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Abstract	
  	
  

Oncolytic	
   viruses	
   (OVs)	
   are	
   effective	
   anti-­‐cancer	
   agents,	
   however	
   their	
   abilities	
   to	
  

induce	
  anti-­‐tumor	
  immunity	
  are	
  not	
  yet	
  optimal.	
  Mutanome	
  epitopes	
  are	
  a	
  novel	
  source	
  

of	
  tumor	
  antigen	
  formed	
  as	
  a	
  result	
  of	
  mutations	
  within	
  the	
  tumor	
  genome.	
  Within	
  this	
  

project	
  we	
  attempted	
  to	
  combine	
  B16F10	
  mutanome	
  vaccination	
  with	
  OV	
  therapy.	
  We	
  

confirmed	
  previous	
   findings	
   that	
   significant	
   immune	
   responses	
   to	
   these	
  epitopes	
   can	
  

be	
   generated.	
   Furthermore,	
   we	
   designed	
   and	
   cloned	
   a	
   multi-­‐epitope	
   mutanome	
  

construct	
   into	
  MG1	
  Maraba	
   virus	
   and	
   E1-­‐/E3-­‐	
   deleted	
   type	
   5	
   Adenovirus	
   to	
   use	
   for	
  

heterologous	
   prime-­‐boost	
   vaccination.	
   While	
   we	
   demonstrated	
   that	
   these	
   viruses	
  

induced	
  T-­‐cell	
  responses	
  to	
  one	
  mutanome	
  epitope,	
  we	
  failed	
  to	
  detect	
  responses	
  to	
  the	
  

other	
  epitopes.	
  Furthermore	
  there	
  was	
  no	
  effect	
  seen	
  on	
  overall	
  survival.	
  This	
  approach	
  

warrants	
   further	
   investigation	
   because	
   coupling	
   mutanome	
   vaccination	
   with	
   OV	
  

therapy	
   has	
   the	
   potential	
   to	
   exploit	
   the	
   therapeutic	
   effects	
   of	
   the	
   OV	
  while	
   inducing	
  

anti-­‐tumor	
  immunity	
  to	
  tumor-­‐unique	
  antigens.	
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“I	
   cannot	
   give	
   any	
   scientist	
   of	
   any	
   age	
   better	
   advice	
   that	
   this:	
   The	
   intensity	
   of	
   the	
  

conviction	
   that	
   a	
   hypothesis	
   is	
   true	
   has	
   no	
   bearing	
   on	
   whether	
   it	
   is	
   true	
   or	
   not.	
   The	
  

importance	
   of	
   the	
   strength	
   of	
   our	
   conviction	
   is	
   only	
   to	
   provide	
   a	
   proportionally	
   strong	
  

incentive	
  to	
  find	
  out	
  if	
  the	
  hypothesis	
  will	
  stand	
  up	
  to	
  critical	
  evaluation.”	
  	
  

	
  	
   	
   -­‐	
  Sir	
  Peter	
  B.	
  Medawar,	
  Advice	
  to	
  a	
  Young	
  Scientist	
  [1]	
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1	
  INTRODUCTION	
  	
  

1.1	
  Cancer	
  

In	
   Canada,	
   almost	
   half	
   of	
   the	
   national	
   population	
   will	
   develop	
   cancer	
   in	
   their	
  

lifetime	
   (41%	
  of	
  women	
  and	
  46%	
  of	
  men),	
   and	
   about	
   a	
   quarter	
  will	
   die	
   as	
   a	
   result	
   of	
  

cancer,	
  making	
  it	
  the	
  leading	
  cause	
  of	
  death	
  in	
  Canada	
  in	
  2013	
  [2].	
  While	
  there	
  have	
  been	
  

significant	
   advancements	
   in	
   cancer	
   therapeutics	
   over	
   the	
   last	
   few	
   decades,	
   the	
  

alarmingly	
   high	
   mortality	
   rate	
   impresses	
   the	
   need	
   for	
   further	
   research	
   and	
   more	
  

successful	
  therapies.	
  	
  

Cancer	
  is	
  a	
  deeply	
  complex,	
  diverse	
  and	
  dynamic	
  disease	
  that,	
  even	
  after	
  decades	
  

of	
   research,	
   we	
   are	
   still	
   unable	
   to	
   fully	
   understand.	
   A	
   very	
   basic	
   and	
   broad	
   way	
   to	
  

describe	
   cancer	
   is	
   as	
   cells	
   that	
   have	
   acquired	
   the	
   ability	
   to	
   grow	
   and	
   divide	
  

uncontrollably	
  through	
  genetic	
  and	
  epigenetic	
  changes	
  [3].	
  Cancer	
  development	
  is	
  quite	
  

analogous	
   to	
   Darwinian	
   evolution;	
   as	
   growth	
   advantages	
   are	
   acquired	
   in	
   response	
   to	
  

genetic	
   changes,	
   the	
   population	
   slowly	
   shifts	
   from	
   a	
   normal	
   cell	
   population	
   into	
   a	
  

population	
  of	
  cancerous	
  (“transformed”)	
  cells,	
  possessing	
  increased	
  growth	
  and	
  survival	
  

advantages	
  compared	
  to	
  the	
  original	
  cell	
  populations	
  [4].	
  	
  

Two	
  pivotal	
  publications	
  outlined	
  eight	
  biological	
  capabilities	
  of	
  cancer,	
  referred	
  

to	
  as	
   the	
  hallmarks	
  of	
  cancer,	
  which	
  result	
   in	
   the	
  cancer-­‐like	
  phenotype.	
  These	
   include	
  

sustaining	
   proliferative	
   signaling,	
   evading	
   growth	
   suppressors,	
   resisting	
   cell	
   death,	
  

enabling	
   replicative	
   immortality,	
   inducing	
   angiogenesis,	
   activating	
   invasion	
   and	
  

metastasis,	
   reprogramming	
  of	
   energy	
  metabolism	
  and	
  evading	
   immune	
  destruction	
   [4,	
  

5].	
  In	
  addition	
  to	
  increasing	
  our	
  understanding	
  of	
  cancer,	
  these	
  cancer	
  “hallmarks”	
  have	
  

proven	
   to	
  be	
   effective	
   therapeutic	
   targets	
   as	
  well.	
  With	
  myriads	
  of	
   therapies	
   targeting	
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these	
   biological	
   capabilities	
   both	
   in	
   the	
   clinic	
   and	
   in	
   pre-­‐clinical	
   and	
   clinical	
   trials	
   [5],	
  

hopefully	
  we	
  are	
  not	
  far	
  away	
  from	
  removing	
  cancer	
  from	
  the	
  top	
  of	
  the	
  list	
  of	
  causes	
  of	
  

death	
  for	
  Canadians	
  and	
  people	
  around	
  the	
  world.	
  	
  

1.2	
  Cancer	
  Immunoediting	
  

	
   As	
   early	
   as	
   1909,	
   Paul	
   Ehrlich	
   proposed	
   that	
   in	
   long-­‐lived	
   organisms,	
   such	
   as	
  

humans,	
   the	
   immune	
   system	
   must	
   have	
   a	
   hand	
   in	
   the	
   prevention	
   of	
   cancer	
   (Ehrlich,	
  

1909).	
   The	
   interaction	
   between	
   cancer	
   and	
   the	
   immune	
   system	
   is	
   very	
   complex	
   and	
  

challenging	
  to	
  elucidate.	
  Scientists	
  have	
  spent	
  decades	
  trying	
  to	
  determine	
  whether	
  the	
  

immune	
  system	
  is	
  a	
  driving	
  force	
  or	
  a	
  protective	
  force	
  against	
  cancer.	
  As	
  it	
  turns	
  out,	
  we	
  

are	
   slowly	
   realizing	
   that	
   the	
   immune	
   system	
  has	
   a	
   hand	
   in	
   both	
   sides:	
   not	
   only	
   can	
   it	
  

suppress	
  tumor	
  growth	
  but	
  it	
  can	
  also	
  promote	
  tumor	
  progression.	
  	
  

The	
  immune	
  system	
  plays	
  many	
  crucial	
  roles	
  in	
  the	
  prevention	
  of	
  cancer,	
  not	
  the	
  

least	
  of	
  which	
  is	
  immunosurveillance,	
  a	
  process	
  in	
  which	
  the	
  immune	
  system	
  detects	
  and	
  

kills	
  tumor	
  cells	
  before	
  they	
  progress	
  to	
  a	
  malignant	
  state	
  [6].	
  The	
  immune	
  system	
  also	
  

acts	
   in	
   a	
  preventative	
   fashion,	
   by	
   sequestering	
   viral	
   infections	
   that	
   could	
   lead	
   to	
   virus	
  

induced	
   tumors,	
   and	
   by	
   eliminating	
   pathogens,	
   which,	
   if	
   unresolved	
   could	
   lead	
   to	
   a	
  

chronic	
  inflammation	
  and	
  facilitate	
  tumorigenesis	
  [7].	
  As	
  mentioned,	
  the	
  immune	
  system	
  

can	
   also	
   promote	
   cancer	
   progression.	
   The	
   term	
   “cancer	
   immunoediting”	
   has	
   been	
  

assigned	
   to	
   the	
   dual	
   role	
   the	
   immune	
   system	
  plays	
   in	
   cancer	
   progression	
   [8].	
   	
   Cancer	
  

immunoediting	
   consists	
   of	
   three	
   phases:	
   the	
   elimination	
   phase	
   (also	
   referred	
   to	
   as	
  

immunosurveillance),	
  the	
  equilibrium	
  phase,	
  and	
  the	
  escape	
  phase.	
  The	
  immunoediting	
  

process	
  is	
  outlined	
  in	
  Figure	
  1.1.	
  The	
  elimination	
  phase	
  represents	
  what	
  we	
  typically	
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Figure	
  1.1.	
  The	
  three	
  phases	
  of	
  cancer	
  immunoediting.	
  	
  
	
  
Summary	
   of	
   the	
   role	
   that	
   the	
   immune	
   system	
   plays	
   in	
   the	
   clearance,	
   shaping	
   and	
  
progression	
  of	
  cancer.	
  The	
  elimination	
  phase	
  is	
  the	
  first	
  stage	
  of	
  cancer	
  immunoediting	
  
and	
  is	
  when	
  the	
  immune	
  system	
  is	
  working	
  to	
  eliminate	
  transformed	
  cells	
  and	
  prevent	
  
tumor	
   outgrowth	
   through	
   various	
   mechanism.	
   This	
   phase	
   will	
   result	
   in	
   either	
   the	
  
elimination	
  of	
  the	
  cancer	
  or	
  progression	
  to	
  the	
  equilibrium	
  phase,	
  the	
  second	
  and	
  longest	
  
phase	
   of	
   the	
   immunoediting	
   process.	
   During	
   equilibrium,	
   there	
   is	
   a	
   balance	
   between	
  
pressures	
  exerted	
  by	
  the	
  tumor	
  and	
  by	
  the	
  adaptive	
  immune	
  system,	
  which	
  is	
  acting	
  to	
  
prevent	
   tumor	
   outgrowth.	
   During	
   this	
   phase,	
   the	
   tumor	
   cells	
   may	
   acquire	
   survival	
  
advantages	
  through	
  mutations,	
  which	
  may	
  eventually	
  enable	
  the	
  tumors	
  to	
  progress	
  into	
  
clinically	
   detectable	
   malignancies	
   and	
   enter	
   the	
   escape	
   phase.	
   Reproduced	
   with	
  
permission	
  from	
  Vesely	
  et	
  al.	
  [6]	
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understand	
   to	
   be	
   encompassed	
   within	
   immunosurveillance;	
   it	
   is	
   characterized	
   by	
  

competent	
  adaptive	
  and	
  innate	
  immune	
  responses	
  destroying	
  transformed	
  cells	
  before	
  

the	
  tumors	
  become	
  clearly	
  visible	
  [9].	
  Transformed	
  cells	
  can	
  be	
  detected	
  by	
  the	
  CD8+	
  

effector	
  cells	
  through	
  the	
  presentation	
  of	
  tumor	
  antigens	
  on	
  MHC	
  class	
  I	
  molecules	
  or	
  

by	
   NK	
   cells	
   through	
   their	
   NKG2D	
   ligands	
   [10].	
   Tumor	
   cells	
  may	
   also	
   express	
   stress-­‐

induced	
  molecules	
   such	
   as	
   surface	
   calreticulin	
   [11]	
   or	
   they	
  may	
   release	
   endogenous	
  

damage-­‐associated	
   molecular	
   patterns	
   (DAMPs)	
   to	
   enhance	
   the	
   immune	
   system’s	
  

recognition	
  of	
  cancer	
  cells	
  [12].	
  In	
  addition,	
  IFNγ	
  has	
  been	
  identified	
  as	
  a	
  critical	
  player	
  

in	
   the	
   development	
   of	
   anti-­‐cancer	
   immune	
   functions,	
   and	
  mice	
   depleted	
   of	
   IFNγ	
   are	
  

more	
  susceptible	
  to	
  tumor	
  establishment	
  and	
  progression	
  [9].	
  

Tumor	
   specific	
   antigens	
   have	
   also	
   been	
   identified	
   as	
   players	
   in	
   the	
   process	
   of	
  

cancer	
   elimination	
   [13].	
   Tumors	
   that	
   have	
   not	
   been	
   exposed	
   to	
   the	
   immune	
   system	
  

have	
  a	
  tendency	
  to	
  be	
  highly	
  immunogenic.	
  For	
  example,	
  if	
  a	
  tumor	
  that	
  has	
  developed	
  

in	
  an	
  immune	
  deficient	
  mouse	
  is	
  then	
  seeded	
  in	
  an	
  immune	
  competent	
  mouse,	
  the	
  cells	
  

are	
   unlikely	
   to	
   establish	
   a	
   tumor	
   due	
   to	
   immune	
   responses	
   against	
   them	
   [14,	
   15].	
  

Schreiber’s	
   group	
   recently	
   demonstrated	
   that	
   in	
   immune	
   competent	
   mice,	
   tumors	
  

lacking	
  strong	
  antigens	
  will	
  fail	
  to	
  be	
  rejected	
  by	
  the	
  host,	
  while	
  tumors	
  which	
  possess	
  

the	
   strong	
   antigens	
   will	
   successfully	
   be	
   rejected	
   through	
   T-­‐cell	
   mediated	
  

immunoselection	
  [13].	
  	
  

	
   Despite	
   all	
   of	
   the	
   safeguards	
   in	
   place	
   to	
   eliminate	
   tumor	
   cells,	
   sometimes	
   the	
  

immune	
   system	
   fails	
   to	
   eliminate	
   the	
   transformed	
   cells.	
   When	
   this	
   occurs	
   the	
   cells	
  

progress	
  to	
  a	
  dynamic	
  intermediate	
  stage	
  of	
  cancer	
  immunoediting,	
  during	
  which	
  time	
  

they	
  are	
  kept	
  in	
  a	
  state	
  of	
  functional	
  dormancy	
  by	
  the	
  host	
  immune	
  system.	
  This	
  stage,	
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referred	
  to	
  as	
  the	
  equilibrium	
  phase	
  [6,	
  10,	
  16],	
  is	
  understood	
  to	
  be	
  the	
  longest	
  of	
  the	
  

immunoediting	
  phases.	
  During	
  this	
  phase	
  the	
  tumor	
  acquires	
  its	
  most	
  immunoevasive	
  

mutations.	
  The	
  adaptive	
  immune	
  system,	
  through	
  strong	
  anti-­‐tumor	
  immune	
  responses	
  

is	
  able	
  to	
  contain	
  the	
  cancer,	
  however	
  it	
  is	
  unable	
  to	
  eradicate	
  it.	
  Anti-­‐tumor	
  cytokines	
  

such	
  as	
  IFNγ	
  and	
  IL-­‐12	
  work	
  to	
  promote	
  tumor	
  elimination,	
  whereas	
  tumor	
  promoting	
  

cytokines	
  such	
  as	
  IL-­‐23	
  and	
  IL-­‐10	
  enable	
  the	
  tumor	
  to	
  persist	
  [17].	
  Depletion	
  of	
  T-­‐cells	
  

or	
  the	
  use	
  of	
  antibodies	
  that	
  block	
  immune-­‐mediating	
  cytokines	
  such	
  as	
  IFNγ	
  and	
  IL-­‐12,	
  

causes	
  the	
  tumors	
  to	
  enter	
  the	
  escape	
  phase	
  and	
  grow	
  out	
  [16].	
  In	
  contrast,	
  the	
  innate	
  

immune	
   system	
   has	
   been	
   shown	
   to	
   be	
   non-­‐essential	
   for	
   maintaining	
   tumors	
   in	
  

equilibrium	
  [16].	
  	
  

	
   The	
  third	
  and	
  final	
  stage	
  of	
  immunoediting	
  is	
  the	
  escape	
  phase.	
  In	
  this	
  phase	
  the	
  

balance	
  between	
   tumor	
  and	
   immune	
  system	
  has	
   tilted	
   towards	
   the	
   tumor	
  due	
   to	
   the	
  

acquired	
  ability	
  of	
  the	
  tumor	
  cells	
  to	
  evade	
  immune	
  pressure;	
  the	
  result	
  of	
  which	
  is	
  the	
  

progression	
  into	
  a	
  clinically	
  evident	
  disease	
  [18].	
  The	
  mechanisms	
  involved	
  in	
  evading	
  

the	
   immune	
   system	
   are	
   complex	
   and	
   very	
   differently	
   in	
   each	
   tumor.	
   Suppressing	
  

proinflammatory	
  danger	
  signals	
  to	
  prevent	
  dendritic	
  cell	
  maturation	
  [19]	
  and	
  inducing	
  

the	
  loss	
  of	
  ligands	
  for	
  the	
  NK	
  cell	
  effector	
  molecules	
  are	
  both	
  mechanisms	
  which	
  have	
  

been	
   shown	
   to	
   be	
   involved	
   in	
   immune	
   evasion	
   [20].	
   In	
   addition,	
   because	
   more	
  

immunogenic	
   tumor	
   variants	
   are	
   likely	
   to	
   be	
   eliminated	
   from	
   the	
   tumor	
   population	
  

through	
   immunoediting	
   early	
   in	
   cancer	
   progression,	
   the	
   remaining	
   cells	
   may	
   be	
  

invisible	
  to	
  the	
  immune	
  system	
  [6,	
  10].	
  	
  

Tumors	
   can	
   also	
   acquire	
   defects	
   in	
   their	
   antigen	
   processing	
   and	
   presentation	
  

pathways.	
  For	
  example	
  some	
  tumors	
  experience	
  a	
  down	
  regulation	
  in	
  MHC	
  I	
  expression	
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[21]	
  while	
  others	
  may	
  develop	
  insensitivity	
  to	
  IFNγ	
  [18,	
  22,	
  23].	
  By	
  applying	
  selective	
  

pressure	
  and	
  eliminating	
   the	
  more	
   immunogenic	
   tumor	
  variants,	
   the	
   immune	
  system	
  

has	
   caused	
   the	
   tumor	
   population	
   to	
   evolve	
   and	
   become	
   less	
   immunogenic.	
   This	
   has	
  

simultaneously	
   given	
   the	
   tumor	
   a	
   survival	
   advantage	
   and	
   promoted	
   tumor	
   cell	
  

proliferation	
  [6].	
  Due	
  to	
  the	
  plasticity	
  of	
  cancer,	
  some	
  immunotherapies	
  can	
  also	
  lead	
  to	
  

immunoediting	
   and	
   evolution	
   of	
   the	
   cancer	
   population	
   towards	
   tumor	
   variants	
  

insensitive	
   to	
   therapy	
   [9].	
   For	
   this	
   reason,	
   combination	
   therapy	
   approaches	
   and	
  

immunotherapies	
  with	
  multiple	
  targets	
  are	
  more	
  likely	
  to	
  be	
  successful	
  and	
  reduce	
  the	
  

probability	
   of	
   tumor	
   relapse.	
  Within	
   the	
   context	
   of	
   this	
   thesis	
  we	
   combine	
   oncolytic	
  

virus	
  therapy	
  and	
  immunotherapy	
  approaches	
  in	
  attempt	
  to	
  enhance	
  tumor	
  control.	
  	
  

1.3 Generating	
  an	
  anti-­‐tumor	
  immune	
  response	
  	
  

Cancer	
   related	
   antigens	
   that	
   the	
   immune	
   system	
   may	
   respond	
   to	
   include:	
  

neoantigens	
   created	
   as	
   a	
   result	
   of	
   accumulation	
   of	
   mutations	
   in	
   cancer;	
   products	
   of	
  

non-­‐mutated	
  genes	
  that	
  are	
  preferentially	
  expressed	
  by	
  cancer	
  cells;	
  or	
  antigens	
  from	
  

the	
  cancer’s	
  tissue	
  of	
  origin	
  that	
  are	
  not	
  yet	
  tolerized	
  [24,	
  25].	
  Dendritic	
  cells	
  (DC)	
  are	
  

specialized	
  antigen-­‐presenting	
  cells	
  and	
  are	
  one	
  of	
  the	
  key	
  components	
  in	
  the	
  induction	
  

of	
   anti-­‐tumor	
   immune	
   responses.	
   They	
   take	
   up	
   antigens	
   from	
   surrounding	
  

environments,	
  which	
  they	
  process	
  internally	
  and	
  present	
  on	
  their	
  MHC	
  molecules	
  at	
  the	
  

cell	
  surface.	
  If	
  the	
  DCs	
  do	
  not	
  receive	
  maturation	
  signals	
  concurrent	
  to	
  antigen	
  uptake,	
  

such	
  as	
  TLR	
  stimulation,	
  the	
  result	
  will	
  be	
  T-­‐cell	
  tolerance	
  instead	
  of	
  the	
  production	
  of	
  

an	
   effective	
   anti-­‐tumor	
   response	
   [26,	
   27].	
   CD4+	
   T-­‐cells	
   recognize	
   MHC	
   class	
   II	
  

molecules	
  and	
  are	
  known	
  for	
  their	
  functions	
  producing	
  the	
  cytokines	
  necessary	
  for	
  the	
  

effector	
  functions	
  of	
  other	
  immune	
  cells.	
  CD8+	
  cytotoxic	
  T-­‐cells	
  recognize	
  MHC	
  class	
  I	
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molecules	
  on	
  target	
  cells	
  and	
  can	
  act	
  to	
  kill	
  these	
  cells.	
  Both	
  CD4+	
  T-­‐cells	
  and	
  CD8+	
  T-­‐

cells	
  have	
  been	
   shown	
   to	
   generate	
  antigen-­‐specific	
   immune	
   reactions	
   that	
   can	
  play	
   a	
  

role	
  in	
  tumor	
  regression	
  [18,	
  28-­‐31].	
  	
  

1.4 Cancer	
  Immunotherapy	
  

The	
   current	
   standard	
   of	
   care	
   for	
   many	
   cancers	
   today	
   is	
   chemotherapy	
   drugs	
  

designed	
   to	
   target	
   rapidly	
   dividing	
   cells,	
   like	
   cancer	
   cells.	
   The	
   problem	
   with	
  

chemotherapy	
  drugs	
  is	
  that	
  they	
  also	
  cause	
  toxicity	
  for	
  non-­‐cancerous	
  cells,	
  resulting	
  in	
  

many	
  unwanted	
  side	
  effects.	
  While	
  rapid	
  cell	
  division	
  is	
  a	
  well-­‐known	
  characteristic	
  of	
  

cancer	
   cells,	
   there	
   are	
   also	
   many	
   other	
   traits	
   that	
   can	
   be	
   targeted	
   [4,	
   5].	
   Cancer	
  

immunotherapy,	
   a	
   branch	
   of	
   cancer	
   therapy	
   focused	
   on	
   enhancing	
   an	
   individual’s	
  

immune	
  response	
  to	
  cancer,	
  focuses	
  on	
  doing	
  just	
  that.	
  There	
  are	
  three	
  main	
  areas	
  that	
  

cancer	
   immunotherapy	
   generally	
   focuses	
   on	
   in	
   order	
   to	
   enhance	
   an	
   individuals	
   anti-­‐

cancer	
   immune	
  response:	
  1	
  –	
  promoting	
  the	
  antigen	
  presentation	
  abilities	
  of	
  DCs,	
  2	
  –	
  

enhancing	
   the	
   protective	
  T-­‐cell	
   responses	
   and	
  3	
   –	
   overcoming	
  mechanisms	
   of	
   tumor	
  

immunosuppression	
  [32].	
  	
  

There	
  has	
  been	
  a	
  great	
  deal	
  of	
   research	
   that	
  has	
  gone	
   into	
  understanding	
  and	
  

promoting	
   the	
   antigen	
   presentation	
   abilities	
   of	
   DCs	
   in	
   vivo	
   [33].	
   Dendritic	
   cells	
   are	
  

corner	
  stones	
   in	
  the	
  generation	
  of	
  antigen	
  specific	
   immune	
  responses	
  and	
  as	
  such	
  DC	
  

adoptive	
   transfer	
   is	
  a	
  key	
  area	
   that	
  has	
  undergone	
  significant	
   investigation.	
  Many	
  DC	
  

vaccine	
   therapy	
   trials	
   have	
   demonstrated	
   a	
   clinical	
   benefit	
   [34],	
   and	
   the	
   first	
   DC	
  

therapy	
  was	
  approved	
  by	
  the	
  FDA	
  in	
  2010	
  for	
  metastatic	
  prostate	
  cancer	
  [35].	
  	
  

Enhancing	
   T-­‐cell	
   responses	
   has	
   been	
   another	
   main	
   focus	
   of	
   cancer	
  

immunotherapy.	
   Adoptive	
   transfer	
   of	
   antigen-­‐specific	
   T	
   lymphocytes	
   has	
   been	
   very	
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successful	
   for	
   some	
   types	
  of	
   cancer,	
  however	
  more	
   immunosuppressive	
  cancers	
  have	
  

not	
  been	
  as	
  responsive	
  to	
  this	
  therapy	
  [36].	
  T-­‐cells	
  that	
  have	
  been	
  modified	
  ex	
  vivo	
  to	
  

express	
  chimeric	
  antigen	
  receptors,	
  commonly	
  referred	
  to	
  as	
  CAR	
  T-­‐cells,	
  have	
  resulted	
  

in	
   significant	
   improvements	
   in	
   therapeutic	
   efficacy	
   as	
   well	
   some	
   quite	
   astounding	
  

clinical	
  outcomes	
  in	
  response	
  to	
  treatment	
  [37-­‐39].	
  	
  

Enhancing	
  DC	
  ability	
  to	
  prime	
  effector	
  immune	
  cells	
  is	
  one	
  example	
  of	
  how	
  we	
  

can	
   therapeutically	
   enhance	
   anti-­‐tumor	
   immunity.	
   There	
   are	
   also	
   many	
   other	
  

mechanisms	
   through	
   which	
   this	
   can	
   also	
   be	
   accomplished.	
   Anti-­‐tumor	
   immune	
  

responses	
   can	
   be	
   enhanced	
   through	
   vaccination	
   with	
   whole	
   cell	
   and	
   infected	
   cell	
  

vaccines	
   [40],	
   recombinant	
  proteins	
   [41],	
   synthetic	
   peptides	
   [42,	
   43],	
   and	
  messenger	
  

RNA	
   [44].	
   Furthermore,	
  we	
   can	
   use	
   next	
   generation	
   genome	
   sequence	
   techniques	
   in	
  

order	
   to	
   identify	
   novel	
   tumor	
   specific	
   mutations	
   within	
   the	
   cancer	
   genome	
   for	
  

immunizing	
   against.	
   This	
   approach	
  will	
   be	
   discussed	
  more	
   in	
   detail	
   in	
   the	
   following	
  

section.	
  	
  

1.4.1	
  The	
  Cancer	
  “Mutanome”	
  	
  

It	
   is	
  broadly	
  understood	
   that	
  DNA	
  mutations	
  are	
  one	
  of	
   the	
  primary	
  causes	
  of	
  

cancer	
   [5,	
   45].	
   Human	
   cancers	
   carry	
   10s	
   to	
   100s	
   of	
   nonsynonymous	
   mutations	
   and	
  

these	
  mutations	
  can	
   function	
  as	
  a	
  novel	
  source	
  of	
  antigens	
  within	
  the	
  tumor	
  [46,	
  47].	
  

The	
  term	
  “mutanome”	
  refers	
  to	
  the	
  library	
  of	
  somatic	
  mutations	
  that	
  are	
  present	
  within	
  

a	
   given	
   tumor,	
   and	
   “mutanome	
   antigens”	
   refers	
   to	
   the	
   neo-­‐antigens	
   that	
   have	
  

developed	
  as	
  a	
  result	
  of	
  these	
  mutations	
  [43].	
  	
  

The	
   mutanome	
   of	
   different	
   cancers	
   can	
   be	
   identified	
   by	
   “next-­‐generation	
  

sequencing”	
  (NGS)	
  technology,	
  a	
  method	
  of	
  ultrafast	
  and	
  high-­‐throughput	
  sequencing,	
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followed	
  by	
  computational	
  analysis	
  to	
  identify	
  mutations	
  found	
  within	
  a	
  cancer	
  that	
  are	
  

not	
  found	
  within	
  normal	
  tissue	
  [43,	
  47].	
  Rapid	
  identification	
  of	
  the	
  mutanome	
  has	
  huge	
  

implications	
  for	
  personalized	
  cancer	
  therapies.	
  It	
  enables	
  us	
  to	
  quickly	
  identify	
  patient-­‐

specific	
  neoantigens	
  that	
  can	
  then	
  be	
  targeted	
  by	
  immunotherapeutic	
  approaches.	
  	
  

	
   There	
   are	
   some	
   trials	
   investigating	
   the	
   administration	
   of	
   cancer	
   vaccines	
  

targeting	
   tumor	
   associated	
   antigens	
   (TAA).	
   The	
   limiting	
   factor	
  with	
   this	
   approach	
   is	
  

that	
   the	
   antigens	
   being	
   targeted	
   are	
   from	
   self-­‐epitopes	
   which	
   are	
   subject	
   to	
   central	
  

tolerance	
  [48].	
  Tumor	
  specific	
  “mutanome”	
  antigens	
  would	
  not	
  be	
  as	
  heavily	
  subjected	
  

to	
  central	
   tolerance	
  mechanisms,	
  supporting	
  why	
  there	
  have	
  been	
   immune	
  responses	
  

detected	
   towards	
   these	
  neoantigens	
   in	
  cancer	
  patients	
   [46].	
  There	
  has	
  been	
  evidence	
  

that	
   if	
   the	
   immune	
   system	
   is	
   able	
   to	
   generate	
   sufficient	
   immune	
   responses	
   to	
   cancer	
  

neoantigens	
  than	
  it	
  can	
  lead	
  to	
  control	
  of	
  cancer	
  progression	
  [13,	
  49-­‐51].	
  	
  

	
   The	
   sequencing	
   of	
   the	
   first	
   entire	
  mouse	
   genome	
   in	
   2011	
   [52]	
   showed	
   that	
   it	
  

was	
  feasible	
  to	
  use	
  mice	
  as	
  a	
  pre-­‐clinical	
  model	
  organism	
  for	
  investigation	
  of	
  the	
  cancer	
  

mutanome.	
  In	
  2012,	
  Ugur	
  Sahin’s	
  group	
  was	
  the	
  first	
  group	
  to	
  sequence	
  a	
  mouse	
  tumor	
  

exome	
   [43].	
   They	
   successfully	
   identified	
   hundreds	
   of	
   nonsynonymous	
   somatic	
   point	
  

mutations	
  expressed	
   in	
  genes	
  of	
   the	
  B16F10	
  cell	
   line	
  and	
  showed	
   that	
  many	
  of	
   these	
  

nonsynonymous	
   somatic	
   mutations	
   found	
   in	
   tumors	
   have	
   immunogenic	
   potential.	
  

Impressively,	
   they	
  also	
  demonstrated	
   that	
   some	
  of	
   the	
   immune	
  responses	
   induced	
   to	
  

these	
   mutanome	
   antigens	
   lead	
   to	
   effective	
   B16F10	
   tumor	
   control	
   and	
   increased	
  

survival	
  duration	
  [43].	
  	
  

Of	
  note,	
  none	
  of	
  the	
  mutations	
  that	
  were	
  identified	
  in	
  this	
  study	
  were	
  present	
  in	
  

the	
  four	
  known	
  melanoma	
  oncogenes	
  [43,	
  47],	
  but	
  mutations	
  were	
  found	
  in	
  established	
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tumor	
   suppressor	
   genes,	
   DNA	
   repair	
   associated	
   genes,	
   and	
   in	
   genes	
   associated	
  with	
  

known	
  cancer	
  pathways	
  [43].	
  Significantly,	
  there	
  was	
  no	
  evidence	
  that	
  the	
  oncogenicity	
  

of	
   the	
   target	
   molecule	
   was	
   related	
   to	
   its	
   immunogenic	
   potential.	
   Thus	
   the	
  

immunogenicity	
   of	
   a	
   mutanome	
   antigen	
   has	
   no	
   relation	
   to	
   whether	
   the	
   mutation	
   is	
  

cancer	
  driver	
  mutation	
  or	
  a	
  bystander	
  mutation	
  [47].	
  

The	
  exciting	
   findings	
  outlined	
   in	
   this	
   study	
   support	
   the	
  notion	
   that	
   a	
  patients’	
  

mutanome	
  can	
  provide	
  us	
  with	
  many	
  useful	
  vaccination	
  targets.	
  With	
  rapid	
  advances	
  in	
  

technology	
  and	
  even	
  faster	
  methods	
  of	
  genome	
  sequencing	
  being	
  developed	
  every	
  year,	
  

it	
  may	
  soon	
  be	
  possible	
  for	
  a	
  cancer	
  patient	
  to	
  have	
  their	
  tumors	
  sequenced	
  to	
  identify	
  

and	
   subsequently	
   target	
   personalized	
   neoantigens.	
   The	
   focus	
   of	
   the	
   project	
   outlined	
  

within	
   this	
   thesis	
   is	
   to	
   improve	
   vaccination	
   against	
   mutanome	
   antigens	
   through	
   OV	
  

therapy.	
   The	
   characterization	
  of	
   the	
  B16F10	
  mutanome	
  by	
  Castle	
  et	
  al	
  served	
   as	
   our	
  

starting	
  point	
  [43].	
  	
  

1.4.2	
  Peptide	
  vaccination	
  strategies	
  	
  

	
   Preventative	
   vaccination	
   strategies	
   are	
   widely	
   viewed	
   as	
   one	
   of	
   the	
   most	
  

successful	
  medical	
   advances	
   in	
  history.	
  Vaccinations	
  against	
   smallpox,	
  polio,	
  measles,	
  

and	
   diphtheria	
   have	
   saved	
   millions	
   of	
   lives	
   worldwide	
   since	
   their	
   implementation.	
  

While	
  we	
  have	
  observed	
  tremendous	
  successes	
  with	
  preventative	
  vaccination,	
  we	
  have	
  

not	
  had	
  nearly	
  the	
  same	
  success	
  for	
  therapeutic	
  vaccination.	
  For	
  cancer	
  in	
  particular	
  we	
  

have	
  had	
  limited	
  clinical	
  success	
  with	
  tumor	
  vaccination	
  [53].	
  

	
   There	
  have	
  been	
  many	
  different	
  attempts	
  at	
   therapeutic	
  vaccination	
  strategies	
  

over	
  the	
  years	
  including	
  vaccination	
  with	
  recombinant	
  proteins	
  [54,	
  55],	
  recombinant	
  

viral	
  vectors	
  encoding	
  TAAs	
  or	
  viral	
  antigens	
  [56,	
  57],	
  DNA	
  encoding	
  antigens	
  [58,	
  59],	
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antigen-­‐loaded	
   dendritic	
   cells	
   [60,	
   61]	
   and	
   synthetic	
   peptides	
   [62,	
   63].	
   In	
   order	
   for	
  

therapeutic	
  vaccines	
  to	
  work,	
  they	
  must	
  be	
  able	
  to	
  induce	
  strong	
  immune	
  responses	
  in	
  

the	
  host	
  [42].	
  	
  

	
   Two	
  of	
  these	
  therapeutic	
  vaccination	
  approaches	
  were	
  assessed	
  in	
  this	
  project:	
  

synthetic	
  peptides	
  and	
  viral	
  vectors,	
  the	
  latter	
  of	
  which	
  will	
  be	
  discussed	
  later	
  on	
  in	
  this	
  

introduction.	
  Treatment	
  with	
  synthetic	
  peptides	
  is	
  more	
  efficient	
  than	
  vaccination	
  with	
  

some	
   other	
   DNA	
   vaccines	
   because	
   it	
   eliminates	
   the	
   intermediate	
   step	
   of	
   RNA	
  

transcription	
   [42].	
   An	
   advantage	
   of	
   using	
   peptides	
   for	
   vaccination	
   instead	
   of	
   whole	
  

proteins	
   is	
   that	
  whole	
  proteins	
   contain	
  T-­‐cell	
   epitopes	
   that	
   are	
   inaccessible	
   in	
  whole	
  

protein	
   form	
   but	
   could	
   otherwise	
   generate	
   T-­‐cell	
   responses	
   [42].	
   Thus	
   peptide	
  

vaccination	
   has	
   the	
   potential	
   to	
   generate	
   responses	
   to	
   a	
   larger	
   repertoire	
   of	
   target	
  

sequences	
  relative	
  to	
  whole	
  protein	
  vaccination.	
  	
  

Administration	
   of	
   synthetic	
   peptides	
   with	
   an	
   appropriate	
   adjuvant	
   is	
   one	
  

therapeutic	
   vaccination	
   strategy	
   [62,	
   63].	
   Two	
   types	
   of	
   peptides	
   used	
   in	
   peptide	
  

vaccination	
   are	
   synthetic	
   long	
   peptides	
   (SLP)	
   and	
   short	
   minimal	
   peptides.	
   Short	
  

peptides	
   are	
   typically	
   8-­‐10	
   amino	
   acids	
   in	
   length,	
   the	
   exact	
   size	
   for	
   presentation	
   by	
  

MHC	
  class	
   I	
  molecule.	
  This	
  provides	
   the	
  advantage	
  of	
   external	
   loading	
  of	
   the	
  peptide	
  

onto	
  the	
  MHC	
  molecules	
  without	
  having	
  to	
  first	
  internalize	
  the	
  antigen	
  [58,	
  62].	
  While	
  

vaccination	
  with	
  minimal	
  epitopes	
  has	
  demonstrated	
  some	
  promising	
  results	
  [64-­‐67]	
  it	
  

often	
  leads	
  to	
  immunological	
  tolerance	
  instead	
  of	
  immunity	
  [68].	
  Vaccination	
  with	
  SLPs	
  

on	
   the	
   other	
  hand	
  have	
  many	
   advantages	
   over	
   vaccination	
  with	
   short	
   peptides.	
   SLPs	
  

are	
  too	
  long	
  to	
  bind	
  exogenously	
  to	
  MHC	
  molecules	
  and	
  thus	
  must	
  be	
  taken	
  up	
  by	
  APCs	
  

and	
  processed	
  before	
  they	
  can	
  be	
  presented	
  [69].	
  This	
  leads	
  to	
  a	
  longer	
  duration	
  of	
  in	
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vivo	
   epitope	
   presentation	
   by	
   APCs	
   [70,	
   71]	
   and	
   enhanced	
   T-­‐cell	
   responses	
   [72,	
   73].	
  

Furthermore,	
   unlike	
   minimal	
   epitope	
   binding	
   on	
  MHC	
   class	
   I	
   molecules,	
   vaccination	
  

with	
   SLPs	
   results	
   in	
   antigen	
   loading	
   to	
   both	
  MHC	
   class	
   I	
   and	
  MHC	
   class	
   II	
  molecules	
  

[42].	
  	
  	
  	
  

There	
   has	
   been	
   a	
   great	
   deal	
   of	
   research	
   to	
   enhance	
   the	
   immunogenicity	
   of	
  

peptide	
  vaccination	
   [42],	
  but	
  one	
  of	
   the	
  most	
   significant	
   findings	
  was	
   that	
  using	
   long	
  

peptides	
   for	
   vaccination	
   instead	
   of	
   minimal	
   epitopes	
   resulted	
   in	
   more	
   robust	
   and	
  

effective	
  T-­‐cell	
  responses	
  [74,	
  75].	
  As	
  a	
  result	
  we	
  used	
  SLPs	
  in	
  our	
  characterization	
  of	
  

mutanome	
  responses	
  throughout	
  this	
  project.	
  	
  

1.4.3	
  Designing	
  a	
  multi-­‐epitope	
  construct	
  	
  

	
   The	
   generation	
   of	
   T-­‐cell	
   mediated	
   immune	
   responses	
   to	
   TAAs	
   is	
   essential	
   in	
  

mediating	
   tumor	
   regression.	
   There	
   have	
   been	
  many	
   vaccination	
   strategies	
   that	
   have	
  

been	
   shown	
   to	
   induce	
   productive	
   antigen	
   specific	
   T-­‐cell	
   responses,	
   however	
   the	
  

targeting	
  of	
  individual	
  epitopes	
  has	
  resulted	
  in	
  the	
  emergence	
  of	
  antigen	
  loss	
  variants	
  

[69].	
  Antigen	
  loss	
  variants	
  occur	
  when	
  the	
  tumor	
  population	
  evolves	
  to	
  eliminate	
  tumor	
  

cells	
   containing	
   an	
   antigen	
   of	
   interest,	
   but	
   retains	
   other	
   tumor	
   variants.	
   Since	
   single	
  

antigen	
   targeting	
  has	
  proven	
  generally	
   insufficient	
   in	
  establishing	
  durable	
  cures	
   [76],	
  

efforts	
  have	
  been	
  redirected	
   to	
  vaccinate	
  against	
  multiple	
   tumor	
  antigens.	
  The	
  use	
  of	
  

polypeptides	
   encoding	
   multiple	
   antigenic	
   epitopes	
   is	
   an	
   approach	
   that	
   has	
   been	
  

investigated	
   with	
   significant	
   success	
   [69].	
   Like	
   in	
   the	
   case	
   of	
   vaccination	
   with	
   long	
  

peptides,	
   polypeptide	
   vaccination	
   results	
   in	
   MHC	
   loading	
   through	
   intracellular	
  

mechanisms,	
   a	
   longer	
   duration	
   of	
   epitope	
   presentation	
   and	
   thus	
   superior	
   T-­‐cell	
  

responses	
  [71].	
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   There	
   are	
   a	
   number	
   of	
   things	
   to	
   consider	
  when	
   designing	
   a	
   polypeptide.	
   The	
  

efficiency	
  that	
  a	
  particular	
  epitope	
  is	
  generated	
  through	
  intracellular	
  processing	
  and	
  its	
  

subsequent	
  binding	
  affinity	
  for	
  MHC	
  molecules	
  are	
  both	
  important	
  in	
  the	
  formation	
  of	
  

T-­‐cell	
   responses	
   to	
   antigens	
   [77].	
   Proteasomal	
   cleavage	
   of	
   peptides	
   is	
   very	
   strongly	
  

influenced	
  by	
  the	
  adjacent	
  amino	
  acid	
  residues	
  to	
  a	
  given	
  epitope	
  [77,	
  78].	
  Both	
  the	
  C-­‐

terminal	
  residue	
  and	
  the	
  immediate	
  flanking	
  residue	
  of	
  an	
  epitope	
  possess	
  significant	
  

signals	
  affecting	
  proteasome	
  cleavage	
  specificity	
  [79]	
  and	
  immunogenic	
  potential	
  [77].	
  

To	
  increase	
  the	
  probability	
  of	
  a	
  polypeptide	
  sequence	
  being	
  properly	
  processed	
  within	
  

the	
  proteasome,	
  defined	
   flanking	
   sequences,	
   also	
  known	
  as	
   spacer	
   sequences,	
   can	
  be	
  

used.	
   Spacer	
   sequences	
   increase	
   the	
   therapeutic	
   potential	
   of	
   the	
   polypeptides	
   and	
  

increase	
   the	
   immune	
   responses	
   towards	
   individual	
   epitopes	
   compared	
   to	
   sequences	
  

without	
  spacers	
  [80].	
  Importantly	
  for	
  our	
  study,	
  by	
  inducing	
  cleavage	
  between	
  peptides	
  

of	
  interest,	
  this	
  should	
  eliminate	
  the	
  formation	
  of	
  neo-­‐antigens	
  and	
  the	
  potential	
  of	
  any	
  

misdirected	
  immune	
  responses.	
  	
  

Careful	
  consideration	
  and	
  selection	
  of	
   flanking	
  sequences	
   is	
  necessary	
  because	
  

while	
   some	
   sequences	
  will	
   lead	
   to	
  more	
   accurate	
   processing	
   of	
   epitopes,	
   others	
  may	
  

actually	
  prevent	
  proper	
  antigen	
  processing	
  [81,	
  82].	
  The	
  artificial	
  spacer	
  sequence	
  AAY	
  

(Alanine-­‐Alanine-­‐Tyrosine),	
   has	
   been	
   well	
   documented	
   to	
   enable	
   proper	
   cleavage,	
  

processing	
  and	
  presentation	
  of	
  peptides	
  to	
  T-­‐cells	
  [69],	
  as	
  well	
  as	
  significantly	
  enhance	
  

therapeutic	
   efficacy	
   of	
   a	
   multi-­‐epitope	
   DNA	
   vaccine	
   in	
   a	
   cervical	
   cancer	
  model	
   [80].	
  

Alanine	
  is	
  a	
  small	
  hydrophobic	
  residue,	
  and	
  hydrophobic	
  residues	
  are	
  associated	
  with	
  

proteasomal	
   cleavage	
  at	
   the	
   carboxyl	
   (P1)	
   site	
  of	
   the	
   residue	
   [78]	
  and	
  enhanced	
  CTL	
  

responses	
  to	
  the	
  epitope	
  [77].	
  The	
  two	
  side-­‐by-­‐side	
  alanine	
  residues	
  in	
  the	
  AAY	
  linkage	
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sequence	
  support	
  C-­‐terminal	
  cleavage	
  of	
  an	
  epitope	
  while	
  the	
  tyrosine	
  residue	
  induces	
  

a	
   strong	
   N-­‐terminal	
   cleavage	
   site	
   for	
   the	
   adjacent	
   epitope	
   [80].	
   AAY	
   is	
   the	
   cleavage	
  

sequence	
  used	
  within	
  our	
  multi-­‐epitope	
  construct	
  design.	
  

	
   While	
   cleavage	
   sequences	
   between	
   epitopes	
   may	
   promote	
   proper	
   processing	
  

within	
   the	
   proteasome,	
   it	
   does	
   nothing	
   to	
   ensure	
   that	
   the	
   polypeptide	
  will	
   reach	
   the	
  

proteasome	
   in	
   the	
   first	
  place.	
  Rodriguez	
  et	
  al	
  have	
  demonstrated	
   that	
   targeting	
  DNA-­‐

based	
  multi-­‐epitope	
  constructs	
  to	
  the	
  protein	
  degradation	
  pathway	
  results	
  in	
  increased	
  

proteolysis	
  and	
  increased	
  CTL	
  precursor	
  frequencies	
  [83].	
  Another	
  group	
  showed	
  that	
  

proteasome	
  targeting	
  was	
  crucial	
   for	
   the	
  therapeutic	
   treatment	
  of	
  established	
  tumors	
  

with	
  a	
  DNA	
  multi-­‐epitope	
  construct	
  [80].	
  	
  

	
   Targeting	
  a	
  DNA	
  construct	
  to	
  the	
  26S	
  proteasome	
  degradation	
  pathway	
  can	
  be	
  

achieved	
   by	
   adding	
   ubiquitin	
   to	
   the	
   construct	
   design	
   [83].	
   Fusion	
   of	
   ubiquitin	
   to	
   a	
  

multi-­‐epitope	
   construct	
   has	
   lead	
   to	
   elevated	
   class	
   I	
   MHC	
   presentation,	
   enhanced	
  

immunogenicity	
  and	
  increased	
  therapeutic	
  effect	
  as	
  a	
  result	
  of	
  polyubiquitination	
  and	
  

targeting	
  to	
  the	
  proteasome	
  [83].	
  The	
  conjugation	
  of	
  ubiquitin,	
  a	
  76	
  amino	
  acid	
  protein,	
  

to	
   eukaryotic	
   proteins	
   is	
   an	
   obligatory	
   step	
   for	
   proteasome	
   degradation	
   [84].	
  

Elongation	
   of	
   the	
   ubiquitin	
   chain	
   leads	
   to	
   the	
   targeting	
   of	
   the	
   complex	
   to	
   the	
  

proteasome,	
  only	
  if	
  the	
  polyubiquitination	
  occurs	
  through	
  bonds	
  with	
  lysine	
  48	
  of	
  the	
  

preceding	
  ubiquitin	
  molecule	
  [85].	
   	
   If	
   this	
  K48	
   is	
  mutated	
  to	
  another	
  residue,	
  such	
  as	
  

arginine,	
   this	
   inhibits	
   targeting	
   to	
   the	
   proteasome	
   degradation	
   pathway	
   [86].	
   It	
   has	
  

further	
  been	
  demonstrated	
  that	
  mutation	
  of	
  all	
   lysines	
   in	
  ubiquitin	
  to	
  arginine	
  except	
  

for	
   lysine	
   48,	
   thus	
   preventing	
   the	
   formation	
   of	
   other	
   types	
   of	
   polyubiquitin	
   chains,	
  

leads	
  to	
  superior	
  proteasomal	
  targeting	
  relative	
  to	
  wild-­‐type	
  ubiquitin	
  [87].	
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   In	
  our	
  attempts	
  to	
  potentiate	
  anti-­‐tumor	
  immune	
  responses	
  we	
  encode	
  a	
  multi-­‐

epitope	
   construct	
   within	
   an	
   oncolytic	
   virus.	
   We	
   employ	
   many	
   of	
   the	
   approaches	
  

discussed	
  here,	
  including	
  the	
  use	
  of	
  cleavage	
  sequences	
  and	
  ubiquitination,	
  to	
  optimize	
  

processing	
  of	
  our	
  multi-­‐epitope	
  construct.	
  Our	
  strategy	
  for	
  designing	
  this	
  multi-­‐epitope	
  

construct	
  for	
  insertion	
  into	
  our	
  oncolytic	
  virus	
  is	
  further	
  discussed	
  in	
  the	
  Results.	
  	
  

1.5 Oncolytic	
  Viruses	
  

	
   Oncolytic	
   viruses	
   (OVs)	
   are	
   an	
   emerging	
   type	
   of	
   cancer	
   therapeutic	
   that	
   have	
  

shown	
   significant	
   success	
   in	
   preclinical	
   and	
   clinical	
   trials	
   [88].	
   OVs	
   are	
   replication	
  

competent,	
   tumor-­‐selective	
   viruses	
   that	
   have	
   the	
   ability	
   to	
   eliminate	
   malignancies	
  

through	
  direct	
  and	
  indirect	
  killing	
  of	
  tumor	
  cells.	
  Today,	
  there	
  are	
  many	
  different	
  types	
  

of	
  viruses	
  under	
   investigation	
   for	
  oncolytic	
  and	
  anti-­‐cancer	
  effects.	
  OVs	
  can	
  be	
  either	
  

naturally	
   selective	
   for	
   tumor	
   cells,	
   such	
   as	
   for	
   Newcastle	
   disease	
   virus	
   and	
   mumps	
  

virus,	
  or	
   they	
  can	
  be	
  engineered	
  through	
  different	
  mechanisms	
  to	
  be	
  tumor-­‐selective,	
  

as	
   is	
   the	
   case	
   for	
   adenovirus,	
   vesicular	
   stomatitis	
   virus	
   (VSV),	
   Maraba	
   virus,	
   herpes	
  

simplex	
  virus	
  and	
  vaccinia	
  virus	
  [88-­‐90].	
  	
  

	
   The	
   first	
   observations	
   of	
   viruses	
   being	
   able	
   to	
   disseminate	
   disease	
   caused	
   by	
  

cancer	
  were	
   reported	
   as	
   early	
   as	
   1904	
   in	
   a	
   case	
   report	
   in	
  which	
   a	
   leukemia	
   patient	
  

went	
  into	
  remission	
  after	
  an	
  influenza	
  infection	
  [91].	
  Since	
  then	
  there	
  have	
  been	
  many	
  

more	
  case	
  reports	
  of	
  similar	
  phenomena	
  [92]	
  and	
  even	
  some	
  clinical	
  trials,	
  unethical	
  by	
  

todays	
  standards,	
  in	
  the	
  mid-­‐twentieth	
  century	
  reported	
  that	
  cancer	
  patients	
  could	
  be	
  

administered	
  infectious	
  bodily	
  fluids	
  from	
  other	
  patients	
  and	
  this	
  would	
  in	
  some	
  cases	
  

control	
   cancer	
   burden	
   [93].	
   While	
   some	
   remissions	
   were	
   observed,	
   most	
   were	
   only	
  

short-­‐lived	
  and	
  many	
  patients	
  experienced	
   toxicity	
  as	
  a	
   result	
  of	
   infection.	
   In	
   the	
   last	
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couple	
   of	
   decades,	
   there	
   has	
   been	
   massive	
   advances	
   in	
   our	
   understanding	
   of	
   the	
  

mechanisms	
  of	
  action	
  of	
  oncolytic	
  viruses,	
  in	
  the	
  safety	
  of	
  the	
  viruses	
  as	
  well	
  as	
  in	
  their	
  

therapeutic	
  efficacy	
  [88].	
  	
  

	
   Today,	
  some	
  of	
   the	
  major	
  barriers	
   that	
  scientists	
  and	
  clinicians	
  are	
  working	
  to	
  

overcome	
  to	
  improve	
  clinical	
  efficacy	
  of	
  OV	
  therapy	
  include	
  improving	
  virus	
  delivery	
  to	
  

the	
   tumor,	
   enhancing	
   the	
   intratumoral	
   spread,	
   minimizing	
   viral	
   clearance,	
   and	
  

enhancing	
  virus	
  induced	
  antitumor	
  immunity	
  [88].	
  	
  

1.5.1	
  Maraba	
  virus	
  &	
  Vesicular	
  Stomatitis	
  virus	
  	
  

	
   Maraba	
   virus	
   and	
   Vesicular	
   Stomatitis	
   Virus	
   (VSV)	
   are	
   both	
   members	
   of	
   the	
  

Rhabdoviridae	
  family	
  and	
  were	
  both	
  used	
   throughout	
   this	
  project.	
  Rhabdoviruses	
  are	
  

rarely	
   associated	
   with	
   disease	
   in	
   humans	
   and	
   as	
   a	
   result,	
   pre-­‐existing	
   immunity,	
   a	
  

major	
  hurdle	
  in	
  oncolytic	
  virus	
  therapy	
  [88],	
  is	
  considerably	
  rare	
  [89].	
  Maraba	
  and	
  VSV	
  

are	
   negative-­‐strand	
   RNA	
   viruses	
   that	
   do	
   not	
   proceed	
   through	
   a	
   DNA	
   intermediate,	
  

eliminating	
   the	
  risk	
  of	
   integration	
  of	
   the	
  viral	
  DNA	
   into	
   the	
  genome	
  when	
  used	
  as	
  an	
  

oncolytic	
  agent	
  [89,	
  94,	
  95].	
  These	
  viruses	
  replicate	
  rapidly	
  in	
  mammalian	
  cells	
  and	
  can	
  

be	
   genetically	
   modified	
   to	
   enhance	
   tumor	
   specificity	
   or	
   to	
   encode	
   therapeutic	
  

transgenes	
   [89].	
   They	
   also	
   are	
   relatively	
   small	
   in	
   size	
   and	
   thus	
   would	
   more	
   readily	
  

extravasate	
   from	
   blood	
   vessels	
   into	
   the	
   parenchyma	
   of	
   the	
   tumor	
   [96].	
   All	
   of	
   these	
  

properties	
  make	
  both	
  Maraba	
  virus	
  and	
  VSV	
  very	
  effective	
  oncolytic	
  agents.	
  	
  

	
   Aside	
   from	
   rabies	
   virus,	
   Lyssavirus,	
   VSV	
   is	
   probably	
   the	
   most	
   characterized	
  

virus	
  of	
  the	
  Rhabdoviridae	
   family.	
  It	
   is	
  an	
  arthropod-­‐borne	
  virus	
  that	
  primarily	
  affects	
  

rodents,	
  cattle,	
  swine	
  and	
  horses.	
  [97].	
  The	
  genome	
  of	
  VSV	
  is	
  11	
  kilobases	
  long	
  and	
  is	
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comprised	
  of	
  five	
  proteins:	
  a	
  nucleocapsid	
  (N),	
  polymerase	
  proteins	
  (P	
  &	
  L),	
  a	
  surface	
  

glycoprotein	
  (G)	
  and	
  a	
  peripheral	
  matrix	
  protein	
  (M)	
  [94].	
  	
  

Interferons	
   (IFN)	
   are	
   very	
   important	
   with	
   regards	
   to	
   the	
   innate	
   antiviral	
  

immunity	
   and	
   VSV	
   is	
   strongly	
   inhibited	
   by	
   its	
   presence.	
   In	
   fact,	
   infection	
   of	
   mice	
  

defective	
   in	
   type	
   I	
   IFN	
   signaling	
   with	
   wild-­‐type	
   VSV	
   (wtVSV)	
   can	
   be	
   lethal	
   [94,	
   98].	
  

However,	
  deletion	
  of	
  methionine	
  51	
  in	
  the	
  matrix	
  protein	
  of	
  VSV	
  (VSVΔ51)	
  attenuates	
  

the	
   virus	
   by	
   inducing	
   host	
   cells	
   to	
   produce	
  more	
   IFN	
  while	
  maintaining	
   its	
   oncolytic	
  

ability	
  and	
  efficacy	
  [99].	
  The	
  production	
  of	
  IFN	
  in	
  response	
  to	
  virus	
  infection	
  protects	
  

the	
  host	
  cells	
  against	
  infection	
  and	
  enhances	
  the	
  safety	
  of	
  the	
  oncolytic	
  virus.	
  	
  

	
   Compared	
  to	
  other	
  rhabdoviruses	
  Maraba	
  virus	
  is	
  more	
  potent	
  and	
  effective	
  for	
  

killing	
  human	
  tumor	
  cells	
  [89].	
  Like	
  VSV,	
  Maraba	
  is	
  a	
  vesiculovirus	
  containing	
  the	
  N,	
  P,	
  

M,	
   G	
   and	
   L	
   genes.	
   In	
   order	
   to	
   improve	
   safety	
   and	
   therapeutic	
   potential	
   of	
   the	
   virus,	
  

Maraba	
  was	
  engineered	
   to	
   contain	
   two	
  mutations,	
  one	
   in	
   the	
  matrix	
  protein,	
  L123W,	
  

and	
   one	
   on	
   the	
   G	
   protein,	
   Q242R.	
   This	
   double	
   mutant	
   form	
   of	
   Maraba	
   virus	
   is	
  

commonly	
   referred	
   to	
  as	
  MG1	
   [89].	
  These	
  mutations	
   resulted	
   in	
   the	
  MG1	
  virus	
  being	
  

able	
  to	
  replicate	
  more	
  quickly	
  during	
  the	
  early	
  phase	
  of	
  infection,	
  while	
  simultaneously	
  

being	
  significantly	
  more	
  attenuated	
  on	
  primary	
  cells	
  compared	
  to	
  the	
  wild	
  type	
  Maraba	
  

[89].	
   As	
   an	
   oncolytic	
   agent,	
   MG1	
   is	
   more	
   effective	
   and	
   less	
   toxic	
   than	
   VSVΔ51	
   as	
  

confirmed	
  in	
  both	
  in	
  vitro	
  and	
  in	
  vivo	
  experiments	
  [89].	
  	
  

1.5.2	
  Oncolytic	
  virus	
  therapy	
  and	
  immunotherapy	
  collide	
  

	
   Despite	
  the	
  misleading	
  name,	
  oncolytic	
  virus	
  therapeutic	
  efficacy	
  is	
  the	
  result	
  of	
  

many	
   more	
   factors	
   than	
   just	
   their	
   ability	
   to	
   lyse	
   tumor	
   cells.	
   It	
   is	
   now	
   widely	
  

understood	
  that	
  antitumor	
  efficacy	
  of	
  an	
  OV	
  also	
  significantly	
  depends	
  on	
  its	
  ability	
  to	
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stimulate	
   antitumor	
   immunity	
   [100].	
   In	
   a	
   clinical	
   trial	
   in	
   which	
   melanoma	
   patients	
  

were	
   injected	
   intratumorally	
  with	
  oncolytic	
  vaccinia	
  virus,	
   some	
  of	
   the	
  patients’	
  non-­‐

injected	
  distant	
  tumors	
  also	
  decreased	
  in	
  tumor	
  burden	
  [101],	
  suggesting	
  that	
  systemic	
  

anti-­‐tumor	
   immune	
   responses	
   may	
   be	
   responsible	
   for	
   this	
   efficacy	
   [100].	
   Moreover	
  

Reovirus,	
   another	
   oncolytic	
   virus	
   currently	
   in	
   phase	
   3	
   clinical	
   trials,	
   does	
   not	
   even	
  

require	
   direct	
   tumor	
   oncolysis	
   in	
   order	
   to	
   result	
   in	
   therapeutic	
   efficacy,	
   further	
  

implicating	
  antitumor	
  immune	
  activity	
  [102].	
  	
  

In	
   some	
  cases,	
   transient	
  expression	
  of	
   tumor	
  antigens	
  as	
  a	
   result	
  of	
  OV	
   tumor	
  

destruction	
   may	
   be	
   sufficient	
   to	
   generate	
   immune	
   responses	
   [103].	
   This	
   immune	
  

responses	
  is	
  made	
  possible	
  by	
  the	
  pathogen	
  associated	
  molecular	
  patterns	
  (PAMPs)	
  of	
  

the	
  OV	
  that	
  signal	
  the	
  immune	
  system	
  to	
  respond	
  to	
  the	
  imposed	
  threat	
  upon	
  the	
  host	
  

[104].	
   However	
   despite	
   the	
   concurrent	
   presentation	
   of	
   PAMPs,	
   the	
   TAAs	
   of	
   most	
  

human	
  tumors	
  will	
  be	
  too	
  weak	
  to	
  induce	
  strong	
  enough	
  immune	
  effector	
  functions	
  to	
  

control	
  tumor	
  progression	
  [105].	
  As	
  a	
  solution	
  to	
  this	
  problem	
  oncolytic	
  viruses	
  can	
  be	
  

engineered	
  to	
  enhance	
  general	
  immune	
  stimulation,	
  like	
  in	
  the	
  case	
  of	
  viruses	
  encoding	
  

granulocyte	
  macrophage	
   colony	
   stimulating	
   factor	
   (GMCSF)	
   [40,	
   106]	
   or	
   interferon-­‐β	
  

(IFN-­‐β)	
  [107-­‐109],	
  or	
  to	
  stimulate	
  antigen	
  directed	
  immune	
  responses,	
  like	
  in	
  the	
  case	
  

of	
  viruses	
  encoding	
  tumor	
  associated	
  antigens	
  [110-­‐112].	
  	
  

A	
  unique	
  approach	
  to	
  combining	
   immunotherapy	
  with	
  OV	
  therapy	
  was	
  carried	
  

out	
  by	
  Richard	
  Vile’s	
  group.	
  A	
  cDNA	
  library	
  derived	
  from	
  a	
  normal	
  human	
  prostate	
  was	
  

cloned	
  into	
  VSV	
  and	
  it	
  was	
  found	
  that	
  vaccination	
  with	
  the	
  library	
  encoding	
  VSV	
  could	
  

cure	
   the	
   majority	
   of	
   mice	
   with	
   established	
   prostate	
   tumors	
   [113].	
   Despite	
   encoding	
  

multitudes	
  of	
   self-­‐antigens	
  within	
   the	
  virus,	
  multiple	
   rounds	
  of	
   vaccinations	
   could	
  be	
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administered	
   to	
   the	
   mice	
   without	
   observing	
   any	
   signs	
   of	
   autoimmunity	
   [113].	
  

Furthermore,	
  a	
  similar	
  strategy	
  encoding	
  the	
  cDNA	
  library	
  of	
  a	
  melanoma	
  cell	
  line	
  into	
  

VSV	
   was	
   able	
   to	
   cure	
   mice	
   with	
   these	
   established	
   melanoma	
   tumors	
   [114].	
   The	
  

successful	
   translation	
  of	
   these	
  virally-­‐expressed	
  cDNA	
   libraries	
  across	
   tumor	
   types	
   is	
  

particularly	
  noteworthy.	
  Another	
   very	
   impressive	
   approach	
   to	
   immunovirotherapy	
   is	
  

with	
   a	
   heterologous	
   prime-­‐boost	
   vaccination	
   approach	
   as	
   described	
   in	
   the	
   following	
  

section.	
  	
  

1.6	
  Heterologous	
  Prime-­‐Boost	
  Vaccination	
  

	
   The	
  ability	
  of	
  the	
  immune	
  system	
  to	
  generate	
  tumor-­‐directed	
  T-­‐cell	
  responses	
  is	
  

somewhat	
   compromised	
   in	
   the	
   presence	
   of	
   an	
   oncolytic	
   virus	
   because	
   the	
   viral	
  

epitopes	
   compete	
  with	
   tumor	
  epitopes	
  and	
  often	
   result	
   in	
   the	
  generation	
  of	
   stronger	
  

anti-­‐viral	
  responses	
  than	
  anti-­‐tumor	
  responses	
  [42].	
  The	
  use	
  of	
  a	
  heterologous	
  prime-­‐

boost	
   vaccination	
   approach,	
   with	
   two	
   different	
   viruses	
   encoding	
   the	
   same	
   tumor	
  

antigen,	
  has	
  been	
  shown	
  to	
  ameliorate	
  this	
  effect.	
  A	
  group	
  at	
  McMaster	
  University	
  has	
  

approached	
   this	
   challenge	
   by	
   using	
   a	
   replication	
   incompetent,	
   E1-­‐	
   and	
   E3-­‐	
   deleted	
  

recombinant	
  human	
  type	
  5	
  adenovirus	
  as	
  a	
  priming	
  vector	
  followed	
  by	
  VSVΔ51	
  or	
  MG1	
  

Maraba	
   virus	
   as	
   a	
   boosting	
   vector,	
   with	
   both	
   vectors	
   encoding	
   human	
   dopachrome	
  

tautomerase	
  (hDCT)	
  [110,	
  115-­‐117].	
  	
  

1.6.1	
  Adenovirus	
  vector	
  as	
  an	
  immune	
  priming	
  vector	
  

	
   While	
  some	
  adenoviruses	
  have	
  been	
  evaluated	
  for	
  their	
  oncolytic	
  potential,	
  the	
  

ones	
  used	
  throughout	
  this	
  thesis	
  are	
  replication	
  incompetent.	
  These	
  viruses	
  are	
  used	
  to	
  

prime	
   the	
   immune	
   system	
   towards	
   certain	
   antigens	
   rather	
   than	
   as	
   oncolytic	
   vectors.	
  



	
  

	
   20	
  

The	
  recombinant	
  adenovirus	
  variants	
  are	
  all	
  E1-­‐/E3-­‐	
  deleted	
  serotype	
  5	
  adenoviruses,	
  

commonly	
  referred	
  to	
  as	
  first-­‐generation	
  adenoviruses.	
  	
  

The	
   E1	
   gene	
   of	
   adenovirus	
   plays	
   an	
   important	
   role	
   in	
   viral	
   replication	
   [118].	
  

Deletion	
  of	
  this	
  E1	
  region	
  leaves	
  the	
  virus	
  replication	
  defective	
  [119].	
  The	
  E3	
  region	
  of	
  

adenovirus	
   is	
  non-­‐essential	
   for	
  viral	
   replication	
  and	
   its	
  deletion	
   increases	
   the	
  cloning	
  

capacity	
  of	
  this	
  virus	
  from	
  5kbp	
  to	
  8kbp	
  [120].	
  	
  

These	
   first-­‐generation,	
   replication	
   deficient	
   adenoviruses	
   have	
   been	
   shown	
   to	
  

be	
   very	
   effective	
   vaccination	
   vectors	
   [117,	
   121,	
   122].	
   Vaccination	
   with	
   transgene	
  

expressing	
  adenoviruses	
  results	
  in	
  prolonged	
  presentation	
  of	
  antigens	
  and	
  CD8+	
  T-­‐cell	
  

responses	
   sustained	
   for	
   a	
   long	
   period	
   of	
   time	
   relative	
   to	
   other	
   methods	
   of	
  

immunization	
   [122].	
   As	
   such,	
   antigen	
   expressing	
   adenoviruses	
   are	
   very	
   efficient	
  

immune	
   priming	
   vectors,	
   generating	
   immune	
   responses	
   that	
   have	
   been	
   shown	
   be	
  

successfully	
  boosted	
  through	
  antigen	
  expressing	
  OVs	
  [116,	
  123]	
  

1.6.2	
  Efficacy	
  of	
  the	
  heterologous	
  prime-­‐boost	
  vaccination	
  approach	
  

DCT	
   is	
   a	
  melanoma	
   associated	
   antigen	
   and	
   as	
   such	
   is	
   highly	
   expressed	
   in	
   the	
  

melanoma	
  mouse-­‐derived	
  cell	
  line,	
  B16F10.	
  In	
  both	
  a	
  lung	
  B16F10	
  tumor	
  model	
  and	
  an	
  

intracranial	
   model	
   the	
   heterologous	
   prime-­‐boost	
   therapeutic	
   approach	
   successfully	
  

increased	
   the	
   antitumor	
   immunity	
   while	
   simultaneously	
   diminishing	
   the	
   antiviral	
  

attenuating	
  responses	
  normally	
  associated	
  with	
  VSV	
  vaccination	
  [110,	
  115].	
  Increased	
  

tumor-­‐infiltrating	
   lymphocytes	
  and	
  T-­‐cell	
   recognition	
  of	
  epitopes	
  of	
  other	
  TAAs	
  were	
  

also	
  observed	
  [110].	
  Corresponding	
  efficacy	
  experiments	
  showed	
  that	
  these	
  antitumor	
  

immune	
   responses	
   also	
   lead	
   to	
   significantly	
   increased	
   survival	
   benefits,	
   in	
   the	
   mice	
  

with	
  intracranial	
  B16F10	
  tumors	
  and	
  in	
  mice	
  with	
  B16F10	
  lung	
  tumors	
  [115,	
  116].	
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   The	
  prime-­‐boost	
  therapeutic	
  platform	
  was	
  also	
  tested	
  with	
  a	
  prime	
  of	
  Ad-­‐hDCT	
  

followed	
   by	
   a	
   boost	
   of	
   MG1-­‐hDCT.	
   MG1	
   was	
   found	
   to	
   induce	
   significantly	
   stronger	
  

antigen	
  specific	
  T-­‐cell	
  responses	
  as	
  an	
  oncolytic	
  boosting	
  vector	
  than	
  VSV	
  [111].	
  In	
  fact,	
  

there	
  are	
  currently	
  preparations	
  underway	
  by	
  John	
  Bell,	
  Brian	
  Lichty	
  and	
  David	
  Stojdl	
  

to	
   bring	
   this	
   prime-­‐boost	
   therapeutic	
   approach	
   into	
   clinical	
   trials.	
   Toxicology	
   and	
  

immunological	
   studies	
   have	
   been	
   conducted	
   with	
   cynomolgus	
   macaques	
   using	
   an	
  

adenovirus	
  and	
  MG1	
  Maraba	
  virus	
  encoding	
  MAGE	
  A3,	
  a	
  known	
  human	
  TAA,	
  and	
  so	
  far	
  

results	
   have	
   been	
   quite	
   promising	
   [123].	
   MAGE	
   A3	
   is	
   associated	
   with	
   many	
   tumors	
  

types	
   of	
   various	
   histological	
   types	
   [124]	
   and	
   thus	
   is	
   a	
   very	
   promising	
   target	
   for	
  

immunotherapy.	
   	
  Hopefully,	
   if	
   all	
   proceeds	
   as	
   planned,	
  we	
   should	
   see	
   this	
  MAGE	
  A3,	
  

prime-­‐boost	
  oncolytic	
  virus	
  therapy	
  in	
  humans,	
  within	
  the	
  context	
  of	
  a	
  Phase	
  I	
  clinical	
  

trial,	
  before	
  the	
  end	
  of	
  the	
  summer.	
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2	
  HYPOTHESIS	
  AND	
  OBJECTIVES	
  	
  

Hypothesis	
  

	
   I	
   hypothesized	
   that	
   combining	
   mutanome	
   epitope	
   vaccination	
   with	
   oncolytic	
  

virus	
   therapy	
   in	
   a	
   heterologous	
   prime-­‐boost	
   therapeutic	
   approach	
  would	
   result	
   in	
   a	
  

superior	
  therapeutic	
  outcome	
  than	
  either	
  vaccination	
  approach	
  on	
  its	
  own.	
  	
  

Objectives	
  

1. Confirm	
   the	
   presence	
   of	
   the	
   previously	
   described	
   mutanome	
   antigens	
   in	
   our	
  

B16F10	
  cells,	
  and	
  confirm	
  the	
  immunogenicity	
  of	
  these	
  epitopes	
  	
  

2. Design	
   a	
  multi-­‐epitope	
   construct	
   containing	
   the	
  mutanome	
  peptide	
   sequences	
  

and	
  clone	
  it	
  into	
  MG1	
  Maraba	
  virus	
  and	
  E1-­‐/E3-­‐	
  type	
  5	
  adenovirus	
  

3. Test	
   the	
   ability	
   of	
   these	
  mutanome	
   viruses	
   to	
   induce	
  mutanome	
   specific	
   anti-­‐

tumor	
   immune	
   responses	
   in	
   mice,	
   and	
   to	
   confer	
   tumor	
   control	
   and	
   survival	
  

advantage	
  upon	
  treated	
  mice	
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3	
  MATERIALS	
  AND	
  METHODS	
  	
  

3.1	
  Mice	
  and	
  cell	
  lines	
  	
  

Female	
   6-­‐week	
   old	
   C57Bl/6	
   mice	
   were	
   purchased	
   from	
   Charles	
   River	
  

Laboratories.	
   Mice	
   were	
   treated,	
   housed,	
   and	
   euthanized	
   according	
   to	
   the	
   rules	
   and	
  

regulations	
  set	
  in	
  place	
  by	
  the	
  University	
  of	
  Ottawa	
  Animal	
  Care	
  and	
  Veterinary	
  Service.	
  

Mice	
   were	
   euthanized	
   at	
   the	
   end	
   of	
   the	
   experiment	
   or	
   when	
   they	
   exhibited	
   certain	
  

health	
   states	
   such	
   as	
   exhibiting	
   hind	
   limb	
   paralysis,	
   respiratory	
   distress,	
   or	
   bearing	
  

tumors	
  greater	
  than	
  15mm	
  x	
  15mm.	
  	
  

Cell	
   lines	
  Vero	
   (ATCC	
  CCL-­‐81),	
  HeLa	
   (ATCC	
  CCL-­‐2),	
   SNB-­‐19	
   (ATCC	
  CRL-­‐2219),	
  

and	
   the	
  B16-­‐F10	
  melanoma	
  (ATCC	
  CRL-­‐6475)	
  were	
  all	
  purchased	
   from	
  the	
  American	
  

Type	
  Culture	
  Collection.	
  Cells	
  were	
  cultured	
  in	
  150mm	
  polystyrene	
  plates	
  in	
  Dulbecco’s	
  

Modified	
  Eagle’s	
  Medium	
  (DMEM)	
  (Corning	
  Cellgro,	
  VA,	
  USA)	
  supplemented	
  with	
  10%	
  

fetal	
   bovine	
   serum	
   (FBS)	
   (Thermo	
   Scientific,	
   Utah,	
   USA).	
   Cell	
   stocks	
   were	
   tested	
   for	
  

mycoplasma	
  contamination	
  prior	
  to	
  use.	
  

3.2	
  Viruses	
  	
  

MG1-­‐GFP,	
  MG1,	
   VSVΔ51,	
   VSVΔ51-­‐IFNγ,	
   VSVΔ51-­‐GMCSF,	
  MG1-­‐hDCT,	
  MG1-­‐MUT	
  

and	
   MG1-­‐MUT-­‐UbMut	
   were	
   propagated	
   in	
   Vero	
   cells	
   cultured	
   in	
   grown	
   in	
   150mm	
  

polystyrene	
  plates.	
  Cells	
  were	
  infected	
  at	
  an	
  MOI	
  of	
  0.05	
  and	
  culture	
  supernatants	
  were	
  

filtered	
  through	
  0.22μm	
  pore	
  Millipore	
  Stericup®	
  Filter	
  Units	
  (Millipore,	
  MA,	
  USA)	
  and	
  

concentrated	
   by	
   centrifugation	
   at	
   14,000rpm	
   for	
   1.5hours.	
   Virus	
   pellets	
   were	
  

resuspended	
   in	
   PBS,	
   aliquotted,	
   stored	
   at	
   -­‐80°C,	
   used	
   once	
   and	
   then	
   discarded.	
   The	
  

Maraba	
  MG1	
  virus	
  contains	
  two	
  mutations	
  sites	
  (M-­‐protein:	
  Q242R;	
  G-­‐protein:	
  L123W)	
  

compared	
  to	
   the	
  wild-­‐type	
  Maraba	
  virus	
  (Brun,	
  2010).	
  VSVΔ51-­‐GMCSF	
  was	
  originally	
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cloned	
  by	
  Chantal	
  G	
  Lemay,	
  PhD,	
  and	
  the	
  VSVΔ51-­‐IFNγ	
  virus	
  was	
  cloned	
  and	
  provided	
  

by	
   Marie-­‐Claude	
   Bourgeois-­‐Daigneault,	
   PhD.	
   MG1-­‐hDCT	
   was	
   provided	
   by	
   Dr.	
   Brian	
  

Lichty	
  at	
  McMaster	
  University.	
  	
  

MUT	
   and	
   MUT-­‐UbMut	
   constructs,	
   the	
   sequences	
   of	
   which	
   are	
   described	
   in	
  

more	
   detail	
   in	
   the	
   Results	
   section	
   (Figure	
   4.16),	
   were	
   ordered	
   in	
   plasmids	
   from	
  

GeneArt®	
  Gene	
  Synthesis,	
  a	
  service	
  provided	
  by	
  Life	
  Technologies	
  (Carlsbad,	
  CA).	
  The	
  

MG1	
  shuttle	
  vector	
  and	
  backbone	
  were	
  kindly	
  provided	
  by	
  David	
  Stojdl	
  PhD.	
  The	
  MUT	
  

plasmids	
   as	
   well	
   as	
   the	
   MG1	
   shuttle	
   vector	
   were	
   digested	
   with	
   the	
   MluI	
   restriction	
  

enzyme	
  and	
  the	
  inserts	
  were	
  sub-­‐cloned	
  into	
  the	
  MG1	
  shuttle	
  vector.	
  Positive	
  colonies	
  

were	
   identified	
  by	
  PCR	
  using	
  primers	
   located	
  upstream	
  and	
  downstream	
  of	
   the	
  MluI	
  

restriction	
  site	
  on	
   the	
  MG1	
  shuttle	
  vector.	
  Sequencing	
  was	
  performed	
  using	
   the	
  same	
  

primers	
  at	
  the	
  Ottawa	
  Hospital	
  StemCore	
  Facilities	
  to	
  ensure	
  proper	
  orientation	
  of	
  the	
  

insert	
  and	
   to	
   confirm	
   the	
   sequence	
  cloned.	
  A	
  portion	
  of	
   the	
   shuttle	
  vector	
   containing	
  

our	
  sequence	
  of	
  interest	
  was	
  cut	
  out	
  of	
  the	
  MG1	
  shuttle	
  vector	
  and	
  subcloned	
  into	
  the	
  

Maraba	
   MG1	
   backbone	
   vector	
   using	
   the	
   KpnI	
   and	
   NheI	
   restriction	
   sites.	
   Positive	
  

colonies	
  were	
  identified	
  by	
  PCR	
  using	
  the	
  same	
  primers.	
  	
  

Rescues	
  were	
  performed	
  by	
   infecting	
  Vero	
  cells	
  with	
  vaccinia	
  virus	
  expressing	
  

T7	
  polymerase	
  at	
  a	
  multiplicity	
  of	
  infection	
  (MOI)	
  of	
  3	
  for	
  2	
  hours.	
  The	
  virus	
  inoculum	
  

was	
   removed	
   and	
   cells	
   were	
   transfected	
   with	
   the	
   MG1-­‐MUT	
   or	
   MG1-­‐MUT-­‐UbMut	
  

plasmid	
  and	
  pCI-­‐Neo	
  T7	
  driven	
  plasmids	
  encoding	
  Maraba	
  N,	
  P,	
  and	
  L	
  genes	
  at	
  ratios	
  of	
  

2:	
   1:	
   1.25:	
   0.25	
   as	
   described	
   elsewhere	
   (Brun	
   et	
   al.,	
   2010).	
   Transfections	
   were	
  

performed	
  using	
  lipofectamine	
  2000	
  according	
  to	
  the	
  manufacturer’s	
  protocol	
  (Thermo	
  

Scientific,	
  Waltham,	
  MA).	
  Supernatants	
  were	
  collected	
  48	
  hours	
  after	
  transfection	
  and	
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filtered	
  through	
  a	
  0.22μm	
  filter	
  to	
  remove	
  vaccinia	
  virus.	
  The	
  supernatant	
  was	
  added	
  to	
  

fresh	
   Vero	
   cells	
   and	
   visible	
   cytopathic	
   effects	
   observed	
   24	
   hours	
   later	
   indicated	
   the	
  

presence	
  of	
  the	
  virus.	
  The	
  supernatants	
  were	
  collected,	
  titered,	
  and	
  frozen	
  at	
  -­‐80°C.	
  

Ad-­‐hDCT	
   was	
   provided	
   by	
   Brian	
   Lichty	
   PhD	
   (McMaster	
   University,	
   Hamilton	
  

ON),	
   and	
   was	
   grown	
   as	
   previously	
   published	
   (Bridle,	
   2010).	
   AdRP2014	
   [125]	
   is	
   the	
  

empty	
  vector	
  E1-­‐/E3-­‐	
  deleted	
   type	
  5	
   control	
   adenovirus	
  used	
   throughout	
   this	
   thesis;	
  

herein	
   referred	
   to	
   as	
   Ad.	
   Both	
   Ad	
   and	
   Ad-­‐MUT	
   were	
   cloned	
   by	
   Robin	
   Parks	
   PhD	
  

(Ottawa	
  Hospital	
  Research	
  Institute,	
  Ottawa	
  ON).	
  The	
  Ad-­‐MUT	
  virus	
  (AdRP3117)	
  was	
  

cloned	
   using	
   the	
   constructs	
   ordered	
   from	
   GeneArt	
   according	
   to	
   the	
   previously	
  

published	
   protocol	
   [126].	
   Adenoviruses	
   were	
   exclusively	
   administered	
  

intramuscularly,	
  based	
  on	
  evidence	
  suggesting	
  that	
  this	
  was	
  the	
  most	
  effective	
  route	
  of	
  

administration	
  [127].	
  	
  

3.3	
  Tumor	
  models	
  	
  

Subcutaneous	
   	
   tumors	
  were	
   established	
   in	
   C57Bl/6	
  mice	
   by	
   injecting	
   7.5x104	
  

B16-­‐F10	
  cells,	
  reconstituted	
  in	
  100μL	
  PBS,	
  into	
  the	
  right	
  hind	
  flank	
  of	
  the	
  mouse.	
  Lung	
  

tumors	
   were	
   seeded	
   in	
   C57Bl/6	
   mice	
   by	
   injecting	
   7.5x104-­‐2.5x105	
   B16-­‐F10	
   cells,	
  

reconstituted	
   in	
   100μL	
   PBS,	
   through	
   intravenous	
   administration.	
   Exact	
   cell	
  

concentrations	
  can	
  be	
  found	
  in	
  figure	
  captions	
  throughout	
  this	
  text.	
  In	
  survival	
  studies,	
  

sub-­‐cutaneous	
   tumors	
  were	
  measured	
   every	
  2-­‐3	
  days.	
  Tumor	
  volume	
  was	
   calculated	
  

according	
   to	
   the	
   following	
   equation:	
   tumor	
   volume	
   =	
  ½(width)2(length),	
  with	
   length	
  

representing	
  the	
  larger	
  of	
  the	
  two	
  measurements.	
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3.4	
  Peptides	
  

The	
   immunodominant	
   peptide	
   from	
   of	
   DCT	
   (DCT180-­‐188,	
   SVYDFFVWL)	
   was	
  

synthesized	
   by	
   Biomer	
   Techology	
   (Pleasanton,	
   CA),	
   as	
   was	
   the	
   27	
   amino	
   acid	
   DCT	
  

peptide	
   (DCT169-­‐197,	
   GTQPQIANCSVYDFFVWLHYYSVRDTL)	
   and	
   the	
   immuno-­‐

dominant	
   epitope	
   from	
   the	
   N	
   protein	
   of	
   VSV	
   (RGYVYQGL),	
   referred	
   to	
   as	
   the	
   VSV-­‐N	
  

peptide.	
   Twenty-­‐seven	
   amino	
   acid	
   long	
   SLPs	
   were	
   designed	
   to	
   encode	
   the	
   point	
  

mutation	
  at	
  amino	
  acid	
  14	
  with	
  thirteen	
  flanking	
  amino	
  acids	
  from	
  the	
  B16F10	
  genome.	
  

These	
  mutanome	
  peptides	
  are	
  listed	
  in	
  Table	
  2.1.	
  We	
  received	
  orders	
  of	
  the	
  mutanome	
  

peptides	
   from	
   both	
   Biomer	
   Technology	
   and	
   Pepscan	
   (Lelystad,	
   Netherlands).	
   All	
  

peptides	
   were	
   provided	
   as	
   a	
   lyophilized	
   powder	
   with	
   >90%	
   purity.	
   Peptides	
   were	
  

resuspended	
   in	
   100%	
  DMSO	
   at	
   a	
   concentration	
   of	
   10mg/mL	
   and	
  were	
   aliquotted	
   in	
  

20μL	
  volumes	
  and	
  stored	
  at	
  -­‐80°C.	
  The	
  peptides	
  were	
  not	
  used	
  following	
  more	
  than	
  one	
  

freeze-­‐thaw.	
  	
  

3.5	
  Viral	
  plaque	
  assay	
  

The	
  titer	
  –	
  the	
  amount	
  of	
  infections	
  virus	
  per	
  unit	
  of	
  measurement	
  –	
  of	
  Maraba	
  

and	
  VSV	
  viruses	
  was	
  determined	
  by	
  standard	
  plaque	
  assay	
  on	
  Vero	
  cells	
  with	
  overlays	
  

composed	
   of	
   a	
   1:1	
   ratio	
   of	
   1%	
   agarose	
   and	
   2x	
   DMEM	
   (Gibco)	
   containing	
   20%	
   FBS.	
  

Viruses	
  were	
  titered	
  in	
  10-­‐fold	
  and	
  half-­‐log	
  increments	
  in	
  serum	
  free	
  DMEM	
  and	
  200μL	
  

of	
   the	
   virus	
   containing	
   media	
   was	
   added	
   to	
   each	
   well	
   of	
   a	
   six	
   well	
   plate.	
   Virus	
  

concentration	
   (PFU/mL)	
   was	
   quantified	
   24	
   hours	
   after	
   infection	
   by	
   counting	
   the	
  

number	
   of	
   plaques	
   formed	
   per	
   well	
   and	
   calculating	
   the	
   input	
   virus	
   concentration	
  

according	
   to	
   the	
   following	
   equation:	
   PFU/mL	
   =	
   (#	
   plaques	
   in	
  well)(dilution	
   of	
   input	
  

virus)/(volume	
  of	
  input	
  virus).	
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Table	
  2.1.	
  List	
  of	
  mutanome	
  peptides,	
  and	
  corresponding	
  amino	
  acid	
  sequences,	
  

used	
  throughout	
  this	
  thesis.	
  	
  

Peptides	
  were	
  previously	
  characterized	
  by	
  Castle	
  et	
  al.	
  [43]	
  Described	
  in	
  more	
  detail	
  in	
  

Table	
  4.1.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Muta%on( 27AA$pep'de$sequence$$

MUT05$ FVVKAYLPVNESFAFTADLRSNTGGQA$

MUT17$ VVDRNPQFLDPVLAYLMKGLCEKPLAS$

MUT20$ FRRKAFLHWYTGEAMDEMEFTEAESNM$

MUT22$ PKPDFSQLQRNILPSNPRVTRFHINWD$

MUT24$ TAYITPPTTTTKKARVSTPKPATPSTD$

MUT25$ STANYNTSHLNNDVWQIFENPVDWKEK$

MUT28$ NIEGIDKLTQLKKPFLVNNKINKIENI$

MUT29$ IPSGTTILNCFHDVLSGKLSGGSPGVP$

MUT30$ PSKPSFQEFVDWENVSPELNSTDQPFL$

MUT44$ EFKHIKAFDRTFANNPGPMVVFATPGM$

MUT46$ NHSGLVTFQAFIDVMSRETTDTDTADQ$

MUT48$ SHCHWNDLAVIPAGVVHNWDFEPRKVS$
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3.6	
  Splenocyte	
  preparation	
  &	
  ex	
  vivo	
  stimulation	
  	
  

Spleens	
  were	
  harvested	
  from	
  mice	
  at	
  predetermined	
  time	
  points	
  as	
  indicated	
  in	
  

the	
  results	
  section.	
  Spleens	
  were	
  mashed	
  through	
  a	
  100μM	
  filter	
  to	
  create	
  a	
  single	
  cell	
  

suspension	
   and	
   red	
   blood	
   cells	
   were	
   lysed	
   using	
   ACK	
   lysis	
   buffer	
   (0.15mM	
   NH4Cl,	
  

10mM	
   KHCO3,	
   0.1mM	
   Na2EDTA,	
   pH	
   7.3).	
   Splenocytes	
   were	
   resuspended	
   in	
   cRPMI,	
  

Hyclone	
  RPMI	
  1640	
  media	
  supplemented	
  with	
  10%	
  HyClone	
  Fetal	
  Bovine	
  Serum	
  and	
  

1x	
  Pen	
  Strep	
  (Gibco®	
  Life	
  Technologies	
  Penicillin	
  Streptomycin),	
  and	
  chilled	
  on	
  ice	
  or	
  

at	
  4°C	
  until	
  ready	
  for	
  use.	
  	
  

Splenocytes	
  were	
  restimulated	
  ex	
  vivo	
  by	
  the	
  addition	
  of	
  2-­‐10μg/mL	
  of	
  peptide	
  

and	
  0.4μL/well	
  of	
  CD28	
  (BD	
  Pharmingen)	
  to	
  cells	
  in	
  a	
  total	
  volume	
  of	
  200μL	
  per	
  well	
  in	
  

a	
  96-­‐well	
  plate.	
  Peptides	
  used	
  for	
  ex	
  vivo	
  restimulation	
  of	
  splenocytes	
  include	
  the	
  VSV-­‐

N	
   peptide,	
   the	
   DCT	
   9AA	
   and	
   27AA	
   peptides,	
   and	
   the	
   following	
  mutanome	
   peptides:	
  

MUT05,	
   MUT17,	
   MUT20,	
   MUT22,	
   MUT24,	
   MUT25,	
   MUT28,	
   MUT29,	
   MUT30,	
   MUT44,	
  

MUT46,	
  and	
  MUT48	
  (for	
  peptide	
  sequences,	
  refer	
  to	
  Table	
  2.1).	
  	
  

3.7	
  Flow	
  Cytometry	
  	
  

For	
  IFNγ	
  intracellular	
  staining,	
  two	
  million	
  splenocytes	
  were	
  restimulated	
  with	
  

designated	
   antigen	
   for	
   1.5-­‐4hours	
   (as	
   indicated)	
   at	
   37°C	
   before	
   GolgiPlug	
   (BD	
  

Biosciences)	
  was	
  added	
  to	
   the	
  cells	
  and	
  cells	
  were	
   incubated	
   for	
  another	
  3.5hours	
  at	
  

37°C.	
   After	
   the	
   incubation,	
   the	
   cells	
   were	
   surface	
   stained	
   with	
   antibodies	
   CD4-­‐PE	
  

(clone	
   GK1.5,	
   BD	
   Bioscience,	
   1/500	
   dilution)	
   and	
   CD8-­‐PECy5.5	
   (clone	
   53-­‐6.7,	
   BD	
  

Bioscience,	
   1/100	
   dilution).	
   Cells	
   were	
   then	
   permeabilized	
   and	
   fixed	
   using	
   the	
   BD	
  

Cytofix/Cytoperm	
  kit	
  (BD	
  Bioscience,	
  Cat#	
  554714)	
  according	
  to	
  the	
  kit	
  protocol,	
  and	
  

stained	
   with	
   an	
   antibody	
   against	
   IFNγ-­‐FITC	
   (clone	
   XMG1.2,	
   eBioscience,	
   1/200	
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dilution).	
  Cells	
  were	
  assessed	
  by	
  flow	
  cytometry	
  using	
  a	
  Beckman	
  Coulter	
  CyAnTM	
  ADP	
  

Analyzer	
   and	
   all	
   data	
   analysis	
   was	
   performed	
   using	
   the	
   Beckman	
   Coulter	
   Kaluza	
  

Analysis	
  Software,	
  version	
  1.2.	
  Between	
  20,000	
  and	
  200,000	
  events	
  were	
  accumulated	
  

and	
  analyzed	
  per	
  sample	
  depending	
  on	
  the	
  experiment.	
  	
  

3.8	
  IFNγ	
  ELISpot	
  assay	
  	
  

The	
  mouse	
   IFN-­‐γ	
  ELISpotPLUS	
   kit	
   (ALP)	
  with	
   pre-­‐coated	
  plates	
  was	
   purchased	
  

from	
  MabTech	
   (Cincinnati	
  USA).	
   Prior	
   to	
   loading	
   splenocytes	
   and	
   antigen,	
   plates	
   are	
  

washed	
  with	
  PBS	
  and	
  pre-­‐conditioned	
  in	
  cRPMI	
  for	
  30minutes.	
  Three	
  to	
  five	
  hundred	
  

thousand	
   splenocytes	
   were	
   loaded	
   per	
   well	
   with	
   corresponding	
   antigens	
   of	
   interest	
  

and	
   incubated	
   overnight	
   (18-­‐20hours)	
   at	
   37°C,	
   5%	
   CO2.	
   After	
   incubation,	
   the	
  

splenocytes	
   were	
   removed	
   and	
   the	
   ELISpot	
   plate	
   was	
   processed	
   according	
   to	
   the	
  

manufacturer’s	
  directions.	
  Briefly,	
   the	
   splenocytes	
  were	
  washed	
  off	
   of	
   the	
  plate	
  with	
  

PBS	
  and	
  the	
  wells	
  were	
  incubated	
  with	
  the	
  following	
  reagents	
  in	
  succession,	
  separated	
  

by	
   thorough	
   washes	
   with	
   PBS:	
   biotinylated	
   detection	
   mAb,	
   streptavidin-­‐ALP,	
   and	
  

BCIP/NBT-­‐plus	
   substrate.	
   Following	
   a	
   final	
   wash	
   with	
   water,	
   individual	
   spots	
   were	
  

visible	
  in	
  each	
  well.	
  Each	
  spot	
  corresponds	
  to	
  one	
  splenocytes	
  that	
  was	
  secreting	
  IFNγ	
  

in	
   response	
   to	
   antigen	
   stimulation.	
  Number	
   of	
   spots	
   per	
  well	
   is	
   quantified	
   using	
   the	
  

ImmunoSpot®	
   ELISpot	
   plate	
   reader	
   (Cellular	
   Technology	
   Limited,	
   Shaker	
   Heights,	
  

OH).	
  Data	
  is	
  presented	
  as	
  a	
  ratio	
  of	
  the	
  number	
  of	
  spots	
  per	
  number	
  of	
  cells	
  added	
  to	
  

each	
  well.	
  	
  

3.9	
  Single-­‐	
  and	
  Multi-­‐step	
  Growth	
  Curves	
  

	
   Vero	
  cells	
  were	
  seeded	
  in	
  6-­‐well	
  plates	
  at	
  a	
  density	
  of	
  2.5x105	
  cells	
  per	
  well.	
  It	
  

was	
  assumed	
  that	
  the	
  cells	
  would	
  approximately	
  double	
  overnight	
  so	
  infections	
  were	
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calculated	
   based	
   on	
   a	
   cell	
   concentration	
   of	
   5x105	
   cells/well.	
   Cells	
   were	
   infected	
   in	
  

duplicate	
   at	
   an	
  MOI	
   of	
   10	
   or	
   an	
  MOI	
   of	
   0.001	
   for	
   the	
   single-­‐	
   and	
  multi-­‐step	
   growth	
  

curves	
   respectively.	
   Cells	
   were	
   initially	
   infected	
   in	
   serum-­‐free	
   DMEM,	
   and	
   one	
   hour	
  

later	
   supernatants	
   were	
   aspirated,	
   cells	
   were	
   washed	
   twice	
   with	
   PBS	
   and	
   1mL	
   of	
  

DMEM	
   containing	
   10%	
   FBS	
  was	
   added	
   to	
   the	
   cells	
   –	
   this	
  was	
   considered	
   as	
   time	
   0.	
  

Supernatants	
  were	
  subsequently	
  collected	
  3,	
  6,	
  9,	
  12	
  and	
  24	
  hours	
  later	
  for	
  the	
  single-­‐

step	
   growth	
   curve	
   and	
   12,	
   24,	
   36,	
   48	
   and	
   72	
   hours	
   later	
   for	
   the	
  multi-­‐step	
   growth	
  

curve.	
  Supernatants	
  were	
  frozen	
  at	
  -­‐80°C	
  until	
  they	
  were	
  titered.	
  	
  

3.10	
  Generating	
  Bone	
  Marrow	
  Derived	
  Dendritic	
  Cells	
  	
  

	
   To	
  generate	
  bone	
  marrow	
  derived	
  dendritic	
   cells	
   (BMDCs),	
  bone	
  marrow	
  was	
  

harvested	
  from	
  the	
  tibias	
  and	
  femurs	
  of	
  naïve	
  C57Bl/6	
  mice.	
  Red	
  blood	
  cells	
  were	
  lysed	
  

with	
   ACK	
   lysis	
   buffer	
   and	
   counted	
   with	
   a	
   hemocytometer.	
   From	
   this	
   point,	
   BMDCs	
  

were	
  cultured	
  according	
  to	
  two	
  different	
  methods;	
  methods	
  that	
  were	
  later	
  compared	
  

as	
  described	
  in	
  the	
  Results	
  section.	
  	
  

Method	
  1	
  	
  

	
   BMDCs	
  were	
  cultured	
  as	
  previously	
  described	
  [128].	
  Briefly,	
  cells	
  were	
  seeded	
  

in	
  non-­‐tissue	
  coated	
  100mm	
  polystyrene	
  petri	
  dishes	
  at	
  a	
  density	
  of	
  2x105	
  cells/mL	
  in	
  

10mL	
   of	
   RPMI	
   containing	
   40ηg/mL	
   rmGM-­‐CSF.	
   Six	
   days	
   later,	
   5mL	
   of	
   media	
  

supplemented	
  with	
  40ηg/mL	
  of	
  rmGM-­‐CSF	
  was	
  added.	
  	
  

Method	
  2	
  

	
   BMDCs	
  were	
  cultured	
  as	
  previously	
  published	
  [129].	
  Briefly,	
  cells	
  were	
  seeded	
  

in	
  100mm	
  polystyrene	
  dishes	
  at	
  a	
  density	
  of	
  2x105	
  cells/mL	
   in	
  10mL	
  of	
  RPMI	
  media	
  

containing	
   20ηg/mL	
   rmGM-­‐CSF	
   (R&D	
   Systems,	
   Minneapolis,	
   MN).	
   Three	
   days	
   later,	
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another	
  10mL	
  of	
  RPMI	
  media	
  containing	
  20ηg/mL	
  rmGM-­‐CSF	
  was	
  added	
  to	
  the	
  cells.	
  

Three	
   days	
   after	
   that,	
   half	
   of	
   the	
   cell	
   culture	
   was	
   collected,	
   centrifuged	
   and	
  

resuspended	
  in	
  fresh	
  media	
  containing	
  20ηg/mL	
  rmGM-­‐CSF.	
  Cells	
  were	
  returned	
  to	
  the	
  

original	
  plate	
  until	
  they	
  were	
  mature	
  on	
  day	
  9	
  after	
  bone	
  marrow	
  harvesting.	
  

Maturing	
  the	
  BMDCs	
  	
  

	
   BMDCs	
  were	
  matured	
  either	
  through	
  the	
  addition	
  of	
  100ng/mL	
  LPS	
  (Sigma,	
  St.	
  

Louis,	
  MO),	
  or	
  100ηg/mL	
  CPG	
  (ODN1826)	
  (InvivoGen,	
  San	
  Diego,	
  CA)	
  to	
  the	
  cell	
  culture	
  

18	
  hours	
  prior	
  to	
  use.	
  	
  

3.11	
  Statistical	
  Analysis	
  	
  

	
   All	
  statistical	
  analyses	
  were	
  conducted	
  using	
  Prism	
  5	
  for	
  MAC	
  OS	
  X	
  (GraphPad	
  

Software,	
   La	
   Jolla,	
   CA),	
   version	
   5.0a.	
  Where	
   applicable,	
   data	
   is	
   presented	
   as	
  mean	
   +	
  

SEM.	
  Statistical	
  analysis	
  tests	
  used	
  throughout	
  this	
  thesis	
  include:	
  student	
  t-­‐tests,	
  one-­‐

way	
   ANOVAs	
   with	
   Bonferroni	
   or	
   Dunnett’s	
   multiple	
   comparison	
   post-­‐tests,	
   and	
  

Mantel-­‐Cox	
  tests.	
  Specific	
  tests	
  used	
  in	
  each	
  case	
  are	
  indicated	
  in	
  the	
  figure	
  legend.	
  In	
  

all	
  cases:	
  *	
  =	
  P	
  <	
  0.05,	
  **	
  =	
  P	
  <	
  0.01,	
  ***	
  =	
  P	
  <	
  0.001.	
  

3.12	
  Next	
  Generation	
  Sequencing	
  and	
  Analysis	
  

	
   Exome	
   sequencing	
   on	
   the	
   B16	
   mouse	
   tumor	
   line	
   and	
   normal	
   C57Bl/6	
  

splenocytes	
  was	
  performed	
  by	
  Spencer	
  Martin	
  in	
  Dr.	
  Brad	
  Nelson’s	
  lab	
  at	
  the	
  BC	
  Cancer	
  

Agency	
  (Victoria,	
  BC)	
  to	
  identify	
  genetic	
  mutations	
  and	
  for	
  comparison	
  with	
  previously	
  

presented	
  findings	
  [43].	
  The	
  procedure	
  used	
  was	
  as	
  follows:	
  	
  

The	
  Agilent	
  SureSelectXT	
  All	
  Mouse	
  Exon	
  Enrichment	
  Kit	
  (Aligent	
  Technologies,	
  

Santa	
  Clara,	
  CA)	
  was	
  used	
  to	
  enrich	
  for	
  50	
  Mb	
  of	
  DNA	
  covering	
  over	
  24,000	
  genes,	
  and	
  

this	
  was	
  sequenced	
  on	
  the	
  Illumina	
  Hi-­‐Seq2000	
  sequencer.	
  Approximately	
  80	
  million	
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paired-­‐end	
   100bp	
   reads,	
   or	
   eight	
   billion	
   bases,	
   of	
   each	
   of	
   the	
   mouse	
   exome’s	
   were	
  

sequenced.	
  Sequences	
  were	
  aligned	
  to	
  the	
  mouse	
  genome	
  (build	
  mm9)	
  using	
  Burrows	
  

Wheeler	
  Aligner	
  [130].	
  Bam	
  files	
  were	
  indexed	
  using	
  Samtools	
  Index,	
  duplicate	
  reads	
  

were	
   removed	
   using	
   Samtools	
   Rmdup,	
   and	
   remaining	
   reads	
   were	
   compiled	
   using	
  

Samtools	
  Pileup	
  [131].	
  Variants	
  were	
  first	
  filtered	
  to	
  remove	
  those	
  with	
  low	
  base	
  call	
  

quality	
  and	
  those	
  with	
  low	
  mapping	
  quality.	
  	
  Next,	
  Samtools	
  VarFilter	
  was	
  used	
  to	
  filter	
  

out	
  variants	
  with	
  low	
  depth	
  of	
  coverage	
  of	
  the	
  variant	
  or	
  low	
  depth	
  of	
  coverage	
  at	
  the	
  

variant	
   position.	
   	
   Variants	
  were	
   filtered	
   to	
   remove	
   single	
   nucleotide	
   polymorphisms	
  

identified	
  in	
  DbSNP128,	
  and	
  confirmed	
  by	
  visual	
  inspection	
  using	
  Integrative	
  Genomics	
  

Viewer	
  [132].	
  Finally,	
  variants	
  were	
  annotated	
  using	
  Annovar	
  [133]	
  on	
  the	
  UCSC	
  mm9	
  

Knowngene	
   database.	
   Coverage	
   statistics	
   were	
   assessed	
   using	
   BedTools	
   [134].	
  

Variants	
  present	
  in	
  the	
  tumor	
  that	
  were	
  not	
  present	
  in	
  the	
  normal	
  C57Bl/6	
  splenocytes	
  

were	
  identified	
  as	
  mutants.	
  In	
  addition,	
  RNA-­‐seq	
  was	
  performed	
  on	
  the	
  B16	
  tumor	
  line	
  

to	
   identify	
  which	
   of	
   the	
   exome	
   seq	
   identified	
  mutations	
  were	
   expressed	
   at	
   the	
   RNA	
  

level,	
   and	
   to	
   identify	
   fusion	
   transcripts.	
  De	
  novo	
   assembly	
   of	
   the	
  RNA-­‐seq	
   reads	
  was	
  

performed	
   using	
   Trans-­‐AbySS	
   [135]	
   (PMID:	
   20935650),	
   and	
   the	
   transcripts	
   were	
  

visually	
   inspected	
   using	
   IGV	
   and	
   the	
   UCSC	
   Genome	
   browser	
  

(http://genome.ucsc.edu/cgi-­‐bin/hgGateway?hgsid=377831071_	
  

XlMvycPULgYxZnS2gHYNCU7dM1Xh&clade=mammal&org=Mouse&db=mm9).	
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4.	
  RESULTS	
  

4.1	
  BMDCs	
  are	
  unnecessary	
  in	
  the	
  ELISPOT	
  assay.	
  	
  

	
   ELISPOT	
  immune	
  assay	
  is	
  a	
  commonly	
  used	
  assay	
  for	
  detecting	
  and	
  quantifying	
  

immune	
   responses	
   to	
   antigens	
   of	
   interest.	
   The	
   ELISPOT	
   assay	
   is	
   significantly	
   more	
  

sensitive	
  than	
  the	
  more	
  commonly	
  used	
  ELISA	
  assay	
  or	
  flow	
  cytometry	
  and	
  can	
  thus	
  be	
  

used	
  to	
  measure	
  small	
  immune	
  responses	
  that	
  may	
  not	
  be	
  detected	
  by	
  other	
  methods.	
  

The	
  process	
  for	
  conducting	
  an	
  ELISPOT	
  assay	
  is	
  described	
  in	
  detail	
  in	
  the	
  Materials	
  and	
  

Methods	
   section.	
   Previous	
   studies	
   conducting	
   ELISPOT	
   assays	
   with	
   synthetic	
   long	
  

peptides	
  [43]	
  have	
  used	
  bone-­‐marrow	
  dendritic	
  cells	
  as	
  additional	
  antigen	
  presenting	
  

cells	
  in	
  the	
  cultures	
  to	
  process	
  and	
  present	
  antigen	
  to	
  T-­‐cells.	
  We	
  observed	
  that	
  using	
  

BMDCs	
   in	
   the	
   ELISPOT	
   generated	
   substantial	
   background	
   so	
   we	
   tested	
   different	
  

methods	
  to	
  reduce	
  this	
  background.	
  Importantly,	
  we	
  confirmed	
  that	
  sufficient	
  antigen	
  

presentation	
   does	
   occur	
   in	
   the	
   presence	
   of	
   only	
   splenocytes	
   for	
   the	
   purposes	
   of	
   an	
  

ELISPOT	
  assay,	
  and	
  that	
  adding	
  BMDCs	
  may	
  not	
  be	
  necessary.	
  	
  

	
   Figure	
   4.1	
   illustrates	
   the	
   high	
   background	
   that	
   is	
   present	
   when	
   BMDCs	
   are	
  

added	
   to	
   the	
   splenocytes	
   culture.	
  Figure	
   4.1A	
   shows	
   in	
   quantitative	
  measures	
   how	
  

many	
   IFNγ	
   spots	
  were	
   generated	
   in	
   control	
   and	
   restimulation	
  wells	
   of	
   the	
   ELISPOT.	
  

Unpulsed	
  BMDCs	
  mixed	
  with	
   splenocytes	
   from	
  untreated	
  mice	
   should	
  be	
   the	
   assay’s	
  

negative	
  control	
  however	
  over	
  150	
  spots	
  were	
  generated,	
  seemingly	
  as	
  a	
  result	
  of	
  the	
  

presence	
  of	
  BMDCs.	
  While	
  co-­‐cultures	
  of	
  splenocytes	
  from	
  DCT	
  treated	
  mice	
  and	
  DCT	
  

pulsed	
   BMDCs	
   result	
   in	
   significantly	
   higher	
   responses,	
   it	
   is	
   possible	
   that	
   weaker	
  

immune	
  responses	
  would	
  go	
  undetected	
  due	
  to	
  high	
  background	
  levels.	
  Representative	
  

images	
  of	
  ELISPOT	
  wells	
  are	
  displayed	
  in	
  Figure	
  4.1B.	
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Figure	
  4.1.	
  ELISPOT	
  assays	
  using	
  BMDCs	
  as	
  professional	
  antigen	
  presenting	
  cells	
  
results	
  in	
  significant	
  and	
  potentially	
  misleading	
  background.	
  	
  
	
  
C57Bl/6	
   mice	
   were	
   primed	
   and	
   boosted	
   with	
   100μg	
   9AA	
   DCT	
   peptide	
   and	
   50μg	
  
poly(I:C)	
   administered	
   SQ	
   in	
   order	
   to	
   generate	
   anti-­‐DCT	
   specific	
   immune	
   responses.	
  
(a)	
  Number	
  of	
  IFNγ	
  secreting	
  cells	
  per	
  5x105	
  splenocytes	
  from	
  treated	
  and	
  untreated	
  
mice	
   incubated	
   without	
   BMDCs	
   (no	
   BMDCs),	
   coincubated	
   with	
   unpulsed	
   BMDCs	
  
(unpulsed),	
  or	
  BMDCs	
  pulsed	
  with	
  DCT	
  (DCT	
  pulsed).	
  Data	
  is	
  presented	
  as	
  mean	
  +	
  SEM	
  
(N=2).	
  Asterisks	
   indicate	
  a	
  statistically	
  significant	
  different	
  response	
   to	
  restimulation	
  
by	
   DCT	
   pulsed	
   BMDCs	
   compared	
   to	
   unpulsed	
   BMDCs.	
   (Student	
   t-­‐test:	
   ns	
   =	
   not	
  
significant,	
   *	
  =	
  P	
  <	
  0.05,	
   **	
  =	
  P	
  <	
  0.01,	
   ***	
  =	
  P	
  <	
  0.001).	
   (b)	
   Images	
  of	
  ELISPOT	
  wells	
  
depicting	
  data	
  quantified	
  in	
  (a).	
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Contaminating	
  cell	
  populations	
   in	
   the	
  BMDC	
  cultures	
  could	
  potentially	
   lead	
   to	
  

this	
   high	
   background.	
   Two	
   different	
   BMDC	
   culture	
   methods,	
   Method	
   1	
   [128]	
   and	
  

Method	
  2	
  [129]	
  reported	
  in	
  the	
  literature	
  were	
  tested	
  to	
  determine	
  which	
  would	
  result	
  

in	
   a	
   DC	
   population	
   of	
   highest	
   purity.	
   Flow	
   cytometry	
   data	
   displayed	
   in	
  Figure	
   4.2A	
  

shows	
   that	
   culturing	
   bone	
   marrow	
   according	
   to	
   Method	
   2	
   results	
   in	
   a	
   more	
   pure	
  

population	
  of	
  DCs	
  than	
  Method	
  1.	
  Also,	
  two	
  different	
  TLR	
  agonists,	
  used	
  to	
  induce	
  DC	
  

activation	
  were	
  tested.	
  LPS,	
  a	
  TLR4	
  agonist,	
  not	
  only	
  more	
  efficiently	
  activated	
  the	
  DC	
  

populations	
   than	
   CPG,	
   a	
   TLR9	
   agonist	
   (flow	
   cytometry	
   data	
   not	
   shown),	
   but	
   it	
   also	
  

resulted	
  in	
  less	
  non-­‐specific	
  IFNγ	
  production	
  (Figure	
  4.2B).	
  

In	
  order	
   to	
  elucidate	
  whether	
  BMDCs	
  were	
  necessary	
   for	
  an	
  ELISPOT	
  assay	
  at	
  

all	
  we	
  conducted	
  an	
  ELISPOT	
  with	
  splenocytes	
  from	
  mice	
  vaccinated	
  with	
  9AA	
  DCT	
  or	
  

27AA	
  DCT,	
  using	
  either	
  splenocytes	
  alone	
  restimulated	
  with	
  peptide	
  (Figure	
  4.3A),	
  or	
  

splenocytes	
   cultured	
   with	
   peptide-­‐pulsed	
   BMDCs	
   (Figure	
   4.3B).	
   In	
   the	
   absence	
   of	
  

BMDCs,	
   both	
   the	
   9AA	
   and	
   27AA	
   DCT	
   peptide	
   restimulations	
   resulted	
   in	
   significant	
  

antigen	
  specific	
   responses	
   (Figure	
   4.3A)	
  suggesting	
   that	
  BMDCs	
  are	
  unnecessary	
   for	
  

assay	
  success.	
  Significantly,	
  if	
  you	
  take	
  into	
  account	
  the	
  non-­‐specific	
  IFNγ	
  production	
  in	
  

each	
   assay,	
   the	
   net	
   response	
   generated	
   to	
   restimulation	
   is	
   higher	
   in	
   the	
   splenocytes	
  

only	
  assay	
  (Figure	
   4.3A)	
   than	
   it	
   is	
   in	
   the	
  splenocytes	
  +	
  BMDCs	
  assay	
  (Figure	
   4.3B).	
  

These	
  results	
  support	
  that	
  BMDCs	
  can	
  confound	
  assay	
  results,	
  and	
  that	
  elimination	
  of	
  

the	
  BMDCs	
  will	
  result	
  in	
  a	
  clearer	
  and	
  more	
  accurate	
  ELISPOT	
  assay.	
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Figure	
   4.2.	
   Optimizing	
   a	
   BMDC	
   culture	
   and	
   maturation	
   method	
   for	
   use	
   in	
  
ELISPOT	
  assays.	
  	
  
	
  
BMDCs	
  were	
  derived	
  and	
  cultured	
  according	
  to	
  Method	
  1	
  and	
  Method	
  2	
  as	
  described	
  in	
  
the	
  Materials	
  and	
  Methods.	
  C57Bl/6	
  mice	
  were	
  vaccinated	
  twice	
  with	
  DCT	
  and	
  spleens	
  
were	
  harvested.	
  (a)	
  Flow	
  cytometry	
  analysis	
  was	
  conducted	
  on	
  the	
  BMDCs,	
  stained	
  for	
  
CD11c	
  to	
  determine	
  the	
  dendritic	
  cell	
  purity	
  of	
  the	
  BMDC	
  cell	
  culture.	
  (b)	
  DCs	
  matured	
  
with	
  CPG	
  or	
  LPS,	
  were	
  used	
  in	
  an	
  ELISPOT	
  assay	
  with	
  splenocytes	
  from	
  DCT	
  vaccinated	
  
mice	
   to	
   compare	
   background	
   levels	
   generated	
   as	
   a	
   result	
   of	
   the	
   two	
   maturation	
  
methods.	
  Asterisks	
  indicate	
  statistically	
  significant	
  different	
  responses.	
  (Student	
  t-­‐test:	
  
ns	
  =	
  not	
  significant,	
  *	
  =	
  P	
  <	
  0.05).	
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Figure	
   4.3.	
   Co-­‐culturing	
   splenocytes	
  with	
   BMDCs	
   is	
   unnecessary	
   to	
   conduct	
   an	
  
ELISPOT	
  immune	
  assay.	
  	
  
	
  
C57Bl/6	
  mice	
  were	
  vaccinated	
  SQ	
  on	
  day	
  0	
  and	
  day	
  7	
  with	
  100μg	
  of	
  either	
  9AA	
  DCT	
  
peptide	
   or	
   27AA	
   DCT	
   peptide	
   in	
   combination	
   with	
   50μg	
   poly(I:C).	
   On	
   day	
   14,	
   mice	
  
were	
   euthanized,	
   and	
   spleens	
   were	
   harvested,	
   processed	
   and	
   restimulated	
   with	
  
nothing,	
  9AA	
  DCT	
  peptide	
  or	
  27AA	
  DCT	
  peptide.	
  Splenocytes	
  were	
  restimulated	
  either	
  
in	
  (a)	
  the	
  absence	
  of	
  BMDCs	
  or	
  (b)	
  in	
  the	
  presence	
  of	
  them.	
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4.2	
   Subcutaneous	
   injection	
   is	
   the	
   most	
   immune	
   stimulatory	
   route	
   of	
   peptide	
  

administration.	
  	
  

	
   While	
   we	
   knew	
   that	
   different	
   routes	
   of	
   administration	
   could	
   affect	
   the	
  

subsequent	
   response	
   to	
   treatment,	
   it	
   was	
   unclear	
   which	
   route	
   would	
   generate	
   the	
  

greatest	
   number	
   of	
   antigen	
   specific	
   T-­‐cells	
   in	
   response	
   to	
   peptide	
   vaccination.	
   We	
  

tested	
   this	
   by	
   treating	
  mice	
   (timeline	
   in	
  Figure	
   4.4A)	
  with	
  DCT	
  peptide	
  mixed	
  with	
  

poly(I:C),	
   and	
   delivering	
   these	
   treatments	
   subcutaneously	
   (SQ),	
   intravenously	
   (IV),	
  

intramuscularly	
   (IM)	
   and	
   intraperitoneally	
   (IP).	
   Spleens	
   were	
   harvested	
   and	
  

restimulated	
  ex	
  vivo.	
  Immune	
  responses	
  were	
  measured	
  by	
  ELISPOT	
  (Figure	
  4.4B).	
  SQ	
  

administration	
  proved	
  to	
  induce	
  the	
  greatest	
  number	
  of	
  antigen	
  specific	
  T-­‐cells	
  and	
  so	
  

was	
  used	
  for	
  subsequent	
  peptide	
  vaccinations	
  in	
  this	
  study,	
  unless	
  otherwise	
  indicated.	
  

Representative	
  ELISPOT	
  wells	
  are	
  presented	
  in	
  Figure	
  4.4C.	
  	
  

4.3	
  B16F10	
  “mutanome”	
  peptides	
  successfully	
  generate	
  immune	
  responses	
  in	
  mice.	
  	
  	
  

	
   As	
  previously	
  mentioned,	
  the	
  cancer	
  “mutanome”	
  is	
  a	
  source	
  of	
  novel	
  TAAs	
  that	
  

can	
   be	
   exploited	
   to	
   induce	
   anti-­‐tumor	
   immunity.	
   A	
   collaborator	
   at	
   the	
   BC	
   Cancer	
  

Agency	
   in	
  Dr.	
  Brad	
  Nelson’s	
   lab,	
  Spencer	
  Martin,	
  conducted	
  Next	
  Generation	
  Genome	
  

Sequencing	
   (NGS)	
   on	
   our	
   B16F10	
   cells	
   to	
   confirm	
   the	
   presence	
   of	
   the	
   previously	
  

characterized	
  immunogenic	
  B16F10	
  mutanome	
  sequences	
  [43].	
  We	
  confirmed	
  that	
  12	
  

of	
   the	
   16	
   mutations	
   were	
   expressed	
   in	
   our	
   B16F10	
   cells	
   (Table	
   4.1).	
   Mutations	
  

highlighted	
  in	
  grey	
  were	
  found	
  not	
  to	
  be	
  expressed	
  while	
  expression	
  was	
  confirmed	
  for	
  

the	
   remaining	
   sequences.	
   The	
   “mutation	
   name”	
   listed	
   in	
   Table	
   4.1	
   is	
   what	
   each	
  

mutation	
  will	
  be	
  referred	
  to	
  as	
  throughout	
  this	
  thesis.	
  The	
  gene	
  in	
  which	
  the	
  mutation	
  

was	
  found	
  and	
  the	
  amino	
  acid	
  alteration	
  are	
  also	
  listed.	
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Figure	
   4.4.	
   SQ	
   peptide	
   administration	
   elicited	
   the	
   greatest	
   T-­‐cell	
   activation	
  
relative	
  to	
  other	
  routes	
  of	
  administration.	
  	
  
	
  
C57Bl/6	
   mice	
   were	
   treated	
   according	
   to	
   the	
   following	
   timeline	
   with	
   100μg	
   DCT	
  
peptide	
  and	
  50μg	
  poly(I:C).	
  Routes	
  of	
  administration	
  IP,	
  IV,	
  IM,	
  and	
  SQ.	
  (b)	
  Number	
  of	
  
IFNγ	
  secreting	
  cells	
  per	
  5x105	
  splenocytes	
  upon	
  DCT	
  ex	
  vivo	
  restimulation	
  as	
  measured	
  
by	
  ELISPOT	
  assay.	
  Data	
  is	
  presented	
  as	
  mean	
  +SEM	
  with	
  all	
  groups	
  containing	
  an	
  N	
  of	
  3	
  
mice	
  per	
  group,	
  except	
  for	
  the	
  untreated	
  groups	
  which	
  have	
  an	
  N	
  of	
  2	
  mice.	
  Asterisks	
  
indicate	
   a	
   statistically	
   significant	
   difference	
   between	
   the	
   untreated	
   control	
   and	
   the	
  
treated	
  groups	
  (One-­‐way	
  ANOVA,	
  p-­‐value=0.0004;	
  Dunnett’s	
  post-­‐test:	
  *	
  =	
  P	
  <	
  0.05,	
  **	
  
=	
  P	
  <	
  0.01,	
  ***	
  =	
  P	
  <	
  0.001).	
  (c)	
  Representative	
  images	
  of	
  ELISPOT	
  wells	
  quantified	
  in	
  
(b).	
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Table	
  4.1.	
  Confirmation	
  of	
  the	
  presence	
  of	
  previously	
  characterized	
  immunogenic	
  
mutanome	
  mutations	
  by	
  NGS.	
  	
  
	
  
Included	
   in	
   this	
   table	
   are	
   the	
   mutation	
   names,	
   the	
   gene	
   in	
   which	
   each	
   mutation	
   is	
  
located,	
   the	
   point	
   mutation	
   amino	
   acid	
   change,	
   and	
   the	
   27AA	
   mutanome	
   peptide	
  
sequences.	
  Underlined	
  amino	
  acids	
  indicate	
  the	
  point	
  mutation	
  within	
  the	
  sequence.	
  As	
  
determined	
   by	
   NGS,	
   rows	
   highlighted	
   in	
   grey	
   are	
  mutations	
   identified	
   by	
   Castle	
   et	
   al	
  	
  
[43]	
  that	
  are	
  not	
  expressed	
  in	
  our	
  B16F10	
  cells.	
  	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Muta%on( Gene( AA(
subs%t.(

27AA$pep'de$sequence$$ Present(in(
exome?*((

Present(
in(RNA?*(

MUT05$ Eef2$ p.G795A$ FVVKAYLPVNESFAFTADLRSNTGGQA$ ✔( ✔(

MUT12$ Gnas$ p.S112G$ ✔( ✗(

MUT17$ Tnpo3$ p.G504A$ VVDRNPQFLDPVLAYLMKGLCEKPLAS$ ✔( ✔(

MUT20$ Tubb3$ p.G402A$ FRRKAFLHWYTGEAMDEMEFTEAESNM$ ✔( ✔(

MUT22$ Asf1b$ p.A141P$ PKPDFSQLQRNILPSNPRVTRFHINWD$ ✔( ✔(

MUT24$ Dag1$ p.P425A$ TAYITPPTTTTKKARVSTPKPATPSTD$ ✔( ✔(

MUT25$ Plod2$ p.F530V$ STANYNTSHLNNDVWQIFENPVDWKEK$ ✔( ✔(

MUT28$ Ppp1r7$ p.L170P$ NIEGIDKLTQLKKPFLVNNKINKIENI$ ✔( ✔(

MUT29$ Mthfd1l$ p.F294V$ IPSGTTILNCFHDVLSGKLSGGSPGVP$ ✔( ✔(

MUT30$ Kif18b$ p.K739N$ PSKPSFQEFVDWENVSPELNSTDQPFL$ ✔( ✔(

MUT36$ Tm9sf3$ p.Y382H$ ✔( ✗(

MUT44$ Cpsf3l$ p.D314N$ EFKHIKAFDRTFANNPGPMVVFATPGM$ ✔( ✔(

MUT45$ Mkrn1$ p.N346Y$ ✗( ✗(

MUT46$ Actn4$ p.F835V$ NHSGLVTFQAFIDVMSRETTDTDTADQ$ ✔( ✔(

MUT48$ Def8$ p.R255G$ SHCHWNDLAVIPAGVVHNWDFEPRKVS$ ✔( ✔(

MUT50$ Sema3b$ p.L663V$ ✔( ✗(

Rows$highlighted$in$grey$are$muta'ons$iden'fied$by$Castle$et#
al#that$were$found$not$to$be$expressed$in$our$B16F10$cells$

Rows$in$white$are$muta'ons$iden'fied$by$Castle$et#al#that$
were$confirmed$to$be$expressed$in$our$B16F10$cells$

*$Next]genera'on$whole$genome$sequencing$was$performed$by$Spencer$Mar'n$
at$the$BC$Cancer$Agency.$(
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   T-­‐cell	
   responses	
   generated	
   to	
   each	
   of	
   the	
   12	
   expressed	
  mutanome	
   sequences	
  

were	
   examined	
   through	
   SLP	
   vaccination	
   and	
   subsequent	
   ELISPOT	
   analysis.	
   Findings	
  

are	
  summarized	
  in	
  Figure	
  4.5.	
  Figure	
  4.5A	
  displays	
  the	
  restimulated	
  results	
  relative	
  

to	
   the	
   non-­‐restimulated	
   controls.	
   Figure	
   4.5B	
   shows	
   the	
   results	
   normalized	
   to	
   the	
  

unstimulated	
   controls	
   (unstimulated	
  wells	
   subtracted	
   from	
   stimulated	
  wells).	
   In	
   our	
  

hands,	
  MUT25	
  peptide	
  elicits	
  the	
  strongest	
  T-­‐cell	
  response,	
  followed	
  closely	
  by	
  MUT05	
  

and	
  MUT44.	
  	
  

4.4	
   No	
   evidence	
   of	
   epitope	
   competition	
   to	
   generate	
   T-­‐cell	
   responses	
   when	
   mice	
   are	
  

vaccinated	
  with	
  multiple	
  mutanome	
  peptides.	
  	
  

	
   One	
  concern	
  we	
  had	
  about	
  vaccinating	
  against	
  multiple	
  antigens	
  simultaneously	
  

was	
   epitope	
   competition.	
   We	
   were	
   concerned	
   that	
   vaccination	
   with	
   two	
   or	
   more	
  

peptides	
  would	
  reduce	
  the	
  T-­‐cell	
  responses	
  generated	
  to	
  each	
  individual	
  antigen.	
  This	
  

concern	
  was	
  somewhat	
  alleviated	
  when	
  we	
  vaccinated	
  mice	
  against	
  1,	
  2,	
  or	
  4	
  different	
  

peptides	
  (timeline	
  in	
  Figure	
  4.6A)	
  and	
  still	
  observed	
  that	
  the	
  immune	
  response	
  to	
  an	
  

individual	
  peptide	
  remained	
  consistent	
  (Figure	
  4.6B).	
  	
  

	
   We	
   further	
   investigated	
   if	
   vaccinating	
  mice	
  with	
  multiple	
  peptides	
   in	
  multiple	
  

locations	
   would	
   lead	
   to	
   a	
   greater	
   T-­‐cell	
   response	
   to	
   each	
   antigen	
   compared	
   to	
  

vaccination	
   in	
   a	
   single	
   location.	
   Vaccination	
   in	
   multiple	
   locations	
   may	
   provide	
   the	
  

advantage	
   of	
   accessing	
   more	
   draining	
   lymph	
   nodes	
   than	
   vaccination	
   in	
   a	
   single	
  

location.	
   Mice	
   were	
   vaccinated	
   SQ	
   against	
   4	
   mutanome	
   peptides,	
   all	
   in	
   the	
   same	
  

location	
  (right	
  hind	
  flank)	
  or	
  in	
  four	
  different	
  locations	
  as	
  depicted	
  in	
  Figure	
  4.7B.	
  No	
  

significant	
  difference	
  in	
  T-­‐cell	
  response	
  was	
  detected	
  between	
  the	
  two	
  groups	
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Figure	
  4.5.	
  T-­‐cell	
  responses	
  elicited	
  to	
  mutanome	
  peptide	
  vaccination.	
  	
  
	
  
C57Bl/6	
   mice	
   were	
   immunized	
   with	
   100μg	
   of	
   a	
   single	
   mutanome	
   SLP	
   +	
   50μg	
   of	
  
poly(I:C)	
   SQ	
   in	
  bilateral	
   flanks.	
   (a	
   and	
  b)	
   IFNγ	
  ELISPOT	
  analysis	
  of	
   splenocytes	
   from	
  
vaccinated	
  mice.	
  Columns	
  represent	
  means	
  +SEM.	
  All	
  groups	
  have	
  an	
  N	
  of	
  3	
  mice	
  per	
  
group	
  except	
   for	
  MUT05,	
  MUT17,	
  MUT20,	
  MUT30	
  and	
  MUT44	
  which	
  have	
  an	
  N	
  of	
  4	
  
mice	
  per	
  group.	
   (a)	
  Splenocytes	
  were	
  either	
  not	
  restimulated	
  (nothing)	
  or	
   they	
  were	
  
restimulated	
  with	
  the	
  mutanome	
  peptide	
  to	
  which	
  the	
  mice	
  were	
  vaccinated	
  (peptide).	
  
Asterisks	
   indicate	
   a	
   statistically	
   significant	
   difference	
   between	
   mutanome	
   peptide	
  
restimulation	
  and	
  the	
  non-­‐restimulated	
  control	
  (Student	
  t-­‐tests:	
  *	
  =	
  P	
  <	
  0.05,	
  **	
  =	
  P	
  <	
  
0.01,	
  ***	
  =	
  P	
  <	
  0.001).	
  (b)	
  Data	
  from	
  graph	
  in	
  (a)	
  is	
  normalized	
  to	
  the	
  non-­‐restimulated	
  
controls.	
  Asterisks	
  indicate	
  a	
  statistically	
  significant	
  difference	
  in	
  the	
  T-­‐cell	
  responses	
  
between	
  mice	
  mutanome	
  peptide	
  vaccinated	
  mice	
  and	
  naïve	
  mice	
  (One-­‐way	
  ANOVA:	
  p-­‐
value	
  <0.0001;	
  Dunnett’s	
  multiple	
  comparison	
  post-­‐test:	
  *	
  =	
  P	
  <	
  0.05,	
  **	
  =	
  P	
  <	
  0.01,	
  ***	
  
=	
  P	
  <	
  0.001).	
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Figure	
  4.6.	
  No	
  evidence	
  of	
  epitope	
  competition	
  to	
  generate	
  T-­‐cell	
  responses.	
  
	
  
C57Bl/6	
  mice	
  were	
  treated	
  SQ	
  with	
  100μg	
  of	
  MUT30,	
  or	
  each	
  MUT30	
  and	
  MUT17,	
  or	
  of	
  
each	
   MUT30,	
   MUT17,	
   MUT44	
   and	
   MUT05	
   with	
   50μg	
   poly(I:C).	
   (b)	
   IFNγ	
   ELISPOT	
  
analysis	
   of	
   5x105	
   splenocytes	
   from	
   vaccinated	
   or	
   control	
   mice.	
   Splenocytes	
   were	
  
restimulated	
   against	
   MUT30.	
   All	
   data	
   is	
   presented	
   as	
   mean	
   +SEM	
   with	
   all	
   groups	
  
containing	
  an	
  N	
  of	
  3	
  mice	
  per	
  group,	
  except	
  for	
  the	
  untreated	
  groups	
  which	
  have	
  an	
  N	
  of	
  
2	
  mice.	
  (One-­‐way	
  ANOVA:	
  ns	
  =	
  P	
  >	
  0.05)	
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Figure	
  4.7.	
  Vaccinating	
  with	
  multiple	
  peptides	
   in	
  distinct	
   locations	
  provides	
  no	
  
added	
  T-­‐cell	
  response	
  relative	
  to	
  vaccination	
  in	
  the	
  same	
  location	
  
	
  
C57Bl/6	
  mice	
  were	
  treated	
  according	
  to	
  the	
  indicated	
  timeline	
  with	
  100μg	
  of	
  each	
  of	
  
MUT05,	
  MUT17,	
  MUT30	
   and	
  MUT44	
   peptides	
   and	
   50μg	
   poly(I:C).	
   All	
   peptides	
  were	
  
administered	
   SQ	
   together	
   in	
   the	
   same	
   location	
   (Same)	
   or	
   individually	
   in	
   different	
  
locations	
  (Different)	
  as	
  displayed	
  in	
  (b).	
  (c)	
  IFNγ	
  ELISPOT	
  analysis	
  of	
  splenocytes	
  from	
  
mice	
   vaccinated	
   with	
   mutanome	
   peptides.	
   Data	
   is	
   presented	
   as	
   mean	
   +SEM	
   with	
  
groups	
  containing	
  an	
  N	
  of	
  3	
  mice,	
  except	
  for	
  the	
  untreated	
  groups	
  which	
  have	
  an	
  N	
  of	
  2	
  
mice.	
  (Student	
  t-­‐test:	
  ns	
  =	
  p	
  >	
  0.05)	
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(Figure	
  4.7C).	
  Thus	
  vaccination	
  at	
  just	
  one	
  site	
  is	
  sufficient	
  for	
  generating	
  immunity	
  to	
  

multiple	
  antigens.	
  	
  

4.5	
   Some	
   cross-­‐reactivity	
   of	
   mutanome	
   specific	
   T-­‐cells	
   can	
   be	
   observed	
   to	
   wild-­‐type	
  

peptide	
  sequences.	
  	
  

	
   The	
  results	
  so	
  far	
  have	
  demonstrated	
  that	
  vaccination	
  with	
  mutanome	
  SLPs	
  can	
  

induce	
   significant	
   immune	
   responses	
   in	
   mice,	
   even	
   when	
   mice	
   are	
   vaccinated	
   with	
  

multiple	
   peptides	
   at	
   once.	
   However	
   vaccination	
   against	
   more	
   than	
   four	
   mutanome	
  

peptides	
  has	
  not	
  yet	
  been	
  investigated,	
  so	
  we	
  vaccinated	
  mice	
  with	
  a	
  peptide	
  cocktail	
  

containing	
   all	
   twelve	
   mutanome	
   peptides	
   of	
   interest.	
   Figure	
   4.8A	
   displays	
   immune	
  

responses,	
   evaluated	
   by	
   ELISPOT,	
   that	
   were	
   generated	
   in	
   response	
   to	
   ex	
   vivo	
  

stimulation	
   with	
   each	
   individual	
   mutanome	
   peptide.	
   Measurable	
   responses	
   were	
  

detected	
   to	
   the	
  majority	
  of	
  peptides	
   in	
   the	
  vaccination	
  cocktail	
  with	
  MUT05,	
  MUT24,	
  

MUT25,	
   MUT28	
   and	
   MUT44	
   eliciting	
   the	
   strongest	
   responses.	
   While	
   the	
   apparent	
  

number	
  of	
  reactive	
  T-­‐cells	
  to	
  each	
  peptide	
  restimulation	
  appears	
  to	
  be	
  lower	
  in	
  Figure	
  

4.8A	
   than	
   in	
  Figure	
   4.5B,	
   the	
  highest	
  and	
   lowest	
   response	
  rates	
   from	
  each	
  ELISPOT	
  

have	
  approximately	
  equivalent	
  spot	
  density.	
  The	
  difference	
  is	
  due	
  to	
  the	
  settings	
  of	
  the	
  

ELISPOT	
   plate	
   reader.	
   Measurements	
   shown	
   in	
   Figure	
   4.8A	
  were	
   taken	
   with	
   more	
  

stringent	
  spot	
  detection	
  limits	
  than	
  Figure	
  4.5B	
  as	
  these	
  settings	
  were	
  found	
  to	
  give	
  a	
  

more	
  accurate	
  representation	
  of	
  each	
  well.	
  In	
  general,	
  the	
  relative	
  trends	
  observed	
  in	
  

the	
   T-­‐cell	
   response	
   strength	
   to	
   each	
  mutanome	
   peptide	
   are	
   similar	
   between	
  Figure	
  

4.8A	
  and	
  Figure	
  4.5B.	
  Responses	
  are	
  observed	
  to	
  the	
  majority	
  of	
  antigens	
  not	
   just	
  a	
  

single	
  immunodominant	
  peptide.	
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Figure	
   4.8B	
   depicts	
   the	
   T-­‐cell	
   cross-­‐reactivity	
   that	
   occurs	
   to	
   self-­‐epitopes,	
  

measured	
  by	
  ex	
  vivo	
  restimulation	
  with	
  the	
  wild-­‐type	
  peptide	
  sequences	
  corresponding	
  

to	
   the	
   mutanome	
   peptides.	
   Figure	
   4.8B	
   demonstrates	
   that	
   most	
   of	
   the	
   mutanome	
  

immune	
   responses	
   cross-­‐react	
   with	
   their	
   wild-­‐type	
   sequence,	
   but	
   in	
   general	
   these	
  

responses	
  are	
  notably	
  lower	
  than	
  T-­‐cell	
  responses	
  towards	
  the	
  mutanome	
  peptides	
  in	
  

Figure	
   4.8A.	
   Wild-­‐type	
   peptides	
   corresponding	
   to	
   MUT24,	
   MUT25,	
   and	
   MUT28	
  

mutanome	
  antigens	
  elicit	
  the	
  greatest	
  self-­‐responses	
  and	
  thus	
  would	
  be	
  prime	
  suspects	
  

if	
   any	
   autoimmune	
   reactivity	
   was	
   observed.	
   However	
   there	
   has	
   been	
   no	
   significant	
  

evidence	
  of	
  autoimmunity	
  yet	
  in	
  this	
  study.	
  	
  

4.6	
  Vaccination	
  with	
  mutanome	
  peptides	
  does	
  not	
  have	
  an	
  affect,	
  positive	
  or	
  negative,	
  on	
  

B16F10	
  tumor	
  progression	
  	
  	
  

	
   It	
   has	
   previously	
   been	
   reported	
   that	
   vaccination	
   with	
   individual	
   mutanome	
  

encoding	
  SLPs	
  can	
  induce	
  control	
  over	
  subsequent	
  tumor	
  growth	
  in	
  the	
  B16F10	
  model	
  

[43]	
   however	
   we	
  were	
   unable	
   to	
   replicate	
   these	
   results	
   (Figure	
   4.9B	
   &	
   C)	
   despite	
  

identical	
   timelines	
   and	
   treatments	
   being	
   used	
   (Figure	
   4.9A).	
   We	
   further	
   examined	
  

whether	
   vaccination	
   against	
   multiple	
   mutanome	
   peptides	
   could	
   confer	
   control	
   over	
  

tumor	
   progression,	
   according	
   to	
   the	
   timeline	
   in	
   Figure	
   4.9A.	
   Treatment	
   with	
   these	
  

mutanome	
  peptide	
  cocktails	
  was	
  also	
  unable	
  to	
  confer	
  any	
  survival	
  advantage	
  (Figure	
  

4.9D)	
  or	
  tumor	
  control	
  (Figure	
  4.9E)	
  in	
  treated	
  mice.	
  

	
   A	
   subsequent	
   study	
   tested	
   whether	
   vaccination	
   with	
   a	
   combination	
   of	
   all	
   12	
  

mutanome	
   peptides	
  would	
   result	
   in	
   tumor	
   control	
   (timeline	
   in	
  Figure	
   4.10A).	
  Mice	
  

were	
   treated	
  prophylactically	
  with	
   the	
  mutanome	
  peptide	
   cocktail	
   and	
  challenged	
   IV	
  

with	
  B16F10	
  cells.	
  IV	
  challenge,	
  as	
  opposed	
  to	
  SQ	
  tumor	
  challenge,	
  was	
  selected	
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Figure	
   4.8.	
   T-­‐cell	
   responses	
   to	
   self-­‐	
   and	
   mutanome-­‐	
   epitopes	
   elicited	
   by	
  
vaccination	
  of	
  mice	
  with	
  mutanome	
  peptides.	
  	
  
	
  
C57Bl/6	
  mice	
  were	
   immunized	
  with	
  a	
  cocktail	
  of	
  100μg	
  of	
  each	
  of	
   the	
  12	
  mutanome	
  
peptides	
  with	
  50μg	
  poly(I:C).	
  All	
  groups	
  have	
  an	
  N	
  of	
  3.	
  (a)	
  IFNγ	
  ELISPOT	
  analysis	
  of	
  
splenocytes	
   from	
   vaccinated	
  mice,	
   restimulated	
  with	
   individual	
  mutanome	
   peptides.	
  
Columns	
   represent	
   means	
   +SEM.	
   (One-­‐way	
   ANOVA,	
   p-­‐value	
   <	
   0.0001).	
   (b)	
   IFNγ	
  
ELISPOT	
   analysis	
   of	
   pooled	
   splenocytes	
   from	
   mice	
   vaccinated	
   with	
   the	
   mutanome	
  
peptide	
   cocktail	
   and	
   restimulated	
   ex	
   vivo	
   against	
   wild-­‐type	
   self-­‐peptides.	
   (One-­‐way	
  
ANOVA,	
   p-­‐value	
   <	
   0.0001)	
   Asterisks	
   indicate	
   a	
   statistically	
   significant	
   difference	
  
between	
  the	
  T-­‐cell	
  responses	
  generated	
  to	
  peptide	
  restimuations	
  compared	
  to	
  the	
  non-­‐
restimulated	
  (nothing)	
  control	
  (Dunnett’s	
  Multiple	
  Comparison	
  post-­‐test:	
  *	
  =	
  P	
  <	
  0.05,	
  
**	
  =	
  P	
  <	
  0.01,	
  ***	
  =	
  P	
  <	
  0.001).	
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Figure	
   4.9.	
   Mutanome	
   peptide	
   vaccination	
   does	
   not	
   confer	
   tumor	
   control	
   or	
  
prolong	
  survival	
  in	
  a	
  B16F10	
  SQ	
  tumor	
  model.	
  	
  
	
  
C57Bl/6	
  mice	
  were	
   treated	
  according	
   to	
   the	
   timeline	
   shown	
   in	
   (a)	
  with	
  priming	
  and	
  
boosting	
   immunizations	
   of	
   100μg	
   peptide	
   and	
   50μg	
   poly(I:C),	
   SQ.	
   (b)	
   Kaplan	
   Meier	
  
curve	
  of	
  mice	
  survival	
  after	
  vaccination	
  with	
  PBS,	
  poly(I:C)	
  only,	
  MUT30	
  &	
  poly(I:C)	
  or	
  
DCT	
  &	
  poly(I:C).	
  No	
  significant	
  difference	
  in	
  trends	
  according	
  to	
  log-­‐rank,	
  Mantel-­‐Cox,	
  
test.	
  (c)	
  Tumor	
  growth	
  curves	
  corresponding	
  with	
  treatment	
  groups	
  in	
  (b)	
  expressed	
  
as	
   the	
  mean	
   tumor	
   size	
   per	
   group	
   +SEM.	
   (d)	
   Kaplan	
  Meier	
   curve	
   of	
  mouse	
   survival	
  
after	
   being	
   vaccinated	
   with	
   100μg	
   of	
   each	
   peptide	
   and	
   50μg	
   of	
   poly(I:C)	
   SQ.	
   MUT	
  
combo	
  1	
  is	
  a	
  combination	
  of	
  MUT30,	
  MUT44,	
  MUT20,	
  and	
  MUT17.	
  MUT	
  combo	
  2	
  is	
  a	
  
combination	
  of	
  MUT12,	
  MUT24,	
  MUT29,	
  and	
  MUT36.	
  No	
  significant	
   trends	
  according	
  
to	
  log-­‐rank,	
  Mantel-­‐Cox,	
  test.	
  (e)	
  Tumor	
  growth	
  curves	
  corresponding	
  with	
  treatment	
  
groups	
   in	
  (d)	
  are	
  expressed	
  as	
   the	
  mean	
  size	
  per	
  group	
  +SEM.	
  Treatment	
  groups	
  are	
  
the	
  same	
  as	
  in	
  (d).	
  All	
  groups	
  had	
  an	
  N	
  of	
  5	
  mice	
  per	
  group.	
  	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  



	
  	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

because	
  B16F10	
  SQ	
  tumors	
  tend	
  to	
  ulcerate	
  before	
  the	
  tumors	
  fully	
  grow	
  out,	
  therefore	
  

potentially	
   confounding	
   our	
   results.	
   Figure	
   4.10B	
   shows	
   that	
   even	
   prophylactic	
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vaccination	
   with	
   a	
   cocktail	
   of	
   mutanome	
   peptides	
   is	
   insufficient	
   to	
   confer	
   survival	
  

advantage	
   to	
   treated	
   mice.	
   This	
   suggested	
   to	
   us	
   that	
   a	
   more	
   robust	
   method	
   of	
  

vaccination	
  is	
  needed	
  to	
  induce	
  effective	
  tumor	
  control.	
  

4.7	
   TAA	
   vaccination	
   in	
   combination	
   with	
   OV	
   therapy	
   results	
   in	
   superior	
   anti-­‐tumor	
  

immunity.	
  	
  

	
   As	
  a	
  proof	
  of	
  concept	
  we	
  showed	
  that	
  vaccination	
  against	
  MG1	
  virus	
  encoding	
  

dopachrome	
  tautomerase	
  (MG1-­‐hDCT)	
  generates	
  a	
  significantly	
  stronger	
  antigen	
  T-­‐cell	
  

response	
   than	
   does	
   vaccination	
  with	
   the	
  DCT	
  peptide	
  mixed	
  with	
   poly(I:C)	
   adjuvant	
  

(Figure	
   4.11A).	
   This	
   suggests	
   that	
   encoding	
   the	
   mutanome	
   antigens	
   within	
   MG1	
  

Maraba	
   virus	
   may	
   also	
   result	
   in	
   a	
   stronger	
   antigen	
   specific	
   and	
   perhaps	
   a	
   more	
  

therapeutically	
   relevant	
   response.	
   Interestingly,	
   according	
   to	
   the	
   results	
  displayed	
   in	
  

Figure	
  4.11B,	
   it	
  appears	
  that	
  having	
  the	
  antigen	
  encoded	
  within	
  the	
  virus	
  may	
  not	
  be	
  

necessary.	
   Co-­‐administration	
   of	
   the	
   peptide	
   and	
   MG1	
   also	
   generates	
   a	
   significantly	
  

enhanced	
  antigen	
  specific	
  T-­‐cell	
  response.	
  	
  

	
   VSVΔ51,	
   VSVΔ51	
   encoding	
   GMCSF	
   cytokine	
   (VSVΔ51-­‐gmcsf),	
   and	
   VSVΔ51	
  

encoding	
  IFNγ	
  (VSVΔ51-­‐IFNγ)	
  were	
  also	
  tested	
  for	
  their	
  ability	
  to	
   further	
  stimulate	
  a	
  

T-­‐cell	
  response	
  to	
  peptide	
  vaccination	
  as	
  compared	
  with	
  the	
  poly(I:C)	
  adjuvant.	
  Results	
  

from	
  this	
  experiment	
  are	
  displayed	
  in	
  Figure	
  4.12.	
  Surprisingly,	
  VSV	
  turned	
  out	
  to	
  be	
  a	
  

much	
  less	
  potent	
  immune	
  stimulator	
  than	
  Maraba,	
  despite	
  both	
  being	
  members	
  of	
  the	
  

Rhabdoviridae	
   family	
   and	
   being	
   very	
   similar	
   in	
   structure.	
   So,	
   while	
   the	
   encoded	
  

therapeutic	
   transgenes	
   may	
   have	
   slightly	
   increased	
   the	
   antigen	
   specific	
   immune	
  

responses	
   in	
   comparison	
   to	
  VSVΔ51,	
  Maraba	
  MG1	
  was	
   still	
   a	
  more	
   efficient	
   immune	
  

stimulator.	
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Figure	
   4.10.	
   Mutanome	
   peptide	
   vaccination	
   does	
   not	
   confer	
   tumor	
   control	
   or	
  
prolong	
  survival	
  in	
  a	
  B16F10	
  SQ	
  model.	
  	
  
	
  
C57Bl/6	
  mice	
  were	
   treated	
  according	
   to	
   the	
   timeline	
   shown	
   in	
   (a)	
  with	
  priming	
  and	
  
boosting	
   immunizations	
   composed	
   of	
   30μg	
   of	
   each	
   peptide	
   and	
   50μg	
   poly(I:C).	
   (b)	
  
Kaplan	
  Meier	
  curve	
  of	
  mouse	
  survival	
  after	
  being	
  vaccinated	
  with	
  PBS,	
  poly(I:C),	
  or	
  a	
  
cocktail	
  of	
  all	
  twelve	
  mutanome	
  peptides	
  (MUT	
  peps)	
  &	
  poly(I:C).	
  No	
  significant	
  trends	
  
are	
  present	
  according	
  to	
  log-­‐rank,	
  Mantel-­‐Cox,	
  test.	
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Figure	
   4.11.	
   Immune	
   responses	
   generated	
   to	
   DCT	
   when	
   DCT	
   is	
   presented	
   in	
  
combination	
  with	
  virus	
  or	
  poly(I:C)	
  
	
  
C57Bl/6	
  mice	
  were	
  immunized	
  with	
  1x108	
  MG1-­‐hDCT	
  or	
  30μg	
  of	
  DCT	
  in	
  combination	
  
with	
  1x108pfu	
  MG1-­‐GFP	
  or	
  50μg	
  poly(I:C).	
  Immunizations	
  were	
  administered	
  IV	
  or	
  SQ	
  
as	
   indicated	
   on	
   the	
   graphs.	
   All	
   groups	
   have	
   an	
   N	
   of	
   5	
   mice	
   per	
   group.	
   Columns	
  
represent	
  means	
  +SEM.	
  Asterisks	
   indicate	
   a	
   statistically	
   significant	
  different	
   immune	
  
response	
   to	
   ex	
  vivo	
  restimulation	
   by	
  DCT	
   peptide	
   compared	
   to	
   the	
   non-­‐restimulated	
  
control	
   (One-­‐way	
   ANOVA,	
   p-­‐value<0.0001;	
   Dunnett’s	
  Multiple	
   Comparison	
   post-­‐test:	
  
ns	
   =	
   not	
   significant,	
   *	
   =	
   P	
   <	
   0.05,	
   **	
   =	
   P	
   <	
   0.01,	
   ***	
   =	
   P	
   <	
   0.001).	
   (a)	
   IFNγ	
   ELISPOT	
  
analysis	
  comparing	
  the	
  immune	
  response	
  generated	
  to	
  DCT	
  when	
  it	
  is	
  encoded	
  within	
  
MG1	
   versus	
   when	
   it	
   is	
   co-­‐administered	
   with	
   poly(I:C)	
   adjuvant.	
   (b)	
   IFNγ	
   ELISPOT	
  
analysis	
  comparing	
  the	
  immune	
  response	
  generated	
  to	
  DCT	
  when	
  it	
  is	
  encoded	
  within	
  
MG1,	
  coadministered	
  with	
  MG1	
  or	
  co-­‐administered	
  with	
  poly(I:C).	
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Figure	
  4.12.	
  Co-­‐administration	
  of	
  peptide	
  with	
  Maraba	
  virus	
  leads	
  to	
  a	
  superior	
  
T-­‐cell	
  response	
  relative	
  to	
  co-­‐administration	
  with	
  VSV.	
  	
  
	
  
All	
  C57Bl/6	
  mice	
  were	
  vaccinated	
  with	
  100μg	
  DCT	
  +	
  50μg	
  poly(I:C)	
  SQ	
  on	
  day	
  0.	
  On	
  
day	
  7,	
  mice	
  were	
  administered	
  nothing	
  (untreated),	
  100μg	
  DCT	
  and	
  50μg	
  poly(I:C),	
  or	
  
100μg	
  DCT	
  and	
  1x108pfu	
  of	
  MG1,	
  VSVΔ51,	
  VSVΔ51-­‐gmcsf,	
  or	
  VSVΔ51-­‐IFNγ.	
  On	
  day	
  14	
  
mice	
  were	
   euthanized	
   and	
   splenocytes	
  were	
   restimulated	
  ex	
  vivo	
  with	
   9AA	
  DCT	
   and	
  
VSVn	
  peptides.	
  Immune	
  responses	
  were	
  quantified	
  with	
  ELISPOT.	
  Asterisks	
  indicate	
  a	
  
statistically	
   significant	
   different	
   immune	
   response	
   between	
   treatment	
   groups	
   (One-­‐
way	
  ANOVA,	
  p-­‐value<0.0001;	
  Bonferroni	
  post-­‐test:	
  ***	
  =	
  P	
  <	
  0.001).	
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   In	
   Section	
   4.2	
   it	
   was	
   demonstrated	
   that	
   SQ	
   peptide	
   vaccination	
   resulted	
   in	
  

stronger	
   T-­‐cell	
   responses	
   than	
   vaccination	
   through	
   other	
   routes	
   (Figure	
   4.4).	
   In	
  

contrast,	
   the	
   results	
   in	
  Figure	
   4.11B	
   suggest	
   that	
   IV	
  vaccination	
  with	
  peptide	
  mixed	
  

with	
   virus	
   results	
   in	
   a	
   greater	
   T-­‐cell	
   responses	
   than	
   SQ	
   delivery.	
   These	
   opposing	
  

results	
  raise	
  the	
  question	
  of	
  whether	
  it	
  is	
  necessary	
  to	
  administer	
  the	
  virus	
  and	
  peptide	
  

by	
   the	
   same	
   route,	
   or	
   if	
   IV	
   administration	
   of	
   virus	
   and	
   SQ	
   administration	
   of	
   peptide	
  

would	
   also	
   result	
   in	
   a	
   strong	
   antigen	
   specific	
   immune	
   response.	
   Figure	
   4.13	
  

demonstrates	
   that	
   in	
   fact	
   virus	
   and	
   peptide	
   need	
   to	
   be	
   administered	
   together	
   to	
  

effectively	
  stimulate	
  antigen	
  specific	
  T-­‐cell	
  responses.	
  	
  

	
   We	
  have	
  already	
  demonstrated	
  by	
  ELISPOT	
  that	
  9AA	
  DCT	
  mixed	
  with	
  Maraba	
  

MG1	
   results	
   in	
   a	
   stronger	
   immune	
   response	
   than	
   9AA	
  DCT	
   combined	
  with	
   poly(I:C)	
  

(Figure	
  4.11)	
  and	
  we	
  confirmed	
  this	
  by	
  flow	
  cytometry,	
  gated	
  on	
  CD8+	
  cells	
  (Figure	
  

4.14A).	
  Furthermore	
  we	
  tested	
  this	
  finding	
  using	
  the	
  27AA	
  DCT	
  peptide	
  to	
  determine	
  

whether	
  MG1	
  can	
  also	
  enhance	
  T-­‐cell	
  response	
  to	
  27AA	
  peptides	
  relative	
  to	
  poly(I:C)	
  

adjuvant.	
  We	
  found	
  that	
  27AA	
  DCT	
  mixed	
  with	
  MG1	
  virus	
  resulted	
  in	
  a	
  superior	
  T-­‐cell	
  

response	
  to	
  DCT	
  relative	
  to	
  when	
  it	
  was	
  mixed	
  with	
  poly(I:C)	
  (Figure	
  4.14B).	
  Based	
  on	
  

these	
   observations	
   we	
   predicted	
   that	
   MG1	
   would	
   also	
   boost	
   the	
   T-­‐cell	
   responses	
  

towards	
   our	
   27AA	
   synthetic	
   long	
  mutanome	
   peptides	
   relative	
   to	
   poly(I:C),	
   however	
  

this	
   was	
   not	
   the	
   case.	
   As	
   displayed	
   in	
   Figure	
   4.15	
   MG1	
   did	
   not	
   enhance	
   T-­‐cell	
  

reactivity	
  towards	
  mutanome	
  peptides	
  relative	
  to	
  poly(I:C)	
  for	
  MUT30	
  (Figure	
  4.15B),	
  

MUT25	
  (Figure	
  4.15C)	
  or	
  MUT22	
  (Figure	
  4.15D).	
  We	
  decided	
  to	
  move	
  forward	
  and	
  

test	
  our	
  original	
  hypothesis	
  that	
  encoding	
  these	
  mutanome	
  peptides	
  within	
  an	
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Figure	
   4.13.	
   Co-­‐administration	
   of	
   virus	
   and	
   peptide	
   result	
   in	
   a	
   strong	
   T-­‐cell	
  
response	
  relative	
  to	
  administration	
  through	
  separate	
  routes	
  	
  
	
  
Mice	
  in	
  all	
  groups	
  were	
  primed	
  with	
  50μg	
  poly(I:C)	
  +	
  30μg	
  of	
  9AA	
  DCT	
  peptide	
  SQ	
  and	
  
boosted	
  with	
  nothing,	
  1x108pfu	
  MG1-­‐hDCT	
   IV,	
  1x108pfu	
  MG1	
  +	
  30μg	
  9AA	
  DCT	
   IV,	
  or	
  
1x108	
  MG1	
  IV	
  while	
  30μg	
  9AA	
  DCT	
  was	
  administered	
  SQ	
  in	
  the	
  same	
  mice.	
  One	
  week	
  
later,	
   spleens	
   were	
   harvested,	
   processed,	
   and	
   restimulated	
   with	
   either	
   9AA	
   DCT	
   or	
  
VSVn	
  peptide,	
  stained	
  for	
  CD8+	
  cells	
  and	
  IFNγ	
  and	
  analyzed	
  by	
  flow	
  cytometry.	
  Data	
  is	
  
presented	
   as	
   means	
   +SEM.	
   Asterisks	
   indicate	
   a	
   statistically	
   significant	
   difference	
   in	
  
immune	
   response	
   between	
   treatment	
   groups	
   (One-­‐way	
   ANOVA,	
   p-­‐value<0.0075;	
  
Bonferroni	
  post-­‐test:	
  ns	
  =	
  not	
  significant,	
  *	
  =	
  P	
  <	
  0.05).	
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Figure	
  4.14.	
  Co-­‐administration	
  of	
  MG1	
  induces	
  stronger	
  T-­‐cell	
  responses	
  to	
  both	
  
the	
  9AA	
  and	
  the	
  27AA	
  DCT	
  relative	
  to	
  poly(I:C).	
  	
  
	
  
Mice	
   in	
  all	
   groups	
  were	
  primed	
  with	
  30μg	
  DCT	
  +	
  50μg	
  poly(I:C)	
  administered	
  SQ	
  on	
  
day	
  0.	
  On	
  day	
  7	
  mice	
  were	
  administered	
  either	
  nothing,	
  30μg	
  DCT	
  +	
  50μg	
  poly(I:C)	
  SQ,	
  
or	
   30μg	
   DCT	
   +	
   1x108pfu	
   MG1	
   IV.	
   7	
   days	
   after	
   receiving	
   their	
   boost,	
   mice	
   were	
  
euthanized,	
   spleens	
  were	
   harvested,	
   processed	
   and	
   stained	
  with	
   CD8+	
   and	
   IFNγ	
   for	
  
analysis	
  by	
  flow	
  cytometry.	
  The	
  observations	
  were	
  consistent	
  in	
  mice	
  that	
  were	
  treated	
  
and	
  ex	
  vivo	
  restimulated	
  with	
  the	
  9AA	
  DCT	
  peptide	
  (a)	
  as	
  well	
  as	
  with	
  the	
  27AA	
  DCT	
  
peptide.	
  Data	
  is	
  presented	
  as	
  means	
  +SEM.	
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oncolytic	
   virus	
   would	
   induce	
   superior	
   anti-­‐tumor	
   immunity	
   relative	
   to	
   peptide	
  

vaccination	
  and	
  empty	
  virus	
  vaccination.	
  	
  

4.8	
  Designing	
  and	
  cloning	
  the	
  mutanome	
  multi-­‐epitope	
  construct	
  into	
  MG1	
  Maraba	
  virus	
  

and	
  E1/E3	
  deleted,	
  type	
  5	
  Adenovirus.	
  	
  

	
   Previous	
   work	
   by	
   our	
   collaborators	
   at	
   McMaster	
   has	
   demonstrated	
   that	
   a	
  

heterologous	
  prime-­‐boost	
  vaccination	
  approach	
  with	
  Adenovirus	
  followed	
  by	
  Maraba	
  

virus,	
   both	
   encoding	
   the	
   same	
   tumor	
   antigen,	
   is	
   a	
   very	
   effective	
   way	
   to	
   induce	
  

protective	
  anti-­‐tumor	
  T-­‐cell	
   responses	
  while	
  minimizing	
  anti-­‐viral	
   responses,	
   as	
  well	
  

as	
   confer	
  a	
   survival	
   advantage	
   to	
  vaccinated	
  animals	
   [111,	
  116,	
  117].	
  We	
  designed	
  a	
  

multi-­‐epitope	
   construct	
   encoding	
   sequential	
   sequences	
   of	
   the	
   identified	
   mutanome	
  

antigens	
  to	
  be	
  inserted	
  into	
  a	
  virus.	
  The	
  construct	
  design	
  is	
  depicted	
  in	
  Figure	
  4.16A.	
  

We	
  arranged	
  the	
  12	
  mutanome	
  sequences	
  of	
  interest,	
  identified	
  in	
  Table	
  4.1,	
  in	
  order	
  

sequentially	
   from	
   MUT05	
   to	
   MUT48.	
   Each	
   mutanome	
   sequence	
   is	
   separated	
   by	
   an	
  

alanine-­‐alanine-­‐tyrosine	
  (AAY)	
  cleavage	
  sequence,	
  which	
  should	
  enhance	
  proteasomal	
  

cleavage	
  of	
   the	
  mutanome	
  construct	
   into	
   individual	
  mutanome	
  peptides	
   [69,	
  80].	
  We	
  

also	
   tagged	
   the	
  multi-­‐epitope	
   construct	
  with	
  ubiquitin	
  on	
   the	
  C-­‐terminus	
   in	
  order	
   to	
  

enhance	
  proteasomal	
  degradation	
  of	
  the	
  sequence	
  [83].	
  As	
  explained	
  in	
  more	
  detail	
  in	
  

the	
  Introduction,	
  the	
  substitution	
  of	
  all	
  of	
  ubiquitin’s	
  lysines	
  (K)	
  to	
  arginine	
  (R)	
  except	
  

for	
   lysine	
  48,	
   should	
   further	
   enhance	
  processing	
  of	
   the	
   construct	
   by	
   the	
  proteasome	
  

[86].	
  Thus	
  we	
  also	
  designed	
  a	
   sequence	
   identical	
   to	
   the	
  one	
  shown	
   in	
  Figure	
   4.16A,	
  

but	
  with	
  all	
  of	
  the	
  lysines	
  in	
  ubiquitin	
  altered	
  to	
  arginine	
  except	
  for	
  lysine	
  48	
  (Figure	
  

4.16B).	
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Figure	
   4.15.	
   Co-­‐administration	
   of	
   MG1	
   virus	
   does	
   not	
   induce	
   superior	
   T-­‐cell	
  
responses	
  to	
  mutanome	
  SLPs	
  relative	
  to	
  poly(I:C).	
  	
  
	
  
(a)	
   Experimental	
   timeline	
   in	
   days.	
   Mice	
   were	
   treated	
   SQ	
   with	
   100μg	
   of	
   mutanome	
  
peptide	
  (MUT30,	
  MUT25	
  or	
  MUT22)	
  with	
  50μg	
  poly(I:C)	
  on	
  day	
  0;	
  on	
  day	
  7	
  mice	
  were	
  
boosted	
  with	
  100μg	
  of	
  mutanome	
  peptide	
  combined	
  with	
  50μg	
  poly(I:C)	
  or	
  1x108pfu	
  
MG1	
  virus,	
  administered	
  SQ	
  or	
  IV	
  as	
  indicated.	
  (b,c,d)	
  Columns	
  represent	
  means	
  +SEM.	
  
There	
   is	
   no	
   significant	
   difference	
   (determined	
   by	
   One-­‐way	
   ANOVA	
   with	
   Bonferroni	
  
post-­‐test)	
   between	
   groups	
   vaccinated	
   with	
   mutanome	
   peptide	
   +poly(I:C)	
   SQ	
   and	
  
groups	
   vaccinated	
   with	
   mutanome	
   peptide	
   +	
   MG1	
   IV	
   for	
   any	
   of	
   the	
   peptides.	
   (b)	
  
Experiment	
   vaccinations	
   and	
   ex	
   vivo	
   restimulations	
   performed	
   with	
   MUT30,	
   a	
  
moderately	
   immunogenic	
   peptide.	
   N=3.	
   (c)	
   Experiment	
   vaccinations	
   and	
   ex	
   vivo	
  
restimulations	
   performed	
   with	
   MUT25,	
   a	
   highly	
   immunogenic	
   peptide.	
   N=4.	
   	
   (d)	
  
Experiment	
  vaccinations	
  and	
  ex	
  vivo	
  restimulations	
  performed	
  with	
  MUT22,	
  a	
  poorly	
  
immunogenic	
  peptide.	
  N=4.	
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Figure	
  4.16.	
  Design	
  of	
  the	
  multi-­‐epitope	
  mutanome	
  construct	
  to	
  be	
  inserted	
  into	
  
Maraba	
  virus	
  and	
  Adenovirus.	
  	
  
	
  
All	
  12	
  mutanome	
  epitopes	
  of	
  interest	
  are	
  encoded	
  within	
  this	
  muti-­‐epitope	
  construct.	
  
Each	
   27AA	
   mutanome	
   sequence	
   is	
   separated	
   by	
   an	
   AAY	
   linker	
   sequence,	
   and	
   the	
  
construct	
   is	
   tagged	
   with	
   ubiquitin.	
   (b)	
   Two	
   different	
   mutanome	
   constructs	
   were	
  
generated:	
  one	
   containing	
   regular	
  ubiquitin,	
  displayed	
   in	
  orange,	
   and	
  one	
   containing	
  
“mutated”	
   ubiquitin,	
   displayed	
   in	
   blue.	
   The	
   mutated	
   ubiquitin	
   has	
   the	
   same	
   76AA	
  
sequence	
  as	
  the	
  regular	
  ubiquitin	
  however	
  all	
  of	
  its	
  lysines,	
  with	
  the	
  exception	
  of	
  lysine	
  
48,	
   are	
   altered	
   to	
   arginine	
   in	
   order	
   to	
   enhance	
   the	
   targeting	
   of	
   this	
   multi-­‐epitope	
  
construct	
  to	
  the	
  proteasome.	
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   The	
   multi-­‐epitope	
   construct	
   was	
   inserted	
   into	
   both	
   MG1	
   Maraba	
   virus	
   and	
  

E1/E3	
  deleted,	
  type	
  5	
  Adenovirus.	
  Figure	
  4.17	
  illustrates	
  the	
  empty	
  recombinant	
  MG1	
  

Maraba	
   virus	
   genome	
   (MG1)	
   [89]	
   (Figure	
   4.17A),	
   and	
   the	
   Maraba	
   virus	
   genome	
  

containing	
   the	
  multi-­‐epitope	
  mutanome	
  construct	
  with	
   regular	
  ubiquitin	
   (MG1-­‐MUT)	
  

(Figure	
   4.17B)	
   and	
   with	
   mutated	
   ubiquitin	
   (MG1-­‐MUT-­‐UbMut)	
   (Figure	
   4.17C).	
  

Figure	
  4.17D	
  and	
  E	
  show	
  the	
  Ad	
  and	
  the	
  Ad-­‐MUT	
  genomes	
  respectively.	
  

	
   As	
  shown	
  by	
  single	
  step	
  growth	
  curves	
  in	
  Figure	
  4.18A	
  and	
  multi-­‐step	
  growth	
  

curves	
  in	
  Figure	
  4.18B,	
  the	
  newly	
  cloned	
  MG1-­‐MUT	
  and	
  MG1-­‐MUT-­‐Mut	
  viruses	
  have	
  

very	
  similar	
  growth	
  kinetics	
  to	
  MG1	
  in	
  Vero	
  monkey	
  kidney	
  cells.	
  Thus	
  any	
  differences	
  

observed	
  in	
  therapeutic	
  effect	
  of	
  the	
  mutanome	
  expressing	
  Maraba	
  viruses	
  is	
  likely	
  not	
  

due	
  to	
  viral	
  growth	
  kinetics.	
  	
  

4.9	
   Mutanome	
   virus	
   vaccination	
   results	
   in	
   selective	
   T-­‐cell	
   responses	
   to	
   mutanome	
  

epitopes.	
  	
  

We	
   vaccinated	
   mice	
   with	
   our	
   priming	
   vector,	
   Ad-­‐MUT,	
   and	
   9	
   days	
   later	
  

harvested	
  the	
  spleens	
  and	
  evaluated	
  the	
  immune	
  responses	
  to	
  each	
  mutanome	
  peptide	
  

encoded	
  within	
   the	
  virus.	
  Figure	
   4.19A	
   shows	
   the	
   flow	
  cytometry	
  data	
   from	
  ex	
  vivo	
  

restimulation	
  of	
  splenocytes	
   from	
  mice	
  vaccinated	
  with	
  Ad-­‐MUT,	
  Ad-­‐BHG,	
  Ad-­‐DCT	
  or	
  

nothing.	
   This	
   data	
   is	
   complemented	
   by	
   ELISPOT	
   immune	
   analysis	
   of	
   the	
   same	
  mice,	
  

shown	
   in	
  Figure	
   4.19B.	
  Vaccination	
  against	
  Ad-­‐DCT	
  and	
   restimulation	
  with	
   the	
  9AA	
  

DCT	
  peptide	
   is	
   the	
  experimental	
  positive	
   control	
  while	
   restimulation	
  with	
  nothing	
   is	
  

the	
  negative	
  control.	
  Both	
  Figure	
  4.19A	
  and	
  Figure	
  4.19B	
   indicate	
  that	
  there	
  is	
  a	
  T-­‐	
  

cell	
  response	
  is	
  generated	
  to	
  the	
  MUT25	
  peptide	
  as	
  a	
  result	
  of	
  vaccination	
  with	
  the	
  Ad-­‐

MUT	
  virus.	
  Given	
  that	
  the	
  positive	
  responses	
  to	
  restimulation	
  with	
  the	
  MUT20	
  epitope	
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Figure	
  4.17.	
  Genomic	
  organization	
  of	
  recombinant	
  Maraba	
  and	
  Adenoviruses.	
  	
  
	
  
Maraba	
  virus	
  engineered	
  to	
  contain	
  two	
  mutations:	
  one	
  in	
  the	
  matrix	
  protein	
  L123W	
  
and	
   one	
   on	
   the	
   G	
   protein	
   Q242R.	
   Commonly	
   referred	
   to	
   as	
   MG1.	
   (b)	
   MG1	
   virus	
  
engineered	
   to	
  express	
   the	
  mutanome	
  construct	
   (detailed	
   figure	
   found	
   in	
  Figure	
  4.16)	
  
tagged	
  with	
  ubiquitin,	
  between	
  genes	
  G	
  and	
  L.	
  Referred	
  to	
  as	
  MG1-­‐MUT	
  (c)	
  MG1	
  virus	
  
engineered	
   to	
   express	
   the	
   mutanome	
   construct	
   tagged	
   with	
   “mutated”	
   ubiquitin.	
  
Construct	
  cloned	
  into	
  MG1	
  genome	
  between	
  genes	
  G	
  and	
  L.	
  Referred	
  to	
  as	
  MG1-­‐MUT-­‐
UbMut.	
   (d)	
   Empty	
   E1/E3	
   deleted,	
   serotype	
   5	
   adenovirus	
   used	
   as	
   an	
   experimental	
  
control	
   throughout	
  this	
  thesis.	
  Referred	
  to	
  throughout	
  as	
  Ad.	
  (e)	
  Recombinant	
  type	
  5	
  
E1/E3	
  deleted	
  adenovirus,	
  engineered	
   to	
  encode	
   the	
  mutanome	
  construct	
  containing	
  
non-­‐altered	
  ubiquitin	
  with	
  a	
  CMV	
  promoter.	
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Figure	
  4.18.	
  Viral	
  growth	
  kinetics	
  of	
  mutanome	
  viruses	
  are	
  comparable	
  to	
  that	
  of	
  
empty	
  Maraba	
  virus.	
  	
  
	
  
Single-­‐step	
   and	
   (b)	
   multi-­‐step	
   growth	
   curves	
   were	
   performed	
   with	
   the	
   mutanome	
  
Maraba	
  viruses,	
  MG1-­‐MUT	
  and	
  MG1-­‐MUT-­‐UbMut,	
  and	
  the	
  empty	
  Maraba	
  virus,	
  MG1,	
  in	
  
duplicate.	
   Vero	
   cells	
   were	
   infected	
   at	
   an	
  MOI	
   of	
   10	
   and	
   of	
   0.001	
   for	
   the	
   single	
   and	
  
multi-­‐step	
  growth	
  curves	
  respectively.	
  Supernatants	
  were	
  collected	
  at	
  indicated	
  times	
  
post-­‐infection	
  and	
  titered.	
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seen	
   in	
  Figure	
   4.19A	
   are	
  not	
  also	
  observed	
  by	
  ELISPOT	
  assay	
   in	
  Figure	
   4.19B,	
   it	
   is	
  

possible	
  that	
  these	
  responses	
  are	
  the	
  result	
  of	
  contamination,	
  or	
  a	
  figment	
  of	
  the	
  assay	
  

itself.	
   There	
   is	
   no	
   evident	
   reason	
  why	
  we	
  would	
   detect	
   an	
   antigen	
   specific	
   immune	
  

response	
  by	
  flow	
  cytometry	
  but	
  not	
  by	
  the	
  more	
  sensitive	
  ELISPOT	
  assay.	
  In	
  contrast,	
  

while	
  small	
  responses	
  generated	
  to	
  MUT22,	
  MUT24,	
  MUT25,	
  MUT28,	
  and	
  MUT29	
  were	
  

detected	
   by	
   ELISPOT	
   in	
   response	
   to	
   Ad-­‐DCT	
   vaccination,	
   it	
   is	
   possible	
   that	
   these	
  

responses	
   were	
   not	
   robust	
   enough	
   to	
   be	
   detected	
   by	
   flow	
   cytometry.	
   However,	
  

responses	
   to	
   these	
   antigens	
   were	
   not	
   detected	
   in	
   any	
   subsequent	
   experiments,	
  

suggesting	
  that	
  the	
  responses	
  observed	
  here	
  are	
  inconclusive.	
  	
  

	
   While	
   an	
   ELISPOT	
   assay	
   can	
   be	
   a	
   valuable	
   immunological	
   assay	
   it	
   is	
   not	
   an	
  

appropriate	
  assay	
  for	
  measuring	
  responses	
  to	
  tumor	
  antigens	
  encoded	
  within	
  the	
  MG1	
  

Maraba	
   virus.	
   Splenocytes	
   are	
   non-­‐specifically	
   activated	
   in	
   response	
   to	
   MG1	
  

vaccination	
  and	
  thus	
  secrete	
  high	
  levels	
  of	
  IFNγ	
  even	
  without	
  being	
  restimulated	
  to	
  any	
  

antigen	
   (data	
   not	
   shown).	
   This	
   high	
   level	
   of	
   background	
   stimulation	
   makes	
   it	
  

impossible	
  to	
  interpret	
  whether	
  there	
  are	
  any	
  antigen	
  specific	
  T-­‐cell	
  responses	
  elicited.	
  

Flow	
  cytometry	
  eliminates	
  this	
  confounding	
  effect	
  by	
  enabling	
  us	
  to	
  look	
  at	
  responses	
  

of	
  specific	
  T-­‐cell	
  populations	
  while	
  gating	
  out	
  other	
  cell	
  populations.	
  

Flow	
   cytometry	
   data	
   of	
   tumor	
   bearing	
  mice	
   treated	
   according	
   to	
   the	
   timeline	
  

displayed	
  in	
  Figure	
  4.20A	
  is	
  displayed	
  in	
  Figure	
  4.20B.	
  VSVn	
  peptide	
  restimulation	
  of	
  

Maraba	
   vaccinated	
   mice	
   is	
   the	
   experimental	
   positive	
   control.	
   Restimulation	
   of	
  

splenocytes	
   from	
   MG1-­‐MUT	
   boosted	
   mice	
   with	
   MUT25	
   and	
   MUT48	
   peptides	
   both	
  

generate	
  a	
  positive	
  response,	
  indicating	
  T-­‐cell	
  specificity	
  to	
  these	
  antigens	
  in	
  response	
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Figure	
  4.19.	
  Ad-­‐MUT	
   induces	
  T-­‐cell	
   responses	
   to	
  one	
  of	
   the	
  B16F10	
  mutanome	
  
epitopes.	
  	
  
	
  
Mice	
  were	
  administered	
  bilateral	
   IM	
   injections	
  of	
  1x108pfu	
  Ad-­‐MUT,	
  Ad,	
  Ad-­‐hDCT	
  or	
  
nothing	
  (no	
   treatment)	
  and	
  9	
  days	
   later	
  were	
  euthanized	
  and	
  splenocytes	
  were	
  used	
  
for	
  T-­‐cell	
  response	
  analysis.	
  Splenocytes	
  were	
  restimulated	
  ex	
  vivo	
  with	
  nothing,	
  DCT	
  
peptide,	
   or	
   each	
   of	
   the	
   mutanome	
   peptides.	
   SMNCs	
   were	
   either	
   (a)	
   stained	
   and	
  
examined	
  by	
  flow	
  cytometry	
  for	
  CD8+	
  cells	
  and	
  IFNγ	
  or	
  (b)	
  examined	
  by	
  ELISPOT	
  for	
  
relative	
  T-­‐cell	
  activation	
  for	
  each	
  restimulation.	
  Data	
  are	
  presented	
  as	
  means	
  +/-­‐	
  SEM	
  
with	
  3	
  mice	
  per	
  group	
  for	
  Ad-­‐MUT	
  and	
  Ad-­‐BHG	
  and	
  2	
  mice	
  per	
  group	
  for	
  Ad-­‐hDCT	
  and	
  
no	
  treatment	
  (nothing)	
  group.	
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to	
   vaccination	
  with	
  MG1-­‐MUT	
   virus.	
   Interestingly,	
   there	
  were	
   some	
   cell	
   populations	
  

visible	
   by	
   flow	
   cytometry	
   that	
   were	
   secreting	
   IFNγ	
   that	
   were	
   not	
   CD8+	
   cells	
   as	
  

presented	
   by	
   the	
   flow	
   cytometry	
   plots	
   in	
  Figure	
   4.20C.	
  We	
  hypothesized	
   that	
   these	
  

cells	
  were	
  likely	
  CD4+	
  T-­‐cells	
  since	
  they	
  are	
  also	
  known	
  to	
  secrete	
  IFNγ	
  in	
  response	
  to	
  

antigen	
  specific	
   restimulation	
   [29].	
  Therefore	
   in	
  all	
  other	
  experiments	
  we	
  decided	
   to	
  

also	
  stain	
  for	
  CD4+	
  cells	
  and	
  assess	
  these	
  cells	
  for	
  IFNγ	
  production.	
  

	
   Prime-­‐boost	
   vaccinations	
   with	
   our	
   mutanome	
   viruses	
   (outlined	
   in	
   Figure	
  

4.21A)	
   yielded	
   results	
   similar	
   to	
   previous	
   experiments	
   testing	
   each	
   individual	
  

mutanome	
   encoding	
   virus	
   (Figure	
   4.21).	
   Antigen	
   specific	
   responses	
   were	
   detected	
  

towards	
  the	
  MUT25	
  peptide	
  in	
  mice	
  primed	
  with	
  Ad-­‐MUT	
  and	
  boosted	
  with	
  MG1-­‐MUT.	
  

Interestingly,	
   both	
   CD8+	
   and	
   CD4+	
   cells	
   elicited	
   MUT25	
   antigen	
   specific	
   responses	
  

(Figure	
  4.21B	
  and	
  Figure	
  4.21C).	
  VSVn	
  peptide	
  restimulation	
  is	
  the	
  positive	
  control	
  in	
  

this	
   experiment.	
   No	
   T-­‐cell	
   responses	
   were	
   detected	
   towards	
   any	
   of	
   the	
   other	
  

mutanome	
  epitopes.	
  	
  

4.10	
  Driving	
  out	
  individual	
  mutanome	
  immune	
  responses	
  generated	
  to	
  MG1-­‐MUT	
  	
  

	
   To	
   determine	
   whether	
   we	
   can	
   force	
   T-­‐cell	
   responses	
   to	
   mutanome	
   peptides	
  

other	
  than	
  MUT25,	
  we	
  primed	
  mice	
  with	
  just	
  one	
  mutanome	
  peptide	
  and	
  then	
  boosted	
  

the	
  mice	
  with	
   the	
  MG1-­‐MUT	
  virus.	
  Figures	
   4.22A	
  &	
   B	
  display	
  data	
   for	
  mice	
  primed	
  

against	
  MUT25,	
  Figures	
   4.22C	
   &	
   D	
   show	
  data	
   for	
  mice	
  primed	
   against	
  MUT44,	
   and	
  

Figures	
   4.22E	
  &	
   F	
   show	
  data	
   for	
  mice	
  primed	
  against	
  MUT48.	
  Priming	
   the	
   immune	
  

system	
  with	
  MUT25	
  and	
  MUT48	
  followed	
  by	
  MG1-­‐MUT	
  resulted	
  in	
  an	
  antigen	
  specific	
  

CD8+	
  T-­‐cell	
  response	
  however	
  priming	
  with	
  MUT44	
  and	
  boosting	
  with	
  MG1-­‐MUT	
  did	
  

not.	
  Of	
  note	
  however,	
  the	
  mice	
  that	
  were	
  both	
  primed	
  and	
  boosted	
  with	
  peptide	
  and	
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Figure	
   4.20.	
  MG1-­‐MUT	
   vaccination	
   induces	
   T-­‐cell	
   responses	
   to	
   two	
  mutanome	
  
epitopes	
  encoded	
  within	
  the	
  virus	
  
	
  
Experimental	
   timeline.	
   Lung	
   tumors	
   were	
   seeded	
   through	
   IV	
   injection	
   of	
   2.5x105	
  
B16F10	
  cells	
  in	
  C57Bl/6	
  mice.	
  Mice	
  were	
  primed	
  SQ	
  on	
  day	
  5	
  with	
  30μg	
  of	
  each	
  of	
  the	
  
12	
   mutanome	
   peptides,	
   mixed	
   with	
   50μg	
   poly(I:C).	
   On	
   day	
   12	
   the	
   mice	
   received	
  
5x108pfu	
  MG1-­‐MUT	
  IV	
  (n=3),	
  5x108pfu	
  MG1	
  IV	
  (n=4),	
  30μg	
  of	
  each	
  mutanome	
  peptide	
  
+50μg	
   poly(I:C)	
   (n=4),	
   or	
   nothing	
   (n=2).	
   On	
   day	
   19	
   post	
   tumor	
   seeding,	
   mice	
   were	
  
euthanized	
   and	
   spleens	
   were	
   harvested	
   for	
   immune	
   analysis.	
   (b)	
   Splenocytes	
   were	
  
restimulated	
   ex	
   vivo	
   with	
   VSVn	
   peptide,	
   DCT	
   peptide,	
   and	
   each	
   of	
   the	
   mutanome	
  
peptides.	
  Analyzed	
  by	
  flow	
  cytometry.	
  Data	
  is	
  presented	
  as	
  means	
  +SEM.	
  (c)	
  Flow	
  plots	
  
from	
   select	
   ex	
  vivo	
  restimulations	
   demonstrating	
   that	
   there	
   is	
   a	
   portion	
   of	
   activated	
  
splenocytes	
  which	
  are	
  not	
  CD8+	
  T-­‐cells.	
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Figure	
  4.21.	
  Heterologous	
  prime-­‐boost	
   vaccination	
  with	
   the	
  mutanome	
  viruses	
  
induces	
  a	
  T-­‐cell	
  response	
  to	
  one	
  of	
  the	
  B16	
  mutanome	
  epitopes	
  	
  
	
  
Experimental	
  timeline.	
  C57Bl/6	
  mice	
  were	
  seeded	
  with	
  B16F10	
  lung	
  tumors	
  on	
  day	
  0;	
  
on	
  day	
  5	
  mice	
  were	
  primed	
  IM	
  with	
  1x108pfu	
  Ad-­‐MUT,	
  Ad,	
  or	
  nothing.	
  On	
  day	
  19,	
  mice	
  
were	
   boosted	
   IV	
   with	
   5x108pfu	
   MG1-­‐MUT.	
   On	
   day	
   12	
   mice	
   were	
   euthanized	
   and	
  
immune	
  analysis	
  was	
  performed	
  on	
  splenocytes.	
  Splenocytes	
  were	
  restimulated	
  ex	
  vivo	
  
with	
  nothing,	
  VSVn	
  peptide,	
  DCT	
  peptide,	
  and	
  each	
  of	
  the	
  mutanome	
  peptides.	
  SMNCs	
  
were	
  stained	
  and	
  examined	
  by	
  flow	
  cytometry	
  for	
  (b)	
  CD8+	
  cells	
  and	
  IFNγ	
  or	
  (c)	
  CD4+	
  
cells	
  and	
  IFNγ.	
  Data	
  are	
  presented	
  as	
  means	
  +SEM	
  with	
  5	
  mice	
  per	
  group	
  (n=5).	
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poly(I:C)	
   vaccinations	
   elicited	
   strong	
   CD4+	
   antigen	
   specific	
   responses	
   but	
   no	
  

observable	
  CD8+	
  responses.	
  While	
  CD8+	
  T-­‐cells	
  are	
  more	
  commonly	
  known	
  for	
   their	
  

effector	
   functions	
   and	
   tumor	
   control	
   abilities,	
   CD4+	
   T-­‐cells	
   have	
   been	
   implicated	
   in	
  

tumor	
  progression	
  control	
  as	
  well	
  [18,	
  28-­‐31].	
  	
  

4.11	
   No	
   survival	
   advantage	
   was	
   experienced	
   by	
   mice	
   treated	
   with	
   the	
   mutanome	
  

heterologous	
  prime-­‐boost	
  

	
   Ultimately,	
  it	
  is	
  not	
  our	
  ability	
  to	
  measure	
  antigen	
  specific	
  T-­‐cell	
  responses	
  that	
  

defines	
   whether	
   or	
   not	
   a	
   therapy	
   is	
   successful,	
   but	
   whether	
   the	
   therapy	
   confers	
   a	
  

survival	
  advantage.	
  Our	
  hope	
  was	
  that	
  by	
  encoding	
  these	
  mutanome	
  epitopes	
  into	
  an	
  

OV	
   and	
   treating	
   the	
  mice	
  with	
   a	
   heterologous	
   prime	
   boost,	
   that	
  mice	
  would	
   benefit	
  

from	
   both	
   the	
   oncolytic	
   and	
   anti-­‐tumor	
   immunity	
   aspect	
   of	
   the	
   therapy	
   and	
   have	
   a	
  

survival	
  advantage	
  over	
  mice	
  controls.	
  A	
  survival	
  experiment,	
  in	
  which	
  tumor	
  bearing	
  

mice	
  were	
  treated	
  with	
  this	
  approach	
  is	
  outlined	
  in	
  Figure	
  4.23A.	
  The	
  positive	
  control	
  

in	
  this	
  experiment	
  is	
  the	
  group	
  that	
  was	
  primed	
  with	
  Ad-­‐hDCT	
  and	
  boosted	
  with	
  MG1-­‐

hDCT	
  –	
  a	
  treatment	
  previously	
  characterized	
  for	
  its	
  success	
  [111].	
  Aside	
  from	
  the	
  Ad-­‐

hDCT/MG1-­‐hDCT	
   treated	
  mice,	
  none	
  of	
   the	
  mutanome	
  virus	
   treatment	
   combinations	
  

conferred	
  any	
  survival	
  advantage	
  upon	
  the	
  mice	
  as	
  shown	
  in	
  Figure	
  4.23B.	
  	
  

4.12	
  Prophylactic	
  immunization	
  with	
  mutanome-­‐	
  viruses	
  does	
  not	
  provide	
  any	
  protective	
  

effects	
  against	
  lung	
  B16F10	
  tumors.	
  	
  

	
   Since	
   it	
   is	
  well	
   understood	
   that	
   prophylactic	
   vaccinations	
   are	
   generally	
  much	
  

more	
   efficacious	
   than	
   therapeutic	
   vaccinations	
   [53],	
   we	
   decided	
   to	
   test	
   whether	
  

vaccinating	
  mice	
  with	
  the	
  mutanome	
  viruses	
  and	
  subsequently	
  challenging	
  them	
  with	
  

B16F10	
  lung	
  tumors	
  would	
  lead	
  to	
  any	
  reduction	
  in	
  lung	
  tumor	
  burden	
  compared	
  to	
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Figure	
   4.22.	
   Cannot	
   potentiate	
   immune	
   responses	
   to	
   individual	
   mutanome	
  
epitopes	
   by	
   priming	
   with	
   an	
   individual	
   peptide	
   and	
   boosting	
   with	
   MG1-­‐MUT	
  
virus.	
  	
  
	
  
C57Bl/6	
  mice	
  were	
  seeded	
  with	
  7.5x104	
  B16F10	
  cells	
  IV.	
  Three	
  days	
  post	
  seeding	
  mice	
  
were	
   primed	
   with	
   50μg	
   mutanome	
   peptide	
   (MUT25,	
   MUT44,	
   or	
   MUT	
   48)	
   +	
   50μg	
  
poly(I:C)	
  and	
  7	
  days	
   later	
  were	
  administered	
  5x108pfu	
  MG1-­‐MUT,	
  MG1,	
  or	
  peptide	
  +	
  
poly(I:C).	
   Seven	
  days	
   later	
  mice	
  were	
  euthanized,	
   spleens	
  were	
  harvested,	
  processed	
  
and	
   stained	
   for	
   IFNγ,	
  CD8+	
   (a,	
   c,	
   e)	
   and	
  CD4+	
   (a,d,f)	
   responses.	
  Data	
   is	
  presented	
  as	
  
means	
  +	
  SEM.	
  N=3.	
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Figure	
  4.23.	
  Heterologous	
  prime-­‐boost	
  with	
  mutanome	
  viruses	
  does	
  not	
  provide	
  
any	
  survival	
  advantage	
  for	
  treated	
  mice	
  
	
  
Experimental	
  timeline.	
  C57Bl/6	
  mice	
  were	
  seeded	
  with	
  7.5x104	
  B16F10	
  cells	
  IV.	
  Three	
  
days	
   later	
  mice	
  were	
   treated	
   IM	
  with	
  1x108pfu	
  Ad-­‐MUT,	
  Ad,	
  or	
  Ad-­‐hDCT.	
  Seven	
  days	
  
later,	
   mice	
   received	
   5x108pfu	
   MG1-­‐MUT,	
   MG1-­‐MUT-­‐UbMut,	
   MG1,	
   MG1-­‐hDCT	
   or	
  
nothing	
   as	
   indicated	
   in	
   the	
   treatment	
   timeline.	
   (b)	
   Kaplan	
   Meier	
   curve	
   of	
   mouse	
  
survival.	
  No	
  significant	
  trends	
  are	
  present	
  according	
  to	
  log-­‐rank,	
  Mantel-­‐Cox	
  test.	
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control	
   treated	
   mice.	
   Mice	
   were	
   treated	
   and	
   challenged	
   according	
   to	
   the	
   timeline	
  

displayed	
  in	
  Figure	
  4.24A.	
  One	
  day	
  prior	
  to	
  challenge	
  we	
  did	
  saphenous	
  bleeds	
  on	
  the	
  

mice	
   to	
   ensure	
   that	
   immune	
   responses	
   were	
   generated	
   to	
   treatment.	
  We	
  measured	
  

immune	
  responses	
  by	
  flow	
  cytometry	
  to	
  ex	
  vivo	
  restimulation	
  with	
  VSVn,	
  9AA	
  DCT,	
  and	
  

MUT25	
   peptides	
   (Figure	
   4.24B)	
   and	
   found	
   that	
   the	
   mice	
   had	
   expected	
   T-­‐cell	
  

responses.	
   VSVn	
   peptide	
   induced	
   responses	
   in	
   mice	
   vaccinated	
   with	
   any	
   of	
   the	
  

recombinant	
   Maraba	
   viruses,	
   and	
   DCT	
   peptide	
   restimulation	
   induced	
   a	
   strong	
  

response	
   in	
   mice	
   vaccinated	
   with	
   Ad-­‐DCT/MG1-­‐DCT.	
   Mice	
   vaccinated	
   with	
   the	
  

mutanome	
  viruses	
  also	
  elicited	
  quite	
  significant	
  responses	
  to	
  the	
  MUT25	
  peptide.	
  	
  

	
   Significantly,	
   on	
   the	
   day	
   of	
   B16F10	
   challenge	
   the	
   mice	
   that	
   received	
   Ad-­‐

MUT/MG1-­‐MUT	
   and	
   Ad-­‐MUT/MG1-­‐MUT-­‐UbMut	
   were	
   smaller	
   and	
   more	
   dehydrated	
  

relative	
  to	
  the	
  other	
  groups,	
  however	
  all	
  mice	
  survived.	
  On	
  day	
  22	
  post	
  tumor	
  seeding,	
  

the	
  mouse	
  lungs	
  and	
  spleens	
  were	
  harvested.	
  Flow	
  cytometry	
  immune	
  analysis	
  on	
  the	
  

splenocytes	
  demonstrated	
  that	
  there	
  were	
  significant	
  responses	
  to	
  MUT25	
  in	
  the	
  Ad-­‐

MUT/MG1-­‐MUT,	
   the	
   Ad-­‐MUT/MG1-­‐MUT-­‐UbMut,	
   and	
   the	
   Ad-­‐MUT/MG1	
   vaccinated	
  

mice	
   (Figure	
   4.24C).	
   No	
   other	
   responses	
   were	
   detected	
   against	
   other	
   mutanome	
  

peptides.	
   Lung	
   weights	
   (Figure	
   4.25B)	
   and	
   quantification	
   of	
   lung	
   tumors	
   (Figure	
  

4.25C)	
  demonstrated	
  that	
  in	
  fact,	
  aside	
  from	
  the	
  peptide	
  only	
  treated	
  groups,	
  the	
  mice	
  

that	
   received	
   Ad-­‐MUT/MG1-­‐MUT	
   and	
   Ad-­‐MUT/MG1-­‐MUT-­‐UbMut	
   actually	
   had	
   the	
  

greatest	
  lung	
  tumor	
  burden.	
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Figure	
   4.24.	
   Prophylactic	
   prime-­‐boost	
  with	
  mutanome	
   viruses	
   results	
   in	
   T-­‐cell	
  
responses	
  to	
  one	
  mutanome	
  epitope	
  as	
  measured	
  in	
  the	
  spleen	
  and	
  blood.	
  	
  
	
  
Experimental	
   timeline.	
   Mice	
   received	
   1x108pfu	
   Adenovirus	
   IM	
   or	
   30μg	
   of	
   each	
  
mutanome	
   peptide	
   +	
   50μg	
   poly(I:C)	
   SQ.	
   Seven	
   days	
   later,	
   mice	
   were	
   administered	
  
5x108pfu	
   Maraba	
   virus	
   IV	
   or	
   30μg	
   of	
   each	
   mutanome	
   peptide	
   +	
   50μg	
   poly(I:C)	
   SQ.	
  
Prime-­‐boost	
  treatment	
  pairings	
  are	
  indicated	
  in	
  timeline.	
  One	
  day	
  prior	
  to	
  lung	
  tumor	
  
seeding	
  with	
  7.5x104	
  B16F10	
  cells	
  IV,	
  flow	
  cytometry	
  analysis	
  was	
  performed	
  on	
  blood	
  
collected	
   by	
   saph	
   bleeds	
   (b).	
   Twenty-­‐two	
   days	
   after	
   tumor	
   seeding,	
   mice	
   were	
  
euthanized	
   and	
   spleens	
   were	
   processed;	
   restimulated	
   with	
   irrB16F10	
   cells,	
   VSVn	
  
peptide,	
   DCT	
   peptides	
   or	
   a	
   mutanome	
   peptides;	
   stained	
   and	
   analyzed	
   by	
   flow	
  
cytometry	
  for	
  CD8+	
  and	
  IFNγ	
  (c).	
  Data	
  is	
  presented	
  as	
  means	
  +SEM.	
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Figure	
  4.25.	
  Prime-­‐boost	
  prophylactic	
  vaccinations	
  with	
  mutanome	
  viruses	
  
results	
  in	
  greater	
  lung	
  tumor	
  burden	
  than	
  experimental	
  controls.	
  	
  
	
  
Experimental	
   timeline.	
   Mice	
   receive	
   1x108pfu	
   Adenovirus	
   IM	
   or	
   30μg	
   of	
   each	
  
mutanome	
   peptide	
   +	
   50μg	
   poly(I:C)	
   SQ.	
   Seven	
   days	
   later,	
   mice	
   were	
   administered	
  
5x108pfu	
   of	
   MG1-­‐MUT,	
   MG1-­‐MUT-­‐UbMUT,	
   MG1	
   or	
   MG1-­‐hDCT,	
   or	
   30μg	
   of	
   each	
  
mutanome	
  peptide	
  +	
  50μg	
  poly(I:C)	
  SQ.	
  Prime-­‐boost	
  treatment	
  pairings	
  are	
  indicated	
  
in	
   timeline.	
   Twenty-­‐two	
   days	
   after	
   tumor	
   seeding,	
   mice	
   were	
   euthanized	
   and	
   lung	
  
weights	
   (b)	
   and	
   number	
   of	
   individual	
   lung	
   metastases	
   (c)	
   were	
   assessed.	
   Data	
   is	
  
presented	
   as	
   means	
   +/-­‐	
   SEM.	
   In	
   (b),	
   Peptides;	
   Peptides	
   and	
   Ad-­‐MUT;	
   MG1-­‐MUT-­‐
UbMUT	
   treated	
   groups	
   have	
   a	
   significantly	
   greater	
   (p<0.05)	
   lung	
   tumor	
   burden	
  
relative	
   to	
   Ad;MG1	
   treated	
   mice.	
   In	
   (c),	
   Peptides;Peptides	
   were	
   found	
   to	
   have	
   a	
  
significantly	
   greater	
   (p<0.01)	
   lung	
   tumor	
   burden	
   relative	
   to	
   Ad;MG1	
   treated	
   mice.	
  
Statistical	
  analysis	
  in	
  all	
  cases	
  was	
  performed	
  with	
  a	
  One-­‐way	
  ANOVA	
  with	
  Dunnett’s	
  
Multiple	
  Comparison	
  post-­‐test.	
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Discussion	
  

Over	
  the	
  last	
  decade	
  there	
  has	
  been	
  substantial	
  progress	
  in	
  OV	
  pre-­‐clinical	
  and	
  

clinical	
  studies	
  [88].	
  A	
  current	
  focus	
  in	
  the	
  OV	
  field	
  is	
  to	
  enhance	
  the	
  induction	
  of	
  anti-­‐

tumour	
   immunity	
   following	
  OV	
   therapy	
   [100].	
  One	
  method	
  used	
   to	
  enhance	
   immune	
  

responses	
   is	
   to	
   encode	
   immune	
  modulating	
   cytokines	
  within	
   the	
  oncolytic	
   virus	
   [40,	
  

107,	
  108,	
  136].	
  Another	
  method	
  involves	
  priming	
  the	
  immune	
  system	
  against	
  a	
  tumor	
  

associated	
   antigen	
   and	
   then	
   boost	
   this	
   response	
   with	
   an	
   antigen	
   encoding	
   OV.	
  

Rhabdoviruses	
  in	
  particular	
  have	
  a	
  strong	
  ability	
  to	
  boost	
  pre-­‐existing	
  T-­‐cell	
  responses	
  

towards	
  a	
  tumor	
  antigen	
  and	
  enhance	
  therapeutic	
  benefit	
  [111,	
  114,	
  116].	
  Generating	
  

an	
  anti-­‐tumor	
  immune	
  response	
  significantly	
  enhances	
  therapeutic	
  efficacy	
  by	
  lending	
  

itself	
   not	
   only	
   to	
   the	
   targeting	
   of	
   the	
   principle	
   tumor	
   but	
   also	
   to	
   any	
   of	
   the	
   tumor	
  

metastases	
  [100].	
  Furthermore	
  the	
  memory	
  responses	
  generated	
  by	
  immune	
  induction	
  

can	
  play	
  a	
  pivotal	
  role	
  in	
  preventing	
  tumor	
  relapse	
  [137].	
  	
  

	
   In	
   2012,	
   Ugur	
   Sahin’s	
   group	
   published	
   their	
   exciting	
   findings	
   that	
  

therapeutically	
   useful	
   anti-­‐tumor	
   immune	
   responses	
   could	
   be	
   generated	
   to	
   mutant	
  

neo-­‐epitopes	
   found	
   within	
   the	
   cancer	
   genome	
   [43].	
   This	
   thesis	
   is	
   largely	
   based	
   on	
  

these	
   key	
   findings	
   presented	
   by	
   Castle	
   et	
   al.	
   	
   These	
   tumor	
   specific	
   nonsynonymous	
  

somatic	
   point	
   mutations,	
   referred	
   to	
   throughout	
   this	
   text	
   as	
   “mutanome”	
   epitopes,	
  

were	
  identified	
  through	
  next	
  generation	
  sequencing	
  (NGS)	
  techniques	
  and	
  subsequent	
  

in	
  vivo	
  immunological	
  analysis	
   [43].	
   	
  These	
  B16F10	
  mutanome	
  antigens,	
   identified	
   to	
  

have	
   immunogenic	
   potential,	
   are	
   the	
   mutations	
   we	
   proceeded	
   to	
   investigate	
  

throughout	
  this	
  project.	
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While	
   OVs	
   have	
   shown	
   considerable	
   efficacy	
   on	
   their	
   own,	
   targeting	
   tumor	
  

antigens	
   in	
   association	
   with	
   OV	
   therapy	
   has	
   lead	
   to	
   superior	
   therapeutic	
   potential	
  

[110-­‐112,	
   116].	
   Based	
   on	
   the	
   pre-­‐existing	
   data	
   that	
   the	
   mutanome	
   can	
   be	
  

therapeutically	
   targeted	
   to	
   induce	
   tumor	
   immunity	
   [43]	
   and	
   that	
   combination	
   of	
  OV	
  

therapy	
  with	
   tumor	
   antigen	
   directed	
   immunotherapy	
   results	
   in	
   superior	
   therapeutic	
  

results	
   [116],	
  we	
   hypothesized	
   that	
   combining	
   vaccination	
   against	
   the	
   immunogenic	
  

cancer	
   mutanome	
   with	
   oncolytic	
   virus	
   therapy,	
   would	
   surpass	
   the	
   therapeutic	
  

potential	
   of	
   either	
   treatment	
   on	
   its	
   own.	
   Additionally	
   we	
   will	
   target	
   multiple	
  

mutanome	
  epitopes	
  at	
  once	
  with	
  the	
  intention	
  of	
  minimizing	
  the	
  generation	
  of	
  antigen	
  

loss	
  variants	
  [138,	
  139]	
  

5.1	
  Confirmation	
  of	
  the	
  immunogenicity	
  but	
  not	
  the	
  therapeutic	
  potential	
  of	
  the	
  B16F10	
  

cancer	
  mutanome	
  

	
   Through	
  NGS	
  we	
  were	
   able	
   to	
   confirm	
   that	
   the	
  majority	
   of	
   the	
   immunogenic	
  

mutations	
  identified	
  by	
  Castle	
  et	
  al	
  were	
  also	
  present	
  in	
  our	
  B16F10	
  cells	
  (Table	
  4.1)	
  

[43].	
  The	
  four	
  mutations	
  that	
  were	
  found	
  not	
  to	
  be	
  present	
  within	
  our	
  cells	
  were	
  most	
  

likely	
  the	
  product	
  of	
  in	
  vitro	
  cell	
  passaging	
  [140]	
  and	
  so	
  we	
  focused	
  our	
  efforts	
  on	
  the	
  

other	
  12	
  mutanome	
  epitopes	
  present	
  in	
  our	
  cells.	
  	
  

In	
   corroboration	
   of	
   previous	
   findings,	
   we	
   successfully	
   were	
   able	
   to	
   generate	
  

antigen	
   specific	
   immune	
   responses	
   towards	
  mutanome	
  epitopes	
   through	
  vaccination	
  

with	
  synthetic	
   long	
  peptides	
   (SLP)	
   (Figure	
   4.5).	
  Furthermore,	
   the	
   intensity	
  of	
   the	
  T-­‐

cell	
   responses	
  generated	
   towards	
   these	
  mutanome	
  peptides	
   also	
   confirmed	
  previous	
  

findings	
   that	
  MUT05,	
  MUT17,	
  MUT25,	
  MUT30	
  and	
  MUT44	
  were	
  some	
  of	
  most	
  highly	
  

immunogenic	
  epitopes	
  [43].	
  We	
  found	
  that	
  one	
  of	
   the	
  epitopes,	
  MUT29,	
   identified	
  by	
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Castle	
   et	
  al	
   to	
   only	
   induce	
  weak	
  T-­‐cell	
   activation	
   in	
   response	
   to	
   vaccination,	
   did	
   not	
  

elicit	
   any	
   immunological	
   response	
   in	
   our	
   hands	
   (Figure	
   4.5)[43].	
   Since	
   this	
   peptide	
  

was	
   only	
   a	
   weak	
   antigen	
   to	
   start	
   with,	
   it	
   is	
   possible	
   we	
   were	
   unable	
   to	
   detect	
   a	
  

response	
   due	
   to	
   assay	
   sensitivity.	
   However,	
   since	
   this	
   epitope	
   was	
   previously	
  

characterized	
   and	
   the	
   mutation	
   was	
   found	
   to	
   be	
   present	
   in	
   our	
   B16F10	
   cells,	
   we	
  

decided	
  to	
  still	
  include	
  MUT29	
  in	
  our	
  future	
  experiments.	
  	
  	
  

	
   In	
   contrast	
   to	
   previous	
   findings,	
   we	
   were	
   unable	
   to	
   replicate	
   the	
   result	
   that	
  

peptide	
   vaccination	
   using	
   mutanome	
   SLPs	
   confers	
   tumor	
   control	
   against	
   B16F10	
  

tumors	
  (Figure	
  4.9	
  &	
  4.10)[43].	
  All	
  of	
  the	
  experimental	
  conditions	
  used	
  in	
  our	
  study	
  

were	
   identical	
   to	
   those	
   previously	
   published	
   in	
   which	
   tumor	
   burden	
   control	
   was	
  

attained	
  through	
  a	
  therapeutic	
  treatment	
  approach	
  [43].	
  While	
  we	
  did	
  not	
  observe	
  this	
  

tumor	
   control	
   it	
   is	
   possible	
   that	
   a	
   therapeutic	
   treatment	
   approach	
   was	
   not	
   robust	
  

enough	
   to	
  consistently	
   see	
  significant	
   tumor	
  control.	
   In	
  order	
   to	
   replicate	
   their	
   long-­‐

term	
  survival	
  of	
  2	
  out	
  of	
  5	
  mutanome	
  SLP	
  treated	
  mice	
  we	
  should	
  use	
  the	
  prophylactic	
  

treatment	
   timeline	
  used	
   in	
   their	
  experiment.	
  While	
   this	
  experiment	
  has	
  not	
  yet	
  been	
  

conducted	
   it	
   is	
   an	
   obvious	
   next	
   step	
   to	
   ensure	
   that	
   we	
   can	
   repeat	
   the	
   prophylactic	
  

efficacy	
  observed	
  with	
  mutanome	
  SLP	
  vaccination.	
  Although	
  our	
  results	
  demonstrate	
  

that	
   therapeutic	
  mutanome	
   SLP	
   vaccination	
  may	
   not	
   confer	
   a	
   survival	
   advantage	
   in	
  

mice,	
   this	
   does	
   not	
   mean	
   that	
   other	
   more	
   stimulatory	
   methods	
   of	
   immunotherapy	
  

would	
  be	
  unable	
  to	
  do	
  so.	
  	
  

Peptide	
   vaccination	
   with	
   minimal	
   epitopes	
   has	
   long	
   been	
   recognized	
   as	
   a	
  

relatively	
  weak	
  therapeutic	
  platform	
  due	
  to	
  the	
  antigen’s	
  short	
  period	
  of	
  presentation	
  

by	
  APCs	
  to	
  T-­‐cells	
  due	
  to	
  a	
  rapid	
  turnover	
  of	
  MHC	
  molecules	
  as	
  well	
  as	
  the	
  induction	
  of	
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tolerance	
   [74].	
   Efforts	
   have	
  been	
  made	
   to	
   extend	
   the	
  potency	
   of	
   peptide	
   vaccination	
  

through	
  co-­‐administration	
  with	
  immunogenic	
  adjuvants	
  and	
  vaccination	
  with	
  synthetic	
  

long	
  peptides	
  instead	
  of	
  minimal	
  immunodominant	
  epitopes	
  [63,	
  74].	
  While	
  there	
  has	
  

been	
   major	
   success	
   in	
   enhancing	
   the	
   therapeutic	
   potential	
   of	
   peptides,	
   peptide	
  

vaccination	
   is	
   still	
  not	
   as	
   efficient	
   as	
  many	
  other	
   types	
  of	
   therapy.	
  Thus,	
  we	
  propose	
  

that	
  presenting	
  the	
  mutanome	
  antigens	
  to	
  the	
  immune	
  system	
  through	
  a	
  different	
  and	
  

more	
  stimulatory	
  method,	
  such	
  as	
  with	
  a	
  heterologous	
  prime-­‐boost	
  vaccination	
  using	
  

an	
   OV	
   as	
   a	
   boosting	
   vector,	
   could	
   have	
   superior	
   therapeutic	
   effects	
   compared	
   to	
  

mutanome	
  SLP	
  vaccination.	
  	
  

	
   We	
  were	
  very	
  motivated	
  by	
  the	
  fact	
  that	
  we	
  were	
  able	
  to	
  confirm	
  that	
  immune	
  

responses	
   can	
   be	
   generated	
   towards	
  mutanome	
   neo-­‐antigens	
   in	
   the	
   cancer	
   genome.	
  

Neoantigens	
  offer	
  a	
  novel	
  vaccination	
  target	
  that	
  have	
  yet	
  to	
  be	
  fully	
  explored	
  in	
  pre-­‐

clinical	
   and	
   clinical	
   studies.	
   In	
   a	
   previous	
   study	
   we	
   demonstrated	
   that	
   peptide	
  

vaccination	
   against	
   the	
   immunodominant	
   minimal	
   epitope	
   of	
   dopachrome	
  

tautomerase	
   (DCT)	
   was	
   unable	
   to	
   confer	
   tumor	
   burden	
   control	
   in	
   vaccinated	
   mice	
  

(data	
  not	
  shown)	
  despite	
  inducing	
  robust	
  antigen	
  specific	
  immune	
  responses	
  (Figure	
  

4.3	
  &	
  Figure	
  4.4)[141].	
  However,	
  vaccination	
  with	
  select	
  viruses	
  encoding	
  DCT	
  leads	
  

to	
  a	
  very	
  robust	
  anti-­‐tumor	
  response,	
  significant	
  tumor	
  control	
  and	
  increased	
  survival	
  

[110,	
  111,	
  116].	
  This	
  suggested	
  to	
  us	
  that	
  while	
  peptide	
  vaccination	
  against	
  the	
  cancer	
  

mutanome	
  may	
  not	
  be	
  robust	
  enough	
  to	
  confer	
  a	
  survival	
  advantage	
  in	
  mice,	
  encoding	
  

the	
  mutanome	
  epitopes	
  within	
  an	
  oncolytic	
  virus	
  could	
  be.	
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5.2	
  The	
  multi-­‐epitope	
  mutanome	
  viruses	
  	
  

	
   The	
   multi-­‐epitope	
   mutanome-­‐encoding	
   viruses	
   were	
   made	
   and	
   designed	
   as	
  

described	
  in	
  the	
  Materials	
  and	
  Methods	
  and	
  Results	
  sections	
  (Figures	
  4.16	
  and	
  4.17).	
  

Despite	
   encoding	
   12	
   immunogenic	
   mutanome	
   epitopes,	
   vaccination	
   with	
   the	
  

mutanome	
   containing	
   adenovirus	
   (Ad-­‐MUT)	
   only	
   induced	
   responses	
   to	
   one	
   of	
   the	
  

mutanome	
  epitopes:	
  MUT25	
  (Figure	
  4.19).	
  In	
  contrast,	
  vaccination	
  with	
  the	
  MG1-­‐MUT	
  

virus	
  induced	
  responses	
  to	
  two	
  of	
  the	
  mutanome	
  epitopes:	
  MUT25	
  and	
  MUT48	
  (Figure	
  

4.20).	
   While	
   we	
   cannot	
   compare	
   these	
   findings	
   directly	
   due	
   to	
   different	
   treatment	
  

regimens,	
  both	
  the	
  Ad-­‐MUT	
  virus	
  and	
  the	
  MG1-­‐MUT	
  virus	
  encode	
  the	
  same	
  mutanome	
  

construct	
  so	
  it	
  is	
  interesting	
  that	
  MG1-­‐MUT	
  would	
  induce	
  responses	
  to	
  more	
  antigens	
  

than	
  Ad-­‐MUT.	
  The	
  reason	
  for	
  this	
  is	
  unclear,	
  but	
  it	
  may	
  be	
  because	
  MG1	
  is	
  a	
  replicating	
  

oncolytic	
   virus	
   and	
   could	
   be	
   presenting	
   substantially	
   more	
   antigen	
   to	
   the	
   immune	
  

system	
  than	
  the	
  non-­‐replicating	
  Ad-­‐MUT	
  virus.	
  A	
  lack	
  of	
  sufficient	
  antigen	
  presentation	
  

may	
  account	
  for	
  why	
  we	
  are	
  not	
  seeing	
  responses	
  to	
  the	
  other	
  mutanome	
  antigens	
  in	
  

the	
  multi-­‐epitope	
  string.	
  	
  

It	
  is	
  known	
  that	
  MG1	
  on	
  its	
  own	
  is	
  not	
  a	
  very	
  strong	
  immune	
  priming	
  vector,	
  but	
  

when	
   the	
   immune	
   system	
   is	
   first	
   primed	
   against	
   an	
   antigen	
   then	
   MG1	
   encoding	
   a	
  

tumor	
  antigen	
  has	
  significant	
  boosting	
  potential	
  [111].	
  Not	
  surprisingly,	
  when	
  the	
  mice	
  

were	
  primed	
  by	
  Ad-­‐MUT	
  and	
  boosted	
  by	
  MG1-­‐MUT	
   (Figure	
   4.21	
   and	
  Figure	
   4.24),	
  

only	
  a	
  response	
  to	
  MUT25	
  was	
  detected.	
  	
  

Based	
   on	
   our	
   previous	
   experiments	
   evaluating	
   epitope	
   competition,	
   we	
  were	
  

not	
   expecting	
   immune	
   competition	
   to	
   substantially	
   affect	
   our	
   ability	
   to	
   detect	
   T-­‐cell	
  

responses	
  towards	
  multiple	
  epitopes	
  (Figure	
  4.6-­‐4.8).	
  However,	
  it	
  is	
  important	
  to	
  note	
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that	
   this	
   experiment	
   was	
   conducted	
   with	
   peptide	
   vaccinated	
  mice	
   rather	
   than	
  mice	
  

vaccinated	
  with	
  multi-­‐epitope	
  viral	
  constructs.	
  In	
  fact,	
  a	
  study	
  demonstrated	
  that	
  when	
  

mice	
  were	
   vaccinated	
  with	
   virally	
   encoded	
   polypeptide	
   a	
   skewed	
   immune	
   response	
  

towards	
  just	
  a	
  single	
  epitope	
  was	
  attained	
  [142].	
  This	
  article	
  reasoned	
  that	
  competition	
  

for	
  antigen	
  recognition	
  may	
  be	
   the	
  cause	
  of	
   the	
  skewed	
   immune	
  response.	
  They	
  also	
  

showed	
  that	
  vaccinating	
  mice	
  with	
  a	
  higher	
  number	
  of	
  virus	
  infected	
  splenocytes	
  lead	
  

to	
  the	
  subsequent	
  boosting	
  of	
  previously	
  undetectable	
  CTL	
  responses	
  to	
  other	
  epitopes	
  

in	
   the	
   polypeptide	
   string	
   [142].	
   While	
   we	
   are	
   not	
   vaccinating	
   mice	
   with	
   infected	
  

splenocytes,	
   similar	
  concepts	
  of	
   flooding	
   the	
   immune	
  system	
  with	
  more	
  antigen	
  may	
  

apply.	
  To	
   test	
   this,	
  we	
  could	
   inject	
  mice	
  with	
  higher	
  doses	
  of	
  Ad-­‐MUT	
  virus	
   to	
   test	
   if	
  

this	
  will	
  induce	
  responses	
  to	
  a	
  greater	
  number	
  of	
  the	
  mutanome	
  epitopes.	
  Testing	
  this	
  

strategy	
  with	
   the	
  MG1-­‐MUT	
   virus	
   is	
   less	
   feasible	
   because	
   vaccinating	
  mice	
  with	
   too	
  

high	
  of	
  a	
  dose	
  of	
  MG1	
  is	
  toxic.	
  Another	
  strategy	
  that	
  enabled	
  the	
  boosting	
  of	
  a	
  greater	
  

number	
  of	
  CTL	
  epitope	
  responses	
  in	
  this	
  paper	
  was	
  encoding	
  the	
  antigens	
  in	
  individual	
  

viruses	
  and	
  treating	
  with	
  a	
  mixture	
  of	
  these	
  viruses	
  instead	
  of	
  with	
  one	
  virus	
  encoding	
  

all	
  of	
   the	
  antigens	
   [142].	
  This	
   too	
   is	
   another	
   strategy	
   that	
  we	
  could	
   test	
  by	
  encoding	
  

mutanome	
  sequences	
  into	
  individual	
  viruses	
  and	
  vaccinating	
  mice	
  with	
  a	
  combination	
  

of	
  these	
  viruses.	
  	
  

	
   In	
  order	
  for	
  T-­‐cells	
  to	
  generate	
  an	
  immune	
  response	
  to	
  the	
  mutanome	
  antigens	
  

encoded	
  within	
  a	
  virus,	
   the	
  multi-­‐epitope	
  construct	
  needs	
  to	
  be	
  effectively	
  processed	
  

and	
   loaded	
  onto	
  MHC	
  molecules	
   for	
  presentation	
   [143].	
   In	
   considering	
   the	
  design	
  of	
  

the	
  multi-­‐epitope	
  construct	
  (Figure	
  4.16a),	
  MUT25	
  is	
  located	
  centrally	
  and	
  MUT48	
  is	
  

located	
  at	
   the	
  C-­‐terminus	
  of	
   the	
  epitope	
  string.	
  The	
   fact	
   that	
  we	
  are	
  able	
   to	
  detect	
  T-­‐
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cells	
   responses	
   towards	
   MUT25,	
   and	
   in	
   some	
   cases	
   to	
   MUT48,	
   suggests	
   that	
   the	
  

mutanome	
  construct	
  is	
  being	
  expressed	
  upon	
  infection	
  and	
  at	
  least	
  partially	
  processed	
  

and	
  presented	
  on	
  the	
  cell	
  surface.	
  However,	
  this	
  still	
  leaves	
  the	
  question	
  of	
  why	
  we	
  are	
  

not	
  detecting	
  T-­‐cell	
  activity	
  towards	
  the	
  other	
  mutanome	
  epitopes.	
  	
  

	
   One	
  possibility	
  is	
  that	
  the	
  multi-­‐epitope	
  sequence	
  is	
  not	
  being	
  cleaved	
  between	
  

all	
  of	
  the	
  mutanome	
  epitopes	
  as	
  anticipated,	
  or	
  once	
  cleaved,	
  the	
  27AA	
  peptides	
  are	
  not	
  

being	
   degraded	
   into	
   minimal	
   epitopes	
   for	
   MHC	
   cell	
   surface	
   presentation.	
   Epitope	
  

flanking	
   residues	
   play	
   important	
   roles	
   in	
   the	
   sequence	
   processing	
   [79]	
   and	
   in	
   how	
  

immune	
  stimulatory	
  a	
  given	
  peptide	
  may	
  be	
  [77].	
  In	
  some	
  cases	
  flanking	
  sequences	
  can	
  

actually	
  act	
   to	
  prevent	
  antigen	
  processing	
  so	
  selecting	
  appropriate	
   linkage	
  sequences	
  

between	
  peptides	
  in	
  an	
  epitope	
  construct	
  is	
  very	
  important	
  [81,	
  82].	
  The	
  AAY	
  linkage	
  

sequences	
  used	
  within	
  this	
  study	
  have	
  been	
  well	
  characterized	
  and	
  used	
  effectively	
  in	
  

many	
   studies	
   with	
   multi-­‐epitope	
   strings	
   [69,	
   80].	
   However,	
   one	
   important	
  

consideration	
  is	
  that	
  these	
  linkage	
  sequences	
  have	
  never	
  been	
  used	
  in	
  the	
  context	
  of	
  an	
  

OV.	
  Viruses	
  induce	
  substantial	
  changes	
  within	
  the	
  immune	
  system	
  so	
  it	
  is	
  possible	
  that	
  

these	
  changes	
  may	
  affect	
  the	
  way	
  in	
  which	
  multi-­‐epitope	
  sequences	
  are	
  processed.	
  	
  

	
   As	
   far	
   as	
   we	
   know,	
   the	
   design	
   used	
   in	
   this	
   study	
   to	
   encode	
   multiple	
   tumor	
  

antigens	
  within	
  an	
  oncolytic	
  virus	
  is	
  a	
  completely	
  novel	
  approach.	
  The	
  rational	
  of	
  this	
  

approach	
   is	
   explained	
   in	
   great	
   detail	
   in	
   the	
   Introduction	
  and	
  Results	
   sections	
   of	
   this	
  

thesis.	
  The	
  incorporation	
  of	
  cleavage	
  sequences	
  [69,	
  79]	
  and	
  of	
  ubiquitin	
  for	
  targeting	
  

to	
   the	
   proteasome	
   [83,	
   85]	
   are	
   both	
   well	
   characterized	
   techniques	
   used	
   in	
   DNA	
  

vaccination	
  [80].	
  In	
  order	
  to	
  ensure	
  that	
  the	
  polypeptide	
  is	
  designed	
  appropriately	
  we	
  

could	
  test	
  it	
  through	
  DNA	
  vaccination	
  in	
  the	
  absence	
  of	
  virus.	
  A	
  DNA	
  string	
  identical	
  to	
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the	
   one	
   cloned	
   into	
   the	
   viruses	
   could	
   be	
   used	
   to	
   vaccinate	
   mice	
   for	
   evaluation	
   of	
  

subsequent	
  immune	
  responses.	
  If	
  T-­‐cell	
  responses	
  are	
  detected	
  to	
  the	
  majority	
  of	
  our	
  

encoded	
  peptides,	
   this	
  will	
   indicate	
  that	
   it	
   is	
   the	
  combination	
  of	
   this	
  sequence	
  with	
  a	
  

virus	
   that	
   is	
   ineffective.	
   If	
   however,	
   immune	
   responses	
   are	
   generated	
   only	
   towards	
  

MUT25,	
   this	
   would	
   indicate	
   that	
   our	
   multi-­‐epitope	
   strategy	
   needs	
   to	
   be	
   optimized	
  

before	
  we	
  can	
  proceed	
  to	
  encode	
  it	
  within	
  an	
  OV.	
  	
  

Optimization	
  of	
  a	
  multi-­‐epitope	
  strategy	
  for	
  encoding	
  multiple	
  antigens	
  within	
  

an	
   OV	
   is	
   currently	
   underway.	
   If	
   we	
   are	
   unable	
   to	
   optimize	
   this	
   approach	
   then	
   one	
  

option	
  would	
   be	
   to	
   encode	
   individual	
   antigens	
   into	
  multiple	
   viruses	
   and	
   administer	
  

them	
   in	
   combination.	
   As	
   previously	
   suggested,	
   this	
   approach	
   should	
   successfully	
  

induce	
  comparable	
  immune	
  responses	
  against	
  all	
  of	
  the	
  antigens	
  [142].	
  However,	
  from	
  

a	
  manufacturing	
  and	
  feasibility	
  stand	
  point	
  it	
  is	
  much	
  more	
  efficient	
  to	
  make	
  one	
  virus	
  

encoding	
   twelve	
   antigens,	
   than	
   to	
   make	
   twelve	
   viruses	
   encoding	
   one	
   antigen	
   each.	
  

While	
  this	
  may	
  be	
  possible	
  for	
  one	
  study	
  and	
  one	
  tumor	
  model,	
  it	
  would	
  be	
  extremely	
  

difficult	
   when	
   considering	
   a	
   patient	
   population	
   that	
   contains	
   thousands	
   of	
   different	
  

mutations	
  to	
  be	
  targeted.	
  	
  

5.3	
  Potential	
  implication	
  of	
  autoimmunity	
  when	
  targeting	
  TAAs	
  

	
   Despite	
   what	
   was	
   originally	
   hypothesized,	
   the	
   combination	
   of	
   vaccination	
  

against	
  the	
  cancer	
  mutanome	
  with	
  oncolytic	
  virus	
  therapy	
  has	
  not	
  yet	
  led	
  to	
  enhanced	
  

therapeutic	
  efficacy	
  compared	
   to	
  vaccination	
  with	
  empty	
  virus	
  controls.	
  As	
  shown	
   in	
  

Figure	
   4.23,	
   mice	
   that	
   were	
   vaccinated	
   with	
   a	
   heterologous	
   prime	
   boost	
   approach	
  

with	
  mutanome	
  viruses	
  experienced	
  no	
  survival	
  advantage	
  over	
  empty-­‐vector	
  control	
  

treated	
  mice.	
  In	
  fact,	
  mice	
  treated	
  prophylactically	
  with	
  mutanome	
  viruses	
  actually	
  had	
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increased	
  lung	
  tumor	
  burden	
  relative	
  to	
  empty	
  vector	
  treated	
  controls	
  (Figure	
  4.25).	
  

Another	
  interesting	
  finding	
  of	
  this	
  experiment,	
  was	
  that	
  the	
  mice	
  treated	
  with	
  just	
  one	
  

of	
   the	
  mutanome	
   viruses,	
   either	
   the	
   Ad-­‐MUT	
   or	
   the	
  MG1-­‐MUT,	
   in	
   combination	
  with	
  

either	
  empty	
  MG1	
  or	
  peptides	
  respectively,	
  resulted	
  in	
  a	
  relatively	
  lower	
  tumor	
  burden	
  

than	
   the	
  mice	
   treated	
   with	
   the	
   prime-­‐boost	
   of	
   Ad-­‐MUT	
   and	
  MG1-­‐MUT.	
   This	
   data	
   is	
  

quite	
   surprising	
   given	
   that	
   there	
   has	
   been	
   substantial	
   evidence	
   suggesting	
   that	
   a	
  

heterologous	
   virus	
   prime-­‐boost	
   vaccination	
   approach	
   has	
   a	
   significant	
   therapeutic	
  

benefit	
   [110,	
   111,	
   113,	
   114].	
   However,	
   as	
   far	
   as	
   we	
   know	
   there	
   is	
   no	
   evidence	
  

suggesting	
   that	
   this	
   approach	
   has	
   had	
   a	
   detrimental	
   effect	
   on	
   therapy.	
   Before	
   any	
  

major	
  conclusions	
  are	
  made	
  this	
  experiment	
  should	
  be	
  repeated	
  with	
  a	
  larger	
  number	
  

of	
  mice	
  for	
  confirmation	
  of	
  these	
  results.	
  	
  

	
   At	
  the	
  time	
  of	
  tumor	
  challenge	
  (timeline	
  depicted	
  in	
  Figure	
  4.25A)	
  we	
  observed	
  

that	
   the	
   mice	
   that	
   had	
   received	
   the	
   prime-­‐boost	
   with	
   Ad-­‐MUT/MG1-­‐MUT	
   or	
   Ad-­‐

MUT/MG1-­‐MUT-­‐UbMut	
  were	
  smaller	
  and	
  more	
  dehydrated	
  than	
  the	
  mice	
  from	
  other	
  

virus	
   treatment	
  groups.	
  This	
   is	
   significant	
  because	
   if	
   the	
   immune	
  system	
  of	
   the	
  mice	
  

was	
   compromised	
   in	
   any	
  way	
   at	
   the	
   time	
   of	
   tumor	
   challenge,	
   this	
   could	
   be	
  why	
   the	
  

mice	
  acquired	
  a	
  greater	
  tumor	
  burden.	
  	
  

It	
  is	
  difficult	
  to	
  interpret	
  why	
  the	
  mutanome	
  treated	
  mice	
  were	
  sicker	
  than	
  the	
  

others.	
   All	
   viruses	
   were	
   prepared	
   according	
   to	
   the	
   same	
   growth	
   and	
   purification	
  

methods	
  and	
  all	
  viruses	
  were	
  titered	
  along	
  side	
  each	
  other.	
  For	
  confirmation	
  however,	
  

a	
   repeat	
   experiment	
   should	
   be	
   performed	
   with	
   new	
   virus	
   stocks.	
   If	
   the	
   mice	
   still	
  

appear	
   to	
   be	
   less	
   healthy	
   than	
   the	
   other	
   experimental	
   groups	
   then	
   it	
   could	
   be	
   the	
  

virally	
   encoded	
   mutanome	
   construct	
   that	
   is	
   contributing	
   to	
   this	
   effect.	
   We	
   could	
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subsequently	
   test	
   this	
   by	
   injecting	
   mice	
   with	
   a	
   purified	
   mutanome	
   construct	
   and	
  

evaluating	
  the	
  health	
  of	
  the	
  mice	
  relative	
  to	
  controls.	
  Another	
  potential	
  cause	
  may	
  be	
  

that	
   the	
   MG1	
   mutanome	
   viruses	
   have	
   altered	
   replication	
   timelines	
   relative	
   to	
   the	
  

empty	
  virus	
  control.	
   If	
   the	
  MG1	
  mutanome	
  viruses	
  were	
  more	
  virulent	
   than	
  the	
  MG1	
  

control	
  virus,	
  this	
  may	
  account	
  for	
  the	
  decreased	
  health	
  of	
  the	
  mice	
  that	
  received	
  these	
  

viruses.	
  However,	
   in	
  vitro	
  single-­‐step	
   and	
  multi-­‐step	
   growth	
   curves	
   indicate	
   that	
   the	
  

three	
  viruses	
  have	
  similar	
  replication	
  cycles	
  so	
  this	
  is	
  unlikely	
  to	
  be	
  the	
  cause	
  (Figure	
  

4.18).	
   Furthermore,	
   if	
   MG1-­‐MUT	
  was	
  more	
   virulent	
   we	
  would	
   expect	
   the	
  mice	
   that	
  

received	
  mutanome	
  peptides	
  and	
  poly(I:C)	
  followed	
  by	
  MG1-­‐MUT	
  to	
  also	
  have	
  been	
  of	
  

poor	
  health,	
  however	
  this	
  was	
  not	
  the	
  case.	
  	
  

	
   Dopachrome	
   tautomerase	
   (DCT)	
   is	
   a	
  melanocyte	
   self-­‐antigen	
  and	
  as	
  a	
  general	
  

rule	
   vaccination	
   against	
   self-­‐antigens	
   is	
  more	
   likely	
   to	
   induce	
   autoimmune	
   reactions	
  

than	
   vaccination	
   against	
   non-­‐self	
   antigens.	
   Correspondingly,	
   it	
   has	
   been	
   well	
  

documented	
   that	
   vaccination	
  with	
   viruses	
   encoding	
   dopachrome	
   tautomerase	
   (DCT)	
  

induces	
   vitiligo	
   in	
   mice	
   [117].	
   Vitiligo	
   is	
   a	
   condition	
   in	
   which	
   the	
   skin/fur	
   loses	
   its	
  

colour	
  due	
  an	
  autoimmune	
  reaction	
  against	
   the	
  host’s	
  melanocytes.	
  Despite	
   inducing	
  

vitiligo,	
  vaccination	
  against	
  DCT	
  was	
  still	
  able	
  to	
  induce	
  prolonged	
  survival	
  [117].	
  This	
  

indicates	
   that	
   even	
   if	
   autoimmunity	
   is	
   observed,	
   it	
   does	
   not	
   necessarily	
   eliminate	
  

therapeutic	
  potential.	
  Richard	
  Vile’s	
   group	
  has	
   shown	
   that	
  mice	
  vaccinated	
  with	
  VSV	
  

encoding	
  a	
  library	
  of	
  cDNA	
  from	
  normal	
  tissue	
  can	
  cure	
  established	
  tumors	
  of	
  the	
  same	
  

histological	
   type	
   without	
   inducing	
   any	
   observable	
   autoimmune	
   consequences	
   [113].	
  

This	
   is	
   a	
   good	
   indication	
   that	
   vaccination	
  against	
  mutanome	
  antigens	
   is	
  not	
   likely	
   to	
  

induce	
  autoimmune	
  responses,	
  because	
  all	
  of	
  the	
  antigens	
  being	
  vaccinated	
  against	
  in	
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this	
   study	
  were	
   self-­‐antigens	
   and	
   yet	
   there	
   were	
   no	
   obvious	
   signs	
   of	
   autoimmunity	
  

observed.	
  	
  

Although	
   Vile’s	
   group	
   did	
   not	
   observe	
   any	
   autoimmune	
   reactions	
   to	
   self-­‐

epitopes	
   [113],	
   this	
   does	
   not	
   eliminate	
   the	
   potential	
   for	
   autoimmunity	
   in	
   mice	
  

vaccinated	
   against	
   mutanome	
   epitopes.	
   Even	
   though	
   mutanome	
   antigens	
   are	
  

technically	
   non-­‐self	
   antigens,	
   there	
   is	
   only	
   a	
   single	
   amino	
   acid	
   differentiating	
   them	
  

from	
  their	
  wild-­‐type	
  self-­‐epitopes.	
  	
  Thus	
  there	
  is	
  the	
  potential	
  for	
  cross-­‐reactivity	
  and	
  

induction	
  of	
  autoimmunity.	
  In	
  fact,	
  we	
  confirmed	
  (Figure	
  4.8B)	
  previous	
  findings	
  that	
  

T-­‐cell	
  responses	
  induced	
  by	
  vaccination	
  with	
  mutanome	
  peptides	
  were	
  also	
  reactive	
  to	
  

the	
   wild-­‐type	
   peptide	
   sequences	
   [43].	
   While	
   we	
   saw	
   no	
   signs	
   of	
   autoimmunity	
   in	
  

previous	
  experiments,	
  it	
  is	
  possible	
  that	
  autoimmune	
  responses	
  are	
  the	
  reason	
  why	
  the	
  

mice	
   appeared	
   sickly	
   compared	
   to	
   the	
   control	
   mice.	
   In	
   future	
   experiments	
   with	
  

mutanome	
  viruses	
  we	
  should	
  carefully	
  observe	
  vaccinated	
  mice	
   for	
  any	
  physiological	
  

indicators	
  of	
  autoimmunity	
  throughout	
  the	
  experiments.	
  	
  

5.4	
  Future	
  Directions	
  	
  

	
   As	
   previously	
  mentioned,	
   in	
   order	
   to	
   elucidate	
  why	
   there	
   are	
   only	
   responses	
  

being	
   generated	
   to	
   one	
   or	
   two	
  mutanome	
   epitopes	
   there	
   are	
   a	
   number	
   of	
   follow	
  up	
  

experiments	
  that	
  should	
  be	
  carried	
  out.	
  1	
  –	
  A	
  greater	
  dose	
  of	
  Ad-­‐MUT	
  virus	
  should	
  be	
  

given	
   to	
   mice	
   to	
   evaluate	
   whether	
   this	
   induces	
   immune	
   responses	
   to	
   any	
   other	
  

mutanome	
  epitopes.	
  2	
  –	
  Mutanome	
  sequences	
  should	
  be	
  encoded	
  in	
  individual	
  viruses	
  

for	
  comparison	
  with	
  the	
  multi-­‐epitope	
  virus.	
  3	
  –	
  Mice	
  should	
  be	
  vaccinated	
  with	
  a	
  DNA	
  

string	
   of	
   the	
   mutanome	
   construct,	
   and	
   subsequent	
   immune	
   responses	
   should	
   be	
  

evaluated.	
   This	
   will	
   enable	
   us	
   to	
   determine	
   whether	
   the	
   construct	
   needs	
   to	
   be	
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redesigned.	
  4	
  –	
  The	
  experiment	
  in	
  which	
  greater	
  lung	
  tumor	
  burden	
  was	
  observed	
  in	
  

mutanome	
   virus	
   vaccinated	
   mice,	
   should	
   be	
   repeated.	
   In	
   addition	
   to	
   lung	
   tumor	
  

burden,	
  responses	
  towards	
  wild-­‐type	
  peptides	
  should	
  be	
  examined.	
  5	
  –	
  To	
  determine	
  

whether	
  it	
  is	
  the	
  mutanome	
  construct	
  that	
  is	
  causing	
  the	
  mice	
  to	
  be	
  sick,	
  mice	
  should	
  

be	
   treated	
  with	
   a	
   purified	
  mutanome	
   protein	
   and	
   examined	
   for	
   any	
   negative	
   health	
  

effects.	
  6	
  –	
  Another	
  immune	
  priming	
  strategy	
  should	
  be	
  adopted	
  so	
  that	
  optimization	
  

attempts	
  of	
  the	
  multi-­‐epitope	
  construct	
  can	
  be	
  focused	
  within	
  the	
  context	
  of	
  MG1.	
  7	
  –	
  

In	
  order	
   to	
  examine	
  whether	
   the	
  mutanome	
  epitopes	
  are	
   reaching	
   the	
  surface	
  of	
   the	
  

cell	
   for	
   MHC	
   presentation,	
   we	
   can	
   examine	
   the	
   immunopeptidome	
   –	
   the	
   peptides	
  

presented	
  on	
  MHC	
  class	
  I	
  molecules	
  [144].	
  This	
  can	
  be	
  accomplished	
  by	
  infecting	
  cells	
  

with	
   our	
   mutanome	
   viruses,	
   eluting	
   the	
   MHC	
   peptides	
   from	
   the	
   cell	
   surfaces,	
   and	
  

analyzing	
  these	
  peptides	
  by	
  mass	
  spectrometry.	
  	
  

	
   One	
   particular	
   aspect	
   of	
  my	
   project	
   that	
   warrants	
   further	
   examination	
   is	
   the	
  

comparison	
  of	
  MG1-­‐MUT	
  virus	
  with	
  MG1-­‐MUT-­‐UbMut	
  virus.	
  As	
  explained	
  in	
  the	
  Results	
  

the	
  only	
  difference	
  between	
  these	
  two	
  viruses	
  is	
  that	
  MG1-­‐MUT-­‐UbMUT	
  has	
  all	
  of	
  the	
  

lysines	
   in	
   its	
   ubiquitin,	
   except	
   for	
   lysine	
   48	
   (K48),	
   substituted	
   to	
   arginine.	
   Ubiquitin	
  

lysines	
   are	
   involved	
   in	
   the	
   targeting	
  of	
  proteins	
  within	
   a	
   cell	
   through	
  ubiquitination.	
  

Lysine	
  48	
   is	
   the	
  primary	
   lysine	
   involved	
   in	
  proteasome	
  targeting	
   [83].	
  The	
  hope	
  was	
  

that	
   mutating	
   all	
   lysines	
   other	
   than	
   K48	
   to	
   arginine	
   would	
   favour	
   proteasomal	
  

processing	
  over	
   lysosomal	
  degradation,	
   thus	
   resulting	
   in	
  better	
   epitope	
  presentation	
  

by	
  MHC	
  molecules	
  and	
   induction	
  of	
  superior	
  T-­‐cell	
  responses	
  to	
  mutanome	
  peptides.	
  

Some	
   preliminary	
   data	
   comparing	
   the	
   two	
   viruses	
   was	
   acquired	
   in	
   a	
   survival	
  

experiment	
  (Figure	
  4.23),	
  in	
  lung	
  tumor	
  burden	
  post	
  treatment	
  (Figure	
  4.25),	
  and	
  in	
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immunological	
   analysis	
   (Figure	
   4.24B	
   &	
   C),	
   and	
   no	
   significant	
   differences	
   were	
  

observed	
  between	
  the	
  two	
  viruses.	
  In	
  order	
  to	
  elucidate	
  whether	
  the	
  mutated	
  ubiquitin	
  

is	
   having	
   a	
  positive	
   impact	
   on	
   the	
  multi-­‐epitope	
   construct	
   processing,	
  mice	
   could	
  be	
  

primed	
  with	
  mutanome	
  peptides	
  and	
  boosted	
  with	
   the	
  MG1-­‐MUT	
  virus	
   compared	
   to	
  

the	
  MG1-­‐MUT-­‐UbMUT	
  virus	
  as	
  was	
  done	
  in	
  Figure	
  4.20.	
  However,	
  given	
  that	
  MUT25	
  

was	
   the	
  only	
   response	
   induced	
   in	
  Figure	
   4.24C,	
   it	
   appears	
   that	
   the	
   factors	
   affecting	
  

immune	
  response	
  generation	
  with	
  the	
  MG1-­‐MUT	
  virus	
  are	
  also	
  at	
  play	
  with	
  the	
  MG1-­‐

MUT-­‐UbMut	
  virus.	
  Therefore	
  proper	
  processing	
  and	
  presentation	
  of	
  our	
  multi-­‐epitope	
  

construct	
   needs	
   to	
   be	
   achieved	
   before	
   we	
   can	
   effectively	
   evaluate	
   the	
   potential	
   of	
  

mutated	
  ubiquitin	
  relative	
  to	
  wild-­‐type	
  ubiquitin.	
  	
  

	
   This	
   thesis	
  was	
   focused	
   on	
   targeting	
  neo-­‐antigens	
   formed	
  by	
  point	
  mutations	
  

found	
   in	
   the	
   cancer	
   genome	
   within	
   the	
   context	
   of	
   OV	
   therapy.	
   While	
   any	
   non-­‐self	
  

segment	
   of	
   the	
   DNA	
   has	
   the	
   potential	
   to	
   induce	
   immune	
   responses,	
   some	
   genomic	
  

alterations	
  may	
  be	
  more	
  immunogenic	
  than	
  others.	
  Future	
  studies	
  into	
  the	
  therapeutic	
  

potential	
  of	
  neo-­‐antigens	
  could	
  focus	
  on	
  targeting	
  mutations	
  with	
  more	
  immunogenic	
  

potential	
  such	
  as	
  frame-­‐shift	
  mutations,	
  deletions	
  or	
  insertion	
  mutations.	
  Studies	
  into	
  if	
  

and	
  how	
  these	
  mutations	
  could	
  be	
  incorporated	
  into	
  OV	
  therapy	
  would	
  be	
  necessary.	
  	
  

5.5	
  Potential	
  for	
  mutanome	
  encoding	
  oncolytic	
  viruses	
  	
  

	
   Human	
  cancers	
  have	
  been	
  predicted	
  on	
  average	
  to	
  contain	
  40	
  to	
  60	
  HLA	
  class	
  I	
  

restricted	
  epitopes	
  per	
  patient	
  derived	
  from	
  mutanome	
  sequences	
  [25].	
  Furthermore	
  it	
  

has	
  been	
  demonstrated	
  that	
  these	
  mutations	
  are	
  often	
  the	
  subject	
  of	
  CD4+	
  and	
  CD8+	
  T-­‐

cell	
  immune	
  responses	
  in	
  human	
  cancers	
  [51,	
  145].	
  	
  Targeting	
  multiple	
  epitopes	
  within	
  

a	
  cancer	
  from	
  an	
  immunotherapy	
  standpoint	
  limits	
  the	
  likelihood	
  that	
  escape	
  variants	
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will	
   evade	
   the	
   pressures	
   of	
   the	
   immune	
   response	
   and	
   subsequently	
   result	
   in	
   tumor	
  

relapse	
   [6].	
   Through	
   their	
   study	
   of	
   the	
   B16F10	
   mutanome,	
   Ugur	
   Sahin’s	
   group	
   has	
  

demonstrated	
  that	
  next	
  generation	
  sequencing	
  is	
  making	
  it	
  more	
  feasible	
  to	
  sequence	
  a	
  

patient’s	
  genome	
  to	
  identify	
  immunotherapeutically	
  targetable	
  mutations	
  [43].	
  While	
  it	
  

has	
   been	
   proposed	
   to	
   target	
   these	
   tumor	
   antigen	
   sequences	
   through	
   synthetic	
   long	
  

peptides	
   [43],	
   through	
   DNA/RNA	
   transfected	
   dendritic	
   cells	
   [146,	
   147]	
   or	
   through	
  

direct	
   administration	
   of	
   mRNA	
   [44],	
   we	
   propose	
   that	
   stronger	
   and	
   more	
   effective	
  

responses	
  will	
   be	
   induced	
   through	
   a	
   heterologous	
   prime-­‐boost	
   vaccination	
   strategy,	
  

with	
  an	
  oncolytic	
  virus	
  as	
  the	
  boosting	
  vector.	
  Importantly,	
  in	
  addition	
  to	
  boosting	
  the	
  

immune	
  responses,	
  the	
  oncolytic	
  virus	
  will	
  induce	
  other	
  significant	
  anti-­‐tumor	
  effects	
  

absent	
  through	
  other	
  mechanisms	
  of	
  vaccination.	
  	
  

The	
   data	
   acquired	
   throughout	
   this	
   thesis	
   was	
   largely	
   preliminary	
   and	
   the	
  

approaches	
  used,	
  particularly	
   the	
  multi-­‐epitope	
  construct	
  design,	
   require	
  much	
  more	
  

in	
   depth	
   analysis	
   and	
   optimization.	
   However,	
   impressively	
  we	
  were	
   able	
   to	
   confirm	
  

previous	
  findings	
  that	
  vaccination	
  with	
  mutanome	
  SLPs	
  are	
  able	
  to	
   induce	
  specific	
  T-­‐

cell	
   immune	
   responses,	
   and	
   that	
   the	
   strength	
   of	
   these	
   T-­‐cell	
   responses	
   were	
  

comparable	
  to	
  the	
  ones	
  previously	
  described.	
  Furthermore,	
  we	
  proposed	
  and	
  tested	
  a	
  

novel	
   approach	
   to	
   targeting	
  multiple	
   tumor	
   antigens	
  within	
   the	
   context	
   of	
   oncolytic	
  

virus	
   therapy.	
  Testing	
   this	
  method	
   in	
  a	
  heterologous	
  prime-­‐boost	
  scenario	
   lead	
   to	
  T-­‐

cell	
  responses	
  towards	
  1	
  of	
  the	
  12	
  encoded	
  mutanome	
  antigens.	
  This	
  tells	
  us	
  that	
  the	
  

multi-­‐epitope	
  construct	
  is	
  at	
  least	
  being	
  partially	
  expressed,	
  processed	
  and	
  presented.	
  

While	
   this	
   approach	
  will	
   still	
   need	
   considerable	
   optimization,	
   the	
   fact	
   that	
  we	
  were	
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able	
   to	
  detect	
   at	
   least	
   one	
  mutanome	
   specific	
   immune	
   response	
   indicates	
   that	
   it	
   has	
  

potential.	
  	
  

In	
  general,	
  the	
  approach	
  we	
  presented	
  in	
  this	
  thesis	
  has	
  the	
  potential	
  to	
  be	
  a	
  

very	
  promising	
  cancer	
  therapy	
  once	
  it	
  is	
  optimized.	
  Not	
  only	
  would	
  it	
  involve	
  

treatment	
  with	
  an	
  established	
  oncolytic	
  virus,	
  but	
  through	
  the	
  heterologous	
  prime-­‐

boost	
  vaccination	
  it	
  could	
  also	
  induce	
  substantial	
  anti-­‐tumor	
  immunity.	
  Furthermore,	
  

targeting	
  multiple	
  tumor-­‐unique	
  antigens	
  will	
  hopefully	
  avoid	
  autoimmunity	
  while	
  

also	
  reducing	
  the	
  potential	
  of	
  antigen-­‐loss	
  variants	
  and	
  the	
  risk	
  of	
  relapse.	
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Contributions	
  of	
  Collaborators	
  

Dr.	
   Kyle	
   Stephenson	
   scanned	
   all	
   of	
   the	
   ELISPOT	
   plates	
   quantified	
   throughout	
   this	
  

thesis	
  with	
  the	
  ImmunoSpot	
  plate	
  reader	
  (McMaster	
  University,	
  Hamilton	
  ON).	
  Spencer	
  

Martin,	
   of	
   Dr.	
   Brad	
   Nelson’s	
   Lab,	
   conducted	
   all	
   of	
   the	
   Next	
   Generation	
   Genome	
  

Sequencing	
   (BC	
   Cancer	
   Agency,	
   Victoria	
   BC),	
   RNA-­‐seq	
   and	
   subsequent	
   analysis	
   as	
  

described	
  in	
  detail	
   in	
  the	
  Materials	
  and	
  Methods.	
  Dr.	
  Robin	
  Parks	
  cloned	
  and	
  rescued	
  

AdRP2014,	
   referred	
   to	
   throughout	
   this	
   text	
   as	
   “Ad”,	
   and	
   AdRP3117,	
   referred	
   to	
  

throughout	
   this	
   text	
   as	
   “Ad-­‐MUT”.	
   Carmen	
   Wong	
   grew,	
   purified	
   and	
   titered	
   the	
  

AdRP2014	
  virus,	
  and	
  Kathrin	
  Poulin	
  grew,	
  purified	
  and	
  titered	
  the	
  AdRP3117	
  (Ottawa	
  

Hospital	
  Research	
   Institute,	
  Ottawa	
  ON).	
  Dr.	
  Brian	
  Lichty	
  provided	
   the	
  Ad-­‐hDCT	
  and	
  

MG1-­‐hDCT	
  viruses	
   (McMaster	
  University).	
  Dr.	
  David	
  Stojdl	
  provided	
   the	
  MG1	
  shuttle	
  

vector	
   and	
  backbone	
   (Children’s	
  Hospital	
   of	
  Eastern	
  Ontario,	
  Ottawa	
  ON).	
  Dr.	
  Marie-­‐

Claude	
  Bourgeois	
  Daigneault	
  provided	
  the	
  VSV-­‐IFNγ,	
  and	
  Dr.	
  Chantal	
  Lemay	
  provided	
  

the	
   VSV-­‐gmcsf,	
   both	
   used	
   in	
   Figure	
   4.12	
   (OHRI).	
   Dr.	
   Marie-­‐Claude	
   Bourgeois	
  

Daigneault	
   successfully	
   rescued	
   the	
   MG1-­‐MUT-­‐UbMUT	
   virus.	
   Dr.	
   Victoria	
   Jennings	
  

performed	
   the	
   flow	
   cytometry	
   for	
   the	
   experiment	
   found	
   in	
   Appendix	
   I.	
   Dr.	
   Rebecca	
  

Auer	
   (OHRI),	
   Dr.	
   Brian	
   Lichty	
   and	
   Dr.	
   Kyle	
   Stephenson	
   were	
   close	
   collaborators	
  

throughout	
  the	
  entire	
  project.	
  	
  

	
  

	
  

	
  

	
  

	
  



	
  

	
   97	
  

Appendices	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Appendix	
  I	
  –	
  No	
  significant	
  difference	
  observed	
  in	
  T-­‐cell	
  response	
  between	
  a	
  1.5	
  
hour	
  and	
  a	
  4	
  hour	
  co-­‐incubation	
  with	
  synthetic	
  long	
  peptide.	
  	
  
	
  
Mice	
  were	
  vaccinated	
  with	
  100ug	
  27AA	
  DCT	
  peptide,	
  with	
  50ug	
  poly(I:C)	
  on	
  day	
  0	
  and	
  
with	
   MG1	
   (1E8pfu)	
   on	
   day	
   7.	
   On	
   day	
   14	
   mice	
   were	
   euthanized	
   and	
   spleens	
   were	
  
restimulated	
  with	
  nothing,	
  VSVn,	
  9AA	
  DCT	
  or	
  27AA	
  DCT	
  peptide.	
  Spleens	
  were	
  left	
  to	
  
incubate	
  with	
  the	
  restimulation	
  peptide	
  for	
  the	
  regular	
  1.5	
  hours	
  or	
  for	
  4hours	
  prior	
  to	
  
adding	
  Golgi	
  Plug	
  to	
  the	
  cultures.	
  Spleens	
  were	
  then	
  further	
  processed	
  and	
  stained	
  for	
  
CD8+	
  and	
  IFNγ	
  and	
  analyzed	
  by	
  flow	
  cytometry.	
  Data	
  is	
  presented	
  as	
  means	
  +	
  SEM.	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



	
  

	
   98	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

no
th

ing
VSVn

DCT (9
mer)

DCT (2
7m

er
) 

0

3

6

9

12

1.5hr incubation
4hr incubation

ns

ns

ns

ns

Ex vivo Restimulation

%
 IF

N
γ+

 C
D8

+ 
ce
lls



	
  

	
   99	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
Appendix	
   II.	
   Immune	
   responses	
   generated	
   to	
   the	
   mutanome	
   peptides	
   when	
  
vaccinated	
  with	
  differing	
  doses	
  of	
  peptide.	
  	
  
	
  
IFNγ	
   ELISPOT	
   analysis	
   of	
   splenocytes	
   from	
   mice	
   vaccinated	
   with	
   the	
   mutanome	
  
peptide	
  cocktail	
  and	
  restimulated	
  ex	
  vivo	
  against	
  each	
  individual	
  peptide.	
  C57Bl/6	
  mice	
  
were	
   immunized	
   with	
   a	
   cocktail	
   of	
   100ug,	
   60ug	
   or	
   30ug	
   of	
   each	
   of	
   the	
   mutanome	
  
peptides	
  with	
   50ug	
   poly(I:C).	
   All	
   groups	
   have	
   an	
  N	
   of	
   3	
  mice	
   per	
   group	
   but	
   spleens	
  
were	
  pooled	
  among	
  groups	
  for	
  the	
  immune	
  analysis.	
  Columns	
  represent	
  means	
  +SEM.	
  
Data	
  is	
  normalized	
  to	
  the	
  unstimulated	
  controls.	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



	
  

	
   100	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

MUT05

MUT17

MUT20

MUT22

MUT24

MUT25

MUT28

MUT29

MUT30

MUT44

MUT46

MUT48 DCT
0

200

400

600

Untreated
DCT/Trp2
100ug
60ug
30ug

Ex vivo Restimulation

IF
N
γ 

sp
ot

s 
pe

r 5
x1

05  
sp

le
no

cy
te

s



	
  

	
   101	
  

Appendix	
   III	
   –	
   Reciprocal cellular cross-talk within the tumor microenvironment 
promotes oncolytic virus activity  
	
  
	
  
Contributions	
  of	
  author:	
  M	
  Marguerie	
  was	
   an	
  ongoing	
   collaborator	
   on	
   this	
   project.	
  M	
  
Marguerie	
   conducted	
   some	
   select	
   in	
   vitro	
   experiments,	
   performed	
   all	
   of	
   the	
   flow	
  
cytometry	
  analysis	
  and	
  aided	
  in	
  some	
  of	
  the	
  in	
  vivo	
  mouse	
  studies.	
  	
  
	
  
	
  
Submitted:	
  Nature	
  Medicine,	
  February	
  2014	
  

Currently	
   conducting	
   some	
   in	
   vivo	
   experiments	
   to	
   address	
   the	
   reviewers’	
  
comments	
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Appendix	
  IV	
  –	
  Panorama	
  from	
  the	
  oncolytic	
  virotherapy	
  summit	
  	
  
	
  
Contributions	
  of	
  author:	
  M	
  Marguerie	
  attended	
  the	
  Seventh	
  International	
  Meeting	
  on	
  
Replicating	
  Oncolytic	
  Virus	
  Therapeutics,	
  took	
  detailed	
  notes	
  during	
  the	
  sessions,	
  
researched	
  and	
  wrote	
  the	
  manuscript	
  in	
  collaboration	
  with	
  JG	
  Pol	
  and	
  R	
  Arulanandam	
  
and	
  under	
  the	
  supervision	
  of	
  JC	
  Bell	
  and	
  BD	
  Lichty.	
  	
  
	
  
	
  
Published:	
  Molecular	
  Therapy,	
  October	
  2013	
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In June, the historical heart of Quebec City 
welcomed the 7th International Sum-

mit on Oncolytic Viral !erapeutics for an 
excellent opportunity to witness the growth 
of the "eld, in both size and maturity. E#orts 
are being made to better characterize inter-
actions between oncolytic viruses (OVs) and 
host components, both inside and outside 
the tumor bed, with their relative contribu-
tion to the overall therapeutic e$cacy. New 
approaches in improving OV delivery, tumor 
selectivity, spreading, and killing continue to 
%ourish. Clinical evaluations, ongoing and 
upcoming, have never been this numerous. 
!e present review draws on some of the 
unpublished and recently published "ndings 
reported during the meeting.

Oncolytic virotherapy appears to be a 
promising contender for the treatment of 
neoplasms that fail to respond to approved 
therapies. Encouraging responses with mini-
mal side e#ects have already been reported 
against cancers considered to be incurable, 
such as glioblastoma multiforme (GBM). 
With a 15-month median survival and a 
5-year survival rate of <10% under stan-
dard care, it is the most aggressive primary 

brain malignancy. Several OVs have dem-
onstrated a tolerable safety pro"le in phase 
I trials against GBM. At this summit, related 
e$cacy data were unveiled. It was reported 
that 52% of the 24 patients who received a 
single intratumoral injection of the adeno-
virus (Ad) DNX-2401 as "rst-line therapy 
showed stabilization or partial or complete 
regression of their disease. Six patients are 
still alive, one reaching 4 years posttreatment 
(Frank Tufaro, DNAtrix). Clinical activity 
and bene"ts have also been reported in GBM 
patients treated with the replicating lentivi-
rus Toca511 (in combination with the pro-
drug TocaFC) (Doug Jolly, Tocagen) or with 
the poliovirus PVS-RIPO (Matthias Gro-
meier, Duke University). Both viruses were 
administered locally, as a "rst-line treatment 
or as a second-line therapy in combination 
with resection, respectively. Results are very 
promising with many complete responses so 
far. Impressively, three of the seven patients 
who received the PVS-RIPO so far have al-
ready displayed complete response.

!ree viral oncolytics have reached phas-
es IIB–III of clinical evaluation, giving hope 
for a "rst OV approval in Western coun-
tries: the modi"ed vaccinia virus (VACV) 
Pexa-vec/JX-594 (Caroline Breitbach, Jen-
nerex), the wild-type reovirus Reolysin, and 
the engineered herpes simplex virus (HSV) 
T-VEC.1 Results from the phase III OPTiM 
trial, involving T-VEC for the treatment 
of unresected stages IIIb/c and IV mela-
noma, were presented. T-VEC, an oncolytic 
HSV-1 expressing granulocyte–macrophage 
colony-stimulating factor (GM-CSF), was 
administered into primary or nodal lesions, 

while the control arm received subcutane-
ous injections of GM-CSF. !e primary end 
point was met, with a durable response (ob-
jective response lasting 6 months or more) 
observed in 16.3% of patients treated with 
T-VEC vs. 2.1% in the GM-CSF cohort. 
!e di#erence was even more striking when 
only stage IIIb/c patients were considered: 
33% vs. 0%, respectively. Several secondary 
end points were also met, including overall 
response (26.4% vs. 5.7%). Overall survival 
analysis was not "nalized but showed a trend 
in favor of T-VEC.

Because of tumor evasion and metas-
tasis, e$cient treatment of advanced-stage 
neoplasms will probably require systemic 
delivery of the oncolytic agent. !rough this 
route, OVs must overcome numerous bar-
riers to reach the tumor, such as antibody 
neutralization, macrophage capture, and 
o#-target tissue adsorption. Two years ago, 
Pexa-Vec/JX-594 "rst demonstrated anti-
tumor activity following a single intravenous 
injection in 12 of 22 patients with advanced 
treatment-refractory solid tumors.2 Ever 
since, several OVs—including Reolysin, the 
Ad chimera ColoAd1, the VACV GL-ONC1, 
and the Seneca valley virus NTX-010—have 
been reported as being suitable for safe blood 
infusion in phase I human trials. !eir thera-
peutic e$cacy is currently under clinical in-
vestigation. !e list is rapidly extending as 
additional candidates are translating into the 
clinic (e.g., measles virus MV-NIS, parvovirus 
H-1 ParvOryx, rhabdoviruses VSV-hIFN-`� 
and Maraba MG1-hMAGE-A3).

E$cacy of oncolytic virotherapy relies 
not only on viral oncolysis of infected cells 
but also on the induction of antitumor im-
munity. Immune mediators contributing 
to OV-induced antitumor immunity and 
their dynamics of action are subject to par-
ticular attention. Treatment with oncolytic 
reovirus typically induces the secretion of 
proin%ammatory cytokines and the recruit-
ment of antigen-presenting cells, natural 
killer (NK) cells, and T lymphocytes within 
the tumor environment.3,4 Additionally, a re-
cent study described concomitant inhibition 
of the in"ltration and protumor e#ects of 
myeloid-derived suppressor cells and regula-
tory T cells.5 In a murine melanoma model, 
reovirus-mediated priming of an antitumor 
cytotoxic response was independent of both 
virus replication and oncolysis.6 A similar 
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observation has recently been reported for 
the attenuated Maraba virus MG1 in the 
same model. Indeed, administration of MG1 
resulted in a replication-independent, rapid, 
and intense activation of NK cells (Jiqing 
Zhang, Ottawa). For at least these two RNA 
viruses, the adjuvant role of virus-associated 
molecular patterns determined therapeutic 
e!cacy. Such properties may be of particu-
lar interest in a perioperative setting. Indeed, 
the immunosuppression that follows surgery 
is associated with high risk of metastatic 
cancer recurrence.7 It is speculated that ac-
tivation of immune cells such as NK cells by 
replication-incompetent viruses has the po-
tential to prevent tumor recurrence.8

"e adaptive antitumor immune re-
sponse is commonly generated within a few 
weeks a#er OV administration, but a clinical 
impact of immunotherapy may not become 
apparent in short-term follow-up. Intrigu-
ingly, an ongoing human clinical trial involv-
ing the engineered poliovirus PVS-RIPO for 
the treatment of high-grade glioma appears 
to $t this emerging paradigm (Matthias Gro-
meier, Duke University)—tumor shrinkage 
was delayed to several months a#er local 
infusion of PVS-RIPO. Biopsy samples il-
lustrated massive cancer cell necrosis and in-
$ltration of macrophages and lymphocytes. 
Involvement of OV oncolysis at that time 
point was excluded, as viral clearance was 
achieved within 2 weeks postinjection be-
cause of a strong humoral response. Mecha-
nisms in understanding these results will 
probably require better characterization of 
the interactions among poliovirus, infected 
brain tumor cells, and the immune system.

OVs have been armed over the years 
with immunomodulatory factors to enhance 
their immunotherapeutic ability. Regardless 
of the protein expressed from the virus, such 
strategies allow for tumor-localized delivery 
at high local concentrations while avoiding 
toxicity that potentially arises from systemic 
administration. Transgenes encoding cy-
tokines such as GM-CSF or interleukin-12 
(IL-12) have been inserted into various OV 
backbones. One research group recently 
found that expressing IL-12 from an onco-
lytic HSV increased interferon-a� �IFN-a	 
release, inhibited angiogenesis, and reduced 
the number of immunosuppressive regula-
tory T cells within the tumor.9

Expression of trastuzumab, a mono-
clonal antibody targeting HER2, from an 
oncolytic Ad resulted in improved e!cacy 

in HER2-positive cancers (Paula Savola, 
Helsinki). New studies are investigating the 
ability of measles virus (MV) armed with 
CTLA4 or PD-L1 antibodies to prolong 
survival (Guy Ungerechts, Heidelberg). 
Other research groups have armed VACV 
with TRAIL (Rinat Maksyutov, Koltsovo) or 
CD40L (Karolina Autio and Suvi Parvainen, 
Helsinki) to induce apoptosis and promote 
T-cell expansion, respectively. "e presence 
of the VACV-soluble type I IFN-neutralizing 
protein B18R within the tumor environment 
has previously been shown to enhance HSV 
and vesicular stomatitis virus (VSV) anti-
tumor activity.10–12 Recently, B18R has been 
expressed from a new immunomodulatory 
platform, the nonpathogenic commensal 
bacterium Escherichia coli. Tumor “pre-
conditioning” with B18R expressing E. coli 
followed by treatment with VSV led to en-
hanced OV infection and greater therapeutic 
e!cacy (Michelle Cronin, Cork).

Overexpression of tumor-associated an-
tigens (TAAs) from OV genomes has also 
been exploited to generate potent tumor-spe-
ci$c T-cell responses. To extend the strategy 
to di%erent types of tumors, corresponding 
immunogenic TAAs will need to be identi-
$ed. "e TAA dopachrome tautomerase has 
been targeted for OV-mediated murine mel-
anoma immunotherapy.13 Dopachrome tau-
tomerase is currently being investigated for 
the treatment of glioma in murine models 
together with the glioma-associated antigens 
EphrinRA2 and ED-B. Oncolytic VSV13 and 
Maraba virus both display potent vaccine 
booster ability. In macaques, a prime-boost 
strategy involving an oncolytic Maraba MG1 
vaccine to boost Ad-primed response against 
the human tumor antigen MAGE-A3 gener-
ated remarkably strong MAGE-A3–speci$c 
responses (Jonathan Pol, McMaster Univer-
sity). "is approach will be translated into 
patients with advanced MAGE-A3+ tumors 
in the coming months. In addition to target-
ing one highly immunogenic TAA, it has 
been proposed that targeting multiple TAAs, 
even if individual responses are weak, could 
have therapeutic bene$t by generating a sig-
ni$cant overall antitumor response. As an 
illustration, mice with brain melanoma dis-
played prolonged survival following treat-
ment with a VSV–complementary DNA 
(VSV-cDNA) library derived from human 
melanoma cells.14 Such an approach applied 
early enough could prevent emergence of 
antigen-loss variants and thus recurrence. 

Indeed, the antigenic pro$le of recurring tu-
mors di%ered from that of primary tumors. 
As a consequence, recurring tumors could 
only be cured by treating them with VSV-
cDNA libraries derived from recurring tu-
mors but not from parental tumors. Another 
interesting $nding resided in the possibil-
ity of treating recurring melanoma tumors 
with cDNA libraries from recurring prostate 
cancer and vice versa. A comparative analy-
sis led to the identi$cation of shared TAAs 
speci$c to tumor recurrence (Richard Vile, 
Mayo Clinic).

Recent progress in the $eld of oncolytic 
virotherapy has been focused on circum-
venting the tumor microenvironment bar-
riers that constitute the dense extracellular 
matrix (ECM), the tortuous tumor vascula-
ture, and various immune-cell populations 
to improve delivery, dissemination, and ef-
$cacy. In a di%erent light, it was revealed 
that the natural ability of oncolytic VACV to 
infect resident tumor endothelial cells and 
induce vascular shutdown is enhanced with 
the maturity of the developing vasculature.15 
"e alternative strategy adopted by this OV, 
and potentially others, to “bite the hand that 
feeds” may be due to elevated levels of vas-
cular endothelial growth factor, a key driver 
of vessel maturation recently found to have 
a direct immunosuppressive e%ect on the 
tumor vascular bed (Andrea McCart, Toron-
to). "e tumor-associated stroma was recog-
nized as another compartment conducive to 
OV infection due to an elegant interplay of 
growth factor signaling between activated, 
cancer-associated $broblasts and tumor cells 
(Carolina Ilko, Ottawa).

"ese data combined, revealing the in-
herent immunosuppressive, OV-sensitizing 
e%ects of certain soluble growth factors with-
in the tumor microenvironment, prompt us 
to consider whether this compartment can 
instead be exploited to reap the full ben-
e$ts of OV therapy. Besides, it is known 
that components of the ECM can be natu-
ral targets for VACV and/or myxomavirus 
(MYXV) attachment.16 On the other hand, 
in the context of oncolytic Ad, treatment of 
tumors with ECM-digesting enzymes, such 
as hyaluronidase, can improve spread and 
e!cacy.17 Researchers have extended these 
$ndings to show that in resistant models of 
pancreatic adenocarcinoma, an oncolytic Ad 
expressing hyaluronidase (VCN-01), had po-
tent antitumor cytotoxicity when combined 
with gemcitabine, a $rst-line chemotherapy 
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for this cancer type (Miriam Bazam-Per-
egrino, Barcelona). Another group is also 
observing improved antitumor e!cacy 
upon combining hyaluronidase with two 
additional proteolytic enzymes—chondroi-
tinase and proteinase K—in conditionally 
replicating Ad (Alison Tedcastle, Oxford). 
Switching gears to brain cancers, microglial 
cells, which contribute up to one-third of the 
tumor mass, were shown to proliferate a"er 
administration of HSV and to interfere with 
HSV oncolysis. RAMBO virus, an oncolytic 
HSV expressing the antiangiogenic fragment 
vasculostatin (Vstat120), was able to reduce 
microglia activation and in#ammation by 
suppressing its expression or secretion of 
tumor necrosis factor-_, as observed both 
in vitro and in mice with intracranial tumors 
(Balveen Kaur, Ohio State University).

Only a few OVs currently researched 
are naturally tumor-tropic in terms of their 
receptor speci$city (e.g., Sindbis virus, 
coxsackievirus A21).18–20 Research in the $eld 
is progressing toward identifying and ex-
ploiting inherent OV cell entry pathways and 
systematically modulating receptor speci$c-
ity to increase tumor selectivity. VSV displays 
pantropic infectivity mediated by its coat 
protein (G), and its cellular port of entry was 
very recently identi$ed as the low-density-
lipoprotein receptor.21 New studies revealed 
that the inherent neurotoxicity of VSV can be 
markedly reduced when G is replaced with 
MV H and F glycoproteins without a%ecting 
the rapid spread of the virus.22 In a similar 
vein, others have replaced VSV-G with the 
lymphocytic choriomeningitis virus glyco-
protein to render it non neurotoxic.23 With 
the additional use of mesenchymal stem 
cells as carrier cells, dampened antibody-
mediated neutralization has been observed 
while achieving signi$cant e!cacy in ortho-
topic models of ovarian cancer (Catherine 
Dold, Innsbruck). Complement-mediated 
neutralization of VSV-G, which is far great-
er in human than mouse serum, can also 
be circumvented through pseudotyping 
with the less immunogenic Maraba virus 
G protein (Steven Russell, Mayo Clinic). In 
the case of Ads, chimeras have been gener-
ated by exchanging the Ad5 hexon with 
hexons from di%erent serotypes to reduce 
Kup%er cell capture in the liver and lower 
antibody neutral ization (e.g., Ad3, 6, 11, or 
48). However, the $eld has started to move 
from a linear to a more systematic synthe-
sis of novel OVs to accelerate identi$cation 

of tumor-selective candidates. One group 
developed a platform of about 60 di%erent 
Ads in which about 60% of the genome can 
be replaced (Clodagh O’Shea, Salk Institute). 
&e aim will be to cra" therapies speci$c for 
di%erent tumor types by swapping coat pro-
teins from Ads that naturally target the organ 
of interest.

Another strategy commonly applied 
to improve OV tumor selectivity consists 
of placing OV genome replication under 
tumor-restricted transcriptional regula-
tors. &is can be achieved by incorporat-
ing microRNA response elements (MREs) 
speci$c to microRNAs (miRs) overexpressed 
in normal tissues or downregulated in tumor 
cells. &is approach is of particular interest 
when OVs are delivered systemically so as to 
limit o%-target replication. MREs comple-
mentary to miRs speci$cally expressed in 
liver, muscle, and macrophages were recent-
ly introduced in the genome of Sindbis virus 
(Gray Kueberuwa, Oxford). Intravenous in-
jection of the engineered virus appeared safe 
and demonstrated antitumor activity in a 
murine metastatic melanoma model.

A few studies are currently being con-
ducted with OVs targeting cancer stem cells 
(CSCs). Whereas CSCs’ origin and nature 
remain controversial, their dual role as tu-
mor-initiating cells and as a source of treat-
ment-resistant cells is recognized.24 CD133 is 
commonly thought to be a CSC marker. An 
oncolytic MV has been retargeted to CD133+ 
cells by modifying the hemagglutinin (H) 
protein so that it displays a CD133-speci$c 
single-chain antibody fragment.25 Another 
team has restricted HSV replication to CSCs 
by placing ICP4 expression under control of 
the CD133 promoter. In mice treated with 
this engineered HSV, whole-tumor shrink-
age was observed despite targeting only 
CD133+ cells, representing as little as 30% of 
the tumor mass (Kaoru Terai). With regard 
to these promising preclinical results, this 
targeted approach deserves further investi-
gation and testing.

A constant focus for the $eld is to look for 
ways to predict how a certain tumor is going 
to react to a given OV and whether thera-
peutic success will be achieved. Human pan-
creatic ductal adenocarcinoma cells showed 
high heterogeneity in their permissiveness to 
VSV. Resistant cells demonstrated retention 
of type I IFN responses, constitutive high-
level expression of IFN-stimulated genes, 
and defects in apoptosis (Valery Grdzelish-

vili, North Carolina). Introduction of JAK/
STAT inhibitors resulted in increased viral 
infection, replication, and oncolysis.26 Mea-
sles vaccine strain binds to both CD46 and 
signaling lymphocytic activation molecule 
(SLAM), o"en coexpressed in hematological 
malignancies.27 Using NIS-expressing MV 
vectors able to recognize either receptor and 
high-resolution imaging, investigators found 
that SLAM-dependent entry led to more 
e!cient tumor regression and survival in 
a mouse model of mantle cell lymphoma.28 
SLAM may be further exploited as a positive 
predictive marker for therapy. In the case 
of HSV-1, short hairpin RNA knockdown 
of histone deacetylase 6 (HDAC6) reduced 
degradation of HSV virions in glioma cell 
lines. &is resulted in an increased HSV-1 
oncolysis on primary glioma samples 
(Hiroshi Nakashima, Brigham & Women’s 
Hospital).

Although treatment with short hairpin 
RNA may not be realistic in vivo, drug-tar-
geted inhibition of HDAC6 may improve 
HSV e!cacy against GBM. Seneca valley vi-
rus (SVV) is an oncolytic picornavirus with 
inherent tumor selectivity. By screening a 
large number of small-cell lung cancer lines, 
a research group found that the messenger 
RNA ratio of late neurogenic transcrip-
tion factor NEUROD1 to early neurogenic 
transcription factor ASCL1 correlated with 
the degree of cell permissivity to SVV infec-
tion.29 &is ratio could be used as a predic-
tive marker in the clinic for oncolytic SVV 
e!cacy. Recently it was shown that Mnk 
kinase activity potentiated the e!cacy of 
PVS-RIPO treatment (Michael Brown, Duke 
University). Interestingly, Mnk kinases are 
active in a variety of cancers and have been 
implicated in the development of chemo-
resistance.30,31 &is $nding is encouraging 
for patients whose cancer failed to respond 
to chemotherapy and positions OV therapy 
as a promising complement to standard care 
strategies.

OV therapy also appeared as a precious 
add-on to standard-of-care stem cell trans-
plantation (ASCT) for patients with diseases 
such as multiple myeloma (MM). Associated 
common concerns with ASCT are the de-
velopment of gra"-vs.-host disease (GvHD) 
and reintroduction of MM cells from the 
bone marrow samples. &erefore, one group 
has pretreated stem cell samples ex vivo 
with MYXV and successfully eliminated 
malignant cells before transplantation.32–35 
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Moreover, they have shown that infecting 
bone marrow with MYXV resulted in the 
infection of activated but not naive human T 
cells, abrogating GvHD post-ASCT.36

When standard monotherapies fail be-
cause of tumor resistance, combination strat-
egies o!er great promise. Targeting multiple 
cellular or molecular checkpoints that are 
vital for malignant cells could be one key to 
success. In this regard, synergistic e"cacy 
between oncolytic virotherapy and chemo-
therapy has been reported in preclinical stud-
ies. With proper dosing, as well as route and 
timing of administration, all classes of anti-
cancer drugs tested demonstrated positive 
interactions with OVs. As an example, com-
bining the adenovirus Ad5/3-D24-GMCSF 
with the alkylating agents ifosfamide and 
the anthracycline doxorubicin signi#cantly 
prolonged survival of immunocompetent 
rodents with sarcoma, in comparison to 
single agents (Mikko Siurula, Helsinki). 
$erapeutic improvement was associated 
with enhanced cell-death immunogenicity. 
In a hamster model of pancreatic adeno-
carcinoma, intratumoral administration of 
the oncolytic Ad VCN-01 allowed chemo-
sensitization to the nucleoside analogue 
gemcitabine. In addition, a delayed antiviral 
humoral response was observed (Miriam 
Bazan-Peregrino, Barcelona). Both phenom-
ena contributed to increased tumor growth 
control. Chemical agents a!ecting the 
microtubule network (e.g., docetaxel) also 
bene#ted from combination with OVs such 
as VSV6M51 (Jean-Simon Diallo, Ottawa) 
or the coxsackievirus A21 (Min Yuan Quah, 
Newcastle) in ovarian and lung murine 
tumor models. $e topoisomerase inhibi-
tors irinotecan and mitoxanthrone improved 
antitumor e"cacy when administered in 
combination with an oncolytic VACV (Kath-
ryn Ottoline-Perry, Toronto) or HSV-1 
(Samuel Workenhe, McMaster University) 
in colorectal peritoneal carcinomatosis and 
a mammary murine tumor model, respec-
tively. Finally, a number of tyrosine and 
serine/threonine kinase inhibitors have dis-
played synergy with OVs in rodent tumor 
models. $ese include erlotinib with HSV-1 
in the context of pancreatic cancer (Kazuo 
Yamamura, Nagoya), sorafenib in combi-
nation with reovirus in hepatitis C virus–
associated hepatomas (Adel Jabar, Leeds), 
and mammalian target of rapamycin inhibi-
tors together with HSV-1 in breast cancer 
models (Tommy Alain, McGill University).

Mutual bene#ts have also been reported 
between radiation therapy and OV therapy. 
For example, whole-brain irradiation has 
been shown to disrupt the blood–brain bar-
rier. $erefore, one group demonstrated that 
head irradiation before systemic administra-
tion of reovirus enhanced virus delivery to 
intracranial tumors in mice (Liz Ilett, Leeds). 
$is strategy will be evaluated in patients 
with recurrent high-grade brain tumors. 
Another approach consists of combining 
administration of 131I with OV-mediated 
expression of the sodium-iodide symporter 
NIS. Enhanced antitumor activity has been 
con#rmed with several OV backbones, in-
cluding MV, VSV, and VACV. Furthermore, 
NIS-driven uptake of the radionuclide inside 
the tumor bed not only increases cytotoxic-
ity but also permits noninvasive tracking of 
OV infection sites.37–39

$e ability to track OVs in vivo through 
reporter protein expression enables iden-
ti#cation of permissive sites and visual-
ization of the extent of viral replication. 
Such information may be helpful to design 
delivery optimization strategies or read-
ministration schedules. With computer as-
sistance, it has even been possible to make a 
three-dimensional model of the inoculum. 
However, several factors can alter the qual-
ity of the signal, such as rapid virus clear-
ance, high background in the tissue hosting 
the tumor (e.g., liver), or nonspeci#c uptake 
in surrounding organs. For example, using 
positron emission tomography imaging, 
monitoring of VSV-NIS delivery to murine 
liver tumors was not feasible because of io-
dine uptake in the stomach. Depending on 
the tissue targeted, replacement of the re-
porter protein and/or the associated radio-
nuclide may solve the issue. In the present 
case, VSV imaging was achieved by switch-
ing from [131I]/NIS to the enhanced HSV-1 
thymidine kinase sr39tk–[18F]FHBG tracker 
system (Kim Bentrup, Munich).

For practical reasons (and despite their 
immunogenicity), green %uorescent protein 
and luciferase remain the most common 
reporter proteins used for visualizing OV-
infected tissues. However, tissue components 
strongly interact with visible light, quickly 
annealing the signal emitted by such biolu-
minescent reporters as the number of cell 
layers increases. Cold substitutes are emerg-
ing, such as the %uorogen-activating pro-
teins (FAPs). FAPs can be fused to proteins 
of interest and are poorly immunogenic. 

Coupled to %uorogens that emit in near in-
frared, they already demonstrated sensitive 
in vivo imaging in preclinical models (Steve 
$orne, Pittsburgh). $e use of reporter-
expressing OVs has also been proposed 
as a cancer diagnostic tool. A demonstra-
tion of this application was performed on 
blood samples treated with Ad TRAD-F35–
142–3pT. $is modi#ed Ad possesses: (i) an 
Ad35 #ber (F35) that binds to the leukocyte 
receptor CD46, (ii) an E1 gene expressed un-
der the control of the telomerase promoter 
that is constitutively active in malignant cells 
(TRAD), and (iii) green %uorescent pro-
tein expression silenced in the presence of 
miR-142–3p—a miR expressed only in nor-
mal blood cells (142–3pT). $is approach 
showed impressive sensitivity, being able to 
detect a single malignant cell out of millions 
of normal ones (Fuminori Sakurai, Osaka). 
By reducing the number of false-negative 
test results, this application of OVs would al-
low for earlier treatment, increasing the like-
lihood of success.

As numerous neoplasms fail to respond 
to standards of care, there is an urgent need 
for e"cient alternatives. $ere is hope that 
some OVs will join the arsenal of approved 
anticancer therapies in the near future. As 
mentioned, there has been a remarkable 
expansion of our knowledge of OV biology 
inside and outside the tumor bed in the past 
few years. Subsequent development of new-
generation OVs and combination strategies 
should contribute to expand the list of prom-
ising candidates signi#cantly. However, de#-
nition of a “promising candidate” must be 
quali#ed, as this term has tended to be used 
to refer to an OV that displayed therapeutic 
e"cacy in preclinical studies. Unfortunately, 
OV preclinical evaluation is mostly per-
formed in the same imperfect rodent mod-
els that conducted several #rst-generation 
“good candidates” to clinical failure owing to 
a lack of therapeutic bene#ts.

Because evaluation in human patients 
is a long and costly process, a more reliable 
preclinical selection is required. In this re-
gard, a method of ex vivo short-term culture 
of patient tumor biopsy samples with main-
tained high viability has been developed. 
$is methodology, based on staining assays, 
allows evaluation of oncolytic activity, with 
characterization of the type of tumor cell 
death induced, as well as identi#cation of 
the various immune components present 
inside the tumor section (e.g., cell subsets, 
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cytokines). Such a model is obviously still 
imperfect because it cannot address cer-
tain issues, such as OV delivery. However, it 
could be useful to quickly compare the onco-
lytic activity of distinct viruses on the same 
patient tumor sample. Preclinical compari-
son of multiple OVs in one particular tumor 
model should help to identify which OVs 
best treat a de!ned type of cancer and thus 
help prioritize its translation into the clinic 
for a particular neoplasm. Such compara-
tive studies have recently been performed 
and are likely to multiply in the future. Be-
cause it is not always possible for a research 
group to achieve such comparisons, a good 
alternative could reside in de!ning consen-
sus tumor models and relative parameters 
for each type of neoplasm that then would 
enable researchers to evaluate their own OV 
and compare it within the community.
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