinflammation, et (4) introduit un crible génétique 

visant à identifier des gènes modificateurs de la MA. Nous estimons que nos résultats pourraient 

servir de base à de nouvelles interventions thérapeutiques contre la MA. 

Alzheimer, immunité innée, IMD, Drosophile 

 

Résumé en anglais 
Alzheimer’s disease (AD) is characterized by the accumulation of amyloid β (Aβ) in the brain. 

Several lines of evidences point towards a strong link between AD and neuroinflammation. However, 

the exact molecular events of the innate immune reactions against Aβ need to be elucidated. We 

used Drosophila as a model organism to study the impact of innate immune reactions on AD. During 

my PhD I have been able to: (1) establish a Drosophila model to study the inflammatory responses in 

AD, (2) demonstrate that the Drosophila inflammatory IMD pathway plays a neuroprotective role in 

the development of AD-like phenotypes, (3) generate the IMD interactome dataset that could help 

elucidate the mechanisms linking AD to neuroinflammation, and (4) introduce a forward genetic 

screen for the identification of modifier genes of AD. We believe that the outcomes from our 

Drosophila studies could provide the basis for new therapeutic interventions against AD. 

Alzheimer, innate immunity, IMD, Drosophila 
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