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Abstract	  
	  
	  

Over	   the	   past	   decades,	   gene	   delivery	   has	   become	   a	   powerful	   tool	   for	   treating	  

many	  diseases;	   therefore,	  a	  wide	  range	  of	  delivery	  systems,	   simply	  categorised	  

into	   viral	   and	   non-‐viral	   vectors,	   have	   been	   developed	   and	   applied	   in	   both	  

research	   and	   clinical	   translation.	   In	   spite	   of	   high	   transduction	   efficacy,	   viral	  

vectors	   encounter	   a	   number	   of	   limitations	   regarding	   their	   native	   entities.	   A	  

hybrid	   bacteriophage	   vector	   has	   been	   successfully	   developed	   by	   our	   Phage	  

Virotherapy	   group	   by	   integrating	   AAV	   elements	   into	   the	   filamentous	  

bacteriophage	   genome.	   In	   doing	   so,	   the	   new	   vector,	   named	   adeno-‐associated	  

phagemid-‐based	  vector	  (PAAV),	   is	  able	  to	  overcome	  limitations	  associated	  with	  

AAV	   native	   tropism	   by	   using	   advantages	   of	   bacteriophages	   that	   lack	   native	  

tropism	  for	  mammalian	  cells	  and	  tissues.	  PAAV	  vector	  has	  been	  applied	  in	  a	  few	  

research	   areas	   including	   cancer	   therapy.	   To	   systemically	   target	   solid	   tumours,	  

the	   vector	   is	   displayed	   cyclic	  RGD4C	   (CDCRGDCFC)	   ligands	   on	   the	   pIII	   capsids	  

allowing	   it	   to	   specifically	   target	   the	   αVβ3	   integrin	   receptors	   overexpressed	   on	  

tumour	  cell	  surface	  and	  tumour	  blood	  vessels.	  	  

	  

In	   this	   study,	   PAAV	   vector	   has	   been	   further	   refined	   to	   display	   the	   endosomal	  

escape	   peptide	   (H5WYG)	   on	   the	   recombinant	   pVIII	   capsids	   to	   enhance	  

endosomal	   escape	   and	   transgene	   expression.	   The	   PAAV	   displaying	   H5WYG	  

peptide	   showed	   great	   buffering	   capacity	   at	   mild	   acidic	   pH	   relating	   to	   the	  

situation	  that	  occurs	  during	  endosomal	  maturation	  and	  subsequently	  enhanced	  

luciferase	   reporter	   gene	   expression	   in	   numerous	   human	   cancer	   cell	   lines,	  

including	   lung	   carcinoma	   (A549),	   melanoma	   (M21)	   and	   meduloblastoma	  

(UW228).	   Importantly,	   the	   modified	   vector	   remained	   safe	   for	   normal	   cells.	  

H5WYG	   peptide	   facilitated	   endosomal	   escape	   through	   a	   proton	   sponge	   effect	  

mechanism	   as	   PAAV-‐mediated	   gene	   expression	   decreased	   when	   applying	   the	  

vascuolar	   ATPase	   inhibitor	   (bafilomycin	   A1)	   during	   vector	   transduction.	  

Furthermore,	   displaying	   H5WYG	   peptide	   on	   the	   PAAV	   capsid	   augmented	   the	  

secreted	  TNFα	  gene	  expression	  resulting	  in	  a	  greater	  cell	  death	  of	  A549,	  M21	  and	  

UW228	  cells.	  
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The	  PAAV	  gene	  delivery	  vector	  was	  tested	  in	  various	  applications	  in	  this	  thesis.	  

Firstly,	   the	   vector	   was	   applied	   as	   a	   delivery	   tool	   to	   express	   the	   tumour	  

associated	   antigens	   (MUC1	   and	   PSMA)	  which	   are	   common	   target	   antigens	   for	  

CAR	   T	   cell	   therapy.	   PAAV	   vector	   augmented	   MUC1	   and	   PSMA	   expression	   in	  

A549,	   Suit2	  and	  UW228	  cells.	  Although	  CAR	  T	  cells	  were	  not	  applied	  here,	   the	  

strategy	   based	   on	   PAAV	   vector	   to	   enhance	   antigen	   expression	   can	   make	   the	  

tumours	  more	  visible	  for	  CAR	  T	  cells	  and	  might	  be	  useful	  for	  CAR	  T	  cell	  therapy	  

in	   solid	   tumours.	   Secondly,	   PAAV	   was	   applied	   on	   cancer	   vaccination	   in	  

combination	  with	   a	  malaria	   vaccine.	  The	  vector	  was	  used	   to	  deliver	   a	  malarial	  

epitope,	  Pb9,	  to	  present	  on	  tumour	  cell	  surfaces	  via	  restricted	  H2-‐Kd	  MHC	  class	  I	  

molecules	  while	  adenoviral	  vector	  encoding	  a	  malaria	  sequence	  (ME.TRAP)	  was	  

used	   to	   induce	   an	   immune	   response	   against	   Pb9.	   It	   is	   shown	   here	   that	   PAAV	  

vector	   mediated	   Pb9	   expression	   in	   EF43.fgf4	   breast	   tumours.	   The	   ME.TRAP	  

vaccine	   stimulated	   immune	   response	   according	   to	   ex	   vivo	   investigations	   of	  

specific	   effector	   cell	   proliferation,	   activation	   and	   function.	   Pb9-‐specific	   tumour	  

cell	   killing	  was	   also	   found	  both	  ex	  vivo	   and	   in	  vivo.	   The	   tumour	   cell	   death	  was	  

mediated	  through	  caspase-‐3	  dependent	  apoptosis.	  All	  these	  findings	  indicate	  the	  

efficiency	  and	  numerous	  applications	  of	  PAAV-‐mediated	  gene	  delivery	  for	  cancer	  

treatment.	  
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Chapter	  1	  
	  

	  

Introduction	  
	  
	  

1.1	  Gene	  delivery	  and	  the	  development	  of	  delivery	  systems	  
	  

1.1.1	  Gene	  delivery	  	  
	  

Gene	   delivery	   is	   a	   biological	   process	   that	   has	   been	   discovered	   and	   tested	   in	  

research	  and	  industry	  for	  decades.	  This	  process	  is	  mainly	  exploited	  to	  introduce	  

foreign	  genetic	  material	  into	  specific	  cells	  aiming	  to	  investigate	  the	  gene	  function	  

through	  an	  overexpression	  of	   the	   genes,	   a	   knockdown	  of	   target	  proteins	  or	   an	  

expression	  of	  mutant	   genes.	  The	  most	  notable	   contribution	  of	   gene	  delivery	   in	  

biological	   research	   is	   its	   therapeutic	   application	   for	   treating	   or	   preventing	  

diseases	  called	  gene	  therapy.	  Although	  the	  initial	  purpose	  of	  gene	  therapy	  was	  to	  

apply	  on	   inherited	  genetic	  disorders,	   the	  approach	  has	   currently	   contributed	  a	  

great	   impact	   on	  many	   diseases	   including	   cardiovascular	   diseases,	   certain	   viral	  

infections,	   different	   forms	   of	   cancers,	   neurodegenerative	   disorders	   and	   many	  

others.	   The	   therapy	   is	   generally	   utilised	   to	   compensate	   abnormal	   genes	   or	  

express	  beneficial	  proteins	  required	  for	  the	  diseases	  [1,	  2].	  	  

	  

Basically,	   gene	   delivery	   consists	   of	   three	  main	   components;	   a	   delivery	   system	  

which	   is	   able	   to	   protect	   the	   genetic	   material	   from	   unsuitable	   environment	   as	  

well	  as	  specifically	  deliver	  it	  to	  the	  targets,	  a	  transgene	  which	  encodes	  a	  specific	  

therapeutic	  protein	  and	  an	  expression	  system	  to	  control	  the	  transgene	  function	  

within	  the	  target	  cells.	  To	  achieve	  a	  successful	  gene	  therapy,	  gene	  delivery	  needs	  

to	  be	  designed	  based	  on	  the	  basis	  of	  the	  interaction	  between	  the	  delivery	  system	  

and	  the	  target	  cells	  [3].	  As	  a	  transgene	  carrier,	  several	  types	  of	  delivery	  systems	  

have	  been	  developed	  and	  widely	  categorised	  into	  viral	  and	  non-‐viral	  vectors.	  The	  

viral	   based	  vectors	   are	  derived	   from	  natural	   viruses	  while	   the	  non-‐viral	   based	  
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vectors	   are	   generally	   a	   combination	   of	   genetic	  material	   and	   synthetic	   delivery	  

vehicles	   such	   as	   cationic	   lipids	   or	   polymers.	   Each	   category	   of	   the	   vector	  

possesses	   distinct	   advantages	   and	  drawbacks	  which	   are	   suitable	   for	   particular	  

therapeutic	  approach.	  

	  

1.1.2	  Viral	  and	  non-‐viral	  based	  vectors	  
	  

In	   the	   field	   of	   gene	   delivery,	   viral	   vectors	   had	   firstly	   emerged	   in	   1984	   when	  

vaccinia	  virus	  was	  used	  against	  Hepatitis	  B	  in	  chimpanzees	  [4].	  The	  viral	  vectors	  

are	  biological	  vectors	  which	  adopt	  natural	  properties	  of	  viruses	  and	  are	  applied	  

as	   gene	   delivery	   systems.	   The	   majority	   of	   viral	   vectors	   have	   been	   developed	  

from	  adenovirus	   (Ad),	   adeno-‐associated	  virus	   (AAV)	  or	   lentivirus	   as	   they	  have	  

been	   studied	   in	   great	  detail	   and	   are	   easy	   to	  manipulate	   in	  vitro	  [5].	   In	   term	  of	  

viral	   vector,	   they	   are	   well	   known	   of	   producing	   relatively	   high	   transduction	  

efficiencies	   because	  most	   of	   the	   viruses	   have	   naturally	   evolved	   to	   infect	   hosts	  

with	  various	  characteristics	  to	  avoid	  immune	  recognition,	  efficacy	  to	  invade	  the	  

cells	   and	   ability	   to	   generate	   gene	   expression	   using	   the	  machinery	  within	   host	  

cells	  [2,	  5].	  However,	  the	  efficacy	  of	  viral	  vectors	  comes	  with	  a	  price	  to	  pay.	  One	  

main	   challenge	   of	   developing	   viral	   vectors	   is	   their	   native	   tropism	   or	  

pathogenicity	  which	   are	   difficult	   to	   ablate.	   The	   first	   death	   of	   patient	   receiving	  

adenovirus	  vector	  to	  correct	  a	  rare	  metabolic	  disease	  has	  raised	  many	  concerns	  

of	  using	  viral	  vectors	   in	  gene	  therapy	  [6].	  The	  other	  point	  to	  be	  aware	  of	  using	  

viral	   vectors	   is	   their	   immunogenicity	  which	   limits	   the	   administration	   to	   just	   a	  

single	  dose	  due	  to	  the	  secondary	  immune	  response	  [5].	  Further,	  each	  viral	  vector	  

has	   its	   own	   strengths	   and	   shortcomings	   which	   need	   to	   be	   concerned	   before	  

designating	  each	  of	  them	  to	  a	  particular	  therapy.	  

	  

Although	   the	  majority	  of	   gene	  delivery	  vectors	   in	   clinical	   trials	   are	  viral,	  many	  

non-‐viral	   vectors	   have	   been	   developed	   and	   made	   notable	   progress	   in	   this	  

research	   area	   [7].	   Unlike	   the	   viral	   vectors,	   non-‐viral	   vectors	   are	   chemical	   or	  

physical	  agents	  that	  combine	  with	  the	  genetic	  material	  to	  deliver	  to	  target	  cells.	  

The	  chemical	  on-‐viral	  vectors	  are	  certain	  polymers	  and	  lipids	  while	  the	  physical	  

non-‐viral	   vectors	   exploit	   physical	   properties	   and	   forces	   such	   as	   gene	   gun	   or	  
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microinjection	   to	   encourage	   an	   uptake	   of	   the	   genetic	   material	   into	   cells.	   This	  

vector	  type	  is	  considered	  less	  immunogenic	  and	  safer	  than	  the	  viral	  vectors.	  Also,	  

the	  production	  of	  non-‐viral	  vectors	  is	  cost	  effective	  and	  amenable	  for	  large-‐scale.	  

However,	  one	  main	  drawback	  of	  non-‐viral	  vector	  is	  its	  low	  gene	  transfer	  efficacy	  

which	   is	  10	   to	  1,000	   less	  efficacious	   than	   the	  viral	  vector.	  Further,	  most	  of	   the	  

non-‐viral	  gene	  transfer	  relies	  on	  injection-‐based	  methods	  which	  are	  invasive	  and	  

limited	   to	   exposed	   tissues.	   Some	   non-‐viral	   methods	   also	   cause	   cellular	   stress.	  

Thus,	   there	   is	   a	   trade-‐off	   between	   tissue	   damage	   and	   efficacy	   of	   the	   gene	  

transfer.	   These	   make	   it	   challenging	   to	   perform	   systemic	   delivery	   of	   non-‐viral	  

vector	   [7,	   8].	   Recently,	   some	   non-‐viral	   vectors	   have	   been	  modified	   to	   harness	  

similar	   functions	   utilised	   by	   the	   viruses.	  Nonetheless,	   they	   have	   achieved	   very	  

limited	   success	   in	   animal	   models	   and	   are	   much	   less	   studied	   than	   their	   viral	  

archetypes	  [7,	  9].	  	  

	  

1.1.3	  Conventional	  viral	  vector	  
	  

According	   to	   their	   transducing	   efficacy,	   viral	   vectors	   have	   made	   great	  

contribution	   in	   gene	   therapy.	   It	   is	   no	   doubt	   that	  most	   of	   the	   viral	   vectors	   are	  

based	   on	   existing	   human	   viruses	   as	   they	   have	   evolved	   to	   efficiently	   infect	  

mammalian	   cells.	  The	  majority	  of	   viral	   vectors	   tested	   in	   research	  and	   industry	  

has	   been	   developed	   from	   adenovirus,	   adeno-‐associated	   virus	   (AAV)	   and	  

lentivirus.	   These	   viral	   vectors	   are	   well	   characterised	   in	   the	   previous	   several	  

decades	  and	  some	  of	  them	  have	  been	  tested	  in	  clinical	  trials	  	  

	  

1.1.3.1	  Adenovirus	  	  

	  

Adenoviruses	   are	   non-‐enveloped	   viruses	   carrying	   approximately	   36	   kilobases	  

(kbs)	  linear,	  double-‐stranded	  DNA	  genome.	  Adenoviral	  vectors	  are	  able	  to	  infect	  

a	   broad	   range	   of	   human	   cells	   both	   dividing	   and	   non-‐dividing	   cells	   without	  

integrating	   its	   genetic	  material	   into	   host	   cell	   genome.	   Thus,	   this	   vector	   type	   is	  

considered	  safe	  from	  causing	  insertional	  mutagenesis.	  One	  of	  the	  most	  valuable	  

assets	  of	  adenoviruses	  is	  they	  can	  accommodate	  large	  transgene	  inserts	  up	  to	  30	  

kb.	  The	  production	  steps	  of	  adenoviral	  vectors	  are	  straightforward	  and	  can	  yield	  
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very	   high	   titers	   with	   assistant	   of	   helper	   viral	   elements.	   However,	   there	   is	   a	  

concern	   about	   the	   vector	   immunogenicity	   as	   adenoviruses	   naturally	   infect	  

human	  whose	   immune	   system	   is	   quite	   capable	   of	   combating	   them.	   Therefore,	  

adenoviral	  vectors	  could	  be	  recognized	  and	  cleared	  up	  by	  host	  immune	  response	  

before	  reaching	  target	  cells.	  Moreover,	  it	  is	  very	  challenging	  to	  inject	  the	  vectors	  

systemically	   due	   to	   their	   affinity	   for	   the	   hepatic	   tissue	   [10].	   Despite	   the	  

consideration	   of	   their	   immunogenicity,	   some	   of	   adenoviral	   vectors	   have	   been	  

tested	   in	   cancer	   gene	   therapy	   trials	   especially	   for	   malignant	   glioma	   where	  

therapeutic	   efficacy	   and	   clinical	   benefit	   were	   achieved	   after	   administration	   of	  

adenoviral	   vector	   encoding	   the	   thymidine	   kinase	   of	   the	   Herpse	   Simplex	   Virus	  

(HSV1-‐tk)	  suicide	  gene	  in	  combination	  with	  ganciclovir	  (GCV)	  [11,	  12].	  	  

	  

1.1.3.2	  Adeno-‐associated	  virus	  

	  

Adeno-‐associated	   viruses	   (AAV)	   are	   a	   small,	   non-‐enveloped	   DNA	   virus	   whose	  

approximately	  4.7	  kb	  single-‐stranded	  DNA	  is	  encoded	  in	  icosahedral	  capsid.	  Both	  

ends	  of	  AAV	  genome	  are	   flanked	  by	   inverted	   terminal	   repeat	  sequences	   (ITRs)	  

that	   form	   a	   secondary	   hairpin	   structure	   to	   protect	   the	   genome	   and	   facilitate	  

other	   function	   including	   replication.	  Wild	   type	   genome	   of	   AAV	   consists	   of	   two	  

open	   reading	   frames	   called	   rep	   and	   cap	   that	   can	   be	   replaced	   by	   transgene	  

sequences	   for	   AAV	   vector	   construction	   where	   the	   production	   steps	   are	  

performed	  with	  helper	  viruses.	  Similar	  to	  adenoviruses,	  AAV	  is	  able	  to	  transduce	  

a	   large	   range	   of	   cells	   including	   non-‐dividing	   cells.	   This	   vector	   type	   is	   non-‐

pathogenic	   and	   found	   in	   a	  wide	   range	   of	   serotypes	   providing	  more	   options	   of	  

vector	  usage	  in	  gene	  therapy.	  The	  gene	  expression	  profile	  of	  AAV	  vector	  is	  stable	  

and	  persistent	  as	  the	  vector	  exists	  primarily	  in	  episomal	  form	  in	  host	  nuclei.	  	  

	  

At	   present,	   AAV	   is	   a	   vector	   of	   choice	   in	   gene	   therapy.	   In	   2017,	   the	   first	   FDA-‐

approved	  AAV	  based	  product	  is	  LUXTURNA™	  (voretigene	  neparvovec-‐rzyl)	  from	  

Spark	  Therapeutics,	  Inc.	  targeting	  a	  disease	  caused	  by	  mutations	  in	  a	  single	  gene.	  

This	   product	   is	   AAV2	   serotype	   and	   administrated	   via	   sub-‐retinal	   injection	   to	  

delivers	   a	   normal	   copy	   of	   RPE65	  gene	   to	   retinal	   cells	   in	   order	   to	   treat	  

biallelic	  RPE65	  mutation-‐associated	   retinal	   dystrophy	   [13].	   In	   addition,	  Glybera	  
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(alipogene	   tiparvovec)	   from	  uniQure	  was	   granted	   European	  Medicines	   Agency	  

(EMA)	   approval	   in	   2012.	   The	   product	   is	   AAV1	   vector	   expressing	   lipoprotein	  

lipase	   in	   muscle	   for	   the	   treatment	   of	   lipoprotein	   lipase	   deficiency	   [14].	   Apart	  

from	   these,	   a	   wide	   range	   of	   AAV-‐based	   products	   have	   currently	   been	   under	  

clinical	   trials	   [15]	   such	   as;	   SB-‐525	   from	   Sangamo	   Therapeutics	   using	   AAV2/6	  

vector	   for	   long-‐term	  hepatic	  production	  of	   factor	  VIII	   in	  hemophilia	  A	   subjects	  

(NCT03061201);	   AMT-‐060	   from	   uniQure/St.	   Jude’s	   Hospital	   which	   is	   AAV5	  

encoding	   factor	   IX	  gene	   for	  severe	  or	  moderately	  severe	  hemophilia	  B	  patients	  

(NCT02396342);	   and	   AVXS-‐101	   from	   AveXis	   using	   AAV9	   to	   treat	   Spinal	  

Muscular	  Atrophy	  Type	  1	  (SMA1)	  patients	  (NCT02122952).	  

	  

There	   are	   a	   few	   concern	   of	   using	   AAV	   vector	   as	   they	   can	   accommodate	   a	  

relatively	   small	   transgene	   and	   the	   vector	   production	   is	   costly	   [5,	   16,	   17].	  

Additionally,	   it	   has	   been	   controversial	   regarding	   the	   AAV	   integration	   property	  

that	   can	  be	   site-‐specific	   into	  human	   chromosome	  19	  or	   random	  manner	  when	  

rep	  is	  absent	  [18,	  19].	  However,	  both	  cases	  of	  AAV	  integration	  are	  unlikely	  to	  be	  

oncogenic	  or	  pathogenic	  as	  observed	  with	  retroviral	  vectors.	  	  

	  

1.1.3.3	  Retrovirus	  

	  

Retroviruses	   are	   enveloped	   viruses	   encoding	   around	   7-‐11kb	   RNA	   in	   their	  

genome.	   The	   common	   retroviral	   vectors	   used	   in	   gene	   therapy	   are	   gamma	  

retrovirus	  (simple	  retrovirus)	  and	  lentivirus	  (complex	  retrovirus).	  The	  retroviral	  

genome	   also	   contains	   viral	   reverse	   transcriptase	   and	   integrase	   which	   are	  

essential	  enzymes	  to	  convert	  viral	  RNA	  to	  cDNA	  and	  integrate	  the	  cDNA	  into	  the	  

host	  genome.	  According	  to	  their	  inability	  to	  infect	  non-‐dividing	  cells	  retroviruses	  

are	   considered	   safe	   to	   use	   as	   majority	   of	   somatic	   cells	   are	   protected	   from	  

accidental	   transduction.	   This	   vector	   type	   can	   accommodate	   up	   to	   8	   kb	   of	  

exogenous	   sequence	   and	   mediates	   permanent	   gene	   expression	   due	   to	   its	  

integration	   property.	   This	   integrating	   ability	   allows	   retroviruses	   to	   be	   used	   as	  

single	  administration	   for	   long-‐term	  curative	  effect.	  However,	   this	  comes	  with	  a	  

price	  to	  pay	  as	  vector	  integration	  via	  the	  integrase	  is	  random	  with	  the	  possibility	  

to	  cause	  lethal	  or	  oncogenic	  issues	  if	  the	  foreign	  DNA	  is	  inserted	  into	  unpleasant	  
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genome	  position	   of	   the	   host.	   Because	   of	   these	   safety	   concerns	   associated	  with	  

retroviral	   use,	   alternative	   vectors	   for	   gene	   delivery	   have	   been	   developed	   to	  

reduce	  or	  eliminate	  these	  specific	  safety	  risks	  [5,	  20-‐22].	  

	  

1.1.4	  Bacteriophage	  based	  viral	  vector	  
	  

Given	   the	   substantial	   concerns	   of	   conventional	   mammalian	   viruses,	   some	  

alternative	   delivery	   tools	   such	   as	   prokaryotic	   viruses	   have	   started	   to	   draw	  

attention	   in	   this	   field.	  The	  prokaryotic	  viruses	  e.g.	  bacteriophages	   (phages)	  are	  

the	  viruses	  that	  have	  evolved	  to	  infect	  bacteria	  but	  not	  mammalian	  cells.	  There	  

are	  various	  types	  of	  the	  bacteriophages	  with	  distinct	  physical	  forms	  and	  each	  of	  

them	  is	  specific	  to	  certain	  bacterial	  species.	  Bacteriophages	  have	  been	  developed	  

and	   primarily	   used	   as	   a	   biological	   control	   for	   bacteria	  where	   they	  were	   found	  

clinically	   safe	   and	   efficient	   to	   apply	   in	   vitro	   and	   in	   vivo	   [23,	   24].	   After	   the	  

discovery	  of	  antibiotics,	  the	  use	  of	  phage	  has	  shifted	  into	  food	  additives	  as	  well	  

as	   nanocarriers	   of	   peptide	   and	   DNA	   vaccines	   [25-‐27].	  Many	   scientific	   findings	  

have	  shown	  their	  impact	  in	  several	  research	  fields	  including	  gene	  delivery	  where	  

they	   have	   been	   further	   modified	   to	   infect	   mammalian	   cells	   through	   targeting	  

strategy.	  

	  

Among	   many	   bacteriophage	   types,	   filamentous	   bacteriophages	   have	   simple	  

structures	  of	  major	  and	  minor	  coat	  proteins	  that	  assemble	  to	  a	  packaging	  signal	  

encoding	   in	   their	   genome	   [28].	   The	   most	   well-‐studied	   coat	   proteins	   of	  

filamentous	  bacteriophages	  are	  pIII	  minor	  and	  pVIII	  major	  coat	  proteins.	  The	  pIII	  

coat	  proteins	  are	  displayed	  around	  3-‐5	  copies	  on	  one	  terminal	  of	  phage	  particle	  

while	  the	  pVIII	  major	  coat	  proteins	  are	  formed	  scale-‐like	  coat	  around	  the	  particle	  

[29].	   These	   coat	   proteins	   are	   generally	  modified	   to	   display	   peptide	   of	   interest	  

such	   as	   targeting	   peptides	   for	   specific	   receptors.	   This	   modification	   allows	   the	  

bacteriophage	  vector	   to	   specifically	   target	  mammalian	  cells,	  which	  can	  provide	  

great	  benefits	  for	  gene	  therapy	  [30-‐32].	  As	  bacterial	  viruses,	  bacteriophages	  lack	  

native	  tropism	  on	  eukaryotic	  cells,	  they	  are	  considered	  safe	  for	  use	  in	  therapy	  in	  

mammals.	  Another	  practical	  aspect	  of	  using	  the	  bacteriophages	  as	  gene	  delivery	  

system	  is	  they	  can	  accommodate	  large	  transgene	  inserts	  which	  is	  an	  uncommon	  
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feature	   in	   mammalian	   viruses.	   In	   term	   of	   production,	   bacteriophage	   based	  

vectors	   are	   extremely	   economic	   to	   produce	   and	   purify	   making	   them	   more	  

attractive	  in	  gene	  therapy.	  	  

	  

Despite	   many	   advantages	   of	   bacteriophages,	   one	   main	   consideration	   when	  

applied	   as	   gene	   delivery	   tool	   is	   they	   lack	   intrinsic	   ability	   to	   enter	  mammalian	  

cells.	   Regarding	   this	   point,	   Hajitou	   and	   colleagues	   have	   developed	   a	   new	  

direction	  in	  gene	  delivery	  by	  merging	  properties	  of	  bacteriophages	  and	  AAV.	  As	  

such,	   the	   new	   delivery	   tool	   called	   Adeno-‐associated	   virus/phage	   (AAVP)	   is	   a	  

hybrid	   vector	   in	   which	   inverted	   terminal	   repeat	   sequences	   (ITRs)	   from	   AAV	  

were	   inserted	   into	   the	   bacteriophage	   genome	   (Figure	   1.1).	   The	   AAVP	   vector	  

inherits	   advantages	   of	   bacteriophage	   and	   AAV	   including	   very	   low	  

immunogenicity	   of	   the	   phage	   capsid	   and	   gene	   expression	   efficiency	   profile	   of	  

AAV.	  Also,	  the	  hybrid	  vectors	  have	  been	  modified	  to	  display	  a	  targeting	  peptide	  

allowing	   them	  to	  home	   to	   their	   targets	  which	  are	   tumour	  cells	   for	  cancer	  gene	  

therapy.	   The	   specific	   targeting	   aspect	   is	   through	   biding	   of	   the	   cyclic	   RGD4C	  

ligand	   displayed	   on	   the	   vector	   pVIII	   coat	   proteins	   to	   αvβ3	   integrin	   receptor	  

overexpressed	   in	   tumour	   cells	   and	   tumour	   vasculature	   [31].	   It	   has	   been	   well	  

established	   that	   AAVP	   vector	   is	   an	   excellent	   delivery	   tool	   for	   treating	   cancer	  

which	  shows	  great	  promising	  outcomes	  in	  various	  animal	  models	  including	  mice	  

rats	   and	   pet	   dogs	   [31,	   33-‐35].	   The	   vector	   has	   been	   utilised	  with	   a	   number	   of	  

therapeutic	  genes	   such	  as	  HSV-‐tk	   suicidal	   gene	  and	  TNFα	  to	   target	   a	  variety	  of	  

tumour	  types	  including	  melanoma,	  pancreatic	  neuroendocrine	  tumour,	  sarcoma	  

and	  glioma	  [32,	  34-‐38].	  The	  most	  interesting	  is	  the	  study	  in	  pet	  dogs	  that	  showed	  

strong	   preclinical	   evidence	   of	   AAVP	   vector	   entity	   for	   repeated	   systemic	  

administration	   without	   decreasing	   the	   vector	   efficacy	   or	   causing	   adverse	   side	  

effects	   in	   large	   animals	   [34].	   Furthermore,	   the	   vector	   ability	   to	   target	   both	  

tumour	   cells	   and	   their	   angiogenic	   vasculature	   provides	   double	   benefit	   for	  

treatment	  as	  angiogenesis	  is	  a	  hallmark	  for	  tumour	  growth.	  
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Figure	  1.1.	  Structure	  of	  the	  hybrid	  vector	  AAV/phage	  (AAVP).	  

The	  particle	  contains	  a	  chimeric	  genome	  of	  a	  CMV-‐transgene	  cassette	  flanked	  by	  

inverted	   terminal	   repeats	   (3'	   ITR	   and	   5'	   ITR)	   of	   AAV-‐2	   and	   M13	   filamentous	  

bacteriophage	   genome.	   The	   outer	   capsid	   belongs	   to	   the	  M13	   phage	   and	   hence	  

lacks	   tropism	   for	   mammalian	   cells.	   The	   capsid	   contains	   a	   major	   coat	   protein	  

pVIII	  and	  four	  minor	  coat	  proteins	  pIII,	  pVI	  on	  one	  side	  and	  pVII	  pIX	  on	  the	  other.	  

The	   αβ-‐integrin	   binding	   ligand,	   RGD4C,	   is	   expressed	   on	   the	   pIII	   minor	   coat	  

protein	  of	  AAVP	   in	  order	   to	  allow	   ligand-‐directed	   targeting	  of	   the	   tumour	  cells	  

and	  tumour	  vasculatures	  [39].	  

	  

	  

	  

	  

	  

	  

	  



P a g e 	  |	  21	  
	  

Recently,	   next	   generation	   of	   AAVP	   vector	   has	   been	   established	   in	   the	   Phage	  

Therapy	   lab	   (Paladd	   Asavarut’s	   PhD	   project)	   called	   Phagemid-‐AAV	   (PAAV).	  

Unlike	   the	  phage	  vector	   system	  of	  AAVP,	   the	  new	  vector	  has	  been	   constructed	  

using	  phagemid	  and	  helper	  phage	  system	  where	  ITRs	  sequence	  and	  therapeutic	  

transgene	   are	   encoded	   in	   the	   phagemid	   genome	   while	   other	   structural	   coat	  

proteins	  for	  the	  vector	  propagation	  are	  provided	  from	  the	  helper	  phage.	  As	  such,	  

PAAV	   is	   much	   smaller	   in	   size	   which	   benefits	   its	   production	   and	   applications	  

compared	   to	   the	  old	  vector.	  According	   to	   the	   investigation	   in	  our	  group,	  PAAV	  

vector	   shows	   some	   advantages	   over	   AAVP	   vector	   including	   higher	   bacterial	  

transforming	   efficiency	   resulting	   in	   higher	   yield	   production,	   capacity	   of	  

accommodating	  larger	  DNA	  inserts	  due	  to	   its	  smaller	  genome	  and	  an	  enhanced	  

therapeutic	   gene	   expression.	   The	   vector	   production	   is	   also	   cost-‐effective	   and	  

amenable	   to	   large	   scale	   production.	   Furthermore,	   capsid	   modification	  

capabilities	   of	   PAAV	   vector	   such	   as	   peptide	   displaying	   on	   pIII	   or	   pVIII	   coat	  

proteins	  are	  retained	  with	  more	  convenient	  steps	  to	  conduct	  on	  the	  helper	  phage	  

genome.	  

	  

1.1.5	  Biological	  barriers	  to	  gene	  delivery	  	  
	  

A	   successful	   gene	   transfer	   of	   the	   vectors	   to	   their	   targets	   is	   challenging	   as	   the	  

vector	   fate	   relies	   on	  many	  key	   factors.	   In	  particular,	   a	   systemic	   administration	  

requires	   the	   travelling	   of	   the	   vectors	   from	   injected	   site	   to	   their	   destination.	  

Firstly,	  the	  vectors	  have	  to	  overcome	  extracellular	  barriers	  such	  as	  degradation	  

by	  host	  immune	  cells	  and	  the	  extracellular	  matrix	  that	  foreclose	  them	  from	  their	  

targets.	   After	   overcoming	   the	   extracellular	   barriers,	   the	   vectors	   still	   have	   to	  

confront	   challenges	   within	   the	   target	   cells.	   All	   these	   barriers	   can	   prevent	   the	  

vectors	   to	   accomplish	   their	   biological	   function	   and	   result	   in	   a	   failure	   of	   the	  

therapy.	   Thus,	   the	   design	   and	   construct	   of	   delivery	   tool	   should	   address	   these	  

considerations	  [40,	  41].	  	  	  
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1.1.5.1	  Extracellular	  barriers	  

	  

As	   the	   genetic	   material	   is	   sensitive	   to	   environment	   condition	   such	   as	   pH	   or	  

enzymes,	   the	   first	   difficulty	   of	   gene	   delivery	   is	   to	   pack	   the	   nucleic	   acid	   safely	  

inside	  the	  vectors	  and	  prevent	  them	  from	  host	  enzyme	  degradation.	  According	  to	  

this	  point,	  viral	  vectors	  show	  a	  superior	  ability	   to	  compact	  nucleic	  acids	   inside	  

their	  particles	  as	  most	  of	  viruses	  have	  naturally	  evolved	   to	  protect	  and	  deliver	  

their	  genome	  to	  host	  cells	  [3,	  5].	  	  

	  

The	  next	  extracellular	  barrier	  is	  intravascular	  degradation	  happening	  inside	  host	  

circulation	   where	   the	   vectors	   encounter	   a	   complex	   environment	   of	   plasma	  

proteins	   and	   immune	   cells	   [42].	   Under	   these	   circumstances,	   the	   vector	   can	   be	  

coated	   with	   phagocytosis-‐enhancing	   molecules	   through	   a	   process	   called	  

opsonisation.	  The	  coated-‐vectors	   then	  become	  more	   immunologically	  visible	   to	  

phagocytic	  cells	  (e.g.	  monocytes,	  macrophages,	  neutrophils,	  and	  dendritic	  cells)	  

and	   subsequently	   get	   destroyed	   before	   reaching	   target	   site.	   Generally,	   the	  

vectors	   can	   be	   opsonized	   within	   minutes	   after	   exposure	   to	   the	   circulating	  

system.	   However,	   this	   depends	   on	   the	   vector	   surface	   characteristics	   such	   as	  

charge	  and	  hydrophobicity	  [43].	  	  

	  

Apart	  from	  being	  recognised	  and	  degraded	  by	  the	  immune	  system,	  the	  delivery	  

particles	  can	  also	  be	  cleared	  out	  through	  host	  renal	  excretion	  which	  is	  a	  natural	  

process	  to	  remove	  unpleasant	  particles	  from	  circulatory	  system	  of	  human.	  In	  this	  

case,	   the	   small	   vector	   particles	   are	   sorted	   through	   glomerular	   filtration	   and	  

rapidly	  excreted	  with	  urine	  [44,	  45].	  In	  contrast,	  macromolecules	  which	  are	  too	  

large	  for	  the	  glomerular	  pores	  tend	  to	  accumulate	  in	  reticuloendothelial	  system	  

(RES)	   in	   the	   liver,	   spleen,	   lung	   and	  bone	  marrow	  where	   they	   are	   degraded	  by	  

activated	   monocytes	   and	   macrophages	   [42].	   This	   includes	   a	   capture	   and	  

elimination	  of	  delivery	  viral	  particles	  whose	  diameter	  sizes	  are	  between	  10-‐20	  

nm	  [44].	  	  

	  

After	   overcoming	   all	   intravascular	   degradation	   and	  host	   clearance,	   the	   vectors	  

are	   expected	   to	   accumulate	   at	   target	   sites	  without	   nonspecific	   distribution	   in	  
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other	   organs	   in	   order	   to	   achieve	   the	   greatest	   therapeutic	   effects	   and	   avoid	  

adverse	   side	   effects	   [41].	   However,	   once	   reaching	   their	   target	   site,	   semi-‐

selective	   property	   of	   endothelial	   cells	   is	   another	   challenging	   mission	   that	   the	  

vectors	  have	  to	  get	  through.	   In	  general,	   the	   leakage	  of	   intravascular	  substances	  

into	   extravascular	   space	   (referred	   to	   as	   extravasation)	   relies	   on	   intercellular	  

openings	  between	  the	  endothelial	  cells.	  These	  opening	  spaces	  have	  unique	  pore-‐

size	   distribution	   to	   each	   microvasculature	   providing	   particular	   restricted	  

permeation	   of	   macromolecules	   across	   capillary	   wall.	   Beneficially,	   tumour	  

vasculature	   is	   more	   permeable	   to	   larger	   particles	   compared	   with	   normal	  

capillaries	  [46-‐48].	  However,	  each	  tumour	  type	  has	  its	  own	  range	  of	  vasculature	  

pore-‐size	   that	   can	   prohibit	   extravasation	   of	   particular	   vectors.	   For	   example,	  

brain	  tumour	  vasculature	  pore-‐size	  is	  around	  7	  nm	  while	  the	  pore-‐size	  of	  breast	  

or	  pancreatic	  tumours	  ranges	  between	  50-‐60	  nm	  [49-‐52].	  According	  to	  the	  pore-‐

size	   heterogeneity,	   it	   is	   essential	   to	   consider	   this	   point	   when	   designing	   and	  

delivery	   tools	   for	   biomedical	   applications.	   Furthermore,	   another	   barrier	   of	  

concern	   in	   brain	   tumour	   targeting	   is	   the	   blood	   brain	   barriers	   (BBB)	   which	   is	  

characterised	   by	   tight	   junction.	   The	   BBB	   remains	   as	   a	   key	   challenge	   for	  many	  

therapeutic	   agents	   because	   it	   is	   very	   selective	   and	   tightly	   resistant	   to	   iron	   or	  

small	  molecules	  exchanged	  between	  the	  brain	  and	  outside	  [53].	  

	  

The	  last	  extracellular	  barrier	  for	  gene	  delivery	  is	  a	  dense	  network	  surrounding	  

the	  cells	  called	  extracellular	  matrix	  (ECM).	  The	  ECM	  mainly	  composed	  of	  

polysaccharides	  and	  fibrous	  proteins	  including	  collagen,	  laminin	  and	  fibronectin	  

that	  act	  as	  a	  physical	  barrier	  preventing	  the	  transport	  of	  the	  vectors	  to	  the	  cell	  

surfaces.	  Although	  the	  vectors	  are	  able	  to	  diffuse	  through	  the	  ECM,	  they	  are	  

sometimes	  hindered	  by	  hydrodynamic,	  and	  electrostatic	  interactions	  between	  

the	  particles	  and	  ECM	  components	  [54,	  55].	  Particularly	  in	  the	  tumour	  mass,	  the	  

cells	  secrete	  more	  amounts	  of	  matrix	  molecules	  such	  as	  collagen	  and	  hyaluronic	  

acid	  that	  can	  limit	  the	  distribution	  of	  therapeutic	  agents	  and	  result	  in	  

unsuccessful	  therapy.	  
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1.1.5.2	  Intracellular	  barriers	  

	  

Once	   overcoming	   all	   extracellular	   barriers	   and	   reaching	   the	   target	   cells,	   the	  

vectors	   still	   have	   to	   confront	   intracellular	   barriers	   that	   can	   be	   their	   hardest	  

hindrance.	  Firstly,	   the	  interaction	  between	  the	  vectors	  and	  cell	  membranes	  is	  a	  

crucial	  step	  for	  vector	  internalisation.	  It	  is	  undoubted	  that	  viral	  vectors	  are	  more	  

efficacious	  than	  the	  non-‐viral	  ones	  to	  attach	  themselves	  to	  host	  cell	  surfaces	  and	  

enter	  the	  cells	  via	  various	  strategies.	  Some	  viruses	  bind	  to	  cell	  surface	  receptors	  

and	  trigger	  endocytosis	  such	  as	  adenoviruses	  that	  use	  coxsakie-‐	  and	  adenovirus-‐	  

receptor	  (CAR)	  on	  the	  host	  cell	  as	  a	  primary	  receptor	  followed	  by	  the	  interaction	  

between	   Arg-‐Gly-‐Asp	   motif	   on	   the	   viral	   penton	   based	   protein	   and	   host	   αβ	  

integrins	  for	  internalization	  [5,	  56].	  However,	  most	  of	  the	  enveloped	  viruses	  tend	  

to	  use	  membrane	  fusion	  strategy	  to	  enter	  the	  cells.	  Also,	  it	  has	  been	  well	  studied	  

that	   a	   targeting	   strategy	   that	   exploits	   particular	   ligands	   to	   bind	   to	   specific	  

receptors	  on	  target	  cells	  can	  enhance	  the	  vector	  efficacy.	  Using	  targeting	  ligands	  

mediates	  a	  specific	  cellular	  uptake	  which	  is	  faster	  than	  the	  non-‐specific	  one	  and	  

therefore	   improves	   intracellular	   accumulation.	   The	   common	   targeting	   ligands	  

used	   in	   gene	   therapy	   are	   transferrin	   and	   RGD4C	   peptide	   that	   is	   specific	   to	  

integrin	  receptors	  on	  tumour	  cells	  and	  tumour	  vasculatures;	  lactose	  which	  binds	  

to	   the	  asialoglycoprotein	  receptors	   (ASGRP-‐R)	  of	   the	  hepatocytes;	  mannose	   for	  

mannose	   receptors	   (MR)	  of	  macrophages	  and	  dendritic	   cells;	   and	   folic	   acid	   for	  

folate	   receptors	   on	   certain	   type	   of	   tumours	   [57-‐60].	   This	   targeting	   strategy	   is	  

expected	  to	  lower	  the	  injected	  dose	  of	  the	  vectors	  while	  maintaining	  a	  desirable	  

efficacy.	  	  

	  

In	   general,	   the	   aforementioned	   specific	   binding	   leads	   to	   receptor-‐mediated	  

endocytosis	  of	  vectors	  where	  intracellular	  trafficking	  begins	  in	  early	  endosomal	  

vesicles	   [61].	   The	   endosomal	   maturation	   happens	   through	   a	   few	   natural	  

processes	  to	  transform	  early	  endosomes	  to	  late	  endosomes	  and	  eventually	  fuse	  

with	   lysosomes.	   Initially,	   intravesicular	   pH	   of	   early	   endosome	   is	   rapidly	  

decreased	   because	   of	   cytosolic	   proton	   influx	   via	   ATPase	   proton-‐pump	   enzyme	  

located	   on	   endosomal	   membranes.	   Then,	   late	   endosomes	   are	   fused	   with	  

lysosomes	  where	  digestive	  enzymes	  are	  activated	  under	  acidic	  condition	  leading	  
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to	   a	   degradation	   of	   the	   entrapped	   vectors	   [62,	   63].	   It	   is	   clearly	   shown	   that	  

endosomal	   degradation	   forms	   an	   intracellular	   barrier	   which	   can	   foreclose	   a	  

successful	  gene	  delivery	  especially	  for	  non-‐viral	  vectors.	  	  	  

	  

The	   last	   intracellular	   task	   of	   the	   vectors	   is	   the	   way	   to	   enter	   nucleus	   of	   their	  

target	  cells	  and	  mediate	  transgene	  expression.	  The	  genetic	  material	  of	  eukaryotic	  

cells	  is	  separated	  from	  the	  cytosol	  by	  the	  nuclear	  envelope	  which	  functions	  as	  a	  

physical	   barrier	   for	   nuclear	   import	   of	   macromolecules.	   The	   nuclear	   import	   is	  

energy	   dependent	   and	   requires	   the	   nuclear	   localization	   signal	   (NLS)	   to	   allow	  

nuclear	  translocation.	  As	  such,	  many	  NLS	  peptides,	  e.g.	  PKKKRKV	  signal	  peptide	  

from	  tumour	  antigen	  of	  simian	  virus	  40	  (SV40),	  have	  been	  applied	  on	  the	  vectors	  

to	  facilitate	  the	  vector	  genome	  into	  host	  nucleus	  to	  improve	  gene	  expression	  [64-‐

66].	  

	  

1.1.6	  Endosomal	  escape	  strategy	  
	  

According	   to	   the	   intracellular	   trafficking,	   it	   is	   undoubted	   that	   endosomal	  

degradation	  is	  a	  bottleneck	  of	  gene	  delivery.	  Therefore,	  understanding	  the	  basis	  

of	   the	   endosomal	   degradative	   pathway	   may	   lead	   to	   the	   development	   of	  

endosomal	  escape	  strategy	  and	  improvement	  of	  gene	  transfer.	  Theoretically,	  the	  

entrapped	  vectors	  have	  to	  handle	  the	  acidic	  environment	  inside	  endosomes	  and	  

escape	  to	  cytosol	  in	  a	  time	  manner	  to	  carry	  out	  their	  biological	  function	  (Figure	  

1.2).	  	  
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Figure	   1.2.	   Conceptual	   illustration	   of	   intracellular	   transport	   pathways	   of	  

nuclear	  targeting	  delivery	  system	  [64]	  .	  
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1.1.6.1	  Endosomal	  escape	  mechanisms	  

	  

Many	  endosomal	  escape	  strategies	  integrated	  into	  delivery	  tools	  are	  inspired	  by	  

viruses	  and	  bacteria	  which	  enter	  their	  hosts	  via	  endocytosis	  and	  utilise	  cleverly	  

evolved	   strategies	   to	   escape	   toward	   cytosolic	   compartment	   [67,	   68].	   The	  

mechanisms	   of	   these	   escaping	   processes	   have	   been	   intensely	   studied	   and	  

found	   that	   they	   typically	   begin	   with	   endosomal	   membrane	   destabilisation	  

following	   by	   the	   escape	   through	   either	   pore	   formation,	  membrane	   fusion	   or	  

membrane	  rupture	  depending	  on	  the	  their	  characteristics.	  On	  one	  hand,	  most	  

of	   enveloped	   viruses	   tend	   to	   fuse	   their	   viral	   peptide	   into	   endosomal	  

membrane	  while	  non-‐enveloped	  viruses	  either	  lyse	  or	  generate	  a	  pore	  through	  

the	  membrane	  to	  allow	  their	  escape.	  On	  the	  other	  hand,	  endosomal	  escape	  of	  

the	  bacteria	  relies	  on	  pore	  formation	  mediated	  by	  bacterial	  exotoxins	  [69,	  70].	  	  

	  

Membrane	   destabilization	   is	   a	   by-‐product	   of	   the	   inherent	   acidification	   during	  

endosomal	  maturation	  which	  can	  be	  manipulated	  for	  the	  vector	  escape.	  Based	  on	  

biology	  of	  cell	  membrane,	  the	  outer	   layers	  of	  endosomal	  membrane	  are	  overall	  

negatively	  charged	  phospholipids.	  During	  the	  acidification,	  some	  peptides	  of	  the	  

vectors	  can	  undergo	  conformational	  change	  regarding	  to	  the	  ion	  influx	  inside	  the	  

endosome	   and	   interact	   with	   the	   endosomal	   membrane	   causing	   a	   flip-‐flop	  

mechanism	  where	  the	  cytosolic	  phospholipid	  leaflet	  flips	  into	  luminal	  side	  of	  the	  

endosome	   (Figure	  1.3).	   This	  mechanism	   results	   in	  non-‐lamellar	  phase	   changes	  

and	   destabilization	   of	   endosomal	  membrane	  which	   benefits	   the	   vector	   escape	  

[69,	   71].	   The	   Majority	   of	   membrane-‐destabilizing	   peptides	   applying	   on	   the	  

vectors	  is	  inspired	  by	  natural	  viral	  entry	  peptides	  such	  as	  the	  HA-‐2	  subunit	  of	  the	  

influenza	  virus	  hemagglutinin	  [72].	  However,	  some	  cationic	  agents	  such	  as	  poly	  

(ethylene	   imine)	   (PEI),	   poly(l-‐lysine)	   (PLL)	   and	   chitosan	   were	   also	   reported	  

their	  capability	  to	  induce	  the	  destabilization	  [71].	  

	  

Once	   the	   endosomal	  membrane	   is	   destabilised,	   it	   is	  more	   convenient	   for	   the	  

vector	   to	   escape.	   The	   first	   escaping	   strategy	   is	   pore	   formation	   based	   on	   an	  

endosomal	   membrane	   tension	   to	   enlarge	   the	   opening	   spaces.	   Typically,	   the	  

pore	   formation	   is	   a	   subsequent	   result	   of	   the	  membrane	   destabilization	   [69].	  
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The	  second	  strategy	  is	  membrane	  fusion	  mediated	  by	  fusogenic	  peptides	  of	  the	  

enveloped	   viruses.	   In	   theory,	   these	   peptides	   also	   undergo	   conformational	  

changes	   during	   endosomal	   maturation	   and	   fuse	   into	   the	   phospholipids	   to	  

allow	   the	   viruses	   escape	   toward	   cytosolic	   compartment.	  Haemagglutinin	   is	   a	  

well-‐known	  fusogenic	  peptide	  that	  converts	   from	  a	  hydrophilic	  coil	  at	  pH	  7.4	  

to	  a	  hydrophobic	  helical	  conformation	  at	  mild	  acidic	  condition	  [73].	  The	  third	  

strategy	  of	  endosomal	  escape	   is	  membrane	  rupture	  which	  relies	  on	   the	  well-‐

studied	  mechanism	  called	  proton	   sponge	   effect.	   This	  mechanism	   is	  mediated	  

by	   cationic	   agents	   which	   buffer	   the	   endosomal	   acidification	   by	   absorbing	  

protons	  inside	  endosomal	  compartment.	  As	  the	  luminal	  pH	  remains	  neutral,	  V-‐

type	  ATPases	  will	  keep	  pumping	  cytosolic	  protons	  into	  the	  endosome	  as	  same	  

as	  an	  influx	  of	  counter-‐ions	  and	  water	  to	  balance	  membrane	  voltage	  and	  restore	  

osmotic	   balance	   between	   inside	   the	   endosome	   and	   the	   cytosol.	   The	   intensive	  

inflow	   of	   water	   results	   in	   an	   osmotic	   swelling	   of	   endosomal	   membrane	   and	  

subsequently	  leads	  to	  endosomal	  rupture	  (Figure	  1.4).	  The	  common	  agents	  that	  

have	  buffering	  capacity	  and	  can	  cause	  proton	  sponge	  effect	  are	  PEI,	  poly-‐amido	  

amines	  and	  imidazole-‐containing	  polymers	  [69,	  71,	  74,	  75].	  	  
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Figure	  1.3.	  Illustration	  of	  endosomal	  acidification	  mechanisms.	  

(A)	  Normal	  acidification	  of	  the	  endosomes	  during	  maturation	  to	  late	  endosomes.	  

(B)	   Upon	   acidification,	   cationic	   particles	   interact	   with	   negatively	   charged	  

phospholipids	  and	  induce	  membrane	  destabilization	  [71].	  
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Figure	   1.4.	   Different	   possible	   endosomal	   escape	   mechanisms	   after	   the	  

endosomal	  membrane	  destabilisation.	  

These	   mechanisms	   consist	   of	   endosomal	   membrane	   rupture,	   pore	   formation	  

through	  the	  endosomal	  membrane	  and	  fusion	  of	  the	  escape	  agents	  to	  endosomal	  

membrane	  [71].	  
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1.1.6.2	  Endosomal	  escape	  agents	  

	  

As	  a	  result	  of	  the	  intensive	  studies	  on	  endosomal	  escape	  strategies	  employed	  by	  

viruses	   and	   bacteria,	   a	   wide	   range	   of	   endosomal	   escape	   agents	   have	   been	  

purified	   or	   synthesized	   from	   different	   sources	   in	   order	   to	   apply	   on	   various	  

vector	   types.	   These	   agents	   can	   be	   simply	   categorised	   into;	   1)	   proteins	   and	  

peptide	   based-‐agents	   and	   2)	   chemical	   agents.	   The	   protein	   and	   peptide-‐based	  

endosomal	  escape	  agents	  are	  generally	  derived	  from	  viruses,	  bacteria,	  plants,	  as	  

well	  as	  synthetic	  peptides	  modified	  from	  those	  natural	  agents.	  	  

	  

1.1.6.2.1	  Viral	  derived	  endosomal	  escape	  agents	  

	  

A	   variety	   of	   small	   peptides	   derived	   from	   viruses	   have	   been	   identified	   their	  

crucial	  entity	  responsible	   for	  the	  endosomal	  escape.	  The	  most	  popular	  agent	   in	  

this	  group	  is	  HA2	  subunit	  of	  haemagglutinin	  (HA)	  protein	  from	  influenza	  viruses.	  

Many	   scientific	   findings	   have	   confirmed	   that	   HA2	   peptide	   undergoes	  

conformational	  change	  under	  mild	  acidic	  condition	  that	  activates	  its	  20	  residues	  

N-‐terminal	   fusogenic	   fragment	   and	   eventually	   induces	   endosomal	   membrane	  

destabilization	  [72,	  76].	  Further,	  it	  was	  shown	  that	  conjugating	  with	  poly	  l-‐lysine	  

can	  enhance	  the	  endosomal	  escape	  properties	  of	  the	  HA-‐2	  peptide	  [77].	  	  

	  

TAT	   protein	   from	   HIV	   is	   also	   well	   known	   for	   facilitating	   gene	   transfer	   via	  

membrane	   destabilization.	   It	   is	   believed	   that	   arginine	   and	   lysine	   residues	   of	  

this	  peptide	  are	  involved	  in	  lipid	  membrane	  penetration	  allowing	  TAT	  peptide	  

to	   enhance	   the	   internalization	   of	   large	   molecules,	   such	   as	   dextran	   particles	  

encapsulating	   magnetic	   beads	   [78].	   Also,	   it	   has	   been	   reported	   that	   the	  

presence	  of	  histidine	  and	  cysteine	  residues	  can	  enhance	  the	  endosomal	  escape	  

properties	  as	  well	  as	  stabilise	  the	  TAT/DNA	  complexes	  [79].	  

	  

Some	  viral	  peptides	  have	  shown	  a	  strong	  membrane-‐disrupting	  activity	  which	  

is	   beneficial	   for	   endosomal	   escape	   such	   as	   L2	   peptide	   from	   minor	   capsid	  

protein	   of	   Papillomavirus.	   The	   peptide	   can	   mediate	   a	   strong	   membrane-‐

disruption	   under	   acidic	   environment	   leading	   to	   the	   release	   of	   viral	   genome	  
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into	   cytosol	   and	   also	   induce	   cytolysis	   of	   bacterial	   and	   eukaryotic	   cells	   [80].	  

Another	   example	   of	   the	   membrane-‐disrupting	   peptide	   is	   major	   envelope	  

protein	  (E)	  of	  the	  West	  Nile	  viruses	  which	  show	  its	  maximum	  activity	  at	  pH	  6.4	  

and	  below	  [81].	  

	  

1.1.6.2.2	  Bacterial	  derived	  endosomal	  escape	  agents	  

	  

Similar	   to	   viruses,	   bacteria	   are	   considered	   as	   opportunistic	   microorganisms	  

who	  manipulate	  host	  cells	   for	   their	  survival.	  They	  also	  sometimes	  destabilise	  

host	   phagosomal	   membranes	   to	   avoid	   degradation	   and	   release	   themselves	  

into	   the	  cytosol.	  For	  example,	  Listeria	  monocytogenes	  produces	  a	   cholesterol-‐

dependent	   toxin	   called	   listeriolysin	   O	   that	   can	   induce	   pore	   formation	   in	   the	  

cholesterol-‐containing	   lipid	  bilayers	   [82].	   In	  many	  studies,	   listeriolysin	  O	  has	  

been	  used	  in	  combination	  with	  lipid	  carriers	  and	  cationic	  polymers	  to	  enhance	  

endosomal	   escape	   [83-‐86].	   Pneumolysin	   from	   Streptococcus	  pneumoniae	   and	  

streptolysin	  O	  from	  Streptococcus	  pyogenes	  are	  other	  pore-‐forming	  toxins	  that	  

cause	   endosomal	   disruption	   [87].	   In	   contrast,	   some	   bacterial	   protein	   acts	   as	  

fusogenic	  peptide	  during	  endosomal	  acidification	  to	  enhance	  cytosolic	  uptake	  

such	  as	  diphtheria	  toxin	  from	  Corynebacterium	  diphtheria	  [88,	  89].	  

	  

1.1.6.2.3	  Plant	  derived	  endosomal	  escape	  agents	  

	  

Some	   substances	   from	   plants	   also	   show	   endosomal	   escape	   property	   such	   as	  

Ricin	  from	  Ricinus	  communsis.	   It	   is	  known	  as	  an	  anti-‐cancer	  agent	  which	  enters	  

mammalian	   cells	   via	   endocytosis	   and	   has	   cytosolic	   targets.	   Thus,	   it	   is	   rational	  

that	   Ricin	   has	  membrane-‐disruptive	   properties	   and	   able	   to	   facilitate	   large	   and	  

small	  molecules	  escape	   from	   lipid	  vesicles	   [90,	  91].	   Similar	   to	  Ricin,	   Saporin	   is	  

another	   member	   of	   plant	   ribosome-‐inactivating	   protein	   (RIP)	   family	   that	   has	  

endosomal	  release	  properties.	  Particularly,	  Saporin	  does	  not	  require	  acidic	  pH	  to	  

mediate	  membrane	  destabilization	  [92].	  
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1.1.6.2.4	  Animal/human	  derived	  endosomal	  escape	  agents	  

	  

Several	   agents	   from	   human	   or	   animal	   sources	   are	   known	   to	   be	   effective	   in	  

endosomal	   escape	   such	   as	   Penetratin,	   a	   peptide	   derived	   from	   Antennapedia	  

homeodomain	  of	  Drosphilia,	  which	  shows	  a	  strong	  penetrating	  activity	  on	   lipid	  

membranes	  of	  living	  cells	  through	  energy-‐independent	  mechanisms.	  The	  peptide	  

has	  been	  used	  as	  an	  endosomal	  escape	  agent	  on	  many	  delivery	  tools	  and	  shown	  

efficiency	   to	   facilitate	   cytosolic	   uptake	   in	   different	   cell	   lines	   [93,	   94].	   Another	  

example	  is	  Melittin,	  a	  cationic	  peptide	  from	  bee	  venom,	  which	  shows	  capability	  

to	  disrupt	  membranes.	  The	  peptide	  can	  form	  amphipathic	  α-‐helical	  structures	  in	  

aqueous	   solution	   and	   insert	   into	   the	   phospholipid	   bilayers	   to	   induce	  

destabilization	  [95,	  96].	  Human	  calcitonin	  derived	  peptide,	  hCT(9-‐32),	  also	  has	  a	  

cell-‐penetrating	   activity.	   Although	   endosome	   disruptive	   mechanism	   of	   this	  

peptide	   is	   still	   unclear,	   hCT(9-‐32)	   and	   its	   analogues	   show	   high	   efficiency	   to	  

penetrate	  the	  membranes	  of	  various	  cell	  lines	  [97,	  98].	  

	  

1.1.6.2.5	  Synthetic	  endosomal	  escape	  agents	  

	  

At	  present,	  many	  artificial	  agents	  have	  been	  designed	  and	  synthesized	  in	  order	  to	  

achieve	  better	  endosomal	  escape	  property.	  For	  example,	  EB1,	  a	  synthetic	  analog	  

of	  penetratin,	  can	  form	  amphipathic	  alpha	  helix	  and	  destabilize	  the	  membrane	  at	  

endosomal	  pH.	  EB1	  is	   far	  more	  effective	  than	  penetratin	  to	  form	  complexes	  for	  

siRNA	  delivery	  [99].	  

	  

The	  most	  common	  fusogenic	  peptide	  HA2	  of	  influenza	  has	  been	  used	  as	  a	  model	  

to	   generate	   various	   new	   peptides	   with	   distinct	   entity.	   GALA	   is	   a	   cationic	  

amphiphilic	   peptide	   inspired	   by	   HA2.	   The	   peptide	   is	   soluble	   at	   pH	   7.5	   and	  

undergoes	   a	   pH-‐dependent	   conformational	   change	   and	   destabilises	   the	  

endosomal	  membrane	  at	  a	  pH	  less	  than	  6.0	  [100,	  101].	  KALA	  is	  a	  cationic	  peptide	  

modified	   from	  GALA.	   It	   is	  a	   fusogenic	  peptide	  which	  undergoes	  conformational	  

change	  between	  pH	  7.5	  to	  5	  and	  effectively	  destabilises	  endosomal	  membranes	  

[102,	  103].	  These	   two	  HA2	  derived	  peptides	  show	  desirable	  endosomal	  escape	  

properties	   in	  many	   studies	   [104-‐106].	   Similarly,	   INF7	   and	   E5WYG	   are	   anionic	  
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amphiphilic	   peptides	   derived	   from	   HA2.	   These	   peptides	   contain	   glutamate	  

residues	   and	   undergo	   conformational	   change	   from	   random	   coil	   to	   α-‐helix	  

between	  pH	  5.5-‐5.	  They	  can	  also	   improve	  endosomal	  escape	  capability	  of	  non-‐

viral	  vectors	  [71,	  107].	  Furthermore,	  H5WYG	  is	  a	  histidine	  rich	  peptide	  modified	  

by	   replacing	   histidyl	   residues	   to	   the	   parental	   HA2	   subunit.	   The	   peptide	   is	  

protonated	  and	  shows	  buffering	  capacity	  under	  mild	  acidic	  circumstance	  leading	  

to	   endosomal	   membrane	   destabilization	   and	   rupture	   through	   proton	   sponge	  

effect	  [71,	  108].	  

	  

1.1.6.2.6	  Chemical	  endosomal	  escape	  agents	  

	  

Several	   chemical	   agents	   have	   been	   reported	   for	   their	   endosome	   disruptive	  

properties.	  According	  to	  their	  buffering	  capacity	  within	  a	  range	  of	  pH	  7.5-‐5.0,	  PEI	  

and	   imidazole-‐containing	   polymers	   can	   mediate	   endosomal	   rupture	   through	  

proton	   sponge	   effect	   [75,	   108,	   109].	   Additionally,	   poly	   (amidoamine)s	   (PAAs)	  

possessing	  buffer	  capacities	  in	  the	  higher	  pH	  range	  (pH	  7.4–5.1),	  may	  favourably	  

contribute	  to	  the	  endosomal	  escape	  than	  PEI	  [74].	  It	  also	  has	  been	  reported	  that	  

poly(propylacrylic	   acid)	   (PPAA)	   can	   enhance	   endosomal	   escape	   capability	   and	  

improve	   transfection	   efficiency	   of	   non-‐viral	   vectors	   [110].	   Lastly,	   some	   agents	  

such	   as	   ammonium	   chloride,	   chloroquine	   and	   methylamine	   have	   penetrating	  

property	   on	   cellular	   and	   vesicular	   membranes	   and	   can	   act	   as	   proton	   sponge	  

during	   endosomal	   acidification.	   However,	   they	   are	   less	   popular	   than	   other	  

endosomolytic	  agents	  [111].	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



P a g e 	  |	  35	  
	  

1.2.	  Gene	  delivery	  for	  cancer	  immunotherapy	  
	  

1.2.1	  Cancer	  immunotherapy	  
	  

Cancer	  is	  one	  of	  the	  leading	  causes	  of	  death	  worldwide	  along	  with	  heart	  diseases	  

[112].	  Because	  it	  is	  a	  major	  public	  health	  problem,	  many	  researchers	  have	  been	  

intensively	   focused	   on	   cancer	   treatments.	   Over	   the	   past	   decades,	   the	   fate	   of	  

cancer	  patients	   generally	   relies	  on	   conventional	   treatments	  which	  are	   surgery,	  

chemotherapy	  and	  radiotherapy.	   In	  some	  patients,	   the	  disease	  can	  be	  cured	  by	  

these	  conventional	  strategies	  but	  in	  many	  cases	  cancer	  cells	  are	  not	  completely	  

eliminated	   and	   cause	   recurrence.	   Among	   these	   strategies,	   surgery	   is	   the	  most	  

effective	   treatment	   for	   localized	   primary	   tumours	   while	   chemotherapy	   and	  

radiotherapy	  are	  usually	  applied	  as	  a	  combination	  on	  various	  cancers.	  However,	  

chemotherapy	   which	   a	   hallmark	   of	   the	   treatments	   is	   not	   applicable	   for	   some	  

cancer	  types	  or	  some	  individual	  patients	  and	  comes	  with	  unpleasant	  side	  effects	  

because	   most	   of	   chemotherapeutic	   drugs	   are	   harmful	   to	   normal	   cells.	   Most	  

recently,	  cancer	  therapy	  has	  been	  slightly	  shifted	  from	  conventional	  treatments	  

to	  new	  strategies	  such	  as	  targeted	  therapy	  and	  immunotherapy	  [113].	  

	  

After	  decades	  of	  extensive	  studies	  dedicated	  to	  the	  relationship	  between	  cancer	  

and	   immunity,	   cancer	   immunotherapy	   has	   revolutionized	   oncological	   research	  

and	  offered	  alternative	  options	  for	  treating	  many	  types	  of	  cancer	  [114].	  Based	  on	  

the	   fact	   that	   the	   immune	   system	   is	   able	   to	   spontaneously	   recognize	   tumour	  

antigens	   and	   subsequently	   generates	   cytotoxic	   responses	   against	   the	   tumours,	  

cancer	   immunotherapy	   mainly	   focuses	   on	   improving	   or	   generating	   a	   specific	  

immunity	   through	   the	   generation	   of	   tumour	   specific	   cytotoxic	   T	   lymphocytes	  

[115].	  This	  new	  therapeutic	  strategy	  can	  be	  pursued	  in	  various	  approaches	  such	  

as	   cancer	   vaccines,	   adoptive	   T-‐cell	   therapy	   and	   immune	   checkpoint	   inhibitors.	  

Comparing	  to	  conventional	  treatments,	  cancer	  immunotherapy	  tends	  to	  be	  more	  

attractive	  as	   it	   can	  be	  manipulated	   to	  effectively	  destroy	  cancer	  cells	  but	  spare	  

the	   healthy	   tissues.	   At	   present,	   cancer	   immunotherapy	   field	   is	   growing	  

tremendously	   and	   several	   clinical	   trials	   have	   investigated	   their	   potentials	   in	  

cancer	  patients	  [116,	  117].	  
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1.2.2	  Cancer	  immunosurveillance	  and	  immunoediting	  
	  

In	   order	   to	   develop	   effective	   therapeutic	   strategies,	   a	   clear	   understanding	   in	  

principal	   of	   tumour	   biology	   and	   immunology	   is	   required.	   Also,	   it	   has	   been	  

suggested	   from	   preclinical	   and	   clinical	   research	   that	   an	   interaction	   between	  

tumours	   and	   host	   immune	   system	   plays	   a	   key	   role	   for	   a	   successful	   cancer	  

immunotherapy.	  

	  

The	   concept	   of	   cancer	   immunosurveillance	   was	   initially	   hypothesised	   by	   Paul	  

Ehrlich	   in	   1909	   that	   the	   immune	   system	   could	   repress	   cancer	   growth	   and	  

emphasised	  by	  Macfarlane	  Burnet	  and	  Lewis	  Thomas	  in	  approximately	  50	  years	  

later	  stating	   that	   the	   immune	  cells	  constantly	  surveyed	  and	  eliminated	  nascent	  

transformed	  cells	  from	  host	  tissues.	  The	  hypothesis	  was	  expanded	  from	  further	  

investigations	  that	  this	  inspecting	  action	  was	  an	  incorporation	  of	  both	  innate	  and	  

adaptive	   immunity	   [118].	   However,	   scientists	   have	   later	   recognised	   that	   the	  

immunosurveillance	  may	   represent	   only	   one	   dimension	   of	   the	   cancer-‐immune	  

system	  relationship	  because	  the	  host	  protecting	  aspect	  ultimately	  fails	  leading	  to	  

clinical	  appearance	  of	  cancer.	  Based	  on	  the	  new	  findings	  that	  host	  immunity	  does	  

not	   provide	   only	   protective	   duty	   against	   cancer	   but	   also	   promotes	   cancer	  

development	   to	   escape	   the	   immune	   control,	   cancer	   immunoediting	   has	   been	  

proposed	   as	   a	   conceptual	   framework	   of	   dynamic	   interactions	   between	   the	  

immune	  system	  and	  developing	  cancers	  [119,	  120].	  

	  

In	   a	   complex	   interaction	   between	   cancer	   and	   host	   immune	   system,	   cancer	  

immunoediting	   is	   a	   dynamic	   process	   consisting	   of	   three	   phases;	   elimination,	  

equilibrium,	   and	   escape.	   In	   general,	   cancer	   outgrowth	   proceeds	   through	   these	  

phases	  consecutively	  and	  can	  transit	  in	  a	  bidirectional	  manner.	  The	  elimination	  

phase	  corresponds	  with	  classical	  concept	  of	  cancer	  immunosurveillance	  in	  which	  

the	  transformed	  cells	  present	  some	   immunogenic	  elements	   that	  are	  recognised	  

and	   destroyed	   by	   the	   immune	   cells.	  Many	   preclinical	   and	   human	   studies	   have	  

confirmed	  that	  the	  elimination	  phase	  requires	  a	  contribution	  of	  several	  immune	  

molecules	   and	   cells	   from	   both	   the	   innate	   and	   adaptive	   immunity	   including	   T	  

cells,	  NK	  cells	  and	  macrophages.	  The	  anti-‐tumour	  immunity	  in	  this	  phase	  occurs	  
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according	   to	   an	   expression	   of	   tumour	   antigens,	   MHC	   class	   I,	   Fas	   and	   TRAIL	  

receptor	  on	  tumour	  cells	  as	  well	  as	  perforin,	  granzymes,	  interferons,	  interleukins	  

and	  TNF-‐α	   in	   the	   tumour	  microenvironment.	  Sometimes	  the	   immune	  system	  is	  

able	   to	   eradicate	   tumour	   cells	   completely	   therefore	   the	   elimination	   phase	  

represents	  the	  full	  extent	  of	  the	  process	  otherwise	  the	  tumours	  remain	  dormant	  

in	   equilibrium	   phase.	   Generally,	   equilibrium	   phase	   is	   a	   balance	   between	   anti-‐

tumour	   and	   tumour	   promoting	   cytokines	   aiming	   to	   keep	   the	   tumour	   under	  

control.	  To	  remain	   in	   this	  phase,	  adaptive	   immunity	   is	  required	  to	  conserve	   its	  

action	  especially	  interleukin-‐12,	  interferon-‐γ,	  helper	  T	  cells	  and	  cytotoxic	  T	  cells.	  

However,	   in	  most	  of	   the	   cases,	   tumour	   cells	  have	  become	  more	  heterogeneous	  

under	   the	   constant	   immune	   pressure	   resulting	   in	   a	   diverse	   collection	   of	   cells	  

harbouring	  distinct	  molecular	  signatures	  making	  the	  situation	  more	  challenging	  

for	   the	   anti-‐tumour	   immunity.	   Further,	   the	   tumours	   often	   evolve	   several	  

mechanisms	  to	  avoid	  the	  immune	  inspection	  paving	  their	  way	  to	  the	  last	  phase	  

of	  cancer	  immunoediting.	  The	  escape	  phase	  occurs	  when	  anti-‐tumour	  immunity	  

fails	  to	  restrict	  tumour	  outgrowth	  resulting	  in	  clinical	  appearance	  of	  the	  disease.	  

The	   findings	   from	   extensive	   studies	   show	   that	   tumour	   cells	   in	   this	   phase	  

establish	  direct	  and	  indirect	  mechanisms	  such	  as	  evading	  immune	  recognition	  or	  

developing	   immunosuppressive	   tumour	   microenvironment	   to	   benefit	   their	  

growth	  and	  metastases	  (Figure	  1.5)	  [118-‐122].	  	  

	  

According	   to	   immunoediting	   hypothesis,	   it	   is	   suggested	   that	   host	   immunity	   is	  

capable	  of	  controlling	  cancer	  progress	  through	  their	  complex	  relationship.	  Thus,	  

an	   improved	   understanding	   of	   the	   interaction	   between	   cancer	   and	   immune	  

system	   may	   offer	   a	   shorten	   journey	   to	   reach	   a	   capstone	   of	   cancer	  

immunotherapy	  to	  control	  or	  eliminate	  cancer	  cells.	  	  
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Figure	  1.5.	  Three	  phases	  of	  cancer	  immunoediting.	  

Normal	   cells	   (gray)	   subject	   to	   oncogenic	   stimuli,	   undergo	   transformation	   and	  

become	   tumour	   cells	   (red).	   At	   early	   stages	   of	   tumorigenesis,	   these	   cells	   may	  

express	   distinct	   tumour-‐specific	   markers	   and	   generate	   “danger”	   signals	   to	  

initiate	   the	   cancer	   immunoediting	  process.	  During	   elimination	  phase,	   cells	   and	  

molecules	   of	   innate	   and	   adaptive	   immunity	   may	   eradicate	   the	   developing	  

tumour	  cells	  and	  protect	  the	  host	   from	  tumour	  formation.	   If	   this	  process	   is	  not	  

successful,	   the	   tumour	   cells	   may	   enter	   equilibrium	   phase	   where	   they	   can	   be	  

either	   maintained	   chronically	   or	   immunologically	   sculpted	   to	   produce	   new	  

populations	   of	   tumour	   variants.	   These	   variants	   may	   eventually	   evade	   the	  

immune	  system	  by	  a	  variety	  of	  mechanisms	  and	  become	  clinically	  detectable	  in	  

the	  escape	  phase	  [118].	  	  
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1.2.3	  Tumour	  microenvironment	  and	  immune	  escape	  mechanisms	  
	  

According	   to	   the	  concept	  of	   cancer	   immunosurveillance,	   the	   immune	  system	   is	  

able	  to	  retain	  cancer	  outgrowth	  and	  eradicate	  the	  cancer	  populations.	  However,	  

it	  has	  been	  found	  that	  tumour	  cells	  can	  escape	  if	  the	  immunologic	  equilibrium	  is	  

not	  effectively	  maintained.	  Also,	  many	  studies	  have	  shown	  the	  capability	  of	   the	  

tumour	   cells	   to	   develop	   sophisticated	  mechanisms	   to	   avoid	   immune-‐mediated	  

elimination.	   This	   emphasises	   the	   impact	   of	   tumour-‐immune	   cell	   relationship	  

within	  tumour	  microenvironment	  that	  can	  lead	  to	  either	  tumour	  progression	  or	  

rejection	  [123,	  124].	  

	  

Tumour	  microenvironment	  consists	  of	  heterogeneous	  group	  of	  tumour	  cells	  and	  

diverse	   types	  of	   immune	   cells	  whose	   interplay	   can	  determine	   the	   tumour	   fate.	  

Several	  cytokines	  secreted	  from	  those	  cells	  provide	  key	  signals	  to	  either	  keep	  the	  

tumours	  survive	  quiescently	  in	  the	  equilibrium	  phase	  or	  let	  them	  outgrow	  [125].	  

It	   is	   undoubted	   that	   the	   presence	   of	   cytotoxic	  T	   cells,	   natural	   killer	   (NK)	   cells,	  

mature	   dendritic	   cells	   (DCs)	   as	   well	   as	   IFN-‐γ,	   TNFα,	   IL-‐12	   and	   IL-‐2	   within	  

tumour	  microenvironment	  play	  essential	   role	   to	  promote	   tumour	  cell	  death.	   In	  

contrast,	   the	   population	   of	   regulatory	   T	   cells	   (Treg),	   regulatory	   B	   cells	   (Breg),	  

myeloid-‐derived	   suppressor	   cells	   (MDSC)	   as	   well	   as	   the	   secretion	   of	  

transforming	   growth	   factor	   β	   (TGFβ)	   and	   vascular	   endothelial	   growth	   factor	  

(VEGF)	   tend	   to	   induce	   tumour-‐immunosuppressive	   microenvironment	   leading	  

to	  tumour	  outgrowth.	  Also,	  some	  immune	  cells	  such	  as	  immature	  dendritic	  cells,	  

T	   helper	   (Th0)	   cells	   and	   macrophages	   seem	   to	   possess	   plasticity	   that	   can	   be	  

exploited	   by	   tumour	   cells	   to	   promote	   their	   survival.	   VEGF	   secreted	  by	   tumour	  

cells	  can	  inhibit	  DC	  maturation	  and	  tip	  the	  function	  of	  immature	  DCs	  to	  tumour	  

progression	  [126].	  Th0	  cells	  can	  differentiate	  into	  all	  T	  helper	  cells	  including	  type	  

1	  T-‐helper	   (Th1)	   cells,	   type	  2	  T-‐helper	   (Th2)	   cells	   and	   regulatory	  T	   (Treg)	   cells,	  

depending	   upon	   cytokines	   they	   are	   exposed	   to.	   For	   example,	   Th1	   cells	   which	  

promote	  tumour	  killing	  are	  differentiated	  from	  Th0	  exposed	  to	  IL-‐12.	  Conversely,	  

when	   exposing	   to	   IL-‐4	   and	   IL-‐13,	   Th0	  cells	   tend	   to	   differentiate	   into	   Th2	   cells	  

which	   are	   associated	  with	   tumour	   progression.	   Last	   but	   not	   least,	   it	   has	   been	  

found	   that	   the	   population	   of	   Treg	   cells,	   which	   plays	   an	   important	   role	   in	  
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preventing	  the	   immune	  response	  against	   tumours,	   is	  expanded	   in	   the	  presence	  

of	  TGFβ	  and	  IL-‐10	  [127,	  128].	  In	  term	  of	  macrophages,	  type	  1	  macrophages	  (M1)	  

promote	   anti-‐tumour	   activity	   via	   an	   induction	   of	   nitric	   oxide	   (NO)	   and	   ARG1	  

expression.	   In	   contrast,	   type	   2	   macrophages	   (M2)	   or	   tumour-‐associated	  

macrophages	  (TAMs)	  which	  support	  metastasis	  are	  induced	  by	  exposing	  to	  IL-‐4,	  

IL-‐10	  and	  TGF-‐β1	  [129-‐131].	  The	  functional	  network	  of	  these	  immune	  cells	  and	  

the	   cytokines	  within	   tumour	  microenvironment	   is	   complex	   and	  many	   of	   them	  

remain	   under	   investigation.	   Tipping	   the	   balance	   of	   these	   cells	   can	   induce	  

immunosuppression	  leading	  to	  tumour	  growth,	  survival	  and	  invasion	  [132].	  	  

	  

	  

	  
	  

Figure	  1.6.	  Cytokines	  and	  immune	  cells	  within	  tumour	  microenvironment.	  

Tumour	  microenvironment	  consists	  of	  heterogeneous	  group	  of	  tumour	  cells	  and	  

diverse	   types	  of	   immune	   cells	  whose	   interplay	   can	  determine	   the	   tumour	   fate.	  

Several	   immune	   cells	   and	   cytokines	   released	   from	   either	   the	   immune	   cells	  

and/or	   tumour	   cells	   can	   either	   induce	   anti-‐tumour	   immunity	   or	   generate	  

immunosuppressive	  environment	  [132].	  
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It	   has	  been	   suggested	   that	   the	   immune	  pressure	  during	   elimination	  phase	   and	  

their	  genomic	  instability	  can	  induce	  tumour	  cells	  to	  develop	  distinct	  mechanisms	  

to	  escape	  the	  immune	  recognition	  and	  elimination	  [125,	  132,	  133].	  This	  has	  been	  

confirmed	   by	   many	   studies	   stating	   that	   tumour	   cells	   become	   invisible	   to	   the	  

immune	   system	   by	   losing	   their	   antigenicity	   and/or	   immunogenicity	   through	  

many	   tactics.	   For	   instant,	   the	   tumours	   can	   manage	   to	   acquire	   deficiencies	   in	  

antigen	   presentation	   including	   the	   downregulation	   of	  major	   histocompatibility	  

complex	  (MHC)	  class	  I,	  also	  known	  as	  human	  leucocyte	  antigen	  (HLA)	  class	  I,	  and	  

the	  dysregulation	  of	  antigen	  processing	  machinery.	  This	  antigenic	   loss	  disturbs	  

antigen	   presentation	   capacity	   in	   the	   context	   of	   a	   peptide-‐MHC	   complex	   and	  

allows	   the	   tumours	   to	   escape	   the	   elimination	   mediated	   by	   tumour-‐specific	   T	  

cells	   [134].	  Most	   recently,	   the	   expression	  of	  MHC	   class	   I	   and	   II	   can	  be	  used	   as	  

independent	   markers	   to	   predict	   the	   efficacy	   of	   immunotherapy	   and	  

chemotherapy	  in	  some	  cancers	  [135-‐137].	  In	  addition,	  the	  antigenic	  tumours	  can	  

escape	   elimination	   by	   decreasing	   their	   immunogenicity.	   Due	   to	   their	  

heterogeneous	  populations,	   the	   tumours	  harbour	   various	  molecular	   signatures	  

with	   differential	   levels	   of	   immunogenicity.	   Mutational	   analysis	   of	   some	   solid	  

tumours	  has	   shown	  a	   significant	   immunogenic	  variability	  among	   tumour	   types	  

that	   can	  determine	   their	   response	   to	   immunotherapy.	   For	   example,	  melanoma	  

express	  a	  number	  of	  immunogenic	  mutated	  antigens	  as	  a	  result	  from	  their	  high	  

mutation	  rate	  while	  pancreatic	  ductal	  adenocarcinoma	  (PDAC)	  is	  considered	  as	  

non-‐immunogenic	  according	   to	   their	   low	  mutation	  rate	   [138,	  139].	  However,	   it	  

has	   been	   found	   that	   not	   all	   mutated	   antigens	   are	   strongly	   immunogenic	   and	  

some	   non-‐mutated	   antigens	   show	   their	   capability	   as	   key	   targets	   for	   cancer	  

immunotherapy	   [140].	   Finally,	   tumours	   can	   up-‐regulate	   the	   expression	   of	  

immunoinhibitory	   molecule	   such	   as	   PD-‐L1	   to	   become	   non-‐immunogenic	   to	  

tumour-‐specific	  T	  cells.	  The	  interaction	  between	  PD-‐L1	  on	  tumour	  cells	  and	  PD-‐1	  

on	  cytotoxic	  T	  cells	  hinders	  T	  cell	  mediated	  cytotoxicity	  and	  leaves	  the	  tumours	  

survive.	   Although	   the	   discovery	   of	   membranous	   PD-‐L1	   and	   its	   function	   has	  

encouraged	   many	   development	   of	   anti-‐PD-‐1	   and	   anti-‐PD-‐L1	   antibodies,	   it	   has	  

been	   suggested	   that	   not	   every	   PD-‐L1+	   tumour	   cells	   are	   associated	   with	   the	  

infiltrated	  immune	  cells	  and	  some	  PD-‐L1+	  tumours	  are	  unresponsive	  to	  anti-‐PD-‐

1	  immunotherapy	  [141,	  142].	  	  
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It	   is	  clearly	  shown	  that	   the	  complex	   interaction	  between	  the	   tumours	  and	  host	  

immune	  system	  plays	  an	  important	  role	  to	  determine	  the	  death	  or	  survival	  of	  the	  

tumours.	   These	   lead	   to	   the	   development	   of	   various	   cancer	   therapeutic	  

approaches	   targeting	   immune	   cells	   or	   other	   elements	   within	   the	   tumour	  

microenvironment	  [125].	  	  

	  

1.2.4	  Classes	  of	  cancer	  Immunotherapy	  
	  

Since	  cancer	  immunotherapy	  has	  gained	  attention	  in	  the	  field	  of	  cancer,	  varieties	  

of	   therapeutic	   approaches	   have	   been	   developed	   based	   on	   oncological	   and	  

immunological	  knowledge.	  These	  approaches	  can	  be	  generally	   categorised	   into	  

five	   classes	   as	   follow;	   immune	   checkpoint	   inhibitors,	   cytokine	   therapy,	  

engineered	   T	   cells,	   agonistic	   antibodies	   against	   co-‐stimulatory	   receptors,	   and	  

cancer	  vaccines.	  However,	  some	  of	  them	  can	  fit	  into	  one	  or	  more	  of	  these	  classes	  

[143].	  

	  

1.2.4.1	  Immune	  checkpoint	  inhibitors	  

	  

This	  approach	  has	  been	  proposed	  based	  on	  the	  ability	  of	   immune	  cells	   to	  keep	  

healthy	   tissues	   safe	   through	   their	   checkpoint	  molecules	   such	   as	   PD-‐1	   receptor	  

expressed	  on	  activated	  T	   cells.	  However,	   tumour	   cells	  have	   evolved	   to	   express	  

antagonistic	   elements	   called	   PD-‐L1	   aiming	   to	   manipulate	   the	   immune	  

recognition.	  The	  binding	  of	  PD-‐1	  and	  PD-‐L1	   inhibits	  T	   cell	   activity	  because	   the	  

tumour	   cells	   are	   recognised	   as	   normal	   cells.	   Thus,	   monoclonal	   antibodies	  

targeting	   either	   PD-‐1	   or	   PD-‐L1	   have	   been	   generated	   to	   block	   this	   interaction	  

leading	   to	   tumour	   cell	   death	   [144-‐147].	   In	   addition,	   anti	   CTLA4	   antibody	   is	  

another	   common	   checkpoint	   inhibitor	   to	   block	   the	   interaction	  between	  CTLA4	  

on	   T	   cells	   and	   its	   ligands,	   CD80	   and	   CD86.	   Although	   a	   precise	   cellular	  

mechanisms	   of	   CTLA4	   blockade	   still	   remains	   under	   investigation,	   it	   has	   been	  

shown	  that	  the	  blockade	  allows	  T	  cells	  to	  remain	  active	  and	  mediate	  anti-‐tumour	  

activity	   [148,	   149].	   Over	   the	   past	   few	   years,	   clinical	   impact	   of	   the	   checkpoint	  

inhibitor	   approach	  has	   grown	   intensively	   as	   five	  PD-‐1	  or	  PD-‐L1	   inhibitors	   and	  

one	  CTLA4	  inhibitor	  have	  been	  approved	  to	  treat	  various	  cancers.	  The	  inhibitors	  
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have	  been	  reported	  to	  increase	  overall	  survival	  cancer	  patients	  and	  been	  applied	  

in	   combination	   with	   chemotherapy	   or	   other	   targeted	   agents.	   However,	   it	   is	  

worth	  to	  note	  that	  systemic	  administration	  of	  these	  inhibitors	  sometimes	  causes	  

severe	   side	   effects	   and	  many	   patients	   do	   not	   respond	   to	   treatment	  with	   these	  

checkpoint	  inhibitors	  [150-‐153].	  

	  

1.2.4.2	  Lymphocyte-‐promoting	  cytokines	  

	  

Because	   anti-‐tumour	   immunity	   mainly	   relies	   on	   the	   function	   of	   particular	  

immune	   cells	   such	   as	   T	   cells,	   some	   cytokines	   related	   to	   their	   activation	   and	  

function	   have	   been	   proposed	   as	   another	   approach	   for	   cancer	   immunotherapy.	  

This	   cytokine	   strategy	   principally	   focuses	   on	   three	   groups	   of	   cytokines;	  

interleukins,	  interferons,	  and	  granulocyte–macrophage	  colony-‐stimulating	  factor	  

(GM-‐CSF)	  [154].	  It	  is	  undoubted	  that	  interleukins	  play	  major	  roles	  for	  CD4+	  and	  

CD8+	   T	   cells	   proliferation	   and	   activation	   that	   lead	   to	   anti-‐tumour	   immunity.	  

Therefore,	  many	  interleukins	  such	  as	  IL-‐2,	  IL-‐4,	  IL-‐12,	  IL-‐15	  and	  IL-‐21	  have	  been	  

investigated	   and	   showed	   promising	   therapeutic	   outcomes	   in	   various	   tumour	  

types	  [155-‐161].	  Similarly,	  interferons	  have	  been	  reported	  for	  their	  activities	  to	  

eliminate	  tumour	  cells	  and	  inhibit	  angiogenesis	  [162-‐165].	   In	  addition,	  the	  first	  

cytokine	   treatment	   approved	   by	   FDA	   in	   1986	  was	   a	   recombinant	   interferon-‐α	  

(IFNα)	  for	  treating	  hairy	  cell	   leukaemia	  [166].	  Finally,	  GM-‐CSF	  has	  been	  widely	  

used	   in	   cancer	   immunotherapy	   regarding	   to	   its	   function	   to	   promote	   T	   cell	  

homeostasis	   and	   to	   support	   dendritic	   cell	   differentiation	   which	   eventually	  

benefit	   anti-‐tumour	   immunity	   [167-‐169].	   Despite	   various	   advantages	   on	   anti-‐

tumour	   immunity,	   this	   strategy	   generally	   requires	   relatively	   high	   dose	   of	   the	  

cytokines	   due	   to	   their	   short	   half-‐life	  which	   can	   lead	   to	   serious	   adverse	   effects	  

including	   cytokine	   release	   syndrome	   and	   vascular	   leak	   syndrome.	   Further,	  

cytokine	   therapy	   can	   promote	   the	   survival	   of	   regulatory	   T	   cells	   that	   renders	  

immunosuppressive	  situation	  [154,	  170-‐172].	  
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1.2.4.3	  Engineered	  T	  cells	  

	  

This	   strategy	   usually	   refers	   to	   chimeric	   antigen	   receptor	   (CAR)	   T	   and	   T	   cell	  

receptor	  (TCR)	  T	  cells.	  Unlike	  others,	  this	  strategy	  requires	  T	  cell	  collection	  from	  

patient	  for	  the	  genetic	  modification	  and	  re-‐administration	  of	  the	  modified	  T	  cells	  

into	   the	   same	   patient.	   Therefore,	   it	   is	   preferably	   considered	   as	   personalised	  

therapy.	   CAR	   T	   cells	   are	   MHC-‐independent	   as	   they	   can	   recognise	   the	   specific	  

tumour	   antigens	   through	   CAR	   receptors	   whereas	   TCR	   T	   cells	   respond	   to	   the	  

antigens	  presented	  by	  MHC.	  However,	  both	  of	  them	  induce	  tumour	  cell	  death	  via	  

T	  cell-‐mediated	  cytotoxicity	  [173].	  In	  addition,	  it	  has	  been	  suggested	  that	  CAR	  T	  

cell	   strategy	   is	   typically	   a	   one-‐time	   therapy	  which	   the	   cells	   can	   continue	   their	  

activity	  for	  over	  a	  decade	  after	  injection	  [174].	  

	  

Regarding	  their	  clinical	  successes	  and	  FDA	  approvals,	  CAR	  T	  cells	  have	  currently	  

gained	   much	   attention	   in	   the	   field	   of	   immunotherapy.	   The	   clinical	   success	   of	  

CD19	   CAR	   T	   cells,	   namely	   axicabtagene	   ciloleucel	   for	   diffuse	   large	   B	   cell	  

lymphoma	   and	   tisagenlecleucel	   for	   acute	   lymphoblastic	   leukaemia	   and	   diffuse	  

large	  B	  cell	  lymphoma,	  has	  encouraged	  great	  efforts	  to	  engineer	  CAR	  T	  cells	  for	  

many	  different	  target	  antigens	  [175,	  176].	  However,	  the	  target	  antigens	  for	  TCR	  

T	  cells	  are	  generally	  shared	  antigens,	  such	  as	  cancer–testis	  antigens,	  or	  patient-‐

specific	   neoantigens	   derived	   from	   tumour	   mutations	   [177].	   Although,	   many	  

patients	   have	   achieved	   benefits	   from	   these	   therapeutic	   strategies,	   e.g.	   tumour	  

elimination	  and	  prolonged	  overall	  survival,	  CAR	  T	  cells	  and	  TCR	  T	  cells	  can	  cause	  

cytokine	   release	   syndrome	   and	   neurotoxicity	   [178,	   179].	   Also,	   the	   clinical	  

successes	  of	  CAR	  T	  cells	  and	  TCR	  T	  cells	  are	  mainly	  on	  haematological	  tumours	  

but	  are	  still	  limited	  for	  solid	  tumours.	  	  

	  

1.2.4.4	  Co-‐stimulatory	  receptor	  agonists	  

	  

Majority	  of	   agonistic	   antibodies	  are	  designed	   to	   target	  T	   cell	   receptors	   such	  as	  

co-‐stimulatory	  receptor	  (CD28)	  and	  tumour	  necrosis	  factor	  receptor	  (4-‐1BB	  and	  

OX40)	   aiming	   to	   trigger	   intracellular	   signalling	   pathways	   that	   relate	   to	   T	   cell	  

proliferation,	   survival	   and	   effective	   function	   against	   cancer	   cells	   [180].	   At	  
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present,	   two	   agonistic	   antibodies	   targeting	   4-‐1BB	   (namely	   utomilumab	   and	  

urelumab)	   and	   a	   number	   of	   antibodies	   targeting	  OX40	   have	   been	   investigated	  

under	   phase	   II	   clinical	   trials	   [181-‐183].	   In	   addition,	  many	   studies	   have	   shown	  

some	  shortcomings	  of	  the	  agonistic	  antibodies	  that	  need	  to	  be	  concerned	  such	  as	  

the	  dose-‐limiting	  toxicities,	  the	  specificity	  on	  certain	  T	  cell	  subtype	  and	  the	  effect	  

on	  regulatory	  T	  cell	  activity	  [180,	  184].	  

	  

1.2.4.5	  Cancer	  vaccines	  

	  

Vaccines	   have	   been	   the	   greatest	   triumphs	   of	  medicine	   to	   prevent	   numerous	  

infectious	   diseases	   by	   training	   host	   immunity	   to	   rapidly	   and	   specifically	  

destroy	   outraged	   pathogen.	   Taking	   this	   concept	   into	   cancer	   therapy,	   cancer	  

vaccines	   have	   been	   proposed	   to	   enhance	   the	   potential	   of	   immune	   system	  

against	   cancer.	  However,	   the	   cancer	  vaccines	   aim	   for	   therapeutic	   action	   rather	  

than	  the	  protective	  aspect	  of	  the	  traditional	  vaccines.	  This	  strategy	  requires	  the	  

knowledge	  and	  technology	  for	  two	  fundamentals;	  vaccine	  platform	  development	  

and	   target	   antigen	   identification	   [185].	   The	   vaccine	   platform	   generally	  

categorised	   into	   cellular	   vaccines,	   peptide	   vaccines,	   nucleic	   acid	   vaccines	   and	  

viral	   vector	   vaccines.	   It	   has	   been	   suggested	   from	  many	   studies	   that	   choosing	  

the	  suitable	  vaccine	  platforms	  is	  essential	   for	  a	  successful	   therapy.	  According	  

to	   vaccine	   technology,	   there	   are	   many	   considerations	   including	   adjuvants,	  

doses,	   routes	   of	   administration	   and	   vaccine	   types	   need	   to	   be	   addressed	   to	  

construct	   a	   potential	   vaccine	   platform	   [186-‐188].	   Also,	   each	   type	   of	   the	  

platform	  has	  different	  advantages	  and	  drawbacks	  that	  may	  require	  particular	  

development	   and	   trouble-‐shooting.	   Despite	   many	   signs	   of	   success	   for	   the	  

cancer	  vaccine	  strategy	  in	  clinical	  trials,	  the	  development	  of	  vaccine	  platforms	  

still	  have	  a	  long	  journey	  to	  reach	  their	  final	  stage	  [185,	  188].	  

	  

In	   the	   mean	   times,	   there	   is	   a	   wide	   range	   of	   target	   antigens	   characterised	   for	  

cancer	  vaccine	  strategy	  that	  can	  fit	   into	  two	  general	  classes;	  tumour-‐associated	  

antigens	  (TAAs)	  and	  tumour-‐specific	  antigens	  (TSAs)	  (Figure	  1.7).	  The	  TAAs	  are	  

self-‐proteins	   that	   are	   abnormally	   expressed	   in	   tumour	   cells	   but	   probably	  

expressed	   at	   some	   level	   in	   normal.	  MAGE-‐A3,	  NY-‐ESO-‐1,	   p53,	  MUC-‐1,	   gp100,	  
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MART-‐1,	   HER-‐2,	   mesothelin,	   prostate-‐specific	   antigen	   (PSA),	   prostatic	   acid	  

phosphatase	   (PAP)	   and	   prostate-‐specific	   membrane	   antigen	   (PSMA)	   are	   the	  

common	  TAAs	  used	   in	   therapeutic	   cancer	   vaccines	   [187,	   189-‐196].	   Although	  

many	   TAA-‐directed	   vaccines	   have	   been	   reported	   for	   their	   efficiency	   in	   the	  

clinic,	   the	   immune	   response	  does	  not	   appear	   to	  be	   strong	  enough	   to	  achieve	  

significant	  therapeutic	  impact.	  One	  possible	  reason	  for	  this	  insufficiency	  is	  that	  

the	   TAAs	   are	   self-‐antigens	   which	   can	   generate	   immune	   tolerance	   [185].	  

Conversely,	   TSAs	   including	   oncoviral	   antigens	   derived	   from	   oncoviruses	   and	  

neoantigens	   encoded	   by	   cancerous	  mutated	   genes,	   are	   truly	   tumour-‐specific	  

and	   can	   be	   highly	   immunogenic.	   Among	   many	   types	   of	   cancer	   caused	   by	  

viruses,	   there	   are	  only	   two	  preventive	   vaccines	  available,	   one	   for	  hepatitis	  B	  

virus	   (HBV)	   and	   the	   other	   for	   human	   papillomavirus	   (HPV).	   The	   vaccines	  

comprised	  of	  HBV	  surface	  antigens	  have	  been	  reported	   for	   their	  efficiency	   to	  

prevent	  hepatocellular	  carcinoma	  (HCC),	  as	  well	  as,	  HPV-‐like	  particle	  vaccine	  

have	  shown	  significant	  protection	  against	  HPV	  infection	  therefore	  preventing	  

cervical	   carcinoma	   [197-‐199].	   Regarding	   the	   immunogenicity	   and	   efficacy	   to	  

stimulate	  the	  immune	  response,	  E6	  and	  E7	  oncoproteins	  from	  HPV	  have	  been	  

currently	  tested	  in	  clinical	  trials	  and	  shown	  encouraging	  signs	  of	  efficacy	  [200-‐

202].	  Similar	  to	  oncoproteins,	  neoantigens	  are	  foreign	  antigens	  with	  capability	  

to	  induce	  a	  strong	  immune	  response.	  The	  first	  breakthrough	  of	  the	  neoantigen	  

potential	   was	   performed	   in	   B16	  mouse	   melanoma	  model.	   In	   that	   study,	   the	  

vaccine	  comprised	  of	  synthetic	  long	  peptide	  (SLP)	  against	  two	  mutant	  antigens	  

showed	  a	   remarkable	  anti-‐tumour	  effect	   [203,	  204].	  These	  early	   results	  have	  

encouraged	   further	   investigation	   of	   cancer	   vaccines	   targeting	   neoantigens.	  

However,	  establishing	   this	  cancer	  vaccine	  strategy	   is	  challenging	  because	   the	  

majority	   of	   neoantigens	   are	   unique	   to	   individual	   patients’	   tumours	   and	  

required	  a	  personalized	  therapy	  [185,	  205].	  	  

	  

The	  first	  therapeutic	  cancer	  vaccine,	  sipuleucel-‐T,	  has	  been	  approved	  by	  FDA	  in	  

2010	  for	  treating	  prostate	  cancer.	  The	  sipucleucel-‐T	  is	  a	  cellular	  cancer	  vaccine	  

targeting	  the	  prostate	  differentiation	  antigen	  prostate	  acid	  phosphatase	  (PAP).	  It	  

can	  prolong	  overall	  survival	  in	  patients	  with	  hormone-‐resistant	  prostate	  cancer	  

by	   an	   average	   of	   3	   months.	   However,	   the	   exact	   action	   of	   sipucleucel-‐T	   still	  
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remains	  unclear	  as	  it	  is	  generated	  from	  autologous	  peripheral	  blood	  monocytes	  

(PBMCs)	  cultured	  with	  PAP	  linked	  to	  granulocyte-‐macrophage	  CSF	  (GM-‐CSF).	  As	  

such,	  activated	  DCs	  and	  T	  cells	  in	  PBMCs	  can	  take	  action	  to	  mediate	  anti-‐tumour	  

immunity	   [206].	   In	   addition,	   many	   therapeutic	   vaccines	   have	   been	   clinically	  

tested	  in	  patients	  with	  breast	  cancer,	  lung	  cancer,	  melanoma,	  pancreatic	  cancer,	  

colorectal	   cancer	   and	   renal	   cancer.	   At	   some	   points,	   a	   survival	   advantage	   was	  

achieved	  but	  no	  objective	  cancer	  regressions	  were	  noted	  yet	  [187].	  

	  

	  

	  
	  

Figure	  1.7.	  Target	  antigens	  for	  therapeutic	  cancer	  vaccine.	  

The	   antigens	   fall	   into	   two	   general	   classes:	   tumor-‐associated	   antigens	   (TAAs)	  

and	  tumor-‐specific	  antigens	  (TSAs)	  [185].	  
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1.3	  Bacteriophage	  vector	  in	  cancer	  immunotherapy	  
	  

After	   the	   first	   discovery	   by	   Frederick	   Twort	   and	   Felix	   d’Herelle,	   in	   1915	   and	  

1917	   respectively	   [207,	   208],	   bacteriophages	   have	   continuously	   been	   using	   in	  

many	   potential	   applications	   in	   the	   modern	   biotechnology,	   for	   example,	  

alternatives	   to	   antibiotics,	   tools	   for	   screening	   libraries	   of	   proteins,	   peptides	   or	  

antibodies	   and	   delivery	   vehicles	   for	   gene	   therapy.	   Recently,	   an	   increasing	  

number	   of	   these	   applications	   indicate	   the	   impact	   of	   bacteriophage	  particles	   as	  

nanocarriers	  for	  a	  wide	  array	  of	  use	  in	  both	  research	  and	  industry	  [209,	  210].	  In	  

term	   of	   cancer	   immunotherapy,	   the	   bacteriophages	   such	   as	   lambda	   and	  

filamentous	  phages	  are	  considered	  immunogenic	  and	  able	  to	  stimulate	  immune	  

response	   against	   their	   naive	   coat	   proteins	   as	   well	   as	   genomic	   elements	   [211,	  

212].	   Their	   immunogenicity	   relies	   on	   innate	   immune	   receptors	   TRL9	   and	   its	  

downstream	  pathway,	  MyD88-‐dependent	  mechanism	  [213,	  214].	  This	  led	  to	  the	  

development	   of	   several	   bacteriophage-‐based	   systems	   to	   activate	   innate	  

immunity	   and	   consequently	   trigger	   adaptive	   immune	   response	   [209,	  213,	  215,	  

216].	   The	   bacteriophages	   also	   contributed	   to	   overcome	   tumour-‐induced	  

immunosuppression	   due	   to	   their	   ability	   to	   activate	   innate	   immune	   cells	   and	  

promote	  pro-‐inflammatory	  activity	  within	  tumour	  microenvironment	  [217,	  218].	  

	  

The	   most	   common	   application	   of	   bacteriophages	   in	   cancer	   immunotherapy	   is	  

phage	  display	  of	  antitumour	  peptides	  and	  antibody	  libraries	  [219].	   In	  this	  case,	  

bacteriophage	  coat	  proteins	  are	  fused	  to	  specific	  peptides	  or	  cancer	  therapeutic	  

antibodies.	   Filamentous	   bacteriophages	   have	   been	   used	   to	   evaluate	   important	  

immunogenic	  antigens	  including	  mammary	  oncogene	  int-‐2,	  pentraxin	  I,	  integrin	  

β5,	   p53,	   centromere	   protein	   F,	   cathepsin	   L2,	   and	   S3	   ribosomal	   protein	   which	  

involved	   in	   humoral	   immune	   responses	   in	   breast	   cancer	   patients	   [220].	   The	  

phage	   display	   technology	   is	   also	   applied	   in	   active	   immunotherapy	   evaluating	  

many	   monoclonal	   antibodies	   for	   cancer	   therapy.	   For	   example,	   Fresolimumab	  

(GC-‐1008)	  neutralizes	  three	  isoforms	  of	  TGF-‐β	  which	  is	  overexpressed	  in	  many	  

tumour	   types,	   Mapatumumab	   (HGS-‐ETR1)	   and	   Lexatumumab	   (HGS-‐ETR2)	  

specifically	   binds	   to	   tumour	   necrosis	   factor-‐related	   apoptosis-‐inducing	   ligand	  
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receptor	   1	   (TRAIL-‐R1)	   and	   TRAIL-‐R2	   respectively,	   then,	   subsequently	   induces	  

apoptotic	  tumour	  cell	  death	  [221,	  222].	  	  

	  

Apart	   from	   the	   phage	   display	   technology,	   bacteriophages	   are	   also	   applied	   as	  

vaccines	   which	   can	   be	   exploited	   in	   two	   distinct	   approaches;	   by	   displaying	  

vaccine	   antigen	   on	   their	   coat	   proteins	   termed	   phage	   display	   vaccines;	   and	   by	  

using	   the	   bacteriophages	   to	   deliver	   DNA	   vaccine	   expression	   cassette	   called	  

phage	  DNA	  vaccines	  [209,	  223].	  Many	  studies	  have	  shown	  feasibility	  and	  efficacy	  

of	   phage	   display	   vaccines	   in	   cancer	   immunotherapy.	   Lambda	   bacteriophage	  

displaying	   GP2	   peptide	   derived	   from	   HER2/neu	   pro-‐oncogene	   was	   use	   as	   a	  

peptide	   vaccine	   against	   HER2/neu	   overexpressing	   tumours.	   The	   GP2-‐lambda	  

vaccine	   showed	   a	   robust	   CTL	   response	   against	   TUBO	   tumour	   in	   BALB/c	  mice	  

[224].	   Similarly,	   bacteriophage	   particle	   displaying	   Δ16HER2	   variant	   on	   coat	  

protein	   was	   used	   as	   an	   anti-‐cancer	   vaccine	   and	   reported	   to	   break	   immune	  

tolerance	   as	   well	   as	   trigger	   anti-‐Δ16HER2	   humoral	   response	   against	   HER2-‐

positive	   breast	   cancers	   [225].	   Filamentous	   bacteriophage	   displaying	   tumour	  

specific	   antigen	   epitope	  melanoma	   antigen	  A1161–169	   (MAGE-‐A1161–169)	   on	  pVIII	  

major	  coat	  proteins	  elicited	  antigen	  specific	  CTL	  responses	  and	  NK	  activity.	  The	  

MAGE-‐A1161–169	   phage	   vaccine	   also	   showed	   effective	   protection	   from	   tumour	  

growth	  and	  prolonged	  survival	  of	  tumour-‐bearing	  mice	  [226].	  On	  the	  other	  hand,	  

many	   bacteriophage-‐based	   vectors	   have	   been	   used	   as	   DNA	   vaccine	   delivery	  

vehicles	   to	   treat	   various	   diseases	   including	   cancer	   [227].	   	   Lambda	   phage	  

encoding	   E7	   gene	   of	   human	   papillomavirus	   type	   16	   (HPV-‐16	   E7)	   showed	  

therapeutic	   anti-‐tumour	   effects	   in	   C57BL/6	   tumour	   mouse	   model.	   The	   mice	  

vaccinated	   with	   lambda-‐HPV-‐16	   E7	   are	   able	   to	   generate	   potent	   therapeutic	  

antitumour	   effects	   against	   E7-‐expressing	   TC-‐1	   tumours	   [228].	   These	  

investigations	   suggest	   important	   features	   of	   bacteriophage-‐based	   vectors	   as	  

efficient	  delivery	   tools	  and	  expression	  platforms	   for	  cancer	  vaccine	  strategy.	   In	  

addition,	   the	   bacteriophages	   serve	   as	   strong	   adjuvants	   to	   enhance	   immune	  

responses	  toward	  the	  antigens	  displaying	  on	  their	  surfaces	  and	  are	  able	  to	  avoid	  

immunological	   tolerance	   against	   their	   self-‐proteins	   making	   them	   the	   ideal	  

system	  to	  deliver	  cancer	  antigens	  [229].	  	  
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Lastly,	   bacteriophages	   have	   also	   been	   exploited	   in	   targeted	   therapy	   as	   their	  

capsids	   are	   able	   to	   protect	   DNA	   from	   degradation	   and	   capable	   of	   displaying	  

foreign	  molecules	  for	  the	  targeting	  aspect	  [209,	  230].	  Filamentous	  bacteriophage	  

displaying	  fibroblast	  growth	  factor	  (FGF2)	  showed	  effective	  targeting	  efficacy	  on	  

COS-‐1	   cells	   resulting	   in	   receptor-‐mediated	   transduction	   and	   expression	   of	  

reporter	   gene	   [231,	   232].	   Moreover,	   MS2	   bacteriophage	   displaying	   SP94	  

targeting	   peptide	   showed	   higher	   avidity	   for	   human	   hepatocellular	   carcinoma	  

(HCC)	   than	   hepatocytes	   or	   endothelial	   cells.	   The	   MS2	   particles	   delivered	  

encapsidated	   therapeutic	   cargoes	   such	   as	   doxorubicin,	   cisplatin	   and	   siRNA	  

cocktail	   to	   HCC	   cells	   resulting	   in	   cell	   death.	   Also,	   MS2-‐SP94	   particles	   co-‐

displaying	  H5WYG	  peptide	   and	   loading	  with	   ricin	   toxin	  A-‐chain	   (RTA)	   showed	  

capability	   to	  destroy	  Hep3B	  cells	  without	  affecting	   the	  viability	  of	   control	   cells	  

[233].	   Bacteriophage	  HK97	  nanoparticle	   displaying	   transferrin	   and	   fluorescent	  

labels	   was	   targeted	   to	   different	   cancer	   cell	   lines	   via	   the	   transferrin	   receptor	  

[234].	   Displaying	   cyclic	   RGD	   (cRGD)	   peptides	   on	   pIII	   or	   pVIII	   capsids	   of	  

filamentous	   bacteriophages	   can	   specifically	   target	   them	   to	   integrin	   receptors	  

overexpressed	  on	   tumour	   cell	   surfaces	   and	  enhance	  vector	   internalisation	   into	  

target	  cells	  [31,	  235].	  The	  targeting	  entity	  emphasises	  the	  bacteriophages	  as	  the	  

outstanding	  delivery	  vehicles	  for	  many	  therapeutic	  applications	  including	  cancer	  

immunotherapy.	  

	  

According	   to	   their	   characteristics	   and	   applications,	   the	   bacteriophages	   are	  

considered	  as	  the	  promising	  system	  that	  can	  be	  modified	  and	  applied	  in	  various	  

aspects.	   As	   described	   before,	   Hajitou	   and	   colleagues	   developed	   filamentous	  

bacteriophage	   vector	   named	   AAVP	   utilising	   phage	   display	   technology	   and	  

targeting	   strategy	   through	   a	   binding	   of	   RGD4C	   ligands	   on	   AAVP	   vector	   and	  

integrin	   receptors	   on	   tumour	   cell	   surfaces.	   AAVP	   vector	   made	   great	  

contributions	  in	  the	  field	  of	  gene	  therapy	  demonstrated	  its	  efficacy	  as	  a	  targeted	  

vector	   against	   cancer	   [31].	   Recently,	   a	   next	   generation	   of	   AAVP	   vector	   called	  

PAAV	  has	  been	  developed	   in	  our	  group	  and	  showed	  superior	  entity	   to	  mediate	  

gene	  expression	  over	  its	  previous	  version	  (data	  in	  Phage	  therapy	  group).	  In	  this	  

thesis,	   the	   PAAV	   vector	   was	   further	   modified	   to	   display	   endosomal	   escape	  

peptide	   (H5WYG)	   on	   recombinant	   pVIII	   major	   coat	   proteins	   based	   on	   the	  
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principal	   of	   phage	   display.	   This	   modification	   aimed	   to	   facilitate	   the	   vector	   to	  

cytosolic	   compartment	   before	   getting	   destroyed	   through	   endosomal	  

degradation.	   The	   vector	   was	   also	   applied	   in	   cancer	   immunotherapy.	   Firstly,	  

PAAV	  vector	  was	  used	   as	   a	  delivery	   tool	   to	  mediate	  or	   enhance	   target	   antigen	  

expression	  on	  tumour	  cells	  which	  subsequently	  made	  them	  more	  visible	  for	  the	  

immune	  cells.	  This	  strategy	  is	  considered	  to	  be	  useful	  for	  CAR	  T	  cell	  therapy	  for	  

solid	   tumours.	   Secondly,	   the	   vector	   was	   applied	   for	   cancer	   vaccination	   in	  

combination	  with	  malaria	  vaccine	  (ME.TRAP).	  Malarial	  epitope	  sequences	  (Pb9)	  

were	   encoded	   in	   PAAV	   genome	   and	  delivered	   to	   express	   on	   tumour	   cells.	   Pb9	  

served	  as	  a	  target	  antigen	  for	  specific	  immune	  cells	  stimulated	  by	  the	  ME.TRAP	  

vaccine.	   These	   applications	   are	   based	   on	   tumour-‐targeting	   efficacy	   of	   PAAV	  

vector	   to	   generate	   the	   antigen	   expression	   on	   tumour	   cells.	   According	   to	   its	  

specificity,	  PAAV	  vector	  may	  contribute	  for	  the	  development	  of	  universal	  target	  

antigen	  for	  cancer	  immunotherapy	  in	  the	  future.	  	  
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1.4	  Hypothesis	  	  
	  

Hypothesis	  1	  :	   Displaying	  H5WYG	  peptide	  on	  PAAV	  recombinant	  pVIII	  

capsids	  could	  enhance	  the	  vector	  capacity	  to	  escape	  endosomal	  degradative	  

pathway	  leading	  to	  an	  augmentation	  of	  transgene	  expression.	  

	  

Hypothesis	  2	  :	   Applying	  PAAV	  as	  a	  delivery	  vector	  to	  express	  tumour-‐

associated	  antigens	  (MUC1	  and	  PSMA),	  could	  enhance	  the	  antigen	  expression	  

that	  might	  be	  useful	  for	  CAR	  T	  cell	  therapy	  in	  solid	  tumours.	  

	  

Hypothesis	  3:	   Combining	  PAAV	  as	  a	  delivery	  system	  with	  malaria	  vaccine	  

could	  establish	  a	  feasible	  and	  efficient	  therapeutic	  vaccine	  strategy	  for	  treating	  

cancer.	  	  

	  

1.5	  Aims	  of	  thesis	  
	  

All	  works	  in	  this	  thesis	  are	  categorized	  into	  two	  main	  subjects,	  a	  further	  

modification	  of	  PAAV	  vector	  and	  an	  application	  of	  PAAV	  vector	  in	  cancer	  

immunotherapy.	  The	  aims	  of	  this	  thesis	  are	  to:	  

	  

1.	  Display	  H5WYG	  endosomal	  escape	  peptide	  on	  recombinant	  pVIII	  capsids	  of	  

PAAV	  vector	  and	  investigate	  endosomal	  escape	  capability	  of	  the	  modified	  PAAV	  

vector.	  

	  

2.	  Augment	  tumour-‐associated	  antigens	  (MUC1	  and	  PSMA)	  expression	  on	  solid	  

tumours	  using	  PAAV	  encoding	  MUC1	  and	  PSMA	  vector	  and	  a	  delivery	  system.	  

	  

3.	  Investigate	  the	  feasibility	  and	  efficiency	  of	  the	  new	  cancer	  vaccine	  strategy	  

which	  combing	  phage	  vector	  delivery	  system	  with	  malaria	  vaccine.	  
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Chapter	  2	  
	  

	  

Materials	  and	  methods	  
	  

	  

2.1	  Materials	  
	  

2.1.1	  Chemical	  reagents	  
	  

Name	   Source	  

DEAE-‐Dextran	  hydrochloride	  	   Sigma	  

FuGENE®	  6	  Transfection	  Reagent	   Promega	  

Bafilomycin	  A1	  from	  Streptomyces	  griseus	   Sigma	  

Puromycin	   dihydrochloride	   from	   Streptomyces	  

alboniger	  

Sigma	  

QUANTI-‐Luc	  coelenterazine	  substrate	   Invivogen	  

Recombinant	  Mouse	  Interleukin-‐2	  (IL-‐2)	   Thermo	  Fisher	  scientific	  

Clear	  Back	  (Human	  Fc	  receptor	  blocking	  reagent)	   MBL	  

Human	   TruStain	   FcXTM	   (Fc	   Receptor	   Blocking	  

Solution)	  

Biolegend	  

Restriction	  endonuclease	  	   New	  England	  Biolabs	  

TRIZOL	   Ambion	  life	  technologies	  

Cell	  Dissociation	  Buffer	   Gibco	  

UltraPure™	  DEPC-‐Treated	  Water	  	   Invitrogen	  

D-‐luciferin	   Gold	  Biotechnology	  

Fixable	  viability	  dye	  eFluor780	  	   Invitrogen	  

	  

	  

	  

	  



P a g e 	  |	  54	  
	  

2.1.2	  Kits	  
	  

Name	   Source	  

QIAprep	  Spin	  Miniprep	  Kit	   Qiagen	  

HiSpeed	  Plasmid	  Maxi	  Kit	   Qiagen	  

QIAquick	  Gel	  Extraction	  Kit	   Qiagen	  

QIAquick	  Nucleotide	  Removal	  Kit	   Qiagen	  

QIAquick	  PCR	  Purification	  Kit	   Qiagen	  

PureLink™	  RNA	  Mini	  Kit	   Invitrogen	  	  

GeneAmp®	  RNA	  PCR	  Core	  Kit	   Thermo	  Fisher	  scientific	  

Limulus	  Amebocyte	  Lysate	  (LAL)	  PYROGENT™	  Plus	  

Single	  Test	  Vials	  

Lonza	  

High	  Capacity	  Endotoxin	  Removal	  kit	   Novus	  Biologicals	  

Mouse	  Interferon	  gamma	  (IFNγ)	  ELISPOT	  Kit	   Abcam	  	  

CytoTox	  96®	  Non-‐Radioactive	  Cytotoxicity	  Assay	   Promega	  

Mouse	  Granzyme	  b	  Uncoated	  ELISA	  kit	   Invitrogen	  

Cell	  Titer-‐Glo®	  Luminescent	  Cell	  Viability	  Assay	   Promega	  

MycoAlert™	  mycoplasma	  detection	  kit	   Lonza	  
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2.1.3	  Antibodies	  
	  

Primary	  

antibodies	  

Conjugation	   Species	  

raised	  

Application	   Source	  

Anti-‐αv	  

integrin	  

-‐	   Mouse	   IF	   Abcam	  

Anti-‐β3	  

integrin	  

-‐	   Mouse	   IF	   Abcam	  

Anti-‐β5	  

integrin	  

-‐	   Rabbit	   IF	   Abcam	  

Anti-‐MUC1	   -‐	   Mouse	   FC	   Dr.	  John	  Maher	  

(King’s	   College	  

London,	  UK)	  

Anti-‐PSMA	   -‐	   Mouse	   FC	   MBL	  

Anti-‐H-‐2Kd	   Alexa	   Fluor-‐

488	  

Mouse	   FC	   Bio	  Legend	  

Anti-‐MHC	  II	   APC	   Rat	   FC	   Myltenyi	  Biotec	  

Anti-‐CD3	   PerCP-‐Cy5.5	   Mouse	   FC	   eBioscience	  

Anti-‐CD4	   FITC	   Rat	   FC	   eBioscience	  

Anti-‐CD8	   PE	   Rat	   FC	   eBioscience	  

Anti-‐cleaved	  

Caspase3	  

-‐	   Rabbit	   IHC-‐F	   Cell	  signaling	  

	  

Secondary	  

antibodies	  

Conjugation	   Species	  

raised	  

Application	   Source	  

Anti-‐mouse	   Alexa	   Fluor-‐

488	  

Goat	   IF,	  FC	   Invitrogen	  

Anti-‐rabbit	   Alexa	   Fluor-‐

488	  

Goat	   FC	   Invitrogen	  

	  
IF	  =	  Immunofluorescence,	  FC	  =	  Flow	  cytometry,	  	  

IHC-‐F	  =	  Immunohistochemistry	  (Frozen)	  
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2.1.4	  Cell	  lines	  
	  

Name	   Tissue	  origin	   Source	  

HEK293	   Human	  Embryonic	  Kidney	   American	  Type	  Culture	  Collection	  (ATCC)	  

M21	   Human	  melanoma	   Professor	  David	  Cheresh	  

(University	  of	  California,	  San	  Diego,	  USA)	  

U87	   Human	  glioblastoma	  	   American	  Type	  Culture	  Collection	  (ATCC)	  

A549	   Human	  lung	  carcinoma	   Professor	  Ian	  M.	  Adcock	  

(Imperial	  College	  London,	  UK)	  

Suit2	   Human	  pancreatic	  cancer	   Professor	  Eric	  O.	  Aboagye	  	  

(Imperial	  College	  London,	  UK)	  

UW228	   Human	  medulloblastoma	   Dr.	  Jonathan	  Ham	  	  

(University	  College	  London,	  UK)	  	  

EF43.fgf4	   Mouse	  mammary	  tumour	  	   Established	  by	  Dr.Amin	  Hajitou	  

(Imperial	  College	  London)	  

	  

2.1.5	  Plasmids	  
	  

Name	   Purpose	   Source	  

f88-‐4	   Recombinant	  pVIII	   Dr.	  George	  Smith	  	  

(University	  of	  Missouri)	  

pUNO1-‐hTNFα	   Soluble	  TNFα	   Invivogen	  

pMOD-‐LucSH	   luciferase	   Invivogen	  

pDRIVE-‐rGRP78	   rGRP78	  promoter	   Invivogen	  

pUC57.TIP.Pb9.Kan	   TIP.Pb9	  gene	   GENEWIZ	  

pUC57.ubi.Pb9.Kan	   Ubiquitin.Pb9	  gene	   GENEWIZ	  

pGL4.20	  [luc2	  Puro]	   Puromycin	   resistant	  

gene	  

Promega	  

pUC57.MUC1.IL-‐4	   MUC1	  gene	   Dr.	  John	  Maher	  

(King’s	  College	  London,	  UK)	  

pUC57.PSMA	   PSMA	  gene	   Dr.	  John	  Maher	  

(King’s	  College	  London,	  UK)	  
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2.1.6	  Synthetic	  DNA	  fragments	  
	  

Name	  	   Sequence	  

HindIII.H5WYG.PstI	  sense	   5’	  

atcgAAGCTTcGGCTTGTTCCACGCCATCGCGCA

CTTCATTCATGGGGGTTGGCACGGTCTCATCCA

TGGTTGGTACGGGaCTGCAGatgc	  3’	  

PstI.H5WYG.HindIII	  antisense	   5’	  

gcatCTGCAGtCCCGTACCAACCATGGATGAGAC

CGTGCCAACCCCCATGAATGAAGTGCGCGATGG

CGTGGAACAAGCCgAAGCTTcgat	  3’	  

BamHI.IL-‐2	   signal	   peptide.EcoRI	  

sense	  

5’	  

atcgaGGATCCATGTACAGAATGCAACTCCTGTC

TTGTATTGCACTAAGTCTCGCACTTGTCACAAA

CAGTGAATTCatcga	  3’	  

EcoRI.IL-‐2	   signal	   peptide.BamHI	  

antisense	  

5’	  

tcgatGAATTCACTGTTTGTGACAAGTGCGAGAC

TTAGTGCAATACAAGACAGGAGTTGCATTCTG

TACATGGATCCtcgat	  3’	  

	  

2.1.7	  Oligonucleotides	  
	  

For	  molecular	  cloning	  

	  

Primers	   Sequence	  

Rec.pVIII.SacII.forward	   5’	  attatCCGCGGtccccgtcaagctctaaatcg	  3’	  

Rec.pVIII.SacII.reverse	   5’	  atctgCCGCGGccagccattgagtaagtttttaagc	  3’	  

sTNFα.EcoRI.forward	   5’	  atcgGAATTCGTCAGATCATCTTCTCGAACCCCGA	  3’	  

sTNFα.EcoRI.reverse	   5’	  CGCTAGTCGACGTCTGGCCAGCTAGCTCACAG	  3’	  

LucSh.EcoRI.forward	   5’	  atcgGAATTCCCATGGAGGATGCCAAGAAT	  3’	  

LucSh.SalI.reverse	   5’	  atcgatGTCGACTATCCTCAGTCCTGCTCCTCT	  3’	  

PSMA.XbaI.forward	   5’	  ACTCGTCTAGAtagatGCGGCCGCTCca	  3’	  
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PSMA.SalI.reverse	   5’	  actcgGTCGACggatccgatGGATCCTcagg	  3’	  

Grp78.MluI	  forward	   5’	  CGACGCGTGCAGGGCCCACTAGTCGGGA	  3’	  

Grp78.BsaBI	  reverse	   5’	  CGCGATCCGCATCCTGTCCACCAGTCATGCTAGCC	  3’	  

Puromycin.RsrII.forward	   5’	  atcgCGGWCCGctgatctgcgcagca	  3’	  

Puromycin.RsrII.reverse	   5’	  ctgtcgaccgatgccCGGWCCGcgat	  3’	  

	  

For	  sequencing	  

	  

Primers	  	   Sequence	  

Rec.pVIII.seq	   5’	  cgtcaagctctaaatcgg	  3’	  

MUC1.PSMA.seq	   5’	  CCATCACTTTGGCAAAGAAT	  3’	  

Grp78.seq	   5’	  ACTTCTTCCGAGTGAGAGACa	  3’	  

Pb9.seq	   5’	  TGGATCCGATATCTAGACAGA	  3’	  

Puromycin.seq	   5’	  CTGGTCTCCAACTCCTAATCTC	  3’	  

	  

For	  qPCR	  

	  

Primers	   Sequence	  

qPCR.MUC1.forward	   5’	  GCACCATCATCCACGTGAAGG	  3’	  

qPCR.MUC1.reverse	   5’	  GATGATGAAGGCCACGGTCAC	  3’	  

qPCR.PSMA.forward	   5’	  CCACTACGATGTCCTGCTGAG	  3’	  

qPCR.PSMA.reverse	   5’	  ACGATGTCGCTCACGTTCTC	  3’	  

qPCR.TIP.Pb9.forward	   5’	  TCTTACCTCTGAGCTACCCGG	  3’	  

qPCR.TIP.Pb9.reverse	   5’	  CTGCGCTCGGGATGTATGA	  3’	  

qPCR.ubi.Pb9.forward	   5’	  AAGACAAGGAGGGCATACCAC	  3’	  

qPCR.ubi.Pb9.reverse	   5’	  CTTCTCTGCGCTCGGTATGTA	  3’	  

qPCR.GAPDH.forward	   5′	  CCCCTTCATTGACCTCAACTAC	  3’	  

qPCR.GAPDH.reverse	   5′	  GATGACAAGCTTCCCGTTCTC	  3’	  
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2.2	  Methods	  	  
	  

2.2.1	  Construction	  of	  helper	  phage	  plasmid	  and	  PAAV	  plasmid	  carrying	  
gene	  of	  interest	  
	  

All	   molecular	   cloning	   strategy	   was	   performed	   according	   to	   standard	   protocol	  

described	   below.	   Molecular	   cloning	   steps	   of	   each	   PAAV	   vector	   are	   shown	   in	  

figure	  2.1-‐2.10.	  	  

	  

Restriction	  Enzyme	  digestion	  

	  

All	   restriction	   enzymes	   was	   purchased	   from	   NEB.	   Plasmid	   digestion	   was	  

conducted	   according	   to	   manufacturer’s	   instructions.	   The	   digestion	   reaction	  

consisted	  of	  1ug	  DNA,	  3	  units	  of	  each	  restriction	  enzyme,	  1x	  reaction	  buffer	  and	  

appropriate	   volume	   of	   DEPC	   water.	   The	   mixture	   was	   incubated	   and	   heat-‐

inactivated	   according	   to	   the	   manufacturer’s	   protocol.	   The	   digested	   DNA	   was	  

then	  visualised	  on	  1%	  agarose	  gel.	  

	  

Standard	  Polymerase	  Chain	  Reaction	  

	  

The	  PCR	  was	   conducted	   using	  Q5	  High-‐Fidelity	  DNA	  Polymerase.	   The	   reaction	  

mixture	   was	   prepared	   up	   to	   50ul	   final	   volume	   consisting	   of	   10μl	   of	   5x	   Q5	  

reaction	  buffer,	  1μl	  of	  10mM	  dNTPs,	  2.5μl	  of	  10μM	  of	  each	  forward	  and	  reverse	  

primers,	   1-‐10ng	   of	   template	   DNA	   plasmid,	   0.5μl	   of	   Q5	   High-‐Fidelity	   DNA	  

polymerase,	  10μl	  of	  5X	  Q5	  High	  GC	  Enhancer	  and	  nuclease-‐free	  water	  up	  to	  50μl.	  

The	   mixture	   was	   placed	   in	   PCR	   machine	   and	   set	   under	   the	   conditions	   as	  

described	  in	  the	  commercial	  protocol.	  PCR	  products	  were	  then	  verified	  using	  gel	  

electrophoresis.	  

	  

Gradient	  oligonucleotide	  alignment	  

	  

5ug	   DNA	   of	   top	   and	   bottom	   complimentary	   single	   stranded	   nucleotides	   were	  

dissolved	   in	   100ul	   of	   DEPC	   water	   and	   aligned	   at	   decreasing	   gradient	  
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temperature	   in	   PCR	  machine.	   The	  mixture	  was	   incubated	   for1	  minute	   in	   each	  

step	  where	  the	  temperature	  was	  changed	  5	  degree	  decrement	  from	  95°C	  to	  4°C.	  

	  

Dephosphorylation	  of	  DNA	  fragments	  

	  

The	   digested	   DNA	   fragment	   was	   dephosphorylated	   its	   5’	   and	   3’	   ends	   by	  

recombinant	   shrimp	   alkaline	   phosphatase	   (rSAP,	   NEB).	   The	   reaction	   were	  

digested	   DNA	   fragment,	   2	   units	   of	   rSAP,	   1x	   Cut	   Smart	   buffer	   and	   appropriate	  

volume	  of	  DEPC	  water.	  The	  mixture	  was	  incubated	  at	  37°C	  for	  2	  hours	  and	  heat-‐

inactivated	  at	  65°C	  for	  20	  minutes.	  

	  

Agarose	  gel	  electrophoresis	  

	  

1%	  agarose	  gel	  was	  prepared	  in	  1X	  TAE	  buffer	  with	  1X	  SYBR	  safe	  DNA	  stain.	  The	  

gel	   solution	   was	   poured	   into	   a	   casting	   tray	   and	   allowed	   to	   solidify	   at	   room	  

temperature.	  The	  DNA	  samples	  were	  prepared	  by	  adding	  1X	  loading	  dye,	  loaded	  

in	   each	   lane	   of	   the	   gel	   and	   run	   in	   1X	   TAE	   buffer	   at	   90-‐120V	   for	   about	   50-‐90	  

minutes.	  DNA	  ladder	  was	  loaded	  in	  one	  lane	  along	  with	  the	  samples	  to	  determine	  

the	  DNA	  fragment	  size.	  The	  DNA	  bands	  were	  then	  visualised	  under	  the	  UV	  using	  

the	   UVP	   Bio	   Doc-‐It	   imaging	   system.	   If	   purification	   of	   the	   DNA	   fragment	   was	  

required,	  the	  bands	  were	  visualised	  using	  Pearl	  Blue	  Light	  Transilluminator	  and	  

the	  DNA	  bands	  of	   the	   required	  molecular	  weight	  were	   cut.	   The	  DNA	  was	   then	  

extracted	  from	  the	  gel	  using	  QIAquick	  gel	  extraction	  kit.	  

	  

DNA	  ligation	  

	  

The	   ligation	   reaction	   was	   performed	   by	   either	   Quick	   ligase	   or	   T4	   DNA	   ligase.	  

Backbone	   to	   insert	   ratio	  was	   1:3	   for	   sticky	   end	   ligation	   and	   1:5	   for	   blunt	   end	  

ligation.	   The	   reaction	   with	   quick	   ligase	   consisted	   of	   50ng	   of	   the	   backbone,	  

appropriate	  amount	  of	  the	  insert,	  1μl	  of	  Quick	  ligase,	  2X	  Quick	  ligase	  buffer	  and	  

DEPC	   water.	   The	   mixture	   was	   incubated	   at	   room	   temperature	   for	   5	   minutes.	  

Similar	   to	   quick	   ligase	   reaction,	   the	   reaction	   with	   T4	   DNA	   ligase	   consisted	   of	  

50ng	  of	  the	  backbone,	  appropriate	  amount	  of	  the	  insert,	  1μl	  of	  Quick	  ligase,	  10X	  
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T4	   DNA	   ligase	   buffer	   and	   DEPC	   water.	   The	   mixture	   was	   incubated	   at	   16°C	  

overnight	  and	  heat-‐inactivated	  at	  65°C	  for	  20	  minutes.	  The	  ligated	  plasmid	  was	  

then	  transformed	  to	  competent	  bacteria.	  

	  

Transformation	  of	  competent	  bacteria	  

	  

DH5-‐alpha	   competent	   E.coli	   cells	   were	   thawed	   on	   ice	   for	   30	   minutes.	   The	  

plasmid	   DNA	   was	   then	   added	   to	   the	   bacterial	   solution.	   The	   mixture	   was	  

incubated	   on	   ice	   for	   30	   minutes,	   heat	   shocked	   at	   42°C	   for	   90	   seconds	   and	  

immediately	  placed	  back	  on	  ice	  for	  3	  minutes.	  After	  that,	  300μl	  of	  SOC	  medium	  

was	  added	   to	   the	  mixture	  and	   shaken	  at	  180	   rpm	   for	  45	  minutes	   at	  37°C.	  The	  

bacteria	   were	   then	   pelleted	   at	   low	   speed	   spinning,	   200μl	   of	   supernatant	   was	  

removed	   and	   the	   bacteria	   solution	   was	   finally	   spread	   on	   2XYT	   agar	   plate	  

containing	  appropriate	  antibiotics.	  The	  plates	  were	  incubated	  overnight	  at	  37°C.	  	  
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Figure	   2.1.	   Schematic	   chart	   illustrating	   the	   constrcution	   of	   f88-‐4	   plasmid	  

carrying	  H5WYG	  sequence	  (f88-‐4.H5WYG).	  
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Figure	  2.2.	  Schematic	  chart	  illustrating	  the	  construction	  of	  targeted	  helper	  

phage	  plasmid	  carrying	  H5WYG	  sequence	  (RGD.M13KO7.H5WYG).	  
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Figure	   2.3.	   Schematic	   chart	   illustrating	   the	   construction	   of	   non-‐targeted	  

helper	  phage	  plasmid	  carrying	  H5WYG	  sequence	  (M13.KO7.H5WYG).	  
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Figure	   2.4.	   Schematic	   chart	   illustrating	   the	   construction	   of	   PAAV	   vector	  

encoding	  secreted	  TNFα	  gene	  (PAAV.IL-‐2.sTNFα).	  
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Figure	   2.5.	   Schematic	   chart	   illustrating	   the	   construction	   of	   PAAV	   vector	  

encoding	  luciferase	  gene	  (PAAV.CMV.LucSh).	  
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Figure	   2.6.	   Schematic	   chart	   illustrating	   the	   construction	   of	   PAAV	   vector	  

encoding	  MUC1	  gene	  (PAAV.MUC1).	  
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Figure	   2.7.	   Schematic	   chart	   illustrating	   the	   construction	   of	   PAAV	   vector	  

encoding	  PSMA	  gene	  (PAAV.PSMA).	  
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Figure	   2.8.	   Schematic	   chart	   illustrating	   the	   construction	   of	   PAAV	   vector	  

with	  Grp78	  promoter	  (PAAV.Grp78).	  
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Figure	   2.9.	   Schematic	   chart	   illustrating	   the	   construction	   of	   PAAV	   vector	  

encoding	  TIP.Pb9	  gene	  (PAAV.TIP.Pb9).	  
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Figure	   2.10.	   Schematic	   chart	   illustrating	   the	   construction	   of	   PAAV	   vector	  

encoding	  ubiquitin.Pb9	  gene	  (PAAV.ubi.Pb9).	  
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Figure	  2.11.	  Schematic	  chart	   illustrating	  the	  construction	  of	  PAAV.TIP.Pb9	  

vector	  with	  puromycin	  resistant	  gene	  (PAAV.TIP.Pb9.Puro).	  
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Figure	  2.12.	  Schematic	  chart	   illustrating	   the	  construction	  of	  PAAV.ubi.Pb9	  

vector	  with	  puromycin	  resistant	  gene	  (PAAV.ubi.Pb9.Puro).	  
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2.2.2	  Vector	  production	  
	  

PAAV	  vector	  production	  

	  

The	   PAAV	   plasmid	   carrying	   gene	   of	   interest	  was	   transformed	   into	  mix	   and	   go	  

TG1	  as	  described	   in	  the	  commercial	  protocol	  and	  allowed	  to	  grow	  overnight	   in	  

2xYT	  medium	   containing	   100μg/ml	   of	   ampicillin	   at	   37°C	   with	   shaking	   at	   250	  

rpm.	  Next	  day,	  the	  1	  ml	  of	  the	  overnight	  culture	  was	  sub-‐cultured	  in	  100ml	  2xYT	  

with	  ampicillin	  until	  optical	  density	  reaches	  mid	  log	  phase	  ( 600	  is	  between	  0.4-‐

0.8).	  Then	  10-‐15	  ul	  of	  helper	  phage	  were	  added	  into	  the	  culture	  and	  incubate	  at	  

37°C	  without	   shaking	   for	   30	  minutes	   following	   by	   shaking	   at	   180	   rpm	   for	   45	  

minutes.	  All	  the	  culture	  was	  transferred	  to	  2	  litre	  flask	  and	  topped	  up	  to	  500	  ml	  

with	   2xYT	   medium	   containing	   100μg/ml	   of	   ampicillin	   and	   50μg/ml	   of	  

kanamycin.	   The	   cultured	   was	   incubated	   for	   18	   hours	   in	   shaking	   incubator	   at	  

37°C	   and	   250	   rpm.	   After	   that,	   the	   overnight	   culture	  was	   centrifuged	   at	   4,000-‐

6,000g	   for	  15-‐30	  minutes	  at	  4°C	   to	  harvest	   the	  vector.	  The	  bacterial	  pellet	  was	  

discarded	  while	  the	  supernatant	  was	  kept	  at	  4°C	  in	  sterile	  bottle	  for	  subsequent	  

precipitation.	  

	  

PAAV	  vector	  purification	  

	  

Cold	  PEG/NaCl	  solution	  at	  25-‐30%	  v/v	  was	  added	  to	  the	  supernatant	  and	  mixed	  

properly.	  The	  mixture	  was	  then	  kept	  at	  4°C	  overnight	  for	  the	  first	  precipitation.	  

Next	   day,	   the	   mixture	   was	   centrifuged	   at	   4,000g	   for	   30	   minutes	   at	   4°C.	   The	  

supernatant	  was	  discarded	  while	  the	  pellet	  was	  re-‐suspended	  in	  PBS.	  Then,	  25-‐

30%	  v/v	  of	  cold	  PEG/NaCl	  solution	  was	  added	  to	  the	  vector-‐PBS	  mixture	  and	  left	  

at	  4°C	  for	  2	  hours	  for	  the	  second	  precipitation.	  After	  the	  incubation	  the	  mixture	  

was	   centrifuged	   again	   at	   4,000g	   for	   30	   minutes	   at	   4°C.	   The	   pellet	   was	   re-‐

suspended	   in	   appropriate	   volume	   of	   sterile	   PBS	   and	   allowed	   to	   gradually	  

dissolve	  at	  4°C	  overnight.	  The	  solution	  was	  spun	  using	  a	  bench	  top	  centrifuge	  at	  

13,000rpm	   for	   10	   minutes	   and	   the	   pellet	   was	   discarded	   to	   remove	   debris	  

residues.	   Finally,	   the	   supernatant	   containing	  PAAV	  vector	  was	   filtered	   through	  
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0.45μm	  low	  protein	  binding	  PVDF	  filter,	  removed	  endotoxin	  contamination	  using	  

High	  Capacity	  Endotoxin	  Removal	  kit	  and	  kept	  at	  4°C.	  

	  

PAAV	  vector	  quantification	  

	  

The	   purified	   PAAV	   solution	   from	   previous	   step	   was	   serially	   diluted	   in	   sterile	  

1xPBS	  by	  factor	  of	  10.	  The	  host	  bacteria,	  naïve	  TG1,	  were	  grown	  in	  2xYT	  media	  

until	  reached	  0.4-‐0.8	  OD600.	  Then	  5ul	  of	  each	  PAAV	  dilution	  was	  added	  to	  500ul	  

of	   TG1	   and	   incubated	   at	   37°C	   for	   30	   minutes.	   After	   the	   incubation,	   100ul	   of	  

infected	   TG1	   was	   plated	   on	   2xYT	   agar	   plate	   containing	   100μg/ml	   ampicillin.	  

Also,	  100ul	  of	   infected	  TG1	  was	  plated	  on	  2xYT	  agar	  plate	   containing	  50μg/ml	  

kanamycin	   to	   quantify	   the	   helper	   phage	   contamination.	   The	   negative	   controls	  

containing	   ampicillin	   or	   kanamycin	   and	   plating	  with	   100ul	   of	   naïve	   TG1	  were	  

included.	   All	   the	   agar	   plates	   were	   incubated	   at	   37°C	   for	   18-‐20	   hours.	   The	  

colonies	  were	  counted	  and	  calculated	  back	  to	  determine	  the	  vector	  transduction	  

units	   per	  microliter	   (TU/ul)	   of	   PAAV	   stock	   solution.	   The	   titer	   of	   helper	   phage	  

should	   be	   less	   than	   10%	   of	   the	   PAAV	   titer.	   The	   protein	   concentration	   of	   the	  

PAAV	  stock	  can	  be	  measured	  using	  nanodrop	  and	  represented	  as	  mg/mL	  unit.	  

	  

The	  helper	  phage	  displaying	  H5WYG	  peptide	  production	  

	  

The	   helper	   phage	   plasmid	   carrying	   recombinant	   pVIII	   and	   H5WYG	   gene	   was	  

transformed	   into	  mix	  and	  go	  TG1	  as	  described	   in	   the	  commercial	  protocol	  and	  

allowed	   to	   grow	   until	   reached	   0.4-‐0.8	   OD600	   in	   15-‐20ml	   of	   2xYT	   medium	  

containing	  50μg/ml	  of	  kanamycin	  at	  37°C	  with	  shaking	  at	  250	  rpm.	  The	  starter	  

culture	  was	  then	  expanded	  in	  500ml	  of	  2xYT	  containing	  50μg/ml	  of	  kanamycin	  

and	  1mM	  Isopropyl-‐beta-‐D-‐thiogalactopyranoside	  (IPTG)	  to	  induce	  tac	  promoter	  

of	   recombinant	   pVIII	   gene.	   The	   culture	   was	   grown	   for	   18	   hours	   in	   shaking	  

incubator	  at	  37°C	  and	  250	  rpm.	  Next	  day,	  the	  overnight	  culture	  was	  centrifuged	  

at	   4,000-‐6,000g	   for	   15-‐30	   minutes	   at	   4°C.	   The	   bacterial	   pellet	   was	   discarded	  

while	   the	   supernatant	   was	   kept	   at	   4°C	   in	   sterile	   bottle	   for	   subsequent	  

precipitation,	  purification	  and	  quantification	  as	  previously	  described.	  
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2.2.3	  In	  vitro	  and	  ex	  vivo	  experiments	  
	  

Maintenance	  of	  cell	  stocks	  

	  

HEK293,	  A549,	  M21,	  UW228,	  EF43.fgf4,	  Suit2	  and	  U87	  cell	  lines	  were	  cultured	  in	  

D-‐MEM	   supplemented	   with	   10%	   Foetal	   Bovine	   Serum	   (FBS),	   L-‐glutamine	  

(2mM),	   Penicillin	   (100	   units/ml)	   and	   streptomycin	   (100μg/ml).	   The	   FBS	   was	  

heat	  inactivated	  at	  56°C	  for	  30	  minutes	  before	  use.	  The	  cells	  were	  cultured	  in	  T-‐

75	  flasks,	  maintained	  in	  a	  5%	  CO2	  humidified	  cell	  culture	  incubator	  at	  37°C	  and	  

passaged	   once	   they	   reached	   80-‐90%	   confluence.	   To	   keep	   them	   under	  

mycoplasma-‐free	   condition,	   the	   cells	   were	   regularly	   checked	   for	   mycoplasma	  

contamination	  using	  the	  Myco	  Alert	  Mycoplasma	  detection	  kit.	  

	  

When	   passaging	   the	   cells,	   firstly,	   culture	   medium	  was	   aspirated	   and	   the	   cells	  

were	   gently	   washed	   with	   1X	   sterile	   PBS.	   Secondly,	   2ml	   of	   trypsin-‐

ethylenediaminetetraacetic	   acid	   (Trypsin-‐EDTA)	   was	   added	   into	   the	   flask	   and	  

incubated	   at	   37°C	   for	   1-‐4	   minutes	   to	   detach	   the	   cells.	   Thirdly,	   8ml	   of	   sterile	  

culture	   medium	   was	   added	   into	   to	   flask	   to	   inactivate	   trypsin.	   Fourthly,	   cell	  

solution	  was	  transferred	  into	  sterile	  falcon	  tube	  and	  centrifuged	  at	  900rpm	  for	  5	  

minutes	  to	  pellet	  the	  cells.	  Finally,	  the	  cell	  pellet	  was	  resuspended	  in	  10ml	  sterile	  

culture	  medium	  and	  1ml	  of	  aliquot	  was	  transferred	  into	  a	  new	  flask	  containing	  

13ml	  of	  sterile	  complete	  medium.	  

	  

Generation	  of	  stable	  cells	  

	  

In	  order	  established	  EF43.fgf4	  cells	  stably	  expressing	  Pb9	  peptide	  on	  cell	  surface,	  

the	   cells	   were	   transfected	   with	   either	   PAAV.Grp78.TIP.Pb9.Puro	   or	  

PAAV.Grp78.ubi.Pb9.Puro	  plasmids.	  Then,	  the	  Pb9	  peptide	  stably	  expressed	  cells	  

were	  selected	  with	  puromycin	  antibiotic.	  

	  

Initially,	  EF43.fgf4	  cells	  were	  seeded	   in	  6-‐well	  plate	  and	  allowed	   to	   reach	  80%	  

confluent.	  Before	  transfecting,	  the	  cells	  were	  incubated	  in	  Opti-‐MEM	  transfection	  

medium	   for	   1	   hour	   in	   cell	   culture	   incubator.	   The	   transfection	   mixture	   was	  
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prepared	  by	  mixing	  1μg	  of	  plasmid	  DNA	  per	  well	  and	  6μl	  of	  FuGENE®	  6	  in	  100μl	  

Opti-‐MEM	  per	  well	   (Ratio	  of	   FuGENE®	  6	  Transfection	  Reagent	   to	  DNA	   is	  3:1),	  

then,	  added	  to	  each	  well.	  The	  cells	  were	  incubated	  with	  the	  transfection	  mixture	  

for	  6	  hours	  at	  37°C	  in	  a	  5%	  CO2	  humidified	  cell	  culture	  incubator.	  After	  6	  hours,	  

culture	  medium	   in	   each	  well	  was	   replaced	   by	  DMEM	   supplemented	  with	   10%	  

FBS,	   Penicillin	   (100	   units/ml),	   streptomycin	   (100μg/ml),	   and	   L-‐glutamine	  

(2mM).	  On	  day2	  post	  transfection,	  the	  culture	  medium	  was	  replaced	  again	  with	  

DMEM	   complete	   medium	   supplemented	   with	   1μg/ml	   of	   puromycin.	   Non-‐

transfected	  cells	  were	  used	  as	  a	  control.	  The	  puromycin-‐containing	  medium	  was	  

replaced	   every	   three	  days	   for	   few	  weeks	   until	   all	   control	   cells	  were	  dead.	   The	  

puromycin-‐resistant	  cells	  were	  selected	  and	  monitored	  under	  the	  microscope	  to	  

form	  clones,	  which	  were	  pooled	  and	  expanded.	  

	  

Integrin	  Immunostaining	  

	  

The	   cells	   were	   seeded	   on	   poly-‐lysine	   coated	   coverslips	   in	   12-‐well	   plate	   and	  

allowed	  to	  reach	  70-‐80%	  confluent.	  The	  cell	  were	  washed	  with	  PBS	  twice,	  fixed	  

with	  4%	  PFA	  for	  15	  minutes	  at	  room	  temperature	  and	  washed	  three	  times	  with	  

PBS.	  Then,	   the	  cells	  were	  treated	  with	  50	  mmol/L	  of	  ammonium	  chloride	   for	  5	  

minutes	  and	  washed	  three	  times	  with	  PBS	  before	  blocking	  with	  2%	  BSA	  in	  0.1%	  

TWEEN20	   PBS	   for	   1	   hour	   at	   room	   temperature.	   After	   that,	   the	   cells	   were	  

incubated	  with	   the	  primary	  antibodies;	  mouse	  anti-‐αv,	   anti-‐β3	  or	   rabbit	   anti-‐β5	  

integrins	  diluted	  1:50	  in	  the	  blocking	  reagent	  overnight	  at	  4°C.	  Next	  day,	  the	  cells	  

were	   washed	   three	   times	   with	   0.1%	   TWEEN20	   PBS	   and	   incubated	   with	   the	  

appropriate	   secondary	   AlexaFluor-‐	   conjugated	   antibodies	   (diluted	   1:750)	   and	  

0.5μg/ml	   of	   4’,6-‐diamidino-‐2-‐phenylindole	   (DAPI)	   for	   one	   hour	   in	   the	   dark	   at	  

room	  temperature.	  Finally,	  The	  coverslips	  were	  washed	   three	   times	  with	  0.1%	  

TWEEN20	  PBS,	  mounted	  with	  prolong	  gold	  anti-‐fade	  reagent	  and	  allowed	  to	  dry	  

in	  the	  dark	  overnight	  before	  subjecting	  to	  fluorescent	  microscope	  or	  being	  kept	  

at	  -‐20°C.	  
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PAAV	  plasmid	  transfection	  in	  adherent	  cells	  

	  

The	  cells	  were	  seeded	  in	  appropriate	  well	  plate	  and	  allowed	  to	  grow	  in	  complete	  

DMEM	  until	  reached	  90-‐95%	  confluent.	  Before	  transfecting,	  the	  culture	  medium	  

in	  each	  well	  was	  changed	  to	  opti-‐MEM	  and	  incubated	  for	  at	  least	  45	  minutes.	  The	  

transfecting	   reagent	   containing	   PAAV	   plasmid	   was	   prepared	   according	   to	  

FuGene6	   protocol,	   added	   into	   each	   well	   and	   incubated	   for	   6	   hours.	   After	   the	  

incubation,	  the	  medium	  was	  replaced	  by	  DMEM	  containing	  10%	  FBS	  and	  2mM	  L-‐

glutamine.	  

	  

PAAV	  vector	  transduction	  in	  adherent	  cells	  

	  

The	  cells	  were	  seeded	  in	  appropriate	  well	  plate	  and	  allowed	  to	  grow	  in	  complete	  

DMEM	   until	   reached	   75-‐80%	   confluent.	   On	   the	   day	   of	   transduction,	   the	  

transducing	  medium	  was	  prepared	  by	  adding	  PAAV	  solution	  into	  opti-‐MEM	  and	  

incubated	   at	   37°C	   for	   15	  minutes.	   Then,	   the	   culture	  medium	   in	   each	  well	  was	  

replaced	  by	  the	  transducing	  medium	  and	  incubated	  for	  24	  hours	  at	  37°C	  in	  5%	  

CO2.	  Finally,	  the	  medium	  was	  changed	  to	  complete	  DMEM.	  

	  

Acidic-‐based	  titration	  for	  endosome	  buffering	  capacity	  

	  

The	  acid-‐base	   titration	  method	  was	  used	   to	  determine	   the	  endosome	  buffering	  

capacities	   of	   PAAV	   vector	   displaying	  H5WYG	  peptide.	   The	   vectors	   prepared	   to	  

their	  optimised	  ratios	  in	  de-‐ionized	  water	  (DI	  water).	  The	  final	  volume	  of	  vector-‐

DI	  water	   solution	   is	   10ml.	  The	   solution	  pH	  was	   adjusted	   to	  10	  by	  0.1M	  NaOH.	  

The	   titration	   was	   carried	   out	   with	   2ul	   increment	   of	   0.1M	   HCl	   to	   lower	   the	  

solution	   pH	   down	   to	   3.	   Changes	   in	   pH	   were	   recorded	   using	   a	   pH	   meter.	   The	  

titration	  of	  DI	  water	  was	  used	  a	  control.	  

	  

QUANTI-‐Luc	  luminescence	  assay	  

	  

Cells	   at	   70%	   confluent	   in	   96-‐well	   plate	   were	   transduced	   with	   PAAV	   vector	  

encoding	   Lucia	   (PAAV.Lucia).	   The	   transduced	   cells	   secrete	   a	   specific	  
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coelenterazine-‐utilising	   luciferase	   into	   culture	  medium.	   The	   Lucia	   protein	  was	  

monitored	   daily	   by	   pipetting	   10μl	   of	   culture	   medium	   from	   each	   well	   and	  

transferring	  into	  white	  opaque	  96-‐well	  plate.	  Quanti-‐Luc,	  a	  coelenterazine-‐based	  

substrate	   was	   prepared	   according	   to	   the	   manufacturer’s	   protocol.	   25ul	   of	   the	  

substrate	  was	   added	   into	   each	  well	   containing	   the	  medium.	   The	   luminescence	  

was	  immediately	  measured	  using	  Promega	  GloMax	  Navigator	  Luminometer.	  The	  

medium	  was	  changed	  daily	  after	  Lucia	  measurement.	  

	  

Cell	  viability	  assay	  

	  

The	   cells	  were	   seeded	   in	  96-‐well	   plate,	   allowed	   to	   grow	  at	  70%	  confluent	   and	  

transduced	  with	  PAAV	  vector	  encoding	  secreted	  TNFα	  (PAAV.	  sTNFα).	  Cell	  death	  

was	  microscopically	  observed	  daily.	  Once	  it	  was	  noticeable,	  the	  plate	  was	  carried	  

out	   for	  Cell	  Titer-‐Glo®	  assay	  or	  Sulphorodamine	  B	  (SRB)	  assay	  to	  quantify	  cell	  

viability.	  

	  

Cell	  Titer-‐Glo®	  assay	  	  

	  

The	  cells	  in	  96-‐well	  plate	  were	  washed	  twice	  with	  1x	  PBS.	  100ul	  of	  1x	  Glo	  lysis	  

buffer	  was	   added	   to	   each	  well	   and	   incubated	   for	   10	  minutes	   or	   until	   the	   cells	  

were	  completely	   lysed.	  Then,	  50ul	  of	   the	  cell	  solution	  was	  transferred	  to	  white	  

opaque	  96-‐well	  plate	  where	  50ul	  of	  Steady-‐Glo®	  luciferase	  substrate	  was	  added	  

into	   each	  well	   and	   incubated	   for	   10	  minutes.	   Finally,	   the	   plate	  was	   read	  using	  

Promega	  GloMax	  Navigator	  Luminometer.	  	  

	  

Sulphorodamine	  B	  (SRB)	  assay	  

	  

The	  cells	  in	  96-‐well	  plate	  were	  washed	  twice	  with	  1x	  PBS	  and	  fixed	  overnight	  at	  

4°C	  with	  a	  final	  concentration	  of	  10%	  TCA	  in	  serum	  free	  medium.	  The	  plate	  was	  

washed	  in	  slow	  running	  tap	  water	  and	  left	  to	  dry	  at	  room	  temperature.	  The	  cells	  

in	   each	  well	  were	   stained	  with	  100μl	  of	  0.4%	  SRB	   for	  30	  minutes	  with	  orbital	  

shaking.	  The	  unbound	  SRB	  was	  removed	  by	  washing	  with	  1%	  acetic	  acid,	   then,	  

the	  plate	  was	  allowed	  to	  dry	  at	  room	  temperature.	  The	  SRB-‐stained	  cells	  in	  each	  
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well	  were	  dissolved	  in	  150μl	  of	  10mM	  Tris	  pH	  10.5	  under	  shaking	  condition.	  The	  

absorbance	  of	  completely	  dissolved	  solution	  was	  read	  at	  490nm.	  

	  

Quantitative	  Real-‐Time	  PCR	  (qRT-‐PCR)	  

	  

The	   cells	   were	   collected	   in	   TRIZOL	   reagent	   and	   total	   RNA	   was	   isolated	   using	  

Pure	  Link	  RNA	  mini	  kit.	  2ug	  of	  RNA	  was	  diluted	  in	  DEPC	  water	  to	  a	  final	  volume	  

16ul	  and	  treated	  with	  DNase	  I	  at	  room	  temperature	  for	  12	  minutes.	  Then	  EDTA	  

was	  added	  to	  the	  sample	  and	  heat-‐inactivated	  at	  65°C	  for	  10	  minutes	  to	  stop	  the	  

DNase	   activity.	   After	   that	   the	   samples	   were	   used	   as	   a	   template	   for	   reverse	  

transcription	  and	  cDNA	  was	  synthesised	  using	  Gene	  Amp	  RNA	  PCR	  core	  kit.	  QRT-‐

PCR	  was	  performed	  with	  appropriate	  primers,	  SYBR	  green	  universal	  PCR	  master	  

mix	  and	  subjected	  to	  an	  ABI	  7900	  real-‐time	  PCR	  instrument.	  GAPDH	  was	  applied	  

as	  a	  reference	  gene.	  Relative	  gene	  expression	  was	  quantified	  with	  comparative	  Ct	  

method	   (ΔCt).	   ΔΔCt	   value	   was	   calculated	   against	   reference	   sample	   (RNA	  

extracted	  from	  non-‐transduced	  cells/	  transduced	  with	  the	  non-‐targeted	  vector).	  

The	  expression	  was	  calculated	  as	  2–∆∆Ct.	  

	  

Flow	  cytometry	  analysis	  

	  

For	  MUC1	  and	  PSMA	  staining,	  the	  cells	  were	  harvested	  by	  removing	  the	  culture	  

medium,	   washing	   with	   1x	   PBS	   and	   incubating	   in	   cell	   dissociation	   buffer	   until	  

they	  were	  completely	  detached	  from	  the	  well.	  After	  that,	  the	  cells	  were	  washed	  

three	   times	   in	   2%FBS	   1xPBS	   (washing	   buffer)	   and	   re-‐suspended	   at	   1,000,000	  

cells/ml/tube	  in	  the	  washing	  buffer.	  The	  cell	  solution	  was	  spun	  down	  at	  500g	  for	  

1	  minute	  and	  the	  supernatant	  was	  discarded.	  The	  cell	  pellet	  was	  re-‐suspended	  in	  

100ul	  of	  washing	  buffer	  and	  incubated	  with	  5ul	  of	  Clear	  Back	  or	  Human	  TruStain	  

FcXTM	   Fc	   receptor	   blocking	   solution	   for	   5-‐10	   minutes.	   Then,	   the	   cells	   were	  

washed	  once	  in	  washing	  buffer	  and	  incubated	  in	  appropriate	  dilution	  of	  primary	  

antibody	   (20ul	   of	   anti-‐MUC1	   or	   10ug/ml	   of	   anti-‐PSMA	   per	   sample)	   for	   45-‐60	  

minutes	   at	   room	   temperature.	   The	   cells	   were	   washed	   three	   times	   in	   washing	  

buffer	   and	   incubated	   in	   the	   dark	   with	   anti-‐mouse	   Alexa	   Fluor	   488	   secondary	  

antibody	  (1:500)	  for	  25	  minutes	  at	  room	  temperature.	  After	  that,	  the	  cells	  were	  
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washed	   three	   times	   in	   washing	   buffer	   and	   fixed	   in	   100ul	   of	   4%	  

paraformaldehyde	   for	   10-‐15	   minutes	   at	   room	   temperature.	   Finally,	   the	   cells	  

were	  washed	   twice	  with	   1x	   PBS	   and	   subjected	   to	   flow	   cytometry.	   The	   results	  

were	  analysed	  using	  FlowJo	  version	  10.5	  software.	  

	  

For	  H2-‐Kd	  MHC	  I	  and	  MHC	  II	  staining,	  EF43.fgf4	  cells	  were	  washed	  with	  1x	  PBS	  

and	  detached	  from	  the	  flask	  by	  incubating	  in	  in	  cell	  dissociation	  buffer.	  The	  cells	  

were	   washed	   twice	   in	   1xPBS	   containing	   0.5%BSA	   (washing	   buffer),	   re-‐

suspended	   at	   1,000,000	   cells/100ul/tube	   and	   blocked	   with	   1xPBS	   containing	  

10%	  goat	  serum	  and	  0.3M	  glycine	  for	  20	  minutes	  at	  room	  temperature.	  Then	  the	  

cells	  were	   incubated	   in	   the	  dark	  with	  0.15ug	  anti-‐MHC	  II-‐APC	  and	  0.25ug	  anti-‐

H2-‐Kd-‐Alexa	  Fluor	  488	  antibodies	  diluted	  in	  100ul	  washing	  buffer	  for	  15	  minutes	  

at	  4°C.	  After	  the	  incubation,	  the	  cells	  were	  washed	  three	  times	  in	  washing	  buffer	  

(500g,	  5	  minutes),	   fixed	  with	  4%	  paraformaldehyde	  for	  10-‐15	  minutes	  at	  room	  

temperature,	  washed	  twice	  with	  1xPBS	  and	  subjected	  to	  flow	  cytometry.	  

	  

For	  CD3,	  CD4	  and	  CD8	  staining,	  mouse	  splenocytes	  were	  washed	  twice	  and	  re-‐

suspended	   in	   1xPBS	   at	   1,000,000	   cells/ml/tube.	   1ul	   of	   fixable	   viability	   dye	  

eFluor	  780	  was	  added	  to	  each	  tube,	  vortexed	  immediately	  and	  incubated	  in	  the	  

dark	   for	  30	  minutes	  at	  4°C.	  Then,	   the	  cells	  were	  washed	  twice	  with	  100ul	  PBS,	  

and	   incubated	   with	   appropriate	   concentration	   of	   antibody	   mixture	   (1ug	   anti-‐

CD3,	  0.25ug	  anti-‐CD4	  and	  0.25ug	  anti-‐CD8	  antibodies	  in	  100ul	  1x	  PBS	  per	  tube)	  

for	   15	  minutes	   at	   4°C.	   After	   the	   incubation,	   the	   cells	  were	  washed	   twice	  with	  

1xPBS,	  fixed	  with	  4%	  paraformaldehyde	  for	  10-‐15	  minutes	  at	  room	  temperature.	  

Finally,	  the	  cells	  were	  washed	  twice	  with	  1xPBS	  and	  subjected	  to	  flow	  cytometry.	  

	  

Murine	  splenocyte	  isolation	  

	  

Spleens	   were	   collected	   from	   euthanized	   mice,	   quickly	   rinsed	   through	   normal	  

saline	   and	   kept	   on	   ice	   in	   eppendorf	   containing	   RPMI-‐washed	   medium	   (RPMI	  

medium	   supplemented	   with	   2%	   Foetal	   Bovine	   Serum	   (FBS),	   Penicillin	   (100	  

units/ml),	  streptomycin	  (100μg/ml)	  and	  1%	  Antibiotic-‐Antimycotic	  agent).	  The	  

spleens	  were	  cut	  into	  small	  pieces	  and	  passed	  through	  70µm	  cell	  strainer.	  	  
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The	  splenocyte	  solution	  was	  spun	  at	  500	  g	  for	  5minutes	  at	  4°C	  to	  pellet	  the	  cells	  

and	  re-‐suspended	  with	  RPMI-‐washed	  medium.	  The	  washing	  steps	  were	  repeated	  

3	   times.	  After	   the	   last	  spinning,	   the	  cell	  pellet	  was	  re-‐suspended	   in	  5ml	  of	  ACK	  

lysis	   solution	   for	   2	  minutes	   at	   room	   temperature	   to	   lyse	   red	   blood	   cells,	   then,	  

5ml	  of	  1xPBS	  was	  immediately	  added	  to	  stop	  the	  cell	  lysis.	  The	  cells	  solution	  was	  

pelleted	   at	   500	   g	   for	   5minutes	   at	   4°C	   and	   re-‐suspended	   in	   RPMI	   complete	  

medium	  (RPMI	  medium	  supplemented	  with	  10%	  FBS,	  Penicillin	  (100	  units/ml),	  

streptomycin	  (100μg/ml),	  1%	  Antibiotic-‐Antimycotic	  agent,	  L-‐glutamine	  (2mM)	  

and	   50µM	   2-‐mercaptoethanol.	   The	   splenocytes	   were	   finally	   cultured	   in	   RPMI	  

complete	  medium	  and	  maintained	  in	  a	  5%	  CO2	  humidified	  cell	  culture	  incubator	  

at	  37°C.	  

	  

Effector	  immune	  cell	  activation	  and	  function	  	  

	  

The	   effector	   cell	   activation	  was	   assessed	   from	   IFNγ	   secretion	   by	   IFNγ	  ELISpot	  

assay	   while	   their	   function	   was	   measured	   from	   granzyme	   b	   by	   ELISA	   assay.	  

Murine	   splenocytes	   were	   seeded	   to	   anti-‐IFNγ	   coated	   PVDF	   bottomed	   96-‐well	  

plate	   and	   incubated	   for	   1	   hours	   at	   37°C	   in	   a	   5%	   CO2	   humidified	   cell	   culture	  

incubator.	   Then,	   EF43.fgf4	   cells	  which	   are	   stably	   expressing	   Pb9	   antigen	  were	  

added	  to	  each	  well	  in	  the	  ratio	  10:1	  of	  splenocytes	  to	  tumour	  cells.	  The	  plate	  was	  

incubated	  for	  16	  hours	  in	  the	  cell	  culture	  incubator.	  The	  wells	  of	  splenocytes	  or	  

EF43.fgf4	  alone	  were	   included	  as	  control.	  After	   incubating,	   the	  culture	  medium	  

from	   each	   well	   was	   taken	   to	   measure	   granzyme	   b	   using	   mouse	   granzyme	   b	  

uncoated	   ELISA	   kits	   while	   the	   plate	   was	   carried	   out	   to	   detect	   IFNγ	   secretion	  

using	  mouse	  IFNγ	  ELISPOT	  kit.	  

	  

Tumour	  cell	  killing	  

	  

Tumour	   cell	   killing	   was	   investigated	   from	   a	   release	   of	   lactase	   dehydrogenase	  

(LDH)	  by	  non-‐radioactive	  cytotoxicity	  assay.	  Initially,	  splenocytes	  were	  cultured	  

with	  tumour	  cells	  in	  various	  ratios	  (1:1,	  5:1,	  10:1,	  20:1	  and	  50:1)	  and	  defined	  as	  

experimental	  wells.	  Splenocytes	  were	  included	  for	  effector	  cell	  spontaneous	  LDH	  

release.	  Two	  sets	  of	  wells	  containing	  tumour	  cells	  alone	  were	  kept	  for	  target	  cell	  
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spontaneous	  LDH	  release	  and	   target	  cell	  maximum	  LDH	  release.	  The	  plate	  was	  

incubated	  for	  6	  hours	  at	  37°C	  in	  a	  5%	  CO2	  humidified	  cell	  culture	  incubator.	  After	  

the	   incubation,	   lysis	   solution	  was	   added	   to	  one	   set	   of	  wells	   containing	   tumour	  

cells	   alone	   to	   get	   target	   cell	  maximum	  LDH	   release.	   The	   culture	  medium	   from	  

each	   well	   was	   then	   taken	   and	   carried	   on	   for	   the	   cytotoxicity	   assay.	   The	  

percentage	  of	  cytotoxicity	  was	  calculated	  from	  the	  follow	  formula.	  

	  

%Cytotoxicity	  =	  experimental-‐effector	  spontaneous-‐target	  spontaneous	  	  x	  	  100	  

	   	   	   	   target	  maximum-‐target	  spontaneous	  

	  

2.2.4	  In	  vivo	  experiments	  
	  

Generation	  of	  stable	  tumour	  cells	  expressing	  GFP-‐Luc	  

	  

EF43.fgf4	  cells	  were	  seeded	  in	  24-‐wells	  plate	  in	  complete	  DMEM	  and	  allowed	  to	  

reach	   60-‐70%	   confluent.	  When	   transfecting,	   the	   culture	  medium	  was	   replaced	  

with	   500μl	   of	   DMEM	   containing	   8μg/μl	   polybrene	   and	   lentivirus	   vector	   (CMV-‐

GFP-‐T2A-‐Luciferase)	   at	   ≈10	  MOI	   (Multiplicity	   of	   Infection).	  Then,	   the	  plate	  was	  

centrifuged	  at	  2000rpm	  for	  90	  minutes	  and	  incubated	  overnight	  at	  37°C	  in	  a	  5%	  

CO2	   humidified	   cell	   culture	   incubator.	   Next	   day,	   the	   cells	   were	   washed	   three	  

times	   with	   complete	   DMEM	   and	   kept	   at	   37°C	   in	   cell	   culture	   incubator.	   The	  

infected	   cells	   were	   monitored	   from	   GFP	   expression	   under	   fluorescent	  

microscope	   and	   expanded	   until	   reached	   90%	   confluent	   of	   T75	   flask	   for	   cell	  

sorting.	  Then,	   the	  cells	  were	  trypsinised	  and	  resuspended	  in	  1x	  PBS	  containing	  

1mM	  EDTA,	  25mM	  HEPES	  pH7.0	  and	  1%	  FCS.	  After	   that,	   the	  GFP	  positive	  cells	  

were	   sorted	   by	   MRC-‐BRC-‐IC	   Flow	   Cytometry.	   Finally,	   the	   sorted	   cells	   were	  

maintained	   in	   complete	   DMEM	   containing	   1x	   Antibiotic-‐	   Antimycotic	   agent	   as	  

the	  sorting	  step	  was	  not	  performed	  under	  sterile	  condition.	  
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Subcutaneous	  inoculation	  of	  tumour	  cells	  

	  

The	  tumour	  cells	  were	  prepared	  at	  appropriate	  cellular	  density	  in	  DMEM	  media	  

without	   additives.	   Then	   50-‐100	   ul	   of	   the	   tumour	   cell	   solution	   was	  

subcutaneously	  injected	  to	  the	  mice.	  

	  

Bioluminescence	  Imaging	  (BLI)	  

	  

Mice	   were	   anesthetised	   with	   isoflurane	   and	   subcutaneously	   injected	   with	  

100mg/kg	  of	  d-‐luciferin.	  Luciferase	  expression	  was	  monitored	  by	  Vivo	  Imaging	  

System	   (IVIS	   100,	   Caliper	   Life	   Sciences).	   The	   luciferase	   activity	  was	   calculated	  

from	  region	  of	  interest	  (ROI)	  defined	  over	  the	  tumour	  using	  Live	  Image	  software	  

version	  4.3.1	  and	  interpreted	  as	  total	  photon	  counts	  per	  second	  per	  cm2.	  

	  

Haematoxylin	  and	  Eosin	  staining	  

	  

Tumours	   were	   collected	   from	   each	   mouse,	   mounted	   in	   optimal	   cutting	  

temperature	   compound	   (O.C.T	   compound),	   snap	   frozen	   in	  dry	   ice-‐ethanol	  bath	  

and	  immediately	  kept	  at	  −80°C.	  The	  frozen	  tissues	  were	  sectioned	  at	  5μm	  thick,	  

placed	  on	  slides	  and	  kept	  at	  -‐20°C.	  

	  

The	  tissue	  sections	  were	  fixed	  in	  95%	  ethanol	  for	  10	  minutes,	  then,	  dipped	  in	  tap	  

water	  and	  distilled	  water	  until	  all	  O.C.T	  compound	  was	  cleared	  out.	  The	  sections	  

were	  stained	  with	  hematoxylin	  for	  5	  minutes,	  washed	  in	  running	  tap	  water	  and	  

blued	  in	  lukewarm	  tap	  water.	  After	  that,	  the	  sections	  were	  counterstained	  with	  

eosin	   for	   1-‐2	   minutes	   and	   washed	   in	   running	   tap	   water	   until	   eosin	   stopped	  

streaking.	   Finally,	   the	   sections	   were	   dehydrated	   respectively	   in	   70%	   ethanol,	  

80%	  ethanol,	  90%	  ethanol,	  100%	  ethanol,	  cleared	  through	  two	  changes	  of	  xylene	  

and	  mounted	  in	  DPX	  mounting	  medium.	  

	  

	  

	  

	  



P a g e 	  |	  85	  
	  

Fluorescent	  staining	  of	  frozen	  sections	  (cleaved	  Caspase-‐3)	  

	  

The	   sections	  were	  warmed	   at	   room	   temperature	   for	   2-‐3	  minutes,	   fixed	   in	   3%	  

formaldehyde	  in	  1x	  PBS	  at	  room	  temperature	  for	  30	  minutes	  and	  washed	  three	  

times	   in	  1x	  PBS	   for	  5	  minutes	  each.	  Then,	   the	  sections	  were	  blocked	   in	  1x	  PBS	  

containing	   5%	   goat	   serum	   and	   0.3%	   TritonTM	   X	   -‐100	   for	   60	   minutes.	   While	  

blocking,	   cleaved	   Caspase-‐3	   primary	   antibody	   was	   prepared	   in	   1x	   PBS	  

containing	  1%	  BSA	  and	  0.3%	  TritonTM	  X	  -‐100	  (dilution	  1:400).	  The	  sections	  were	  

incubated	   overnight	   in	   the	   primary	   antibody	   solution	   at	   4°C.	   Next	   day,	   the	  

sections	  were	  washed	  three	  times	  in	  1x	  PBS	  for	  5	  minutes	  each	  and	  incubated	  in	  

diluted	  anti-‐rabbit	  Alexa	  Fluor	  488	  secondary	  antibody	  (1:800)	  as	  well	  as	  DAPI	  

(1:3000)	   in	   1x	   PBS	   containing	   1%	   BSA	   and	   0.3%	   TritonTM	   X	   -‐100	   at	   room	  

temperature	  for	  45	  minutes	  in	  the	  dark.	  After	  the	  incubation,	  the	  sectinos	  were	  

washed	  three	  times	  in	  1x	  PBS	  for	  5	  minutes	  and	  subsequently	  and	  mounted	  with	  

prolong	   gold	   antifade	   reagent.	   The	   slides	   were	   dried	   overnight	   at	   room	  

temperature	   in	   the	   dark	   before	   subjecting	   to	   fluorescent	  microscope	   or	   being	  

kept	  at	  -‐20°C.	  

	  

2.2.5	  Statistical	  analysis	  
	  

Statistical	  analysis	  was	  performed	  using	  IBM	  SPSS	  statistics	  software	  version	  23.	  

The	  data	  presented	   in	   this	   thesis	  are	  mean	  value	  ±	  standard	  error	  of	   the	  mean	  

(SEM).	  P	   value	  was	   generated	   by	   the	   student	   t-‐test	   and	   one-‐way	   ANOVA	  with	  

Tukey's	   honestly	   significant	   difference	   (HSD)	   post	   hoc	   test	   for	   normally	  

distributed	   data.	   Mann-‐Whitney	   and	   Kruskal-‐Wallis	   test	   was	   used	   as	   a	   non-‐

parametric	   test.	   The	   P	   values	   were	   considered	   significant	   at	   p<0.05and	  

represented	  as	  follows:	  *p<0.05,	  **p≤0.01.	  	  

	  

2.2.6	  Bioinformatics	  
	  

Bioinformatic	   analysis	   was	   performed	   using	   SnapGene	   software	   version	   4.2.5	  

which	  includes	  the	  design	  and	  construction	  of	  plasmids,	  determination	  of	  bands	  

with	   restriction	   enzyme	   digestion	   and	   analysis	   of	   sequencing	   results.
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Chapter	  3	  
	  

	  

H5WYG	  peptide	  capability	  to	  enhance	  endosomal	  escape	  
of	  PAAV	  vector	  

	  

	  

3.1	  Introduction	  
	  
Gene	   delivery	   is	   a	   biological	   technology	   aimed	   to	   transfer	   a	   gene	   into	   cells	   of	  

interest	   with	   an	   ultimate	   goal	   to	   drive	   a	   stably	   functional	   expression	   of	   the	  

transferred	  gene.	  The	  development	  of	  gene	  delivery	  contributes	  to	  great	  benefits	  

in	  many	  biomedical	  fields	  including	  gene	  therapy.	  In	  order	  to	  deliver	  the	  gene	  to	  

the	  target	  site,	  a	  sufficient	  delivery	  system	  is	  required.	  Thus,	  many	  delivery	  tools,	  

widely	   categorized	   into	   viral	   and	   non-‐viral	   vectors,	   have	   been	   developed	   and	  

exploited	  for	  gene	  delivery.	  Each	  of	  these	  vector	  categories	  has	  their	  advantages	  

and	  drawbacks.	  Viral	  vectors	  are	  considered	  more	  efficacious	  than	  the	  non-‐viral	  

ones	  due	  to	  their	  high	  transduction	  efficacy.	  However,	  non-‐viral	  vectors	  tend	  to	  

be	  safer	  to	  use	  because	  they	  are	  lack	  of	  native	  tropism	  and	  pathogenicity	  [8,	  22].	  

Apart	  from	  their	  advantages	  and	  disadvantages,	  both	  viral	  and	  non-‐viral	  vectors	  

confront	  similar	  difficulties	  to	  mediate	  gene	  transfer.	  Stable	  vector	  manufacture,	  

efficient	   targeting	   strategy,	   capability	   of	   cellular	   internalization,	   sufficient	  

intracellular	   trafficking,	   nuclear	   uptake	   and	   functional	   gene	   expression	   are	  

crucially	  required	  to	  achieve	  a	  successful	  gene	  delivery	  [5,	  40,	  41].	  Additionally,	  

the	   vectors	   have	   to	   traverse	  multiple	   barriers	   from	   administered	   site	   to	   their	  

destination.	   Intracellular	   trafficking	   is	  one	  of	   the	  barriers	  that	   the	  vectors	  need	  

to	  overcome	  [71].	  

	  

Because	   a	   cellular	   uptake	   of	   foreign	   vectors	   usually	   relies	   on	   endocytosis,	   the	  

vectors	  are	  initially	   internalised	  and	  resided	  in	  endocytic	  vesicles.	  Most	  of	  viral	  

vectors	  are	   taken	  up	  via	   clathrin-‐mediated	  endocytosis	   [236].	  The	   intracellular	  
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vesicle	   generally	   undergoes	   early	   endosome	   formation	   and	   maturation	   to	  

become	  late	  endosomes.	  During	  the	  maturation,	  cytosolic	  H+	  ions	  are	  pump	  into	  

endosome	   resulting	   in	   a	   decrease	   of	   intravesicular	   pH.	   Late	   endosomes	   are	  

destined	   to	   fuse	  with	   lysosomes	  where	   digestive	   enzymes	   are	   activated	   under	  

acidic	   condition.	   As	   a	   result	   of	   all	   these	   steps,	   the	   sequestered	   vectors	   are	  

frequently	   degraded	   by	   active	   enzymes.	   According	   to	   this	   intracellular	  

trafficking,	  the	  vectors	  are	  needed	  to	  escape	  from	  endosome	  in	  a	  time	  manner	  to	  

carry	  out	  their	  biological	  function	  [62,	  71].	  

	  

Although	  a	  wide	  variety	  of	  strategies	  have	  been	  developed	  to	  release	  the	  vectors	  

from	  endosomes	  before	  getting	  degraded	  in	  the	  lysosomes,	  endosomal	  escape	  is	  

still	   recognised	   as	   a	   bottleneck	   of	   gene	   transfer.	   Based	   on	   the	   principal	   of	  

intracellular	   trafficking,	   one	   strategy	   to	   overcome	   endosomal	   degradative	  

pathway	  is	  to	  employ	  endosomal	  escape	  agents.	  These	  agents	  are	  derived	  from	  

various	   sources,	   for	   example,	   haemagglutinin	   (HA2)	   from	   influenza	   [72],	  

listeriolysin	  O	  (LLO)	   from	  bacteria	   [82],	  human	  calcitonin	  derived	  peptide	   [98]	  

and	  Ricin	  from	  plants	  [91].	  While	  some	  agents	  are	  purified	  from	  natural	  source,	  

the	  others	  are	  synthesized	  in	  analogous	  to	  the	  parental	  models	  such	  as	  EB1[99],	  

KALA	   and	   GALA	   peptides	   [100,	   102].	   Also,	   several	   chemical	   agents	   such	   as	  

polyethylenimine	   (PEI)	  and	  Poly(amidoamine)s	   (PAAs)	  have	  been	   reported	   for	  

their	  contribution	  to	  endosomal	  escape	  [74,	  75].	  

	  

It	   is	  well	   known	   that	   viral	   vectors	   are	  more	   efficacious	   than	   non-‐viral	   vectors	  

both	   in	   vitro	   and	   in	   vivo.	   Understanding	   mechanisms	   that	   viruses	   utilise	   to	  

escape	  from	  their	  host’s	  barriers	  is	  beneficial	  for	  the	  intracellular	  delivery.	  These	  

mechanisms	   are	   basically	   related	   to	   endosomal	   membrane	   destabilisation	  

followed	  by	  pore	  formation,	  membrane	  rupture	  or	  fusion	  peptide	  depending	  on	  

their	   characteristics.	   The	   enveloped	   viruses	   tend	   to	   fuse	   their	   envelopes	   with	  

endosomal	   membranes	   while	   the	   non-‐enveloped	   ones	   usually	   make	   a	   pore	  

through	  the	  membrane	  and	  escape	   to	  cytosol	   [69].	   In	  many	  studies,	   small	  viral	  

peptide	  domains	  were	  reported	  for	  their	  crucial	  capability	  for	  endosomal	  escape.	  

Therefore	  many	  viral-‐based	  endosomal	  escape	  agents	  have	  been	  developed	  and	  

applied	   in	   gene	   transfer.	  According	   to	   the	  previous	   studies	   in	  our	  group,	   three	  
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endosomal	   escape	   peptides;	   H5WYG,	   INF-‐7	   or	   PC1;	   were	   displayed	   on	  

recombinant	   pVIII	   of	   AVVP	   vector	   and	   assessed	   for	   their	   endosomal	   escape	  

capability.	   Among	   these	   peptides,	   H5WYG	   is	   considered	   as	   a	   promising	   one	  

because	   the	   targeted	   vector	   displaying	   H5WYG	   resulted	   in	   substantially	   more	  

gene	   expression	   compared	   to	   the	   vector	   displaying	   INF-‐7	   or	   PC1	   peptides	  

(accepted	  manuscript	  PNAS	  2019).	  Thus,	  H5WYG	  was	  chosen	  over	  the	  other	  two	  

peptides	  to	  display	  on	  recombinant	  pVIII	  of	  PAAV	  vector	  in	  this	  chapter.	  

	  

H5WYG	  (GLFHAIAHFIHGGWHGLIHGWYG)	  peptide	  was	  designed	  in	  analogous	  to	  

the	  N-‐terminal	   segment	  of	  haemagglutinin	   (HA2)	   subunit	   from	   Influenza	  virus.	  

The	   parental	   HA2	   subunit	   (GLFGAIAGFIEGGWTGMIDGWYG)	   was	   modified	   by	  

replacing	  G-‐4,	   G-‐8,	   E-‐11,	   T-‐15,	   and	  D-‐19	  with	   histidyl	   residues.	  M-‐17	  was	   also	  

replaced	  by	   a	   leucyl	   residue	   [237].	  H5WYG	   is	   a	  histidine-‐rich	  peptide	  which	   is	  

weakly	  soluble	  at	  neutral	  pH.	  However,	  it	  undergoes	  conformation	  change	  under	  

mildly	   acidic	   conditions	   as	   all	   histidines	   are	   protonated.	   The	   histidines	   are	  

considered	   as	   key	   elements	   of	   this	   peptide	   to	   facilitate	   the	   vectors	   out	   of	  

endosomes	  through	  a	  mechanism	  called	  proton	  sponge	  effect.	  According	  to	  many	  

studies,	  proton	  sponge	  effect	   is	  usually	  mediated	  by	  agents	  with	  high	  buffering	  

capacity.	   The	   mechanism	   generally	   begins	   with	   endosomal	   membrane	  

destabilisation	  followed	  by	  endosomal	  rupture	  [69,	  71,	  238-‐240].	  	  

	  

H5WYG	   peptide	   contains	   five	   histidyl	   residues	   which	   are	   capable	   of	   getting	  

protonated	   during	   endosomal	   acidification.	   This	   protonation	   process	   causes	   a	  

conformational	   change	   of	   the	   peptide	   following	   by	   its	   interaction	   with	  

endosomal	  membrane.	   The	   interaction	   is	   believed	   to	   induce	   a	   flip	   of	   cytosolic	  

membrane	   leaflet	   into	   endosomal	   lumen	   which	   consequently	   destabilises	  

endosomal	   membrane.	   Moreover,	   the	   buffering	   capacity	   of	   H5WYG	   peptide	  

makes	   it	   more	   difficult	   to	   lower	   endosomal	   pH	   during	   the	   maturation	   as	   all	  

histidines	  are	  protonated.	  Thus,	  excessive	  cytosolic	  proton	  is	  required.	  When	  the	  

protons	   are	   pumped	   in,	   there	   is	   also	   an	   intensive	   inflow	   of	   counter-‐ions	   and	  

water	   to	   balance	   membrane	   voltage	   and	   restore	   osmotic	   balance	   between	  

endosomal	  compartment	  and	  the	  cytosol.	  The	  osmotic	  swelling	  caused	  by	  water	  

inflow	   together	   with	   already	   destabilised	   membrane	   results	   in	   endosomal	  
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rupture	  and	  a	  release	  of	  entrapped	  materials.	  Relevant	  to	  its	  capability,	  H5WYG	  

peptide	   has	   been	   reported	   for	   its	   contribution	   to	   enhance	   gene	   expression	   in	  

many	  studies.	  The	  peptide	  was	  applied	  in	  many	  types	  of	  delivery	  systems	  such	  as	  

antisense	  oligonucleotide,	   polyethylene	   glycol-‐based	  vehicle	   and	  peptide-‐based	  

nanocarriers	  [107,	  239,	  241].	  	  

	  

The	   aim	   of	   this	   chapter	   is	   to	   investigate	   the	   capability	   of	   H5WYG	   peptide	   to	  

facilitate	   endosomal	   escape	   that	   leads	   to	   an	   augmentation	   of	   PAAV-‐mediated	  

gene	  expression.	  In	  a	  series	  of	  experiments,	  firstly,	  PAAV	  vector	  has	  been	  further	  

modified	  to	  display	  H5WYG	  peptide	  on	  its	  recombinant	  pVIII	  major	  coat	  protein.	  

Secondly,	  the	  modified	  vector	  was	  characterised	  for	  its	  morphological	  change	  by	  

transmission	  electron	  microscopy	  and	  assessed	  its	  buffering	  capability	  by	  acidic-‐

based	   titration.	   All	   experiments	   in	   this	   chapter	   were	   primarily	   optimised	   in	  

HEK293	   cells	   and	   translated	   to	   a	   panel	   of	   tumour	   cell	   lines.	   Three	   different	  

tumour	   cell	   lines	   namely	   A549	   (lung	   adenocarcinoma),	   M21	   (melanoma)	   and	  

UW228	   (medulloblastoma)	   were	   chosen	   as	   preliminary	   models	   to	   test	   the	  

H5WYG	  endosomal	  escape	  capability.	  Therefore,	   thirdly,	   the	   tumour	  cells	  were	  

characterised	   for	   their	   expression	   of	   αv,	   β3	   and	   β5	  integrins,	   receptor	   of	   PAAV.	  

Next,	   the	   vector	   transduction	   efficacy	   on	  A549,	  M21	   and	  UW228	   tumours	  was	  

optimised	   from	   Lucia	   reporter	   gene	   expression.	   Fourthly,	   the	   capability	   of	  

H5WYG	   peptide	   to	   enhance	   gene	   expression	   was	   assessed	   by	   comparing	  

differences	  in	  Lucia	  gene	  expression	  mediated	  by	  PAAV	  displaying	  H5WYG	  to	  the	  

one	  mediated	  by	  the	  vector	  lacking	  the	  peptide.	  Fifthly,	  bafilomycin	  A1,	  a	  specific	  

inhibitor	  of	  a	  vascuolar	  ATPase	  proton	  pump,	  was	  applied	  to	  PAAV	  transduction	  

in	  order	  to	  investigate	  mechanism	  by	  which	  H5WYG	  facilitates	  the	  vector	  escape	  

from	   endosomes.	   Sixthly,	   the	  modified	   vector	   was	   applied	   in	   gene	   therapy	   by	  

delivering	   a	   transgene	   encoding	   for	   secreted	   TNFα	   (sTNFα).	   The	   efficiency	   of	  

H5WYG	  peptide	  was	  investigated	  for	  tumour	  cell	  death	  mediated	  by	  PAAV	  vector	  

encoding	  sTNFα	  gene.	  Seventhly,	  preliminary	  in	  vivo	  experiment	  was	  performed	  

on	  CD1	  nu/nu	  mice	  in	  order	  to	  show	  a	  proof	  of	  concept	  that	  H5WYG	  peptide	  is	  

able	  to	  augment	  vector-‐mediated	  gene	  expression	  in	  vivo.	  
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3.2	  Results	  
	  

3.2.1.	  Construction	  of	  M13.KO7	  helper	  phage	  displaying	  the	  H5WYG	  
peptide	  
	  

To	  construct	  helper	  phage	  displaying	  the	  peptide,	  firstly,	  H5WYG	  DNA	  sequence	  

(GGCTTGTTCCACGCCATCGCGCACTTCATTCATGGGGGTTGGCACGGTCTCATCCAT

GGTTGGTACGGG)	  flanked	  by	  HindIII	  and	  PstI	  restriction	  sites	  was	  inserted	  in	  to	  

recombinant	   pVIII	   of	   f88-‐4	   plasmid	   (GenBank	   Accession	   AF218363).	   The	  

plasmid	  with	  H5WYG	   sequence	  was	  confirmed	  by	  DNA	  sequencing	  (figure	  3.1).	  

Secondly,	   the	   plasmid	   from	   a	   previous	   step	   was	   used	   as	   a	   PCR	   template	   to	  

amplify	   recombinant	   pVIII	   with	  H5WYG	   sequence.	   The	   PCR	   product	   was	   then	  

ligated	  to	  RGD.M13.KO7	  and	  M13.KO7	  helper	  phage	  plasmid.	  

	  

The	   constructs	   with	   insert	   were	   verified	   by	   restriction	   enzyme	   digestion	   and	  

confirmed	   by	   DNA	   sequencing	   (figure	   3.2	   and	   3.3).	   The	   construct	   with	   the	  

corrected	   DNA	   sequencing	   result	  was	   chosen	   and	   proceeded	   for	   helper	   phage	  

production.	   After	   the	   production,	   there	   were	   two	   helper	   phage	   displaying	  

H5WYG	   peptide.	   One	   was	   a	   targeted	   helper	   phage	   called	   RGD.M13.KO7.H5W.	  

The	   other	   was	   non-‐targeted	   helper	   phage	   called	   M13.KO7.H5W.	   The	   helper	  

phages	   without	   H5WYG	   peptide,	   RGD.M13.KO7	   and	   M13.KO7,	   were	   also	  

produced	   and	   included	   in	   the	   experiments	   in	   this	   chapter.	   The	   helper	   phage	  

figures	   demonstrating	   capsid	   proteins	   and	   displaying	   peptides	   are	   shown	   in	  

figure	  3.4.	  
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Figure	   3.1.	   DNA	   sequence	   of	   recombinant	   pVIII	   with	   H5WYG	   in	   f88-‐4	  

plasmid.	  

	  
	  

	  
	  

Figure	   3.2.	   Construction	   of	   targeted	   helper	   phage	   plasmid	   with	   H5WYG	  

peptide	  (RGD.M13.KO7.H5WYG).	  

The	   plasmid	   was	   digested	   with	   HindIII	   restricted-‐enzyme	   which	   cuts	   at	   two	  

restriction	  sites,	  inside	  the	  insert	  and	  on	  the	  backbone.	  A	  In	  silico	  digested	  bands	  

from	  Snap	  Gene	  software.	  B	  The	  helper	  phage	  plasmids	  were	  digested	  and	  run	  

on	  1%	  agarose	   gel	   to	   identify	   correct	  DNA	   fragments.	   Lanes	  with	   odd	  number	  

are	   undigested	   plasmids	   while	   the	   ones	   with	   even	   number	   are	   the	   plasmid	  

undergone	   HindIII	   restricted-‐digestion.	   C	   DNA	   sequencing	   results	   of	  

RGD.M13.KO7.H5WYG	  plasmid.	  
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Figure	  3.3.	  Construction	  of	  non-‐targeted	  helper	  phage	  plasmid	  with	  H5WYG	  

peptide	  (M13.KO7.H5WYG).	  

The	   plasmid	   was	   digested	   with	   HindIII	   restricted-‐enzyme	   which	   cuts	   at	   two	  

restriction	  sites,	  inside	  the	  insert	  and	  in	  the	  backbone.	  A	  In	  silico	  digested	  bands	  

from	  Snap	  Gene	  software.	  B	  The	  helper	  phage	  plasmids	  were	  digested	  and	  run	  

on	  1%	  agarose	   gel	   to	   identify	   correct	  DNA	   fragments.	   Lanes	  with	   odd	  number	  

are	   undigested	   plasmids	   while	   the	   ones	   with	   even	   number	   are	   plasmid	  

undergone	   HindIII	   restricted-‐digestion.	   C	   DNA	   sequencing	   result	   of	  

M13.KO7.H5WYG	  plasmid.	  	  
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Figure	  3.4.	  Schematic	  illustartion	  of	  helper	  phages.	  

A	   represents	   a	   targeted	   helper	   phage	   displaying	   H5WYG	   peptide	  

(RGD.M13.KO7.H5W).	   B	   represents	   a	   non-‐targeted	   helper	   phage	   displaying	  

H5WYG	  peptide	  (M13.KO7.H5W).	  C	  represents	  a	  targeted	  helper	  phage	  without	  

H5WYG	   peptide	   (RGD.M13.KO7).	   D	   represents	   a	   non-‐targeted	   helper	   phage	  

without	  H5WYG	  peptide	  (M13.KO7)	  
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3.2.2.	  Construction	  of	  PAAV	  vector	  encoding	  secreted	  TNFα	  
	  

According	  to	  endosomal	  escape	  capability	  of	  H5WYG	  peptide,	  it	  is	  challenging	  to	  

apply	  the	  modified	  vector	  to	  gene	  therapy.	  In	  doing	  so,	  secreted	  tumour	  necrosis	  

factor	  alpha	   (sTNFα)	  gene	  was	  chosen	  to	  assess	  an	  enhanced	  therapeutic	  effect	  

mediated	  by	  PAAV	  vector	  displaying	  H5WYG	  peptide.	  It	  is	  well-‐known	  that	  TNFα	  

is	   an	   inflammatory	   cytokine	   possessing	   anti-‐tumour	   activity	   and	   has	   been	  

utilized	  in	  different	  strategies	  to	  induce	  anti-‐tumour	  responses	  [242,	  243].	  Many	  

preclinical	  studies	  have	  proved	  TNFα	  efficiency	  for	  targeted	  gene	  therapy.	  Also,	  

this	  therapeutic	  gene	  was	  applied	  on	  the	  previous	  version	  bacteriophage	  vector	  

(AAVP)	  and	  shown	  efficacy	  to	  treat	  naturally	  occurring	  cancers	  in	  pet	  dogs	  [34].	  

At	  present,	  two	  forms	  of	  TNFα;	  transmembrane	  (tmTNFα)	  and	  secreted	  (sTNFα);	  

were	  genetically	   constructed	   into	  PAAV	  vector.	  The	   two	   forms	  were	   compared	  

their	  efficiency	  in	  a	  number	  of	  tumour	  cell	   lines	  where	  sTNFα	  showed	  superior	  

anti-‐tumour	  response	  over	  tmTNFα	  (unpublished	  data	  in	  Phage	  therapy	  group).	  	  

	  

To	   investigate	   the	   efficacy	   of	   H5WYG	   peptide	   on	   enhancing	   therapeutic	   gene	  

expression,	   PAAV	   vector	   encoding	   secreted	  TNFα	   was	   genetically	   constructed.	  

Signal	   peptide	   sequence	   of	   interleukin	   IL-‐2	  was	   fused	   to	   the	  DNA	   sequence	   of	  

TNFα	   in	   order	   to	   generate	   secreted	   TNFα	   (IL-‐2sp.sTNFα).	   Then	   IL-‐2sp.sTNFα	  

sequences	   flanked	   by	   BamHI	   and	   SalI	   restriction	   sites	   was	   ligated	   to	   PAAV	  

backbone.	  Finally,	  the	  corrected	  construct	  was	  confirmed	  by	  restriction	  enzyme	  

digestion	  and	  DNA	  sequencing	  (figure	  3.5).	  

	  

In	  order	  to	  produce	  4	  different	  PAAV	  vectors	  encoding	  secreted	  TNFα	  transgene,	  

PAAV.IL-‐2sp.sTNFα	   plasmid	   was	   transformed	   into	   competent	   TG1	   Escherichia	  

coli	  and	  co-‐infected	  with	  one	  of	  RGD.M13.KO7,	  M13.KO7,	  RGD.M13.KO7.H5W	  or	  

M13.KO7.H5W	   helper	   phage.	   Thus,	   there	   are	   4	   different	   PAAV	   vectors	  

RGD.PAAV.IL-‐2sp.sTNFα.H5W,	   RGD.PAAV.IL-‐2sp.sTNFα,	   PAAV.IL-‐2sp.sTNFα.H5W	  

and	   PAAV.IL-‐2sp.sTNFα.	   The	   first	   and	   the	   third	   one	   are	   displaying	   H5WYG	  

peptide	  on	  the	  recombinant	  pVIII	  major	  coat	  proteins	  (figure	  3.6).	  	  
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Figure	  3.5.	  Construction	  of	  PAAV	  vector	  encoding	  secreted	  TNFα	  (PAAV.IL-‐

2sp.sTNFα).	  

The	   plasmid	   was	   digested	   with	   SacI	   and	   SalI	   restricted-‐enzymes.	   A.)	   In	   silico	  

digested	   bands	   from	   Snap	  Gene	   software.	   B.)	   The	   plasmids	  were	   digested	   and	  

run	   on	   1%	   agarose	   gel	   to	   identify	   correct	   DNA	   fragments.	   Lanes	   with	   odd	  

number	   are	   undigested	   plasmids	   while	   the	   ones	   with	   even	   number	   are	   the	  

plasmids	   undergone	   restriction	   enzyme	   double	   digestion.	   C.)	   DNA	   sequencing	  

results	  of	  PAAV.IL-‐2sp.sTNFα	  plasmid.	  
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Figure	  3.6.	  Schematic	  illustration	  of	  PAAV	  vectors	  encoding	  TNFα	  (PAAV.IL-‐

2sp.sTNFα).	  

A	   represents	   a	   targeted	   vector	   displaying	   H5WYG	   peptide	   (RGD.PAAV.IL-‐

2sp.sTNFα.H5W).	   B	   represents	   a	   targeted	   vector	   without	   H5WYG	   peptide	  

RGD.PAAV.IL-‐2sp.sTNFα).	  C	  represents	  a	  non-‐targeted	  vector	  displaying	  H5WYG	  

peptide	   (M13.PAAV.IL-‐2sp.sTNFα.H5W).	   D	   represents	   a	   non-‐targeted	   vector	  

phage	  without	  H5WYG	  peptide	  (M13.PAAV.IL-‐2sp.sTNFα)	  
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3.2.3.	  Characterisation	  of	  M13.KO7	  helper	  phage	  by	  Transmission	  Electron	  
Microscopy	  
	  

To	  determine	   the	  size	  difference	  between	  unmodified	  helper	  phage	  and	  helper	  

phage	   displaying	  H5WYG	  peptide,	   RGD.M13.KO7	   and	  RGD.M13.KO7.H5W	  were	  

produced,	   stained	   and	   subjected	   to	   transmission	   electron	   microscopy	   (TEM).	  

The	   production	   steps	   were	   conducted	   at	   Imperial	   College	   London	   (UK)	   while	  

TEM	   related	  methods	  were	   performed	   at	   Chiang	  Mai	   University	   (Thailand)	   by	  

collaborators.	  A	  commercial	  helper	  phage	  (M13.KO7)	  was	  included	  as	  a	  control.	  

As	  shown	  in	  figure	  3.7,	  all	  helper	  phage	  particles	  observed	  under	  the	  microscope	  

were	   long	   filamentous	   rod-‐like	   shape.	   Dark	   spots	   found	   in	   RGD.M13KO7.H5W	  

were	  bacteria	  debris	  from	  the	  vector	  production	  when	  IPTG	  was	  added	  to	  induce	  

tac	   promoter	   driving	   an	   expression	   of	   H5WYG	   peptide.	   To	   compare	   length	   of	  

each	  helper	  phage	  particles,	  the	  particle	  size	  was	  measured	  by	  ImageJ	  software	  

andshowed	  that	  RGD.M13.KO7	  particle	  was	  slightly	  longer	  than	  the	  commercial	  

M13.KO7	   particle,	   in	   length	   of	   1186.46	   and	   1218.82	   nm	   respectively.	   As	  

theoretically	  expected,	  RGD.M13.KO7.H5W	  particle	  was	  averagely	  1277.61	  nm	  in	  

length	  which	  is	  significantly	  longer	  than	  the	  other	  two	  particles.	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  	  



P a g e 	  |	  98	  
	  

	  
	  

	  
	  

Figure	   3.7.	   Characterisation	   of	   helper	   phages	   by	   transmission	   electron	  

microscopy	  (TEM).	  

RGD.M13.KO7	   and	   RGD.M13.KO7.H5W	   helper	   phage	   were	   produced	   and	  

subjected	   to	   TEM.	   All	   helper	   phage	   particles	   observed	   under	   the	   microscope	  

were	   long	   filamentous	   rod-‐like	   shape.	   The	   commercial	   M13.KO7	   (n	   =	   26),	  

RGD.M13.KO7	  (n	  =	  7)	  and	  RGD.M13.KO7.H5W	  (n	  =	  20)	  are	  represented	  by	  blue,	  

green	   and	   yellow	   free-‐shaped	   line,	   respectively.	   Dark	   spots	   in	  

RGD.M13.KO7.H5W	  were	  bacteria	  debris	  which	   is	   a	  byproduct	   from	   the	  vector	  

production	   with	   IPTG.	   The	   particle	   size	   was	   measured	   using	   ImagJ	   software.	  

Data	   are	   shown	   as	  mean±SEM.	   Statistical	   significance	  was	   determined	  by	   one-‐

way	  ANOVA	  with	  Tukey's	  honestly	  significant	  difference	  (HSD)	  post	  hoc	  test.	  
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3.2.4.	  Characterisation	  of	  PAAV	  vector	  displaying	  H5WYG	  peptide	  
	  

3.2.4.1.	   PAAV	   particle	   size	   determined	   by	   transmission	   electron	  

microscopy	  

	  

In	   order	   to	   characterise	  morphological	   changes	   of	   the	   PAAV	   vector	   displaying	  

H5WYG	   peptide	   on	   recombinant	   pVIII	   capsid	   proteins,	   RGD.PAAV	   and	  

RGD.PAAV.H5W	   were	   produced	   and	   subjected	   to	   transmission	   electron	  

microscopy.	   All	   PAAV	   particles	   observed	   under	   the	   microscope	   were	   long	  

filamentous	   rod-‐like	   shape.	  Dark	   spots	   found	   in	  RGD.PAAV.H5W	  were	  bacteria	  

debris	  from	  the	  vector	  production	  when	  IPTG	  was	  added	  to	  induce	  tac	  promoter	  

driving	  an	  expression	  of	  H5WYG	  peptide.	  The	  PAAV	  particle	  displaying	  H5WYG	  

peptide	   was	   significantly	   shorter	   as	   compared	   to	   the	   particle	   without	   the	  

peptide,	   in	   length	   734.37	   and	   856.85	   nm,	   respectively	   (figure	   3.8).	   The	   helper	  

phage	  particles	  were	  also	  found	  in	  the	  sample.	  They	  were	  distinguished	  from	  the	  

size	  which	  approximately	  400-‐500	  nm	  longer	  than	  PAAV	  particles.	  

	  

3.2.4.2.	   Buffering	   capacity	  mediated	   by	   PAAV	   particle	   displaying	   H5WYG	  

peptide	  

	  

As	   endosomal	   escape	   is	   a	   crucial	   step	   to	   enhance	   vector-‐mediated	   gene	  

expression.	   Displaying	   H5WYG	   peptide	   on	   the	   vector	   capsid	   proteins	   is	  

considered	  to	  enhance	  the	  endosomal	  escape	  by	   inducing	  osmotic	  swelling	  and	  

disruption	   of	   endosomal	  membrane.	   In	   order	   to	   assess	   the	   endosomal	   escape	  

efficacy	  of	  PAAV	  vector,	  its	  buffering	  capacity	  within	  pH	  range	  from	  10	  to	  3	  was	  

measured	  by	  acidic-‐based	  titration.	  Initially,	  the	  vectors	  were	  prepared	  at	  3	  mg	  

protein	  dissolved	  in	  de-‐ionized	  water	  and	  0.1M	  HCl	  was	  added	  in	  2	  μl	  increment.	  

Titration	  of	  de-‐ionized	  water	  was	  conducted	  in	  parallel	  as	  control.	  As	  shown	  in	  

figure	  3.9A,	  PAAV	  vector	  showed	  a	  slight	  buffering	  capacity	  compared	  to	  control	  

while	   PAAV.H5W	   elicited	   more	   buffering	   capacity	   than	   PAAV	   alone.	   The	  

experiment	  was	  repeated	  with	  an	  increase	  of	  vector	  protein	  to	  5	  mg	  and	  a	  lower	  

increment	  of	  0.1M	  HCl.	  Comparing	  within	  natural	  endosome	  pH	  range	  6.8-‐	  5.1,	  

PAAV.H5W	  required	  32	  ul	  of	  0.1M	  HCl	  to	  lower	  the	  pH	  from	  10	  to	  6.8	  while	  PAAV	  
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alone	  needed	  only	  15	  ul	  of	  the	  solution.	  Also,	  PAAV.H5W	  required	  48	  ul	  of	  0.1M	  

HCl	  to	  reach	  pH	  5	  while	  PAAV	  alone	  needed	  22	  ul	  of	  0.1M	  HCl	  to	  reach	  the	  same	  

pH	  (figure	  3.9B).	  The	  results	   indicate	   that	  PAAV.H5W	  has	  around	  2-‐fold	  higher	  

buffering	  capacity	  than	  PAAV	  alone.	  

	  

	  
	  

	  
	  

Figure	   3.8.	   Characterisation	   of	   PAAV	   particles	   by	   transmission	   electron	  

microscopy	  (TEM).	  

RGD.PAAV	  and	  RGD.PAAV.H5W	  vectors	  were	  produced	  and	  subjected	  to	  TEM.	  All	  

PAAV	  particles	  were	  long	  filamentous	  rod-‐like	  shape.	  Red	  and	  green	  free-‐shaped	  

line	   represents	   RGD.PAAV	   (n	   =	   107)	   and	   RGD.PAAV.H5W	   particle	   (n	   =	   70),	  

respectively.	   The	   helper	   phage	   particles	   (longer	   blue	   free-‐shaped	   line)	   were	  

found	   in	   the	   sample	   and	   identified	   from	   their	   longer	   size.	   Dark	   spots	   in	  

RGD.PAAV.H5W	   were	   bacteria	   debris	   which	   is	   a	   byproduct	   from	   the	   vector	  

production	   with	   IPTG.	   The	   particle	   size	   was	   measured	   using	   ImagJ	   software.	  

Data	   are	   represented	  as	  mean±SEM.	   Statistical	   significance	  was	  determined	  by	  

student	  t-‐test.	  
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Figure	  3.9.	  Buffering	  capacity	  of	  PAAV	  vector.	  

PAAV	  and	  PAAV.H5W	  vector	  were	  separately	  dissolved	  in	  de-‐ionized	  water	  and	  

adjusted	  to	  pH10	  by	  adding	  0.1M	  NaOH.	  The	  titration	  was	  carried	  on	  by	  adding	  

0.1M	  HCl	  until	  reach	  pH3.	  The	  pH	  was	  measured	  by	  the	  pH	  metre.	  Titration	  curve	  

of	  de-‐ionized	  water	  was	  added	  as	  a	   control.	  Dashed	   lines	   represent	   the	   typical	  

pH	   range	   in	   endosome	   (pH	  6.8-‐5.1).	  A	   The	   titration	  was	  performed	  with	  3	  mg	  

protein	  of	  each	  PAAV	  vector	  and	  0.1M	  HCl	  was	  added	   in	  2	  μl	   increment.	  B	  The	  

titration	  was	   performed	  with	   5	  mg	   protein	   of	   PAAV	   vector	   and	   0.1M	  HCl	  was	  

added	  in	  1	  μl	  increment.	  
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3.2.5.	  Characterisation	  of	  A549,	  M21	  and	  UW228	  cell	  lines	  
	  

3.2.5.1.	  Integrin	  expression	  

	  

As	  PAAV	  vector	  is	  targeted	  to	  tumour	  cell	  through	  binding	  of	  the	  RGD4C	  ligands	  

to	   αvβ3	   and/or	   αvβ5	   heterodimeric	   receptors.	   Tumour	   cell	  models	   (A549,	  M21	  

and	  UW228)	  were	   checked	   for	   αv,	  β3	   and	   β5	   expression	   by	   immunofluorescent	  

staining	  in	  order	  to	  test	  their	  suitability	  for	  being	  targeted	  by	  RGD.PAAV	  vector.	  

As	   shown	   in	   figure	   3.10,	   A549	   and	   UW228	   cells	   expressed	   all	   three	   integrin	  

subunits.	   On	   the	   other	   hand,	   M21	   showed	   a	   good	   expression	   of	   αv	   and	   β5	  

integrins	  but	  a	  slight	  expression	  of	  β3	  integrins.	  	  

	  

	  
	  

Figure	  3.10.	   Immunofluorescent	  staining	  of	  A549,	  M21	  and	  UW228	  for	  αv,	  

β3	  and	  β5	  integrin	  receptor	  expression.	  

The	  cells	  were	  seeded	  on	  coverslips,	  fixed	  and	  stained	  with	  the	  primary	  anti-‐	  αv,	  

β3,	   or	   β5	   antibodies	   (diluted	   1:50	   in	   2%	   BSA/PBS)	   overnight.	   Cells	   were	   then	  

washed	   and	   stained	   with	   AlexaFluor-‐488	   conjugated	   secondary	   antibody	  

(diluted	  1:	  750	  in	  2%	  BSA/PBS)	  and	  DAPI	  (diluted	  1:	  3000	  in	  2%	  BSA/PBS).	  The	  

control	  was	  stained	  with	  only	  secondary	  antibody	  and	  DAPI.	  Scale	  bar=	  50μm	  
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3.2.5.2.	  Luciferase	  expression	  mediated	  by	  PAAV	  vector	  transduction	  

	  

The	   efficiency	   of	   targeted	   vector	   (RGD.PAAV)	   as	   a	   delivery	   vehicle	   was	  

investigated	  from	  the	  expression	  of	  secreted	  luciferase	  reporter	  gene	  (Lucia).	  In	  

order	   to	   optimise	   the	   vector	   efficiency,	   firstly,	   HEK293	   cells	   were	   transduced	  

with	  PAAV	  encoding	  the	  reporter	  gene	  (PAAV.Luc)	  at	  four	  different	  transducing	  

units	   (TU)/cell	   (100,000;	   500,000;	   1,000,000	   and	   2,000,000	   TU/Cell).	   The	  

secreted	  Lucia	  in	  the	  cell	  culture	  medium	  was	  measured	  daily	  starting	  from	  day	  

1	   post-‐transduction.	   The	   highest	   expression	   was	   detected	   on	   day	   4	   post-‐

transduction	   in	   dose-‐dependent	   manner	   (figure	   3.11A).	   Non-‐targeted	   vector	  

(M13.PAAV)	  was	   used	   as	   a	   control.	   Lucia	   expression	  was	   also	   detected	   on	   the	  

cells	  transduced	  with	  non-‐targeted	  vector	  due	  to	  non-‐specific	  uptake.	  

	  

Similar	   experiments	   were	   conducted	   on	   A549,	   M21	   and	   UW228	   tumour	   cells.	  

The	   highest	   Lucia	   expression	  was	   found	   on	   day	   5	   post-‐transduction	   for	   A549	  

cells	  and	  on	  day	  4	  post-‐transduction	   for	  M21	  and	  UW228.	  The	  expression	  was	  

also	   detected	   in	   dose-‐dependent	   manner	   (figure	   3.11B,	   3.11C	   and	   3.11D).	  

However,	   there	   was	   a	   slightly	   non-‐specific	   uptake	   found	   on	   UW228	   cells	  

transduced	  with	  500,000;	  1,000,000	  and	  2,000,000	  TU/cell	  of	   the	   control	  non-‐

targeted	  PAAV.Lucia.	  These	  data	  indicate	  that	  RGD.PAAV	  is	  capable	  of	  selectively	  

delivering	   the	   reporter	   gene	   to	   A549,	   M21	   and	   UW228	   cells	   with	   high	  

transduction	  efficacy	  in	  vitro.	  
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Figure	  3.11.	  Transduction	  of	  HEK293,	  A549,	  M21	  and	  UW228	  cells	  by	  PAAV	  

vector.	  

The	   cells	   were	   in	   96-‐	   well	   plate	   and	   grown	   to	   60-‐70%	   confluence	   then	  

transduced	   with	   targeted	   PAAV	   encoding	   Lucia	   reporter	   gene	   (RGD.PAAV)	   or	  

non-‐targeted	   vector	   (M13.PAAV)	   at	   four	   different	   vector	   doses	   of	   100,000;	  

500,000;	  1,000,000	  or	  2,000,000	  TU/cell.	  Results	  are	  shown	  as	  mean	  ±	  SEM	  of	  

triplicate	  wells	  of	  one	  representative	  experiment.	  All	  experiments	  were	  repeated	  

twice.	  
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3.2.5.3.	  Specificity	  of	  PAAV	  vector	  and	   its	   transduction	  efficacy	  on	  normal	  

cells	  	  

	  

As	  safety	  issue	  is	  very	  crucial	  for	  cancer	  gene	  therapy,	  the	  delivery	  systems	  are	  

expected	   to	   maintain	   their	   specificity	   on	   the	   tumour	   cells	   without	   any	   side	  

effects	  on	  normal	  cells.	  In	  this	  chapter,	  three	  normal	  cell	  models;	  lung	  fibroblasts,	  

skin	  fibroblasts	  and	  astrocytes;	  were	  chosen	  in	  related	  to	  A549,	  M21	  and	  UW228	  

tumours	  to	  investigate	  the	  safety	  of	  PAAV	  vector	  on	  normal	  cells.	  The	  cells	  were	  

transduced	   with	   various	   transducing	   units	   between	   500,000	   and	   3,000,000	  

TU/cell	  of	   targeted	  or	  non-‐targeted	  PAAV	  vector	  encoding	  Lucia	  reporter	  gene.	  

The	  Lucia	  expression	  was	  monitored	  from	  day	  2	  to	  day	  7	  post	  transduction	  and	  

no	  expression	  was	  detected	  on	  any	  of	   them.	  The	   luciferase	  signal	  shown	   in	   the	  

figures	  was	  a	  medium	  background	  detected	  from	  all	  wells	  including	  the	  control	  

(figure	  3.12).	  This	  indicates	  the	  specificity	  of	  the	  vector	  for	  cancer	  cells.	  
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Figure	   3.12.	   PAAV	   transduction	   in	   normal	   cells	   (lung	   fibroblasts,	   skin	  

fibroblasts	  and	  astrocytes).	  

The	  cells	  were	   seeded	   in	  96-‐	  well	  plate	  and	  grown	   to	  60-‐70%	  confluence	   then	  

transduced	   with	   targeted	   PAAV	   encoding	   Lucia	   reporter	   gene	   (RGD.PAAV)	   or	  

non-‐targeted	   vector	   (M13.PAAV)	   at	   various	   transduction	   units.	   Results	   are	  

shown	  as	  mean	  ±	  SEM	  of	   triplicate	  wells	  of	  one	   representative	  experiment.	  All	  

experiments	  were	  repeated	  twice.	  
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3.2.6.	  Efficacy	  of	  H5WYG	  peptide	  on	  increasing	  reporter	  gene	  expression	  
	  

To	  investigate	  the	  efficiency	  of	  the	  peptide	  on	  driving	  a	  higher	  gene	  expression,	  

PAAV.Lucia	   vectors	   displaying	   H5WYG	   peptide	   on	   capsid	   proteins	   were	  

produced	   with	   a	   co-‐infection	   of	   either	   RGD.M13.KO7.H5W	   or	   M13.KO7.H5W.	  

Then	  four	  different	  vectors	  (RGD.PAAV.Lucia,	  PAAV.Lucia,	  RGD.PAAV.Lucia.H5W	  

and	  PAAV.Lucia.H5W)	  were	  applied	  on	  HEK293	  cell	  transduction.	  The	  cells	  were	  

transduced	  with	  25,000;	  50,000;	  75,000	  or	  100,000	  TU/cell	  of	  each	  vector.	  The	  

expression	   was	   quantitatively	   measured	   from	   culture	   medium	   of	   transduced	  

cells	   on	   day	   4	   post-‐transduction.	   As	   shown	   in	   figure	   3.13A,	   RGD.PAAV	   vector	  

displaying	   the	   H5WYG	   peptide	   showed	   more	   efficacious	   at	   transduction	  

resulting	   in	  a	  3.9,	  1.4,	  1.9	  and	  3	   fold	   increase	   in	  Lucia	  expression	   compared	   to	  

RGD.PAAV	   vector	   without	   H5WYG	   peptide.	   There	   was	   a	   non-‐specific	   uptake	  

found	   on	   the	   cells	   transduced	   with	   M13.PAAV.H5W	   vector	   at	   75,000	   and	  

100,000	  TU/cells.	  

	  

Similar	  experiments	  at	  the	  same	  TU/cell	  of	  PAAV	  vector	  were	  performed	  on	  M21	  

and	  UW228	   tumour	  cells	  while	   the	  experiments	  on	  A549	  cells	  were	  done	  with	  

250,000;	  500,000;	  750,000	  and	  1,000,000	  TU/cell	  of	   the	  vector.	  The	  results	  on	  

these	  three	  cell	  lines	  seemed	  to	  be	  repeated	  as	  the	  ones	  found	  on	  HEK293	  cells.	  

As	  shown	  in	  figure	  3.13B,	  C	  and	  D,	  Lucia	  expression	  from	  cells	  transduced	  with	  

RGD.PAAV.H5W	   was	   significantly	   higher	   than	   the	   expression	   from	   the	   cells	  

transduced	  with	   RGD.PAAV	   vector.	   The	   expression	   showed	   in	   dose-‐dependent	  

trend	   in	  all	  A549,	  M21	  and	  UW228	  cells.	  The	  highest	  expression	  was	   found	  on	  

day	  4	  in	  M21	  and	  UW228.	  However,	  Lucia	  expression	  detected	  in	  A549	  cells	  was	  

slightly	  lower	  than	  the	  ones	  from	  M21	  and	  UW228.	  The	  highest	  expression	  from	  

A549	   was	   detected	   on	   day	   5	   post	   vector	   transduction.	   From	   all	   experiments	  

performed	   in	   this	   thesis,	   it	   shown	   that	   A549	   cells	   were	   more	   difficult	   to	  

transduce	  and	  mediated	  gene	  expression	  in	  a	  delayed	  time	  manner	  compared	  to	  

other	   cell	   lines.	   Additionally,	   there	  was	   a	   Lucia	   expression	   found	   on	  M21	   and	  

UW228	  cells	  transduced	  with	  50,000;	  75,000	  and	  100,000	  TU/cell	  of	  PAAV.H5W	  

due	  to	  a	  non-‐specific	  uptake	  of	  the	  vector.	  	  
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The	  specificity	  of	  PAAV	  vector	  displaying	  H5WYG	  peptide	  was	  also	  assessed	  on	  

normal	   cells.	   Lung	   fibroblasts,	   skin	   fibroblasts	   and	  astrocytes	  were	   transduced	  

with	   targeted	   or	   non-‐targeted	   PAAV	   vector	   encoding	   Lucia	   reporter	   gene	   and	  

displaying	   H5WYG	   peptide.	   The	   transduction	   unit	   was	   varied	   from	   50,000	   to	  

1,000,000	   TU/cell.	   The	   reporter	   gene	   expression	   was	   monitored	   everyday	  

between	  day2	  and	  day	  7	  post	  transduction	  and	  no	  expression	  was	  detected	  from	  

any	   of	   them.	   The	   luciferase	   signal	   shown	   in	   the	   figures	   was	   a	   medium	  

background	   detected	   from	   all	   wells	   including	   the	   control	   (figure	   3.14).	   This	  

indicates	   that	   H5WYG	   peptide	   does	   not	   affect	   the	   vector	   specificity	   for	   cancer	  

cells.	  	  
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Figure	   3.13.	   Transduction	   of	   HEK293,	   A549,	   M21	   and	   UW228	   by	   PAAV	  

vector	  displaying	  H5WYG	  peptide.	  

Cells	   were	   plated	   in	   96-‐	   well	   plates	   and	   grown	   to	   60-‐70%	   confluence	   then	  

transduced	   with	   targeted	   PAAV	   encoding	   Lucia	   reporter	   gene	   and	   displaying	  

H5WYG	  peptide	   (RGD.PAAV.Lucia.H5W)	   or	   targeted	   PAAV	  without	   the	   peptide	  

(RGD.PAAV.Lucia)	  at	   four	  different	  vector	  doses.	  Non-‐targeted	  PAAV	  displaying	  

peptide	   (M13.PAAV.Lucia.H5W)	   and	   non-‐targeted	   vector	   without	   the	   peptide	  

(M13.PAAV.Lucia)	  were	  also	  included	  as	  controls.	  Results	  are	  shown	  as	  mean	  ±	  

SEM	  of	   triplicate	  wells	  of	  one	  representative	  experiment.	  All	  experiments	  were	  

repeated	  three	  times.	  Statistical	  significance	  was	  determined	  by	  one-‐way	  ANOVA	  

with	  Tukey's	  honestly	  significant	  difference	  (HSD)	  post	  hoc	  test.	  	  
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Figure	  3.14.	  Transduction	  of	  normal	  cells	  (lung	  fibroblasts,	  skin	  fibroblasts	  

and	  astrocytes)	  by	  PAAV	  vector	  displaying	  H5WYG	  peptide.	  

The	   cells	   were	   plated	   in	   96-‐well	   plate	   and	   grown	   to	   60-‐70%	   confluence	   then	  

transduced	   with	   targeted	   PAAV	   encoding	   Lucia	   reporter	   gene	   and	   displaying	  

H5WYG	   peptide	   (RGD.PAAV.Lucia.H5W)	   or	   non-‐targeted	   PAAV	   displaying	  

peptide	  (M13.PAAV.Lucia.H5W).	  Results	  are	  shown	  as	  mean	  ±	  SEM	  of	  triplicate	  

wells.	  	  
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3.2.7.	  Proton	  buffer	  capacity	  of	  PAAV	  vector	  displaying	  H5WYG	  peptide	  
	  

Proton	  sponge	  effect	  is	  one	  of	  the	  endosomal	  escape	  mechanisms	  mediated	  by	  a	  

protonable	   agents	   with	   high	   buffering	   capacity.	   In	   previous	   results,	   H5WYG	  

peptide	   showed	   buffering	   capacity	   within	   natural	   endosome	   pH	   between	   6.8-‐	  

5.1.	  The	  peptide	  is	  considerately	  able	  to	  induce	  the	  proton	  sponge	  effect.	  

	  

To	   investigate	   this	   hypothesis,	   bafilomycin	   A1	   was	   applied	   on	   PAAV	  

transduction.	  Bafilomycin	  A1	   is	  known	   to	   inhibit	  proton	  sponge	  mechanism	  by	  

blocking	   vacuolar	   ATPase	   activity.	   The	   transductions	   were	   performed	   at	   two	  

doses	   of	   the	   vector	   TU/cell	   for	   each	   cell	   line.	   As	   shown	   in	   figure	   3.15,	   Lucia	  

expression	  mediated	  by	  RGD.PAAV.H5W	  transduction	  decreased	  in	  the	  presence	  

of	   bafilomycin	  A1	  on	   all	   cell	   lines	   (A549,	  M21	   and	  UW228).	   The	  decrease	  was	  

dependent	  on	  the	  concentration	  of	  bafilomycin	  A1	  applied	  on	  the	  transduction.	  

These	  results	  suggested	  that	  H5WYG	  peptide	  mediates	  endosomal	  escape	  of	  an	  

entrapped	  vector	  via	  proton	  sponge	  effect.	  
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Figure	  3.15.	  Bafilomycin	  A1	  effect	  on	  PAAV	  transduction	  efficacy.	  

A549,	  M21	  and	  UW228	  cells	  were	  seeded	  in	  96-‐	  well	  plate	  and	  grown	  to	  60-‐70%	  

confluence.	   The	   cells	   were	   incubated	   with	   different	   concentrations	   of	  

bafilomycin	   A1	   for	   1hr	   before	   transducing	   with	   RGD.PAAV.Lucia.H5W	   or	  

RGD.PAAV.Lucia	   vector	   at	   two	   different	   TU/cell.	   Non-‐targeted	   vectors	  

(M13.PAAV.Lucia.H5W	  and	  M13.PAAV.Lucia)	  were	  also	  used	  as	  a	  control.	  Results	  

are	  shown	  as	  mean	  ±	  SEM	  of	   triplicate	  wells	  of	  one	  representative	  experiment.	  

All	  experiments	  were	  repeated	  twice.	  	  
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3.2.8.	  Enhancement	  of	  secreted	  TNFα	  expression	  by	  H5WYG	  peptide	  
	  

To	   apply	   the	   modified	   PAAV	   vector	   in	   gene	   therapy,	   PAAV	   vector	   encoding	  

secreted	  TNFα	  (sTNFα)	  in	  the	  genome	  and	  displaying	  H5WYG	  peptide	  on	  major	  

capsid	   protein	   was	   produced	   with	   the	   combination	   of	   H5WYG	   helper	   phage	  

(RGD.M13.KO7.H5W	  or	  M13.KO7.H5W).	  	  

	  

A549,	   M21	   and	   UW228	   cells	   were	   transduced	   with	   targeted	   PAAV	   vector	  

encoding	   sTNFα	   and	   displaying	   H5WYG	   peptide	   (RGD.PAAV.sTNFα.H5W)	   or	  

targeted	   vector	   encoding	   sTNFα	   without	   the	   peptide	   (RGD.PAAV.sTNFα).	   The	  

cells	   transduced	   with	   non-‐targeted	   vectors	   (M13.PAAV.sTNFα.H5W	   and	  

M13.PAAV.sTNFα)	   and	   untreated	   cells	  were	   also	   used	   as	   a	   controls.	   Cell	   death	  

was	   observed	   under	   the	  microscope	   on	   day	   5	   post-‐transduction	   for	   A549	   and	  

day	   4	   post-‐transduction	   for	   M21	   and	   UW228.	   As	   shown	   in	   figure	   3.16,	  

RGD.PAAV.CMV.sTNFα.H5W	   seemed	   to	   induce	   more	   cell	   death	   compared	   to	  

RGD.PAAV.CMV.sTNFα	  on	  all	  three	  cell	  lines.	  	  

	  

The	  cell	  death	  was	  then	  confirmed	  using	  a	  cell	  viability	  assay.	  Firstly,	  Cell	  Titer-‐

Glo®	   assay	   was	   applied	   to	   measured	   cell	   viability	   based	   on	   a	   quantitation	   of	  

ATP.	   Through	   this	   assay,	   RGD.PAAV.CMV.sTNFα.H5W	   showed	  more	   efficacious	  

on	   inducing	   cell	   death	   than	   RGD.PAAV.CMV.sTNFα.	   There	   were	   0.88,	   0.84	   and	  

0.53	  fold	  decrease	  of	  cell	  viability	  on	  A549,	  M21	  and	  UW228,	  respectively	  (figure	  

3.17).	  Secondly,	  the	  cell	  viability	  based	  on	  cellular	  protein	  content	  was	  measured	  

by	   sulphorodamine	   B	   assay.	   The	   results	   were	   found	   in	   the	   same	   trend	   as	  

previous	   results.	   The	   cell	   viability	   of	   all	   three	   cell	   lines	   transduced	  with	   PAAV	  

vector	  displaying	  H5WYG	  peptide	  was	  significantly	  lower	  than	  the	  one	  from	  the	  

cells	  transduced	  with	  PAAV	  vector	  without	  the	  peptide	  (figure	  3.18).	  

	  

These	   results	   show	   that	   H5WGY	   peptide	   is	   able	   to	   enhance	   secreted	   TNFα	  

expression	  leading	  to	  an	  increase	  of	  tumour	  cell	  death	  on	  A549,	  M21	  and	  UW228	  

cell	  line.	  
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Figure	  3.16.	  Cell	  death	  mediated	  by	  PAAV	  vector	  encoding	  secreted	  TNFα.	  

A549,	  M21	  and	  UW228	  cells	  were	  seeded	  in	  96-‐well	  plate	  and	  allowed	  to	  reach	  

80-‐90	  %	  confluence.	  The	  cells	  were	  then	  transduced	  with	  targeted	  PAAV	  vector	  

encoding	   secreted	   TNFα	   and	   displaying	   H5WYG	   peptide	  

(RGD.PAAV.sTNFα.H5W)	  or	  targeted	  vector	  encoding	  sTNFα	  without	  the	  peptide	  

(RGD.PAAV.sTNFα).	   Non-‐targeted	   vectors	   (M13.PAAV.sTNFα.H5W	   and	  

M13.PAAV.sTNFα)	  were	   also	   used	   as	   a	   control.	   Cell	   death	  was	   observed	  under	  

live	  microscope.	  Images	  were	  taken	  using	  10x	  objective	  lens.	  
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Figure	   3.17.	   Cell	   viability	   of	   A549,	   M21	   and	   UW228	   cells	   based	   on	   ATP	  

quantification.	  

The	   cells	   were	   plated	   in	   96-‐well	   plate	   at	   80-‐90	  %	   confluence	   and	   transduced	  

with	  RGD.PAAV.CMV.sTNFα.H5W,	  PAAV.CMV.sTNFα.H5W,	  RGD.PAAV.CMV.sTNFα	  

or	  PAAV.CMV.sTNFα.	  Cell	  viability	  was	  assessed	  by	  Cell	  Titer-‐Glo®	  assay	  on	  day	  

6	  post-‐transduction.	  Results	  were	  shown	  as	  mean	  ±	  SEM	  of	  triplicate	  wells	  of	  one	  

representative	   experiment.	   All	   experiments	   were	   repeated	   twice.	   Statistical	  

significance	   was	   determined	   by	   one-‐way	   ANOVA	   with	   Tukey's	   honestly	  

significant	  difference	  (HSD)	  post	  hoc	  test.	  **p	  ≤	  0.01.	  
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Figure	  3.18.	  Cell	  viability	  of	  A549,	  M21	  and	  UW228	  cells	  based	  on	  cellular	  

protein	  content.	  

The	   cells	   were	   in	   96-‐well	   plate	   at	   80-‐90	   %	   confluence	   and	   transduced	   with	  

RGD.PAAV.CMV.sTNFα.H5W,	   PAAV.CMV.sTNFα.H5W,	   RGD.PAAV.CMV.sTNFα	   or	  

PAAV.CMV.sTNFα.	   Cell	   viability	   was	   measured	   by	   sulphorodamine	   B	   assay	   on	  

day	  6	  post-‐transduction.	  Results	  are	  shown	  as	  mean	  ±	  SEM	  of	  triplicate	  wells	  of	  

one	  representative	  experiment.	  All	  experiments	  were	  repeated	  twice.	  Statistical	  

significance	   was	   determined	   by	   one-‐way	   ANOVA	   with	   Tukey's	   honestly	  

significant	  difference	  (HSD)	  post	  hoc	  test.	  *p	  ≤	  0.05,	  **p	  ≤	  0.01.	  
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3.2.9.	  Preliminary	  in	  vivo	  experiment	  
	  

As	  reported	  in	  previous	  results,	  H5WYG	  peptide	  proved	  its	  potential	  to	  enhance	  

gene	   transfer	   in	   vitro.	   Further	   experiments	   were	   designed	   to	   investigate	   the	  

peptide’s	  ability	  to	  enhance	  gene	  delivery	  in	  an	  animal	  model.	  The	  concept	  of	  this	  

experiment	  is	  to	  target	  the	  vector	  encoding	  a	  reporter	  gene	  to	  solid	  tumours.	  The	  

vector-‐transduced	   tumour	   cells,	   then,	   produce	   reporter	   proteins	   that	   interact	  

with	   specific	   substrate	   and	   subsequently	   provide	   a	   detectable	   signal.	   The	  

capability	   of	   H5WYG	   peptide	   is	   investigated	   by	   comparing	   the	   reporter	   gene	  

expression	  mediated	  by	  PAAV	  vector	  displaying	  the	  peptide	  to	  the	  one	  mediated	  

by	  PAAV	  alone.	  

	  

This	  experiment	  was	  conducted	  in	  consistency	  with	  the	  in	  vitro	  ones	  using	  lucia	  

reporter	   gene	   to	   assess	   the	   vector	   efficacy.	   Redi	   Ject	   Coelenterazine	   H	  

bioluminescent	  substrate	  (Perkin	  Elmer)	  was	  chosen	  to	  monitor	  PAAV-‐mediated	  

gene	   expression	   by	   bioluminescence	   imaging.	   M21	   cells	   were	   subcutaneously	  

implanted	   to	   immunodeficient	   CD1	   nu/nu	   mice.	   Then	   targeted	   PAAV	   vectors	  

with	  or	  without	  H5WYG	  peptide	  (RGD.PAAV.lucia.H5W	  or	  RGD.PAAV.lucia)	  were	  

systemically	   injected	   to	   tumour-‐bearing	  mice.	   The	   expression	  was	   assessed	  on	  

day	  6	  post	  vector	  injection	  by	  subcutaneously	  received	  Redi	  Ject	  Coelenterazine	  

H	   substrate	   and	   subjected	   to	   bioluminescence	   imaging.	   The	   paradigm	   of	   the	  

experiment	  is	  shown	  in	  figure	  3.19.	  

	  

	  

	  

	  

	  

	  

	  

	  



P a g e 	  |	  118	  
	  

	  
	  

Figure	  3.19.	  In	  vivo	  experimental	  plan.	  

CD1	   nu/nu	   mice	   were	   subcutaneously	   implanted	   with	   M21	   cells.	   Tumour-‐

bearing	  mice	  were	  randomly	  assigned	  to	  control	  group	  (normal	  saline),	  targeted	  

vector	   (RGD.AAVP.luciferase)	   or	   targeted	   vector	   displaying	   H5WYG	   peptide	  

(RGD.AAVP.luciferase.H5W).	   The	   vectors	   were	   systemically	   injected	   to	   each	  

mouse.	  Luciferase	  activity	  was	  monitored	  by	  bioluminescence	  imaging	  on	  day	  6	  

post	  vector	  injection.	  

	  

	  

Unexpectedly,	  the	  reporter	  gene	  expression	  was	  not	  detected	  only	  at	  the	  tumour	  

environment	  but	   also	   found	   from	   the	   control	  mice	   that	  did	  not	   received	  PAAV	  

vector.	   This	  may	   cause	   by	   the	   substrate	   nonspecific	   background	   that	   strongly	  

showed	   wherever	   it	   was	   injected	   (figure	   3.20A).	   To	   confirm	   this	   background	  

issue,	   tumour	   and	   organs	   were	   collected	   from	   the	   mice,	   soaked	   in	   Redi	   Ject	  

Coelenterazine	   H	   substrate	   and	   subsequently	   subjected	   to	   bioluminescence	  

imaging.	  As	  shown	  in	  figure	  3.20B,	  the	  signal	  was	  found	  on	  almost	  every	  piece	  of	  

the	  tissues	  including	  the	  ones	  collected	  from	  the	  control	  mice.	  On	  the	  other	  hand,	  

another	   set	   of	   tumour	   and	   organs	   were	   soaked	   in	   Quanti-‐Luc	   substrate	  

(Invivogen)	  which	   is	   routinely	  used	   to	  monitor	   lucia	   expression	   in	  vitro	   in	   our	  

group.	  There	  was	  no	  signal	  detected	  on	  this	  set	  of	  tissues.	  These	  results	  indicate	  

that	  neither	  Redi	  Ject	  Coelenterazine	  H	  nor	  Quanti-‐Luc	  was	  a	  suitable	  substrate	  

for	   Lucia	   reporter	   gene	   on	   this	   experiment	   due	   to	   its	   high	   nonspecific	  

background	  and	  not	  giving	  a	  signal,	  respectively.	  	  

	  

To	   continue	   on	   the	   in	  vivo	  experiment,	   the	   vector	   encoding	   luciferase	   reporter	  

gene	   is	  needed.	  Unfortunately,	  we	  did	  not	  have	  PAAV	  vector	  with	   the	   reporter	  

gene	   at	   that	   moment.	   In	   order	   to	   construct	   a	   vector	   with	   new	   gene,	   several	  
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cloning	  steps	  are	  required.	  Due	  to	  time	  constraint,	  the	  in	  vivo	  experiment	  is	  set	  to	  

be	  performed	  in	  the	  future.	  

	  

	  

	  
Figure	  3.20.	  In	  vivo	  bioluminescent	  imaging	  of	  Lucia	  expression.	  

The	   animals	   were	   subcutaneously	   inoculated	   with	   M21	   cells.	   Targeted	   vector	  

encoding	   Lucia	   reporter	   gene	   and	   displaying	   H5WYG	   peptide	  

(RGD.PAAV.Lucia.H5W)	   or	   targeted	   vector	   encoding	   the	   reporter	   gene	  without	  

the	  peptide	  (RGD.PAAV.Lucia)	  were	  intravenously	  injected	  to	  the	  mice	  when	  the	  

tumour	  was	  noticable.	  The	  reporter	  gene	  expression	  was	  assessed	  on	  day	  6	  post	  

vector	   injection.	   A	   The	   mice	   were	   subcutaneously	   injected	   with	   Redi	   Ject	  

Coelenterazine	   H	   bioluminescent	   substrate	   and	   subjected	   to	   bioluminescence	  

imaging.	  B	  The	  mouse	  tumour	  and	  organs	  were	  collected	  and	  soaked	  in	  Redi	  Ject	  

Coelenterazine	   H	   or	   Quanti-‐Luc	   substrate.	   The	   expression	   was	   assessed	   by	  

bioluminescence	  imaging.	  
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3.3	  Discussion	  
	  
PAAV	  is	  a	  hybrid	  bacteriophage	  vector	  constructed	  by	  adding	  AAV	  sequence	  into	  

filamentous	  bacteriophage	  genome.	  The	  vector	  was	  modified	   to	  display	  RGD4C	  

ligand	   on	   pIII	   capsid	   protein	   allowing	   it	   to	   specifically	   target	   to	   tumour	   cells	  

through	   a	   binding	   of	   the	   ligand	   and	   αvβ3	   and/or	   αvβ5	  integrin	   receptor	   on	   the	  

tumour	  cell	  surface.	  Although	  PAAV	  has	  already	  proved	  its	  efficacy	  on	  driving	  a	  

desirable	   gene	   expression,	   the	   vector	   can	   be	   further	   modified.	   Considering	  

endosomal	  degradation	   issue	   that	  almost	  all	  of	   the	  vectors	  encounter,	   it	  would	  

be	   very	   helpful	   to	   pay	  more	   attention	   on	   facilitating	   the	   vector	   escape	   out	   of	  

endosomes.	  Therefore,	  PAAV	  was	  additionally	  engineered	  to	  display	  endosomal	  

escape	  peptide	  called	  H5WYG	  on	  recombinant	  pVIII	  capsid	  protein.	  	  

	  

Because	   PAAV	   vector	   is	   designed	   as	   a	   phagemid-‐based	   hybrid	   system,	   genetic	  

elements	  for	  structural	  proteins	  were	  decoupled	  from	  the	  vector	  genome.	  All	  the	  

capsid	   proteins	   for	   vector	   propagation	   are	   provided	   from	   filamentous	   helper	  

phage.	   Thus,	  H5WYG	   sequence	   was	   genetically	   inserted	   into	   the	   helper	   phage	  

genome	   instead	  of	  PAAV	  vector	   genome.	  The	  modification	   resulted	   in	   a	   longer	  

genome	   of	   the	   new	   helper	   phage	   encoding	   H5WYG	   sequence	   together	   with	  

recombinant	   pVIII	   sequence	   compared	   to	   the	   non-‐modified	   helper.	   The	   helper	  

phage	  was	   subsequently	   characterised	   for	   its	  morphology	  by	  TEM.	  The	   results	  

were	   found	   consistent	   to	   the	   genome	   length	   as	   the	   modified	   helper	   particle	  

displaying	  H5WYG	  peptide	  was	  slightly	   longer	   in	  size	   than	  the	  particle	  without	  

the	  peptide.	  This	   is	  a	  consequence	  of	  the	  longer	  genome	  of	  the	  modified	  helper	  

that	  elongates	   its	  particle.	  However,	  an	   incompatible	  outcome	  was	   found	  when	  

characterising	   PAAV	   vector	   morphology.	   In	   spite	   of	   having	   the	   same	   genome,	  

PAAV	   particle	   displaying	   H5WYG	   peptide	   was	   shorter	   in	   size	   compare	   to	   the	  

original	  PAAV	  particle.	  According	  to	  phage	  display	  system	  [244],	  the	  filamentous	  

bacteriophage	  vector	  displaying	   two	  types	  of	  pVIII	  capsid	  protein	  contains	   two	  

sets	   of	   gene	   VIII	   in	   its	   genome.	   One	   is	   recombinant	   gene	   capable	   of	   bearing	   a	  

foreign	  sequence	  and	  another	  one	  is	  wild	  type	  gene.	  As	  recombinant	  gene	  VIII	  is	  

synthetic	  and	  differs	  from	  wild	  type	  gene,	  this	  might	  result	   in	  slight	  differences	  

between	  the	  recombinant	  and	  wild	  type	  pVIII	  molecules.	  Considering	  molecular	  
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weight	  of	  each	   type	  of	  pVIII,	  one	  subunit	  of	   recombinant	  pVIII	  consisting	  of	  69	  

amino	  acid	  residues	  weighs	  7.25	  kilodaltons	  while	  each	  wild	  type	  pVIII	  with	  73	  

residues	  weighs	  7.63	  kilodaltons.	  These	  two	  types	  of	  pVIII	  capsids	  are	  displayed	  

in	  a	  mosaic	  manner	  on	  the	  vector	  in	  which	  recombinant	  pVIII	  capsids	  are	  around	  

12%	   of	   all	   pVIII	   subunits.	   Those	   12%	   recombinant	   pVIII	   subunits	   which	   are	  

smaller	   in	   size	   than	   the	   wild	   type	   ones	   may	   shorten	   the	   PAAV	   particles	  

displaying	  H5WYG	  peptide.	  	  

	  

It	   has	  been	   suggested	   that	   the	  hybrid	  vectors	   internalise	   via	   clathrin-‐mediated	  

endocytosis	   and	   resides	   in	   endosomes	   where	   it	   is	   subsequently	   degraded	   by	  

digestive	  enzymes.	  Incorporating	  H5WYG	  peptide	  to	  PAAV	  vector	   is	  considered	  

to	   facilitate	   it	   escape	   from	   endosomal	   degradative	   pathway.	   To	   confirm	   the	  

theory,	   an	   acidic-‐based	   titration	   was	   set	   in	   relevant	   to	   the	   situation	   during	  

endosome	  maturation	  when	  endosomal	  pH	  is	  gradually	  decreased	  by	  an	  influx	  of	  

cytosolic	   protons.	   A	   relatively	   promising	   outcome	   was	   found	   from	   this	  

experiment	  as	  PAAV	  vector	  displaying	  H5WYG	  peptide	  showed	  greater	  buffering	  

capacity	  than	  the	  vector	  without	  the	  peptide.	  The	  buffering	  capacity	  is	  believed	  

to	   be	   a	   key	   point	   of	   endosomal	   escape	   through	   proton	   sponge	   mechanism	  

mediated	  by	  a	  protonation	  of	  histidyl	  residues.	  As	  histidines	  have	  pKa	  between	  

5.6-‐6,	   they	   are	   protonated	   at	   slightly	   acidic	   condition	   during	   endosomal	  

acidification.	  The	  protonation	  leads	  to	  conformational	  change	  of	  the	  peptide	  and	  

its	  specific	  interaction	  to	  destabilise	  endosomal	  membrane.	  This	  conformational	  

change	  was	  confirmed	  by	  Alipour	  et	  al.	  whose	  peptide-‐based	  vector	   fused	  with	  

H5WYG	   peptide	   showed	   a	   drastic	   change	   of	   secondary	   structure	   from	   non-‐

structural	  to	  helical	  conformation	  at	  low	  pH	  [241].	  	  

	  

PAAV	  vector	   is	  modified	   to	   target	   tumour	   cells	   via	   a	  binding	  of	  RGD4C	   ligands	  

with	  αvβ3	  and/or	  αvβ5	  integrin	  receptors	  on	  tumour	  cell	  surface.	  Therefore,	  three	  

chosen	  tumour	  cell	  lines	  (A549,	  M21	  and	  UW228)	  were	  assessed	  their	  suitability	  

for	   being	   targeted	   by	   the	   vector.	   The	   cells	  were	   initially	   checked	  αv,	   β3	   and	  β5	  

integrin	   expression.	   All	   three	   integrin	   receptors	   are	   highly	   expressed	   on	  A549	  

and	   UW228	   cell	   surface	   confirming	   that	   they	   are	   suitable	   for	   PAAV	   vector	  

targeting.	   To	   serve	   as	   a	   target	   receptor	   for	   RGD4C	   ligand,	   αvβ3	   and/or	   αvβ5	  
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heterodimeric	   receptors	   are	   formed	  by	   the	  obligation	  of	   the	  α-‐	   and	  β-‐subunits	  

[245].	  Tumour	  cells	  expressing	  either	  αvβ3	  or	  αvβ5	  receptors	  on	  their	  cell	  surface	  

are	  specifically	  targeted	  by	  RGD4C-‐PAAV.	  Thus,	  M21	  expressing	  high	  level	  of	  αv	  

and	   β5	   but	   slightly	   low	   level	   of	   β3	   integrin	   receptor	   are	   still	   considered	   as	   a	  

suitable	  target	  for	  the	  vector.	  

	  

The	   suitability	   was	   confirmed	   by	   the	   transduction	   of	   PAAV	   encoding	   Lucia	  

reporter	   gene	   at	   various	   transduction	   units.	   The	   Lucia	   expression	   was	   firstly	  

detected	   on	   day	   2	   post	   vector	   transduction,	   reached	   the	   highest	   expression	  

around	  day	  4-‐5	  depending	  on	  the	  cell	  line	  and	  fell	  down	  after	  day	  5	  as	  the	  cells	  

were	   over	   confluent	   and	   started	   to	   die.	   Among	   all	   cell	   lines,	   HEK293	   cells	  

showed	  the	  greatest	   transduction	  efficacy	  of	  PAAV	  vector	  whereas	  non-‐specific	  

transducing	   was	   also	   detected.	   It	   is	   very	   well	   known	   that	   HEK293	   cells	   are	  

permissive	   for	   transfection	   and	   capable	   of	   processing	   post-‐translational	  

modification	  of	  both	  mammalian	  and	  non-‐mammalian	  nucleic	  acids.	  These	  make	  

it	  very	  convenient	  to	  detect	  an	  effective	  transduction	  and	  high	  protein	  yields	  on	  

this	  cell	  line	  [246,	  247].	  Within	  three	  tumour	  cell	  lines,	  A549	  seem	  to	  be	  the	  most	  

difficult	   one	   to	   be	   transduced	   as	   they	   showed	   a	   relatively	   low	   expression	   of	  

PAAV-‐mediated	  Lucia	  compare	  to	  M21	  and	  UW228	  cell	  lines.	  As	  an	  alveolar	  type	  

II	  derived	  cell	  line,	  A549	  is	  considered	  to	  produce	  surfactant	  proteins	  which	  are	  

primarily	   essential	   for	   maintenance	   and	   protection	   of	   lung	   alveoli.	   [248].	  

Unfortunately,	   the	   surfactants	   turn	   to	   be	   a	   major	   physical	   barrier	   because	  

nanoparticles	   are	   coated	  with	   the	   surfactants	   [249].	   This	   is	   believed	   to	   reduce	  

PAAV	  transduction	  efficacy	  on	  this	  cell	  line.	  

	  

In	  term	  of	  safety	  issue,	  nanoparticles	  are	  expected	  to	  remain	  specificity	  on	  their	  

targets	  only.	  In	  this	  case,	  PAAV	  vector	  is	  considered	  to	  specifically	  target	  tumour	  

cells	  via	  RGD4C	  ligand	  and	  integrin	  complex	  without	  harming	  healthy	  tissues.	  To	  

ensure	   that,	   the	  vector	  was	   transduced	   to	   lung	   fibroblasts,	   skin	   fibroblasts	  and	  

astrocytes	  which	  were	  chosen	  as	  normal	  cell	  models	  related	   to	  A549,	  M21	  and	  

UW228	   tumour	   models.	   Although	   the	   normal	   cells	   were	   reported	   for	   their	  

minimal	  expression	  of	  αv,	  β3	  and	  β5	  integrin	  receptors	  [36],	  they	  were	  not	  able	  to	  

be	  transduced	  successfully	  by	  PAAV	  vector.	  The	  transduction	  was	  performed	  up	  
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to	  3	  million	   transduction	  units	  but	  no	  expression	  of	  PAAV-‐mediated	  Lucia	  was	  

detected	   between	   day	   1	   and	   day	   7	   post-‐transduction.	   This	   genuinely	   confirms	  

the	  vector	  specificity	  on	  tumour	  cells	  but	  not	  normal	  cells.	  

	  

H5WYG	  peptide	  enhanced	  transduction	  efficacy	  of	   the	  vector	  at	  different	   levels	  

depending	  on	  the	  cell	   lines.	  The	  peptide	  seemed	  to	  have	  an	  effect	  on	  the	  vector	  

specificity	  when	   the	   transduction	  was	  performed	  at	   very	  high	  dose.	  Therefore,	  

lower	  transduction	  unit,	  below	  100,000	  TU/cell,	  would	  be	  recommended	  when	  

working	   on	   permissive	   cell	   lines	   such	   as	   UW228.	   Although	   H5WYG	   peptide	  

insignificantly	  decreased	  the	  PAAV	  specificity	  on	  some	  permissive	  tumour	  cells,	  

the	  peptide	  did	  not	  affect	   the	   safety	   issue	  on	  normal	   cells.	  The	   transduction	  of	  

PAAV	  vector	  displaying	  the	  peptide	  did	  not	  mediated	  any	  gene	  expression	  on	  the	  

chosen	   normal	   cells.	   Thus,	   displaying	   the	   peptide	   on	   PAAV	   vector	   is	   able	   to	  

enhance	   the	   vector	   transduction	   efficacy	   on	   tumour	   cells	   but	   remain	   safe	   on	  

normal	  cells.	  

	  

The	  capacity	  of	  H5WYG	  peptide	  relies	  on	  proton	  sponge	  mechanism	  to	  facilitate	  

the	   vector	   out	   of	   endosome.	   As	   mentioned	   before,	   all	   histidyl	   residues	   of	   the	  

peptide	   are	   protonated	   resulting	   in	   conformational	   change	   of	   the	   peptide	   and	  

subsequently	   destabilises	   endosomal	   membrane.	   The	   protonated	   histidyl	  

residues	  also	  relate	   to	  an	  excessive	   influx	  of	  cytosolic	  proton,	  counter-‐ions	  and	  

water	  which	  induce	  endosomal	  membrane	  swelling.	  These	  processes	  eventually	  

cause	  membrane	   rupture	   and	   release	   the	   entrapped	   PAAV	   vector	   into	   cytosol.	  

Thus,	  PAAV	  vector	  can	  carry	  out	  its	  function	  and	  enhance	  gene	  expression.	  The	  

transduction	   experiment	   in	   the	   presence	   of	   bafilomycin	   A1	   confirmed	   that	  

H5WYG	  peptide	  is	  able	  to	  mediate	  proton	  sponge	  effect.	  As	  a	  specific	  inhibitor	  of	  

vascuolar	  ATPase,	  bafilomycin	  A1	  stops	  an	  inflow	  of	  cytosolic	  proton	  by	  blocking	  

V-‐ATPase	   activity	   during	   endosomal	   maturation.	   According	   to	   that,	   histidyl	  

residues	  of	  the	  peptide	  are	  not	  protonated	  keeping	  the	  peptide	  in	  non-‐structural	  

conformation	   and	   not	   interact	   with	   endosomal	   membrane.	   As	   the	   membrane	  

remains	   intact,	   the	   vectors	   are	   entrapped	   inside	   endosome	   and	   not	   able	   to	  

complete	   their	   biological	   function.	   Thus,	   a	   decrease	   of	   PAAV-‐mediated	   gene	  

expression	  was	  found	  in	  dose	  dependent	  of	  bafilomycin	  A1	  concentration.	  	  
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H5WYG	  peptide	  shows	  a	  promising	  capacity	  on	  enhancing	  gene	  transfer	  in	  many	  

studies.	   Polyethylene	   glycol-‐based	   vehicles	   conjugated	   with	   H5WYG	   peptide	  

showed	   pH-‐dependent	   membrane	   lytic	   activity	   at	   mild	   acidic	   condition	   and	  

transfection	  efficiency	  of	   the	  vehicles	   increased	  when	  coupled	  with	  the	  peptide	  

[107].	  Asseline	  et	  al.	  conjugated	  H5WYG	  to	  antisense	  oligonucleotides	  and	  found	  

an	   increase	  of	   the	   fluorescein-‐labelled	  oligonucleotides	   in	   cytosol	  and	  nuclease	  

[239].	   The	   oligonucleotide-‐mediated	   luciferase	   activity	   at	   mRNA	   and	   protein	  

level	  increased	  at	  6.6	  and	  2	  folds	  when	  H5WYG	  was	  applied.	  H5WYG	  peptide	  was	  

also	   conjugated	   to	   peptide-‐based	   nanocarrier	   and	   significantly	   enhanced	   its	  

transfection	   efficiency	   [241].	   According	   to	   the	   literatures	   and	   all	   results	  

mentioned	   before,	   it	   is	   challenging	   to	   apply	   the	   peptide	   to	   therapy.	   In	   this	  

chapter,	   sTNFα	   was	   chosen	   to	   investigate	   H5WYG	   peptide	   capacity	   on	  

augmenting	   sTNFα-‐mediated	   cell	   death.	   PAAV	   encoding	   sTNFα	   and	   displaying	  

the	  peptide	  was	  produced	  and	   tested	  on	  A549,	  M21	  and	  UW228	  cell	   lines.	  The	  

results	  were	  found	  in	  consistency	  with	  previous	  experiments	  as	  more	  cell	  death	  

was	   detected	   in	   cells	   transduced	   with	   vector	   displaying	   H5WYG	   peptide.	  

Relatively	   to	  Lucia	   expression,	  UW228	  showed	  more	   cell	  death	   than	  A549	  and	  

M21	  as	  they	  are	  more	  permissive	  than	  the	  others.	  

	  

Because	  of	   the	   luciferase	  substrate	   issue	  stated	  before,	  we	  have	  not	   completed	  

an	   in	   vivo	   investigation	   of	   the	   new	   vector	   yet.	   However,	   there	   was	   a	   similar	  

experiment	   performing	  with	   the	   old	   version	   of	   the	   hybrid	   vector	   called	  AAVP.	  

The	   old	   vector	   is	   encoding	   the	   reporter	   gene	   in	   its	   genome	   and	   displaying	  

H5WYG	  peptide	  on	  recombinant	  pVIII	  coat	  protein,	  in	  the	  same	  pattern	  as	  PAAV	  

is.	  Although	  AAVP	   is	   considered	   less	   efficient	   in	   gene	  delivery	   than	  PAAV,	   it	   is	  

capable	  of	  mediating	  a	  detectable	  luciferase	  expression.	  Comparing	  to	  the	  vector	  

without	  the	  peptide,	  AAVP	  displaying	  H5WYG	  mediated	  higher	  gene	  expression	  

and	  maintained	   the	   expression	   level	   for	   a	   longer	   period	   of	   time	   (unpublished	  

data).	  This	  proved	  the	  peptide	  capability	  on	  enhancing	  gene	  delivery.	  However,	  

similar	   in	   vivo	  experiment	   with	   targeted	   PAAV.luciferase	   will	   be	   performed	   to	  

show	   a	   proof	   of	   concept	   that	   PAAV	   vector	   displaying	   H5WYG	   peptide	   can	  

augment	  gene	  transfer	  in	  animal	  models.	  
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All	   results	   in	   this	   chapter	   confirm	   that	   the	   vector	   displaying	   H5WYG	   peptide	  

appears	  to	  be	  a	  promising	  gene	  delivery	  tool	  with	  higher	  transducing	  efficacious	  

but	  remains	  safe	  in	  normal	  cells.	  The	  modified	  vector	  can	  be	  useful	  in	  a	  number	  

of	   applications	   in	   the	   field	   of	   gene	   transfer.	   Additionally,	   our	   hybrid	   vector	   is	  

designed	  as	  a	  targeted	  delivery	  system	  against	  cancer	  cells.	  The	  previous	  version	  

vector,	   AAVP,	   is	   successfully	   targeted	   to	   various	   pre-‐clinical	   human	   tumour	  

models	  such	  as	  melanoma,	  pancreatic	  cancer	  and	  brain	  tumours	  [32-‐35,	  37,	  38].	  

Altogether	  the	  bacteriophage	  hybrid	  vector	  with	  H5WYG	  peptide	  is	  considered	  a	  

powerful	  tool	  with	  high	  specificity	  for	  targeted	  gene	  delivery	  on	  both	  in	  vitro	  and	  

in	   vivo.	   The	   vector	   can	   be	   beneficial	   for	   cancer	   gene	   therapy	   as	   it	   is	   already	  

shown	  in	   this	  chapter	   that	   it	  enhances	   tumour	  cell	  death	  mediated	  by	  secreted	  

TNFα.	  	  

	  

In	   summary,	   H5WYG	   peptide	   shows	   its	   buffering	   capacity	   at	   slight	   acidic	  

condition.	  When	  displaying	   the	  peptide	  on	  recombinant	  pVIII	   capsid	  protein	  of	  

PAAV,	   it	   increases	   vector-‐mediated	   gene	   expression.	   Due	   to	   its	   protonated	  

histidines,	   H5WYG	   peptide	   facilitates	   the	   vector	   escape	   from	   endosomal	  

degradation	   via	   proton	   sponge	   effect	   which	   causes	   endosomal	   membrane	  

destabilisation	   and	   rupture.	   The	   peptide	   also	   enhances	   therapeutic	   effect	   of	  

sTNFα	  which	  is	  beneficial	  for	  cancer	  therapy	  and	  shows	  a	  promising	  outcome	  in	  

in	  vitro	  experiments.	  
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Chapter	  4	  

	  
	  

Augmentation	  of	  tumour-‐associated	  antigen	  expression	  
by	  a	  hybrid	  bacteriophage	  vector	  	  

	  
	  
4.1	  Introduction	  
	  
CAR	  T	  cell	  therapy	  is	  one	  approach	  of	  cancer	  immunotherapy	  that	  relies	  on	  the	  

efficiency	  of	   the	  specific	  T	   lymphocytes	  (T	  cells).	  The	  T	  cells	  are	  collected	   from	  

the	   patients	   and	   genetically	   modified	   to	   express	   chimeric	   antigen	   receptors	  

(CAR)	  on	  their	  cell	  surface.	  The	  receptors	  allow	  the	  modified	  T	  cells	  to	  target	  a	  

specific	   extracellular	   antigen	   of	   tumours	   after	   re-‐administrating	   into	   the	   same	  

patients.	  Unlike	  other	  adaptive	  cell	   transfer	  strategies,	  CAR	  T	  cell	   therapy	  does	  

not	  require	  a	  peptide-‐MHC	  matched	  manner.	  The	  modified	  T	  cells	  can	  recognise	  

the	   specific	   target	   antigen	   on	   the	   tumour	   cell	   surface	   and	   eventually	   destroy	  

tumour	   cell	   through	   cytotoxic	   T	   cell	   mediated	   process.	   Although,	   CAR	   T	   cell	  

therapy	   is	   considered	   as	   a	   one-‐time	   treatment	   that	   are	   able	   to	   maintain	   the	  

therapeutic	   effect	   for	   a	   decade	   after	   the	   modified	   T	   cell	   injection,	   further	  

research	   is	   required	   to	   investigate	   long-‐term	   effect	   of	   the	   therapy.	   Moreover,	  

stable	   expression	   of	   the	   target	   antigen	   is	   essential	   for	   the	   therapeutic	   impact	  

[173,	  250].	  

	  

CAR	  T	  cells	  are	  able	  to	  recognise	  a	  broad	  types	  of	  antigens	  expressed	  on	  tumour	  

cell	   surface,	   ranking	   from	   proteins,	   carbohydrates	   to	   glycolipids	   [251,	   252]	  

Identification	   of	   a	   suitable	   antigen	   is	   a	   crucial	   step	   for	   this	   therapy.	   The	   ideal	  

antigen	   is	   expected	   to	   be	   specifically	   expressed	   on	   tumour	   cells	   but	   not	   on	  

normal	   cells.	   To	   gain	   more	   therapeutic	   benefit,	   the	   antigen	   should	   be	  

indispensable	  for	  tumour	  cell	  survival	  [253]	  Recently,	  several	  tumour-‐associated	  

antigens	   have	   been	   identified	   and	   undergone	   clinical	   trials,	   for	   example,	   CD19	  

and	  CD20	  for	  hematological	  malignancies,	  CEA	  for	  metastatic	  colorectal	  cancer,	  
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EGFRvIII	   for	   glioblastoma	   [254],	   ERBB2	   for	   colon	   cancer	   metastasized	   to	   the	  

lung	  and	  liver,	  GD2	  for	  relapsed	  neuroblastoma,	  GPC3	  for	  gastrointestinal	  cancer,	  

Mesothelin	  for	  metastatic	  pancreatic	  cancer,	  MUC1	  for	  metastatic	  seminal	  vesicle	  

cancer,	   and	   PSMA	   for	  metastatic	   or	   recurrent	   prostate	   cancer	   [253].	   Despite	   a	  

number	   of	   identified	   tumour-‐associated	   antigens,	   the	   current	   research	  mainly	  

focuses	   on	   the	   antigens	   that	   preferentially	   expressed	   on	   certain	   types	   of	  

tumours.	  There	  is	  no	  such	  a	  universal	  antigen	  capable	  to	  serve	  as	  a	  target	  for	  all	  

tumour	  types	  yet	  [253].	  

	  

CAR	  T	  cell	  strategy	  has	  been	  developing	  over	  decades	  and	  is	  now	  being	  clinically	  

tested	  on	  diverse	  tumour	  types	  [255].	  Although	  it	  is	  proposed	  as	  a	  treatment	  for	  

various	  types	  of	  liquid	  and	  solid	  tumours,	  the	  breakthrough	  in	  this	  field	  of	  study	  

was	   yet	   achieved	   in	   only	   B	   cell	   hematologic	   tumours.	   There	   are	   two	   FDA	  

approved	  CAR	  T	  cell	  products,	  KYMRIAH	  (tisagenlecleucel)	  [256]	  and	  YESCARTA	  

(axicabtagene	  ciloleucel).	  These	  two	  strategies	  are	  based	  on	  anti-‐CD19	  modified	  

T	   cells	   for	   B-‐cell	   precursor	   acute	   lymphoblastic	   leukemia	   (B-‐ALL)	   and	   certain	  

type	  of	  large	  B-‐cell	  lymphoma,	  respectively	  [257].	  Despite	  the	  current	  success	  in	  

haematological	   tumours,	   the	   full	   effectiveness	   of	   CAR	   T	   cell	   therapy	   in	   solid	  

tumours	  is	  challenging.	  Some	  antigens	  such	  as	  ERBB2,	  Mesothelin	  and	  CEA	  have	  

been	  clinically	  tested	  on	  a	  number	  of	  subjects.	  Unfortunately,	  none	  of	  evaluable	  

outcome	  from	  any	  of	  them	  have	  been	  reported	  yet	  [258].	  

	  

There	  are	  several	  major	  considerations	  for	  the	  CAR	  T	  cell	  therapy	  such	  as	  CAR	  T	  

cell	   architecture	   which	   requires	   complex	   techniques	   and	   intensive	   time,	   the	  

modified	  T	  cell	  efficiency	  on	  each	  tumour	  types,	  as	  well	  as,	  the	  natural	  barriers	  at	  

tumour	   microenvironment.	   Beside	   those	   challenges,	   the	   availability	   of	   target	  

antigen	  with	  sufficient	  expression	  and	  the	  loss	  of	  tumour-‐associated	  antigen	  on	  

tumour	   cell	   surface	   are	   ones	   of	   the	   obstacles	   in	   this	   field	   [258].	   As	  mentioned	  

before	   CAR	   T	   cells	   are	   currently	   engineered	   against	   particular	   antigens	  

expressed	   on	   certain	   types	   of	   tumour.	   Some	   antigens	   are	   expressed	   on	   many	  

tumour	   types	   but	   at	   different	   expression	   levels.	   For	   example,	   MUC1	   is	   highly	  

expressed	   on	   breast	   and	   lung	   cancer	   cells	   but	   a	   lesser	   extent	   is	   found	   in	  

hematopoietic	   cells	   [259].	   Although,	   CAR	   T	   cells	   are	   claimed	   to	   efficiently	  
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recognise	   the	   specific	   antigen	  at	   a	  marginal	   expression,	   the	   therapeutic	   impact	  

could	   be	   augmented	   by	   increasing	   the	   antigen	   expression	   level.	   In	   addition,	  

regarding	   the	   safety	   and	   efficacy	   concerns	   of	   CAR	   T	   cells,	   new	   generation	   of	  

these	  cells	  are	  currently	  under	  investigation	  focusing	  on	  the	  selective	  targeting.	  

T	  cells	  are	  engineered	  to	  express	  two	  CARs	  to	  ensure	  a	  double	  recognition	  of	  two	  

specific	   antigens	   expresses	   on	   the	   same	   tumour	   cells	   [258,	   260].	   Despite	  

achieving	   a	   better	   specificity,	   a	   range	   of	   target	   tumour	   cells	   expressing	   two	  

antigens	   at	   the	   same	   time	   is	   narrowing	   down.	   In	   this	   case,	   it	   would	   be	   very	  

helpful	  if	  the	  two	  specific	  antigens	  are	  artificially	  expressed	  on	  the	  same	  tumour	  

cells.	   Beyond	   the	   lack	   of	   targetable	   antigen	   issue,	   the	   antigen	   loss	   within	   the	  

tumours	   is	   another	   concern	   for	   CAR	   T	   cell	   therapy.	   Due	   to	   their	   genomic	  

instability,	   tumour	   cells	   are	   generally	   heterogeneous	   resulting	   in	   a	   diverse	  

collection	   of	   cells	   harbouring	   different	   molecule	   signatures.	   The	   cells	   might	  

express	   new	   distinct	   molecules	   and/or	   lose	   other	   molecules	   including	   CAR-‐

targeted	  antigen	  [133,	  261].	  By	  losing	  the	  antigen,	  tumour	  cells	  become	  invisible	  

to	   CAR	   T	   cells.	   According	   to	   this,	   there	   is	   a	   need	   to	   retrieve	   the	   antigen	  

expression	  on	  tumour	  cells.	  

	  

The	  aim	  of	  this	  chapter	  is	  to	  overcome	  the	  antigen-‐loss	  and	  the	  lack	  of	  targetable	  

antigen	   issues	   mentioned	   above.	   PAAV	   vector	   is	   applied	   as	   a	   delivery	   tool	   to	  

maximise	   an	   expression	   level	   of	   selected	   antigens	   on	   tumour	   cells.	   Mucin1	  

(MUC1)	  and	  prostate-‐specific	  membrane	  antigen	  (PSMA)	  are	  chosen	  as	  targeted	  

antigens.	  Either	  MUC1	   or	  PSMA	   gene	   is	  encoded	   in	   the	  genome	  of	  PAAV	  vector	  

and	  being	  delivered	  to	  be	  expressed	  on	  tumour	  cells.	  According	  to	  the	  National	  

Cancer	   Institute,	  MUC1	  and	  PSMA	  were	  ranked	  as	   the	  second	  and	   the	  eleventh	  

promising	  antigen	  of	  75	  tumour	  associated	  antigen	  [262].	  MUC1	  represents	  as	  an	  

ideal	  target	  for	  CAR	  T	  cell	  therapy	  because	  of	  these	  following	  three	  factors.	  First,	  

it	  is	  overexpressed	  on	  most	  solid	  tumours.	  Second,	  the	  form	  of	  MUC1	  expressed	  

on	   tumour	   cells	   is	   different	   from	   the	   one	   expressed	   on	   normal	   cells.	   This	  

prevents	  off	   target	  on	   the	  normal	   cells	   expressing	  MUC1.	  Third,	   the	  polarity	  of	  

tumour	  associated	  MUC1	  is	  lost	  allowing	  the	  tumour	  cells	  to	  be	  more	  accessible	  

to	   CAR	   T	   cells.	   PSMA	   is	   selected	   as	   a	   target	   antigen	   because	   of	   its	   large	  

extracellular	  domain	  that	  serves	  as	  an	  excellent	  target	  for	  the	  therapy,	  as	  well	  as,	  
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its	   overexpression	   on	   the	   neo-‐vasculature	   of	  most	   solid	   tumours.	   Additionally,	  

these	  two	  antigens	  are	  the	  common	  target	  antigens	  for	  CAR	  T	  cell	  therapy	  with	  

positive	  preclinical	  outcome.	  	  

	  

Although	  CAR	  T	  cells	  were	  not	  applied	  in	  this	  chapter,	  this	  strategy	  is	  considered	  

useful	   for	   the	   applications	   with	   CAR	   T	   cell	   therapy.	   Technically,	   T	   cells	   are	  

harvested	   from	   patient	   and	   genetically	   modified	   to	   express	   CAR	   on	   their	   cell	  

surface.	  While	   expanding	   the	  modified	   T	   cells	   expressing	   CAR,	   the	   patient	   can	  

receive	  PAAV	  vectors	  encoding	  target	  antigen	  compatible	  to	  the	  CAR	  T	  cells.	  The	  

vector	  will	  target	  to	  tumours	  in	  the	  patient	  and	  generate	  or	  enhance	  the	  antigen	  

expression	  on	  tumours	  making	  them	  more	  visible	  for	  CAR	  T	  cells.	  After	  that	  the	  

patient	   will	   be	   re-‐infused	   with	   CAR	   T	   cells	   which	   recognise	   and	   destroy	   the	  

tumours	  expressing	  PAAV-‐mediated	  specific	  antigen.	  Furthermore,	  this	  strategy	  

is	  able	  to	  applied	  in	  any	  tumour	  types	  expressing	  αβ	  integrin	  receptors	  and	  also	  

used	  with	  dual	  CAR	  T	  cells	  which	  recognise	  two	  specific	  antigens	  expressing	  on	  

the	  same	  tumour	  cells.	  	  

	  

With	  the	  aim	  to	  augment	  the	  expression	  of	  target	  antigen	  for	  CAR	  T	  cell	  therapy,	  

a	   series	   of	   experiments	   were	   conducted	   as	   follow.	   Firstly,	   MUC1	   and	   PSMA	  

sequences	   were	   genetically	   inserted	   into	   the	   PAAV	   genome.	   Secondly,	   the	  

transduction	  efficacy	  of	  PAAV	  encoding	  MUC1	   or	  PSMA	  gene	  was	  optimised	  on	  

HEK293	   and	   U87	   cells	   to	   investigate	   the	   optimal	   time	   of	   MUC1	   and	   PSMA	  

expression	  after	  vector	  transduction.	  Thirdly,	  cationic	  derivative	  (DEAE-‐dextran)	  

was	   applied	   to	   PAAV	   transduction	   to	   enhance	   the	   PAAV-‐mediated	   MUC1	   or	  

PSMA	   expression.	   Fourthly,	   three	   different	   tumour	   cell	   types	   were	   chosen,	  

namely	   A549,	   a	   common	   model	   of	   non-‐small	   cell	   lung	   cancer	   usually	   being	  

reported	   for	   chemoresistance;	   Suit-‐2,	   a	   pancreatic	   cancer	  with	   high	  metastatic	  

capability	   and	   UW228,	   a	   common	   paediatric	   brain	   tumour	   originated	   in	   the	  

cerebellum.	   The	   PAAV-‐mediated	   MUC1	   and	   PSMA	   expression	   on	   tumour	   cells	  

was	  assessed	  both	  at	  mRNA	  and	  protein	  level.	  
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4.2	  Results	  
	  

4.2.1.	  Optimisation	  of	  MUC1	  and	  PSMA	  expression	  delivered	  by	  PAAV	  
vectors	  encoding	  MUC1	  or	  PSMA	  genes	  	  
	  

HEK293	  cells	  were	  cultured	  in	  48-‐well	  plate	  and	  allowed	  to	  grow	  until	  reaching	  

70%	   confluency.	   The	   transduction	  was	   performed	  with	   1	  million	   transduction	  

unit	   per	   cell	   (TU/cell)	   of	   either	   targeted	   vector	   (RGD4C.PAAV.MUC1)	   or	   non-‐

targeted	   vector	   (M13.PAAV.	   MUC1)	   carrying	  MUC1	   gene.	   The	   expression	   was	  

measured	   on	  day	   4	   and	  day	   6	   post	   transduction	   by	   fluorescence-‐activated	   cell	  

sorting	  (FACs).	  As	  shown	  in	  figure	  4.1A,	  the	  expression	  of	  MUC1	  was	  marginally	  

detected	  on	  day	  4	  and	  slightly	  increased	  on	  day	  6	  post	  transduction	  (figure	  4.1B).	  

There	  was	  no	  MUC1	  expression	  detected	  on	  the	  cells	  treated	  with	  non-‐targeted	  

vectors.	  	  

	  

To	   optimise	   PAAV-‐mediated	   PSMA	   expression,	   HEK293	   cells	   were	   transduced	  

with	   either	   1	  million	   TU/cell	   of	   targeted	   vectors	   (RGD4C.PAAV.PSMA)	   or	   non-‐

targeted	  vectors	  (M13.PAAV.PSMA)	  carrying	  PSMA	  gene.	  Although	  there	  was	  no	  

PSMA	  expression	  detected	  on	  day	  4	  post	  vector	   transduction	   (figure	  4.1C),	   the	  

expression	  increased	  significantly	  on	  day	  6	  post	  transduction	  (figure	  4.1D).	  

	  

Similar	  experiments	  were	  also	  performed	  on	  human	  glioblastoma	  (U87).	  MUC1	  

and	  PSMA	  expression	  was	  detected	   in	  relevant	   to	   those	   found	   in	  HEK293	  cells.	  

MUC1	   expression	   was	   barely	   detected	   on	   day	   4	   (figure	   4.2A)	   and	   slightly	  

increased	   on	   day	   6	   post	   vector	   transduction	   (figure	   4.2B).	   There	   was	   a	   slight	  

expression	  of	  MUC1	  on	   the	   cells	   treated	  with	  non-‐targeted	  vectors.	  Despite	  no	  

PSMA	   expression	   detected	   on	   day	   4	   post	   transduction	   (figure	   4.2C),	   the	   slight	  

expression	  was	  found	  on	  day	  6	  as	  shown	  in	  figure	  4.2D.	  	  

	  

These	   data	   indicate	   specificity	   and	   efficacy	   of	   RGD4C.PAAV	   vector	   to	   mediate	  

MUC1	  and	  PSAM	  expression	  to	  the	  target	  cells.	  The	  expression	  of	  both	  antigens	  

was	  appropriately	  detected	  on	  day	  6	  post	  vector	  transduction.	  	  
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Figure	  4.1.	  Optimisation	  of	  MUC1	  and	  PSMA	  expression	  in	  HEK293	  cells.	  

HEK293	  were	  seeded	  in	  48-‐well	  plate	  and	  transduced	  with	  1	  million	  TU/cell	  of	  

either	   RGD4C.PAAV.MUC1,	   M13.PAAV.	   MUC1,	   RGD4C.PAAV.PSMA	   or	  

M13.PAAV.PSMA.	  The	  cells	  were	  collected	  on	  day	  4	  and	  6	  post-‐transduction.	  The	  

expression	  was	  measured	  by	   flow	  cytometry	  and	  analysed	  by	  FlowJo	  software.	  

Data	   are	   represented	   as	   mean	   ±	   SEM	   of	   triplicate	   wells.	   The	   experiment	   was	  

repeated	  twice.	  
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Figure	  4.2.	  Optimisation	  of	  MUC1	  and	  PSMA	  expression	  in	  U87	  cells.	  

U87	  were	   seeded	   in	   48-‐well	   plate	   and	   treated	  with	   1	  million	  TU/cell	   of	   either	  

RGD4C.PAAV.MUC1,	   M13.PAAV.	   MUC1,	   RGD4C.PAAV.PSMA	   or	   M13.PAAV.PSMA.	  

The	  cells	  were	  collected	  on	  days	  4	  and	  6	  post-‐transduction.	  The	  expression	  was	  

measured	   by	   flow	   cytometry	   and	   analysed	   by	   FlowJo	   software.	   Data	   are	  

represented	   as	   mean	   ±	   SEM	   of	   triplicate	   wells.	   The	   experiment	   was	   repeated	  

twice.	  
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4.2.2.	  Enhancement	  of	  MUC1	  and	  PSMA	  expression	  by	  DEAE-‐dextran	  
	  

To	   enhance	   expression	   of	   MUC1	   and	   PSMA,	   DEAE-‐dextran	   was	   applied	   at	   60	  

ng/ug	  protein	  of	  the	  vectors	  when	  performing	  PAAV	  transduction.	  

	  

HEK293	  cells	  at	  70%	  confluent	  in	  48-‐well	  plate	  were	  transduced	  with	  1	  million	  

TU/cell	   of	   either	   RGD4C.PAAV.MUC1,	   M13.PAAV.MUC1,	   RGD4C.PAAV.PSMA	   or	  

M13.PAAV.PSMA.	   As	   shown	   in	   figure	   4.3A	   and	   4.3B,	   PAAV-‐mediated	   MUC1	  

expression	   when	   using	   DEAE-‐dextran	   was	   significantly	   higher	   than	   the	   one	  

without	   DEAE-‐dextran	   on	   both	   day	   4	   and	   day	   6	   post	   vector	   transduction.	  

Expression	   of	   PSMA	   was	   found	   in	   a	   similar	   trend	   to	   MUC1	   expression.	   An	  

increase	   of	   PAAV-‐mediated	   PSMA	   expression	   was	   achieved	   when	   applying	  

DEAE-‐dextran	  to	  the	  vector	  transduction.	  However,	  it	  is	  important	  to	  note	  that	  a	  

significant	   non-‐specific	   uptake	  mediated	   by	   non-‐targeted	   vector	  was	   found	   on	  

both	  days	  4	  and	  day	  6	  post	  transduction	  when	  using	  DEAE-‐dextran.	  

	  

Similar	   investigation	  was	  done	  on	  M21	  cells,	   there	  was	  no	  expression	  of	  either	  

MUC1	   or	   PSMA	   shown	   when	   transduction	   was	   performed	   without	   DEAE-‐

dextran.	   The	   expression	   of	   both	   antigens	   increased	   significantly	   when	   DEAE-‐

dextran	   was	   applied	   without	   any	   non-‐specific	   uptake	   of	   non-‐targeted	   vectors	  

detected	  (figure	  4.3E	  and	  4.3F).	  

	  

The	   data	   indicate	   that	   DEAE-‐dextran	   is	   able	   to	   enhance	   the	   transduction	  

efficiency	  with	  a	  concern	  of	  non-‐specific	  uptake	  in	  particular	  cell	  lines.	  
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Figure	  4.3.	  Enhancement	  of	  MUC1	  and	  PSMA	  expression	  by	  DEAE-‐dextran.	  

HEK293	   and	   M21	   cells	   were	   seeded	   in	   48-‐well	   plate	   and	   transduced	   with	   1	  

million	   TU/cell	   of	   either	   RGD4C.PAAV.MUC1,	   M13.PAAV.	   MUC1,	  

RGD4C.PAAV.PSMA	   or	   M13.PAAV.PSMA.	   DEAE-‐dextran	   was	   applied	   at	  

concentration	   of	   60	   ng/ug	   protein	   of	   the	   vectors.	   The	   HEK293	   cells	   were	  

collected	  on	  days	  4	  and	  6	  post-‐transduction.	  M21	  were	  collected	  on	  day	  6	  post-‐

transduction.	  The	  expression	  was	  measured	  by	  flow	  cytometry	  and	  analysed	  by	  

flowjo.	  Data	  are	  represented	  as	  mean	  ±	  SEM	  of	  triplicate	  wells.	  The	  experiment	  

was	  repeated	  twice.	  
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4.2.3.	  MUC1	  and	  PSMA	  expression	  mediated	  by	  PAAV	  plasmid	  transfection	  
	  

In	   this	   chapter,	   A549,	   Suit2	   and	   UW228	   cells	   were	   chosen	   as	   representative	  

models	   of	   lung,	   pancreatic	   and	   brain	   tumours,	   respectively.	   Before	   performing	  

PAAV	  vector	  transduction,	  the	  cells	  were	  transfected	  with	  either	  PAAV.MUC1	  or	  

PAAV.PSMA	   plasmids	   to	   confirm	   the	   plasmid	   functionality	   in	   these	   three	   cell	  

lines.	  	  

	  

To	  assess	  MUC1	  and	  PSMA	  expression	  at	  mRNA	  level,	  the	  cells	  seeded	  in	  6-‐well	  

plate	  were	  transfected	  with	  PAAV	  plasmids.	  mRNA	  from	  the	  cells	  was	  collected	  

on	  day	  1	  post	  transfection.	  GAPDH	  mRNA	  expression	  was	  measured	  as	   internal	  

control.	  As	  shown	  in	  figure	  4.4,	  MUC1	  and	  PSMA	  expression	  at	  mRNA	  level	  were	  

significantly	  detected	  in	  A549,	  Suit2	  and	  UW228	  cells.	  

	  

To	  confirm	  expression	  at	  the	  protein	  level,	  the	  cells	  were	  seeded	  in	  48-‐well	  plate	  

and	  transfected	  with	  either	  PAAV.MUC1	  or	  PAAV.PSMA	  plasmids.	  The	  expression	  

was	  measured	  on	  day	  3	  post-‐transfection.	  Non-‐transfected	  cells	  were	  included	  to	  

represent	  endogenous	  expression	  of	  MUC1	  or	  PSMA.	  Higher	  levels	  of	  MUC1	  and	  

PSMA	  expression	  were	  detected	  in	  cells	  transfected	  by	  PAAV	  plasmid	  compared	  

to	  their	  endogenous	  expression.	  The	  augmented	  expression	  of	  MUC1	  and	  PSMA	  

was	  found	  on	  the	  three	  cell	  lines	  except	  MUC1	  expression	  in	  Suit2	  detected	  at	  the	  

same	  expression	  level	  of	  endogenous	  expression	  (figure	  4.5).	  
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Figure	  4.4.	  MUC1	  and	  PSMA	  mRNA	  expression	  mediated	  by	  PAAV	  plasmid.	  

The	  cells	  were	  seeded	  in	  6-‐well	  plate	  and	  transfected	  with	  either	  PAAV.MUC1	  or	  

PAAV.PSMA	   plasmids.	   The	   mRNA	   was	   collected	   on	   day	   1	   post-‐transfection.	  

GAPDH	   mRNA	   expression	   was	   measured	   as	   internal	   control.	   Data	   are	  

represented	   as	   mean	   ±	   SEM	   of	   triplicate	   wells.	   The	   experiment	   was	   repeated	  

twice.	  
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Figure	   4.5.	   Protein	   expression	   of	   MUC1	   and	   PSMA	   mediated	   by	   PAAV	  

plasmid	  transfection.	  

The	  cells	  were	  seeded	  in	  48-‐well	  plate	  and	  transfected	  with	  either	  PAAV.MUC1	  or	  

PAAV.PSMA	  plasmid.	  The	  cells	  were	  collected	  on	  day	  3	  post-‐transfection.	  Non-‐

transduced	  cells	  were	  included	  to	  show	  endogenous	  expression.	  The	  expression	  

was	  measured	  by	  flow	  cytometry.	  The	  results	  were	  analysed	  by	  FlowJo	  software.	  

Data	  are	  represented	  as	  mean	  ±	  SEM	  of	  triplicate	  wells.	  The	  experiment	  was	  

repeated	  twice.	  
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4.2.4.	  mRNA	  expression	  of	  MUC1	  and	  PSMA	  mediated	  by	  PAAV	  vector	  
transduction	  
	  

To	  assess	  MUC1	  and	  PSMA	  expression	  at	  mRNA	  level,	  the	  cells	  seeded	  in	  6-‐well	  

plates	   were	   transduced	   with	   1	   million	   TU/cell	   of	   either	   RGD4C.PAAV.MUC1,	  

M13.PAAV.MUC1,	  RGD4C.PAAV.PSMA	  or	  M13.PAAV.PSMA.	  mRNA	  from	  cells	  were	  

collected	  on	  day	  3	  post-‐transduction.	  GAPDH	  mRNA	  expression	  was	  measured	  as	  

internal	  control.	  	  

	  

Similar	   results	   were	   found	   on	   the	   three	   chosen	   cell	   lines,	   A549,	   Suit2	   and	  

UW228.	   MUC1	   and	   PSMA	   expression	   was	   significantly	   detected	   in	   cells	  

transduced	   with	   RGD4C.PAAV.MUC1	   or	   RGD4C.PAAV.PSMA.	   The	   slight	  

expression	   was	   found	   in	   cells	   transduced	   with	   M13.PAAV.	   MUC1	   or	  

M13.PAAV.PSMA	  due	  to	  non-‐specific	  uptake	  (figure	  4.6).	  

	  

4.2.5.	  Protein	  expression	  of	  MUC1	  and	  PSMA	  mediated	  by	  PAAV	  vector	  
transduction	  
	  

In	  addition	  to	  mRNA	  expression	  analyses,	  MUC1	  and	  PSMA	  expression	  at	  protein	  

level	  was	  confirmed	  by	  flow	  cytometry.	  The	  cells	  were	  transduced	  with	  1	  million	  

TU/cell	   of	   either	   RGD4C.PAAV.MUC1,	   M13.PAAV.	   MUC1,	   RGD4C.PAAV.PSMA	   or	  

M13.PAAV.PSMA.	   The	   expression	   was	   measured	   on	   day	   6	   post	   vector	  

transduction.	   Non-‐transduced	   cells	   were	   included	   to	   show	   MUC1	   or	   PSMA	  

endogenous	  expression.	  

	  

On	   A549,	   as	   shown	   in	   figure	   4.7A,	   PAAV-‐mediated	   MUC1	   expression	   was	  

detected	   at	   the	   same	   level	   of	   endogenous	   MUC1	   expression	   while	   PSMA	  

expression	   mediated	   by	   PAAV	   was	   detected	   at	   2.7	   times	   higher	   than	   its	  

endogenous	  expression	   (figure	  4.7B).	  There	  was	  no	  MUC1	  or	  PSMA	  expression	  

detected	  in	  cells	  transduced	  with	  non-‐targeted	  vectors.	  

	  

In	  UW228	  cells,	  MUC1	  and	  PSMA	  expression	  mediated	  by	  PAAV	  was	  detected	  at	  

2.4-‐	  and	  2.25-‐fold	  higher	   compared	   to	   its	  endogenous	  expression,	   respectively.	  
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There	  was	   no	   expression	   of	  MUC1	   or	   PSMA	   detected	   in	   cells	   transduced	  with	  

non-‐targeted	  vectors	  (figure	  4.7C	  and	  4.7D).	  

	  

On	   Suit2,	   MUC1	   expression	   mediated	   by	   PAAV	   was	   slightly	   higher	   than	   its	  

endogenous	   expression	   (figure	   4.8A).	   In	   contrast,	   PAAV-‐mediated	   PSMA	  

expression	  was	  barely	  detected	   (figure	  4.8B).	  However,	   it	  was	   still	  higher	   than	  

the	   endogenous	   PSMA	   expression.	   To	   achieve	   higher	   expression	   of	  MUC1	   and	  

PSMA,	   DEAE-‐dextran	   was	   applied	   at	   60	   ng/ug	   protein	   of	   the	   vectors	   when	  

performing	  transduction.	  As	  shown	  in	  figure	  4.8C	  and	  4.8D,	  this	  enhanced	  both	  

MUC1	  and	  PSMA	  expression	  with	  a	  slight	  non-‐specific	  MUC1	  expression	  detected	  

in	  cells	  transduced	  with	  non-‐targeted	  vectors.	  
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Figure	  4.6.	  mRNA	  expression	  of	  MUC1	  and	  PSMA	  in	  A549,	  Suit2	  and	  UW228	  

cells.	  

The	  cells	  were	  seeded	   in	  6-‐well	  plate	  and	   transduced	  with	  1	  million	  TU/cell	  of	  

either	   RGD4C.PAAV.MUC1,	   M13.PAAV.MUC1,	   RGD4C.PAAV.PSMA	   or	  

M13.PAAV.PSMA.	  The	  mRNA	  from	  cells	  was	  collected	  on	  day	  3	  post-‐transduction.	  

GAPDH	   mRNA	   expression	   was	   measured	   as	   internal	   control.	   Data	   are	  

represented	   as	   mean	   ±	   SEM	   of	   triplicate	   wells.	   The	   experiment	   was	   repeated	  

twice.	  
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Figure	  4.7.	  Protein	  expression	  of	  MUC1	  and	  PSMA	  in	  A549	  and	  UW228	  cells.	  

The	  cells	  were	  seeded	  in	  48-‐well	  plate	  and	  transduced	  with	  1	  million	  TU/cell	  of	  

either	  RGD4C.PAAV.MUC1,	  M13.PAAV.	  MUC1,	  RGD4C.PAAV.PSMA	  or	  

M13.PAAV.PSMA.	  The	  cells	  were	  collected	  on	  6	  post-‐transduction.	  Non-‐

transduced	  cells	  were	  included	  to	  show	  endogenous	  expression.	  The	  expression	  

was	  measured	  by	  flow	  cytometry.	  The	  results	  were	  analysed	  by	  FlowJo	  software.	  

Data	  are	  represented	  as	  mean	  ±	  SEM	  of	  triplicate	  wells.	  The	  experiment	  was	  

repeated	  twice.	  
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Figure	  4.8.	  Protein	  expression	  of	  MUC1	  and	  PSMA	  in	  Suit2	  cells.	  

The	  cells	  were	  seeded	  in	  48-‐well	  plate	  and	  transduced	  with	  1	  million	  TU/cell	  of	  

either	  RGD4C.PAAV.MUC1,	  M13.PAAV.	  MUC1,	  RGD4C.PAAV.PSMA	  or	  

M13.PAAV.PSMA.	  The	  cells	  were	  collected	  on	  day	  6	  post-‐transduction.	  Non-‐

transduced	  cells	  were	  included	  to	  show	  endogenous	  expression.	  The	  expression	  

was	  measured	  by	  flow	  cytometry.	  The	  results	  were	  analysed	  by	  FlowJo	  software.	  

Data	  are	  represented	  as	  mean±SEM	  of	  triplicate	  wells.	  The	  experiment	  was	  

repeated	  twice.	  

	  

	  

	  

	  

	  

	  

	  



P a g e 	  |	  143	  
	  

4.2.6.	  PAAV-‐mediated	  stable	  MUC1	  and	  PSMA	  expression	  with	  puromycin	  
selection.	  
	  

Although	  a	  high	  mRNA	  expression	  of	  MUC1	  and	  PSMA	  were	  detected	  in	  all	  three	  

cell	   lines,	   the	   protein	   expression	   of	   both	   antigens	   were	   not	   appropriately	  

achieved	   did	   not	   reach	   a	   desired	   level.	   Thus,	   an	   experiment	   with	   puromycin	  

selection	  was	   set	   to	   confirm	   that	   PAAV	  vectors	   are	   able	   to	  mediate	  MUC1	   and	  

PSMA	  expression.	  In	  order	  to	  select	  the	  cells	  that	  are	  stably	  expressing	  MUC1	  or	  

PSMA,	   puromycin	   resistant	   gene	  was	   genetically	   inserted	   in	   to	   PAAV.MUC1	   or	  

PAAV.PSMA	   plasmids.	   The	   new	   plasmids	   were	   called	   PAAV.MUC1.Puro	   and	  

PAAV.PSMA.Puro.	  The	  cells	  were	  then	  transduced	  with	  1	  million	  TU/cell	  of	  either	  

RGD.PAAV.MUC1.Puro	   or	   PAAV.PSMA.Puro.	   Puromycin	   was	   added	   to	   the	   cell	  

culture	  to	  select	  the	  PAAV-‐transduced	  cells.	  	  

	  

With	   puromycin	   selection,	   MUC1	   and	   PSMA	   expression	   increased	   in	   all	   three	  

chosen	  cell	  lines.	  In	  A549	  cells,	  PAAV-‐mediated	  MUC1	  expression	  was	  found	  at	  3-‐

fold	  higher	   compared	   to	  endogenous	  MUC1	  expression	   (figure	  4.9A).	   Similarly,	  

PAAV-‐mediated	   PSMA	   expression	   was	   3.5-‐fold	   higher	   than	   its	   endogenous	  

expression	  as	   shown	   in	   figure	  4.9B.	   In	  Suit2,	  PAAV-‐mediated	  MUC1	  expression	  

was	  slightly	  1.5	  higher	  (figure	  4.9C)	  while	  PAAV-‐mediated	  PSMA	  expression	  was	  

significantly	  detected	  at	  4	   times	  higher	   than	   its	   endogenous	  expression	   (figure	  

4.9D).	  Lastly,	   in	  UW228,	   the	  expression	  of	  MUC1	  and	  PSMA	  mediated	  by	  PAAV	  

was	   significantly	   detected	   in	   the	   cells.	   PAAV-‐mediated	   MUC1	   and	   PSMA	  

expression	   was	   3.9-‐	   and	   85-‐fold,	   higher	   than	   its	   endogenous	   expression,	  

respectively	  (figure	  4.9E	  and	  4.9F).	  

	  

These	   data	   indicate	   that	   PAAV	   vector	   is	   capable	   to	   mediate	   MUC1	   and	   PSMA	  

expression	  in	  A549,	  Suit2	  and	  UW228	  cells.	  	  
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Figure	  4.9.	  Stable	  expression	  of	  MUC1	  and	  PSMA	  in	  A549,	  Suit2	  and	  UW228	  

cells.	  

The	  cells	  were	  transduced	  with	  1	  million	  TU/cell	  of	  either	  RGD.PAAV.MUC1.Puro	  

or	  PAAV.PSMA.Puro.	  The	  stably	  MUC1	  or	  PSMA	  expressed	  cells	  were	  selected	  by	  

applying	  puromycin.	  The	  expression	  was	  measured	  by	  flow	  cytometry.	  Non-‐

transduced	  cells	  were	  included	  to	  represent	  endogenous	  expression.	  The	  results	  

were	  analysed	  by	  FlowJo	  software.	  Data	  are	  represented	  as	  mean	  ±	  SEM	  of	  

triplicate	  wells.	  The	  experiment	  was	  repeated	  twice.	  	  
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4.3	  Discussion	  
	  
As	  mentioned	  in	  previous	  chapter,	  PAAV-‐mediated	  luciferase	  expression	  mostly	  

reached	  the	  peak	  on	  days	  4	  or	  day	  5	  then	  started	  to	  drop	  on	  day	  6	  post	  vector	  

transduction.	   With	   slightly	   different,	   the	   expression	   of	   MUC1	   and	   PSMA	   was	  

barely	  detected	  on	  day	  4	  but	  significantly	  higher	  on	  day	  6	  post-‐transduction.	  	  

The	   efficiency	   of	   the	   detecting	   method	   could	   be	   the	   reason	   behind	   these	  

differences.	   By	   adding	   a	   specific	   substrate,	   coelenterazines,	   even	   a	   marginal	  

luciferase	  expression	   level	  on	  early	  days	  of	   the	   transduction	   can	  be	   sensitively	  

detected	  and	  provides	  intense	  signals.	  In	  contrast,	   in	  order	  to	  detect	  MUC1	  and	  

PSMA	   expression,	   their	   optimal	   expression	   levels	   and	   specific	   antibodies	   are	  

required.	  In	  this	  study,	  two	  anti-‐MUC1	  and	  anti-‐PSMA	  antibodies	  were	  used,	  and	  

almost	   three	   months	   of	   time	   were	   spent	   to	   optimise	   the	   protocol.	   Although	  

HMFG2,	   anti-‐MUC1	   antibodies	   produced	   in	   John	   Maher	   group,	   and	   anti-‐PSMA	  

monoclonal	   antibody	   from	  MBL	   showed	   better	   efficiency	   to	   detect	   MUC1	   and	  

PSMA	  expression,	   the	   satisfactory	  expression	   level	   of	   both	  antigens	  on	   tumour	  

cells	  was	  not	  achieved.	  MUC1	  and	  PSMA	  expression	  on	  day	  8	  post-‐transduction	  

was	  also	  investigated	  in	  HEK293	  and	  U87	  cells	  (data	  not	  shown),	  unfortunately,	  

the	  cells	  were	  over	  confluent	  and	  started	  to	  die.	  Thus,	  there	  was	  too	  much	  debris	  

but	   very	   low	  number	  of	   cells	  with	  MUC1	  and	  PSMA	  expression	  detected	  when	  

applied	  to	  flow	  cytometry.	  Splitting	  the	  cells	  on	  days	  5	  or	  6	  before	  apply	  to	  the	  

machine	  on	  day	  8	  post-‐transduction	  might	  solve	  this	  problem.	  

	  

Adding	   cationic	   polymers,	   DEAE-‐dextran,	   can	   enhance	   vector-‐mediated	   MUC1	  

and	  PSMA	  expression.	  These	  positively	  charged	  polymers	  act	  as	  linkers	  between	  

the	  negative	  charges	  on	  phage	  capsids	  and	  tumour	  cell	  membrane.	  When	  DEAE-‐

dextran	  is	  applied	  during	  the	  transduction,	  a	  complex	  of	  PAAV-‐vector	  and	  DEAE-‐

dextran,	  which	  can	  be	  observed	  under	   the	  microscope,	   is	   formed.	  The	  complex	  

provides	  a	  stronger	  binding	  between	  cell	  membrane	  and	  the	  vectors,	  as	  well	  as,	  

facilitates	  vector	  escape	  from	  the	  endosomal-‐lysosomal	  degradation	  in	  the	  cells	  

leading	   to	   a	   better	   transduction	   efficiency.	   Despite	   the	   enhancement	   of	   gene	  

expression,	   it	   is	  worth	   to	  note	   that	  DEAE-‐dextran	  slightly	  decreased	   the	  vector	  
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specificity.	  Optimisation	  for	  different	  concentrations	  of	  DEAE-‐dextran	  would	  be	  

performed	  on	  individual	  cell	  line	  [263]	  

	  

CAR	   T	   cell	   therapy	   relies	   on	   the	   activity	   of	   the	   modified	   T	   cells	   through	  

recognition	   of	   extracellular	   antigen	   expressing	   on	   tumour	   cells.	   Although	   the	  

identification	  of	  target	  antigens	  is	  an	  essential	  step	  for	  CAR	  T	  cell	  therapy,	  their	  

optimal	   expression	   level	   on	   tumour	   cells	   contributes	   to	   the	   success	   of	   the	  

therapy.	  As	  shown	  in	  the	  results	  section,	  MUC1	  and	  PSMA	  expression	  mediated	  

by	   PAAV	   vector	   are	   higher	   than	   their	   endogenous	   expression.	   This	   would	  

enhance	   the	   therapeutic	   impact.	   Also,	   PAAV	   genome	   is	   capable	   of	  

accommodating	  more	  than	  one	  gene	  of	  interest.	  The	  vector	  is	  able	  to	  deliver	  two	  

target	   antigens	   to	   be	   expressed	   on	   the	   same	   tumour	   cells.	   This	  would	   be	   very	  

helpful	  for	  the	  dual	  targeting	  of	  CAR	  T	  cell	  approach.	  Regarding	  other	  problems	  

of	  CAR	  T	  cell	  therapy,	  the	  antigen-‐loss	  might	  be	  responsible	  for	  the	  failure	  in	  this	  

field	  of	   study,	   and	   should	  not	  be	   ignored.	   Some	   target	   antigen	   such	  as	   a	   splice	  

variant	  of	  epidermal	  growth	   factor	  receptor	  (EGFRvIII)	   is	   identified	  as	  an	   ideal	  

target	  antigen	  for	  glioma	  cells	  due	  to	  its	  specific	  expression	  and	  vital	  role	  for	  the	  

cell	  survival.	  However,	  EGFRvIII	   loss	  within	  the	  tumours	  was	  reported	   in	  some	  

treated	  subjects	  [264].	  PAAV	  as	  an	  antigen	  delivery	  tool	  is	  expected	  to	  overcome	  

antigen-‐loss	   issue	   caused	   by	   tumour	   heterogeneity.	   The	   vector	   specifically	  

mediate	   antigen	   expression	   in	   tumour	   cells,	   as	   long	   as,	   the	   cells	   express	   αβ	  

heterodimer	   integrins.	   The	   desire	   expression	   level	   can	   be	   maintained	   by	   a	  

repeatable	  administration	  of	  the	  vector.	  To	  gain	  more	  therapeutic	  benefits,	  PAAV	  

is	   also	   targeted	   to	   angiogenic	   blood	   vessels	   which	   are	   one	   central	   factor	   for	  

tumour	  progression.	  With	   the	  dual	   targeting,	   the	   vector-‐mediated	   antigens	   are	  

expressed	  both	  on	  tumour	  cells	  and	  angiogenic	  blood	  vessels	  and	  serve	  as	  dual	  

targets	   for	   CAR	   T	   cells.	   This	   would	   provide	   a	   synergistic	   killing	   effect	   and	  

enhance	   the	   therapeutic	   impact.	  Moreover,	  by	  using	  PAAV	  vector	  as	   a	  delivery	  

tool,	   the	  most	   promising	   target	   antigen	   can	   be	   delivered	   to	   be	   expressed	   in	   a	  

broad	   range	   of	   tumour	   types	   without	   any	   requirement	   of	   endogenous	  

expression.	   This	   raises	   a	   hope	   on	   a	   universal	   antigen	  which	   can	   be	   artificially	  

expressed	   on	   all	   tumour	   types	   and	   serves	   as	   a	   target	   for	   universal	   CAR	   T	   cell	  

therapy.	  
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It	   is	  significantly	  shown	  in	  this	  chapter	  that	  PAAV-‐mediated	  antigen	  expression	  

is	   higher	   than	   its	   endogenous	   expression.	   However	   MUC1	   and	   PSMA	   protein	  

expression	  are	  still	  considered	  as	  low	  level.	  An	  increasing	  expression	  is	  detected	  

when	  puromycin	  selection	  was	  used;	  unfortunately,	  this	  strategy	  can	  not	  apply	  in	  

an	  actual	  therapy.	  An	  alternative	  strategy	  would	  be	  considered	  to	  increase	  PAAV-‐

mediated	   antigen	   expression.	   To	   achieve	   a	   better	   result,	   PAAV-‐vector	   can	   be	  

further	   modified	   by	   displaying	   endosomal	   escape	   peptide,	   H5WYG,	   on	   its	  

capsids.	   It	   is	   believed	   that	   the	   modification	   would	   augment	   an	   antigen	  

expression	   on	   tumour	   cells.	   Although	   this	   strategy	   has	   not	   been	   performed	   in	  

this	  chapter,	   it	   is	  considered	  as	  a	  practical	  approach	  which	  should	  be	  beneficial	  

of	  CAR	  T	  cell	  therapy.	  

	  

This	  chapter	  was	   initially	  planned	   for	   three	  main	  experimental	  parts,	   to	  assess	  

antigen	  expression	  mediated	  by	  PAAV	  vectors,	   to	  produce	  anti-‐MUC1	  and	  anti-‐

PSMA	   CAR	   T	   cells	   and	   to	   compare	   CAR	   T	   cell-‐mediated	   tumour	   regression	  

between	   PAAV-‐transduced	   tumour	   cells	   and	   the	   non-‐transduced	   ones.	   To	  

produce	   CAR	   T	   cells,	   Non-‐Clinical	   Issue	   (NCI)	   application	   for	   human	   T	   cells	  

purchasing	   was	   submitted	   to	   NHS	   Blood	   &	   Transplant	   (NHSBT)	   committee.	  

According	  to	  the	  Human	  Tissue	  Authority's	  Codes	  of	  Practice,	  a	  Research	  Ethics	  

Committee	  (REC)	  approval	  for	  the	  use	  of	  human	  tissue	  is	  required	  in	  order	  to	  get	  

human	  T	  cells.	  Unfortunately,	  our	  group	  does	  not	  have	  the	  ethical	  approval	  and	  it	  

generally	   takes	   time	   to	   get	   an	   approval.	   Thus	   the	   experiments	   have	   not	  

continued	  for	  further	  investigations.	  However,	  we	  have	  shown	  proof	  of	  concept	  

that	  PAAV	  vector	  serves	  as	  a	  good	  system	  for	  antigen	  delivery	  and	  can	  augment	  

antigen	  expression	  in	  various	  solid	  tumour	  types.	  This	  would	  be	  useful	  for	  CAR	  T	  

cell	  therapy.	  

	  

In	   conclusion,	   it	   is	   illustrated	   in	   this	   chapter	   that	   PAAV	   vector	   can	   mediate	  

antigen	   expression	   in	   HEK293,	   U87,	  M21,	   A549,	   suit2	   and	   UW228.	   This	   could	  

light	  shade	  for	  CAR	  T	  cell	  therapy	  in	  treating	  solid	  tumours.	  
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Chapter	  5	  

	  

	  

New	  strategy	  of	  bacteriophage-‐guided	  cancer	  
vaccination	  in	  combination	  with	  malaria	  vaccine	  

	  

	  

5.1	  Introduction	  
	  

Since	   principal	   knowledge	   of	   cancer	   and	   the	   immune	   system	   has	   been	   linked	  

together	  in	  the	  past	  decades,	  cancer	  immunotherapy	  has	  undoubtedly	  become	  a	  

powerful	  strategy	  for	  treating	  cancer.	  Unlike	  other	  treatments,	  this	  new	  therapy	  

focuses	   on	   natural	   mechanisms	   of	   immune	   cells	   against	   tumours.	   Also	   cancer	  

immunotherapy	   is	   considered	   less	   adverse	   side	   effects	   compared	   to	   the	  

traditional	   treatments	   such	   as	   chemotherapy	   and	   has	   potentials	   in	   extending	  

overall	  survival	  of	  cancer	  patients	  [265].	  Majority	  of	  this	  strategy	  is	  based	  on	  the	  

principal	  of	  cell-‐mediated	  immunity.	  The	  process	  starts	  when	  a	  tumour	  antigen	  

is	  taken	  and	  processed	  by	  antigen	  presenting	  cells	  (APCs).	  The	  APCs	  migrate	  to	  

lymphoid	  organs	   and	  present	   the	  processed	  antigen	   to	  naïve	  T	   cells.	  Then,	   the	  

naïve	  T	  cells	  undergo	  maturation	  to	  become	  effector	  T	  cells	  and	  travel	  to	  tumour	  

site	  where	   the	   tumour	   cells	   are	   recognised	  by	   the	   specific	   tumour	  antigen	  and	  

eliminated	   through	   T	   cell	   mediated	   cytotoxicity.	   After	   the	   tumour	   clearance,	  

population	  of	  tumour	  specific	  memory	  T	  cells	  is	  generated	  for	  a	  long-‐term	  anti-‐

tumour	  protective	  aspect	  [266].	  Cancer	  immunotherapy	  can	  be	  divided	  into	  five	  

classes	   as	   follow:	   immune	   checkpoint	   inhibitors,	   lymphocyte-‐promoting	  

cytokines,	  engineered	  T	  cells,	  agonistic	  antibodies	  and	  cancer	  vaccines	  [143].	  All	  

of	  them	  are	  facing	  several	  challenges	  related	  to	  efficacy	  and	  safety.	  	  

	  

As	   one	   approach	   of	   cancer	   immunotherapy,	   cancer	   vaccination	   has	   recently	  

gained	   much	   interest	   in	   both	   preclinical	   and	   clinical	   research.	   After	   the	   first	  
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therapeutic	  cancer	  vaccine	  (sipuleucel-‐T)	  has	  been	  approved	  by	  FDA	  in	  2010,	  a	  

wide	  range	  of	  vaccine	  types	  have	  been	  developed	  to	  enhance	  the	  potential	  of	  the	  

immune	   system	   against	   cancer	   [206].	   It	   is	   no	   doubt	   that	   cancer	   vaccine	  

strategies	  aim	  for	  therapeutic	  aspect	  rather	  than	  protection.	  The	  strategy	  mainly	  

focuses	   on	   the	   activation	   of	   tumour	   specific	   immune	   cells	   for	   tumour	   killing.	  

However,	   the	   generation	   of	   tumour	   specific	   memory	   T	   cells	   after	   tumour	  

clearance	  is	  also	  a	  key	  point	  to	  prevent	  tumour	  relapse.	  Although	  the	  concept	  of	  

cancer	  vaccine	   is	  simple	  and	  straightforward,	   the	  strategies	  remain	  challenging	  

in	   clinical	   trials	   [267,	   268].	   One	   of	   the	   difficult	   issues	   is	   the	   immune	   escape	  

tactics	   exploited	   by	   tumours	   to	   avoid	   immune-‐mediated	   elimination.	   The	  

immune	  escape	  mechanisms	  are	  generally	  found	  in	  two	  categories.	  On	  one	  hand,	  

the	   tumours	   down-‐regulate	   the	   expression	   of	   antigenic	   or	   immunogenic	  

elements	   such	   as	   MHC	   molecules,	   antigen	   processing	   machinery	   and	   target	  

antigens.	   On	   the	   other	   hand,	   the	   tumours	   develop	   immunosuppressive	  

properties	   such	   as	   PD-‐L1,	   CTLA-‐4,	   IL-‐10	   and	   TGFβ	   to	   inhibit	   the	   anti-‐tumour	  

activity	  of	  the	  immune	  system	  [124].	  Regarding	  the	  immune	  escape	  mechanisms,	  

it	   is	   important	   to	   take	   this	  point	   into	  account	  when	  applying	  cancer	  vaccine	   to	  

any	  cancer	  treatments.	  

	  

Based	  on	  the	  principal	  of	  molecular	  immunology,	  the	  majority	  of	  cancer	  vaccine	  

approaches	  consist	  of	   two	  fundamental	  concepts	  which	  are	  target	  antigens	  and	  

vaccine	   platforms	   to	   complete	   the	   therapy	   [185].	   Considering	   the	   choice	   of	  

antigen,	   there	   are	   three	   considerations	   to	   identify	   the	   ideal	   target	   antigen	   for	  

cancer	  vaccine	  strategy.	  Firstly,	  the	  antigen	  should	  be	  expressed	  on	  tumour	  cells	  

but	   not	   on	   normal	   cells	   to	   prevent	   off	   target	   side	   effect.	   Secondly,	   the	   antigen	  

should	   be	   highly	   immunogenic	   to	   stimulate	   the	   specific	   immune	   response.	  

Thirdly,	   the	   antigens	   should	   be	   an	   essential	   element	   for	   tumour	   survival	   to	  

minimise	   the	   chance	   of	   tumour	   immune	   escape	   through	   antigen	   down-‐

regulation.	  In	  the	  past	  decades,	  most	  of	  cancer	  vaccine	  approaches	  are	  based	  on	  

each	  of	  the	  following	  antigens;	  1.)	  tumour-‐associated	  antigens	  (TAAs)	  which	  are	  

abnormally	  expressed	  on	  tumour	  cells	  2.)	  oncogenic	  viral	  antigens	  derived	  from	  

cancer-‐causing	  viruses,	  3.)	  neoantigens	   that	   arose	   from	  cancer	  mutation	   [185].	  

Each	   type	   of	   these	   antigens	   is	   facing	   different	   challenges.	   Most	   of	   TAAs	   are	  
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overexpressed	  on	  many	  tumour	  types	  and	  can	  be	  compatibly	  applied	  on	  multiple	  

cancer	   patients.	   However,	   some	   of	   these	   antigens	   are	   slightly	   expressed	   on	  

normal	  cells	  which	  can	   lead	   to	  normal	  cell	   toxicity	  during	   the	   treatment	   [269].	  

Also,	  TAAs	  are	  still	  considered	  as	  self-‐antigens	  and	  sometimes	  become	  tolerant	  

to	   the	   immune	   response	   [270].	   Unlike	   TAAs,	   oncogenic	   viral	   antigens	   and	  

neoantigens	   are	   tumour-‐specific	   antigens	   and	   can	   be	   high	   immunogenic.	  

However,	   oncogenic	   viral	   antigens	   seem	   to	   limit	   the	   treatment	   for	   viral-‐

associated	  cancer	  such	  as	  hepatocellular	  carcinoma	  caused	  by	  hepatitis	  B	  virus	  

[271].	   Moreover,	   the	   majority	   of	   neoantigens	   are	   unique	   to	   each	   patient	   and	  

require	   the	   development	   of	   personalised	   therapy	   [185].	   Thus,	   selecting	   the	  

suitable	   antigen	   is	   crucial	   for	   this	   strategy.	   The	  most	   preferred	   antigen	   should	  

induce	  effective	  response	  of	  the	  treatment	  against	  tumour	  cells	  but	  harmless	  to	  

normal	   cells,	   as	  well	   as,	   generalise	   to	  multiple	  patients	   to	   extend	   to	   a	   range	  of	  

cancer	  patients	  that	  could	  benefit	  from	  the	  treatment	  [272].	  	  

	  

To	  carry	  out	  cancer	  vaccine	  treatment,	  the	  development	  of	  a	  therapeutic	  vaccine	  

platform	  is	  needed	  in	  parallel	  with	  the	  antigen	  identification.	  The	  vaccine	  should	  

be	  compatible	  with	  the	  selected	  antigen	  and	  strongly	  stimulate	  a	  tumour	  specific	  

immune	  response	  for	  tumour	  clearance.	  As	  most	  of	  tumour	  antigens	  are	  derived	  

from	  intracellular	  proteins,	  the	  development	  of	  a	  vaccine	  platform	  is	  based	  on	  T	  

cell-‐mediated	   anti-‐tumour	   activity	   rather	   than	   B	   cell	   responses.	   The	   vaccine	  

platforms	   can	   generally	   be	   designed	   in	   four	   types;	   cellular	   vaccines,	   peptide	  

vaccines,	  nucleic	  acid	  vaccines	  and	  viral	  vector	  vaccines	  [185,	  273].	  Each	  of	  these	  

vaccine	  platforms	  has	  strengths	  and	  weaknesses	  which	  can	  be	  further	  improved.	  

The	   cellular	   vaccines	   are	   usually	   utilised	   with	   either	   killed	   cancer	   cells	   or	  

autologous	  APCs	  pulsed	  with	  cancer	  antigens.	  The	  well-‐known	  cellular	  vaccine	  is	  

sipuleucel-‐T	   which	   is	   dendritic	   cell-‐based	   cancer	   vaccine	   for	   prostate	   cancer	  

[206].	   Generally,	   this	   vaccine	   type	   does	   not	   require	   cancer	   antigen	   isolation	  

[185].	  However,	   the	   efficacy	   of	  most	   cellular	   vaccines	   is	   still	   limited	   in	   clinical	  

trials	   although	   they	   show	   a	   promising	   impact	   in	   murine	   models	   [274-‐277].	  

Additionally,	  the	  production	  of	  these	  vaccines	  requires	  particular	  techniques	  and	  

intensive	  budget.	  The	  peptide	  vaccines	  can	  be	  produced	  as	  single	  antigen-‐based	  

short	  peptides	  up	   to	  15	  amino	  acids	   and	  usually	   require	   adjuvants	  or	   immune	  
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modulators	  [268,	  278,	  279].	  However,	  the	  short	  peptide	  vaccines	  sometimes	  lose	  

efficacy	  as	  tumours	  evolve	  to	  down-‐regulate	  the	  antigen	  expression	  and	  develop	  

immunosuppressive	  tactics	  [280].	  Applying	  synthetic	  long	  peptides	  consisting	  of	  

multi-‐epitopes	   could	   improve	   the	   peptide	   vaccine	   efficacy	   [281].	   Nucleic	   acid	  

vaccines	  can	  be	  either	  DNA	  or	  RNA	  vaccines.	  Although	  these	  cancer	  vaccine	  types	  

are	  simple	  and	  cost-‐effective	  production,	  one	  of	  their	  limitations	  is	  the	  efficiency	  

to	   enter	   target	   cells.	   In	   general,	   nucleic	   acid	   vaccines	   require	   delivery	  

formulations	   or	   techniques	   such	   as	   nanoparticles,	   gene	   gun	   and	   microneedle	  

arrays	   to	   improve	   intracellular	  uptake.	  Thus,	  DNA	  or	  RNA	  vaccines	  are	  usually	  

applied	   together	  with	  other	  platforms	   such	   as	   viral	   vectors	   [185,	   282].	  A	  wide	  

range	  of	  viral	  vector	  vaccines	  has	  currently	  been	  tested	  and	  showed	  promising	  

outcome	  in	  clinical	  trials.	  Each	  virus	  has	  distinct	  pros	  and	  cons	  according	  to	   its	  

native	   properties.	   Many	   viral	   vector	   vaccines	   can	   also	   accommodate	   multiple	  

therapeutic	   genes	   to	   enhance	   the	   therapy	   effect	   [283].	  However,	   these	   vaccine	  

types	  are	   sometimes	  neutralised	  by	  host	  antibodies	  due	   to	  anti-‐viral	   immunity	  

that	  limits	  the	  multiple	  vaccination.	  As	  mentioned	  above,	  each	  vaccine	  platform	  

has	   advantages	   and	   disadvantages	   which	   can	   determine	   the	   feasibility	   of	  

particular	  therapeutic	  setting.	  Therefore,	  choosing	  the	  suitable	  platform	  which	  is	  

compatible	   to	   the	   target	   antigen	   is	   necessary	   for	   a	   successful	   cancer	  

immunotherapy.	  	  

	  

In	   this	   chapter,	  a	  new	  strategy	  of	   cancer	  vaccine	  was	  proposed	   in	  combination	  

with	  malaria	   vaccine.	  According	   to	   its	   efficacy	   to	   induce	  T	   cell	   response	   in	   the	  

field	   of	  malaria	   [284],	   a	   simian	   adenoviral	   vector	   encoding	   conserved	  malarial	  

antigen	   was	   used	   as	   a	   vaccine.	   The	   vaccine	   is	   comprised	   of	   thrombospondin-‐

related	  adhesion	  protein	  (TRAP)	   from	  Plasmodium	   falciparum	  fused	  to	  a	  multi-‐

epitope	   (ME)	   string	   of	   malarial	   epitopes.	   The	   ME.TRAP	   vaccine	   is	   considered	  

highly	  immunogenic	  and	  safe	  to	  apply	  on	  humans	  [285,	  286].	  As	  one	  epitope	  in	  

ME	  string,	  Pb9	  epitope	  from	  Plasmodium	  berghei	  was	  chosen	  as	  a	  target	  antigen.	  

The	  epitope	  can	  be	  used	  compatibly	  with	  ME.TRAP	  vaccine	  [287].	  Additionally,	  

the	  epitope	  was	  fused	  in	  frame	  with	  either	  TIP	  or	  ubiquitin	  sequence	  to	  assure	  

that	   Pb9	   was	   properly	   generated,	   processed	   and	   presented	   on	   tumour	   cell	  

surface	   [288].	   Using	   PAAV	   vector	   as	   a	   delivery	   system,	   Pb9	   was	   specifically	  
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delivered	   to	   express	   on	   the	   tumour	   cell	   surface	   through	   binding	   of	   the	   cyclic	  

RGD4C	   (CDCRGDCFC)	   ligand	  on	   its	   capsids,	   and,	   the	  αVβ3	   and/or	  αVβ5	   integrin	  

receptor	  on	  tumour	  cell	  surface	  and	  tumour	  blood	  vessels.	  As	  a	  foreign	  antigen,	  

Pb9	   is	   considered	   safe	   from	   adverse	   side	   effects	   and	   immunogenic	   to	   host	  

immune	   response.	   Together	   with	   the	   tumour-‐targeting	   specificity	   of	   PAAV	  

vector,	   the	  new	  vaccine	  strategy	   is	  considered	   feasible	   to	  apply	  on	  any	   tumour	  

type.	  	  

	  

The	   aim	  of	   this	   chapter	   is	   to	   investigate	   the	   feasibility	   and	   efficacy	   of	   the	  new	  

cancer	  vaccine	  strategy	  using	  Pb9	  as	  a	   target	  antigen	  and	  adenovirus	  encoding	  

ME.TRAP	  sequence	  as	  a	  vaccine.	  In	  a	  series	  of	  experiments,	  firstly	  Pb9	  sequence	  

was	  inserted	  into	  PAAV	  vector	  under	  Grp78	  promoter.	  Secondly,	  the	  preliminary	  

tumour	  model,	  EF43.fgf4	  mouse	  breast	  tumour,	  was	  checked	  for	  their	  suitability	  

for	   this	   therapeutic	   strategy.	   Thirdly,	   PAAV-‐mediated	   Pb9	   expression	   was	  

assessed	   by	   qPCR.	   Fourthly,	   therapeutic	   impact	   of	   this	   strategy	   was	   initially	  

investigated	   ex	   vivo	   as	   follow:	   efficiency	   of	   ME.TRAP	   vaccine	   on	   inducing	  

cytotoxic	  T	  cell	  proliferation,	  activation	  of	  Pb9-‐specific	  immune	  cells	  and	  tumour	  

cell	  killing.	  Fifthly,	  EF43.fgf4	  cells	  were	  established	  in	  Balb/c	  mice.	  Sixthly,	  in	  vivo	  

experiments	  were	  performed	  in	  Balb/c	  mice	  using	  targeted	  PAAV	  encoding	  Pb9	  

sequence.	   Seventhly,	   EF43.fgf4	   cells	   stably	   expressing	   luciferase	   reporter	   gene	  

were	   generated	   to	  monitor	   tumour	   growth	   in	   live	   animals	   which	   responds	   to	  

therapy.	   Eighthly,	   therapeutic	   impact	   of	   the	   cancer	   vaccine	   strategy	   was	  

investigated	  in	  Balb/c	  mice.	  	  
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5.2	  Results	  
	  

5.2.1.	  Construction	  of	  PAAV	  vector	  encoding	  Pb9	  sequence	  	  
	  

There	  were	   two	  molecular	   cloning	   steps	   to	   construct	   PAAV.Grp78.TIP.Pb9	   and	  

PAAV.Grp78.Ubiquitin.Pb9.	   Firstly,	   CMV	   promoter	   in	   PAAV	   phagemid	   was	  

replaced	   by	   Grp78	   promoter.	   To	   do	   so,	   Grp78	   sequence	   was	   amplified	   from	  

pDRIVE-‐rGRP78	   plasmid	   using	   Grp78.MluI	   forward	   and	   Grp78.BsaBI	   reverse	  

primers	   by	  PCR.	  Grp78	   sequence	   flanked	  by	  MluI	  and	  BsaBI	  was	   ligated	   to	   the	  

PAAV	   backbone.	   PAAV.Grp78	   plasmid	   was	   verified	   by	   restriction	   enzyme	  

digestion	   and	   DNA	   sequencing	   using	   Grp78.seq	   primer	   (figure	   5.1).	   Secondly,	  

TIP.Pb9	   or	  Ubiquitin.Pb9	  sequences	   flanked	   by	   SacII	  and	   SalI	  were	   ligated	   into	  

the	   PAAV.Grp78	   backbone.	   The	   TIP.Pb9	   and	   Ubiquitin.Pb9	   sequences	   were	  

provided	   from	  Dr.	   Simon	  Draper,	   Oxford	  University.	   The	   final	   constructs	  were	  

verified	   by	   restriction	   enzyme	   digestion	   and	   DNA	   sequencing	   using	   Pb9.seq	  

primer	  (figure	  5.2	  and	  5.3).	  Then	  the	  corrected	  constructs	  were	  used	   for	  PAAV	  

vector	   production.	   There	   were	   four	   PAAV	   constructs	   used	   in	   this	   chapter	   as	  

shown	  in	  figure	  5.4.	  	  
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Figure	   5.1.	   Construction	   of	   PAAV	   vector	   with	   Grp78	   promoter	  

(PAAV.Grp78).	  

PAAV.Grp78	  plasmid	  was	  digested	  with	  NheI	   and	  AccI	  restricted-‐enzymes.	  A	  In	  

silico	   digested	   bands	   from	   Snap	   Gene	   software.	  B	   PAAV.Grp78	   plasmids	   were	  

digested	   and	   run	   on	   1%	   agarose	   gel	   to	   identify	   correct	   DNA	   fragments.	   Lanes	  

with	  odd	  numbers	  are	  undigested	  plasmids	  while	  the	  ones	  with	  even	  number	  are	  

plasmid	  undergone	  NheI	  and	  AccI	  restricted-‐digestion.	  C	  DNA	  sequencing	  results	  

of	  the	  PAAV.Grp78	  plasmid.	  
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Figure	   5.2.	   Construction	   of	   PAAV	   vector	   encoding	   TIP.Pb9	  

(PAAV.Grp78.TIP.Pb9).	  

PAAV.Grp78.TIP.Pb9	   plasmid	   was	   digested	   with	   NheI	   and	   SphI	   restricted-‐

enzymes.	   A	   In	   silico	   digested	   bands	   from	   Snap	   Gene	   software.	   B	  

PAAV.Grp78.TIP.Pb9	   plasmids	   were	   digested	   and	   run	   on	   1%	   agarose	   gel	   to	  

identify	   correct	   DNA	   fragments.	   Lanes	   with	   odd	   numbers	   are	   undigested	  

plasmids	  while	   the	   ones	  with	   even	   number	   are	   plasmids	   that	   undergone	  NheI	  

and	  SphI	  restricted-‐digestion.	  C	  DNA	  sequencing	  results	  of	  PAAV.Grp78.TIP.Pb9	  

plasmid.	  
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Figure	   5.3.	   Construction	   of	   PAAV	   vector	   encoding	   ubiquitin.Pb9	  

(PAAV.Grp78.ubi.Pb9).	  

PAAV.Grp78.ubi.Pb9	   plasmid	   was	   digested	   with	   NheI	   and	   SphI	   restricted-‐

enzymes.	   A	   In	   silico	   digested	   bands	   from	   Snap	   Gene	   software.	   B	  

PAAV.Grp78.ubi.Pb9	   plasmids	   were	   digested	   and	   run	   on	   1%	   agarose	   gel	   to	  

identify	  correct	  DNA	  fragments.	  Lanes	  with	  odd	  number	  are	  undigested	  plasmids	  

while	   the	   ones	   with	   even	   number	   are	   plasmid	   that	   undergone	  NheI	   and	   SphI	  

restricted-‐digestion.	  C	  DNA	  sequencing	  results	  of	  PAAV.Grp78.ubi.Pb9	  plasmid.	  
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Figure	  5.	  4.	  Schematic	  illustration	  of	  PAAV	  vectors	  encoding	  Pb9.	  

A	   represents	   a	   targeted	   vector	   encoding	  TIP.Pb9	   (RGD.PAAV.Grp78.TIP.Pb9).	  B	  

represents	  a	  non-‐targeted	  vector	  encoding	  TIP.Pb9	  (M13.PAAV.Grp78.TIP.Pb9).	  C	  

represents	  a	   targeted	  vector	  encoding	  ubiquitin.Pb9	   (RGD.PAAV.Grp78.ubi.Pb9).	  

D	  represents	  a	  non-‐targeted	  vector	  encoding	  ubi.Pb9	  (M13.PAAV.Grp78.ubi.Pb9).	  

	  

	  

5.2.2.	  Characterization	  of	  EF43.fgf4	  cells	  
	  

EF43.fgf4	   cells,	   Balb/c	   derived	   breast	   cancer,	  were	   chosen	   as	   an	   initial	   in	   vivo	  

tumour	   model.	   The	   cells	   were	   initially	   assessed	   their	   suitability	   for	   PAAV	  

transduction	   by	   measuring	   αv,	  β3	   and	   β5	   expression.	   As	   shown	   in	   figure	   5.5A,	  

EF43.fgf4	   cells	   express	   all	   three	   integrin	   subunits.	   The	   cells	   were	   then	  

transduced	  by	  PAAV	  vector	  encoding	  a	  secreted	  luciferase	  reporter	  gene	  (Lucia)	  

to	  optimise	  the	  vector	  efficacy.	  The	  transduction	  was	  conducted	  at	  various	  doses	  

as	   follow;	   100,000;	   500,000;	   1,000,000	   and	   2,000,000	   TU/Cell	   to	   identify	   an	  

appropriate	   transduction	  unit	   regarding	   the	  vector	  efficacy	  and	  specificity.	  The	  

Lucia	  expression	  was	  detected	  in	  a	  dose-‐dependent	  manner.	  A	  slight	  expression	  

mediated	   by	   non-‐targeted	   vector	  was	   also	   found	   on	   the	   cells	   transduced	  with	  

2,000,000	   TU/cell.	   The	   highest	   expression	   was	   detected	   on	   day	   4	   post	   vector	  

transduction	   (figure	   5.5B).	   Therefore,	   all	   experiments	   in	   this	   chapter	   were	  

performed	  with	  1,000,000	  TU/cell	  of	  the	  vector	  and	  the	  results	  were	  assessed	  on	  

day	  4	  post	  transduction,	  unless	  otherwise	  indicated.	  Finally,	  EF43.fgf4	  cells	  were	  
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checked	  for	  MHC	  class	  I	  and	  class	  II	  expression	  by	  flow	  cytometry.	  As	  expected,	  

the	   cells	   showed	  a	   good	  expression	  of	  MHC	   class	   I	  molecules	  whereas	  none	  of	  

MHC	  class	  II	  expression	  was	  detected	  (figure	  5.5C).	  

	  

These	   data	   indicate	   that	   the	   cells	   can	   be	   specifically	   targeted	   by	   PAAV	   vector	  

with	   the	   optimised	   transduction	   units.	   Also,	   the	   cells	   are	   more	   suitable	   for	  

presenting	   endogenous	   antigen	   than	   exogenous	   antigen	   as	   they	  highly	   express	  

MHC	  class	  I	  molecules.	  	  

	  

	  

	  
	  

	  	   	  
	  

Figure	  5.5.	  Characterisation	  of	  EF43.fgf4	  cells.	  

EF43	  fgf4	  cells	  were	  chosen	  as	  a	  preliminary	  tumour	  model	  and	  assessed	  their	  

suitability.	   A	   Immunofluorescent	   staining	   of	   αv,	   β3	   and	   β5	   integrin	   receptor	  

expression.	  B	  Optimisation	  of	  PAAV	  transduction	  at	  various	  transduction	  units.	  C	  

MHC	  class	  I	  and	  MHC	  class	  II	  expression.	  
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5.2.3.	  Pb9	  expression	  mediated	  by	  PAAV	  vector	  
	  

Pb9	   expression	   mediated	   by	   PAAV	   was	   assessed	   only	   at	   mRNA	   level	   by	  

quantitative	   RT-‐PCR	   because	   there	   is	   no	   existing	   antibody	   against	   the	   Pb9	  

epitope.	  The	  expression	  was	   initially	   assessed	   from	  PAAV	  plasmid	   transfection	  

on	  HEK293	  cells	  to	  ensure	  that	  the	  plasmids	  contained	  Pb9	  sequences	  correctly.	  

HEK293	   cells	   seeded	   in	   6-‐well	   plate	   were	   transfected	   with	   either	  

PAAV.Grp78.TIP.Pb9	  or	  PAAV.Grp78.ubi.Pb9	  plasmids.	  mRNA	  from	  the	  cells	  was	  

collected	  on	  day	  1	  post	  transfection.	  GAPDH	  mRNA	  expression	  was	  measured	  as	  

internal	   control.	   As	   shown	   in	   figure	   5.6),	   Pb9	   expression	   mediated	   by	   PAAV	  

plasmid	  was	  detected.	  

	  

PAAV	  vector	   transduction	  was	   then	  performed	  on	  HEK293	  and	  EF43.fgf4	  cells.	  

The	   cells	   were	   transduced	   with	   1,000,000	   TU/cell	   of	   PAAV	   vector	   encoding	  

either	   TIP.Pb9	   or	   ubiquitin.Pb9	   sequence	   (RGD.PAAV.Grp78.TIP.Pb9	   or	  

RGD.PAAV.Grp78.ubi.Pb9).	   Non-‐targeted	   vectors,	   M13.PAAV.Grp78.TIP.Pb9	   and	  

M13.PAAV.Grp78.ubi.Pb9,	   were	   used	   as	   controls.	   mRNA	   from	   the	   cells	   were	  

collected	  on	  day	  3	  post	  transduction.	  GAPDH	  mRNA	  expression	  was	  measured	  as	  

internal	  control.	  TIP.Pb9	  and	  ubi.Pb9	  mRNA	  expression	  was	  highly	  detected	  from	  

the	  cells	  transduced	  with	  RGD.PAAV	  (figure	  5.7).	  A	  slight	  expression	  of	  Pb9	  was	  

also	   found	   from	   the	   cells	   transduced	   with	   non-‐targeted	   PAAV.	   The	   results	  

indicate	   that	   PAAV	   vector	   is	   able	   to	  mediate	  Pb9	   expression	   at	  mRNA	   level	   in	  

EF43.fgf4	  cells.	  
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Figure	   5.6.	   mRNA	   expression	   of	   TIP.Pb9	   and	   ubiquitin.Pb9	   mediated	   by	  

PAAV	  plasmid	  transfection.	  

HEK293	   cells	   were	   transfected	   with	   PAAV.TIP.Pb9	   or	   PAAV.ubi.Pb9	   plasmids.	  

Total	   RNA	  was	   collected	   on	   day	   1	   post	   transfection.	  GAPDH	  mRNA	   expression	  

was	   measured	   as	   an	   internal	   control.	   Results	   are	   shown	   as	   mean	   ±	   SEM	   of	  

triplicate	  wells.	  
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Figure	   5.7.	   mRNA	   expression	   of	   TIP.Pb9	   and	   ubiquitin.Pb9	   mediated	   by	  

PAAV	  vector	  transduction.	  

The	   HEK293	   and	   EF43.fgf4	   cells	   were	   transduced	   with	   1,000,000	   TU/cell	   of	  

targeted	  or	  non-‐targeted	  PAAV	  vectors.	  Total	  RNA	  was	  collected	  on	  day	  3	  post	  

vector	   transduction.	   GAPDH	   mRNA	   expression	   was	   measured	   as	   an	   internal	  

control.	  Results	  are	  shown	  as	  mean	  ±	  SEM	  of	  triplicate	  wells.	  A	  represents	  mRNA	  

expression	  of	  TIP.Pb9	  on	  HEK293	  cells.	  B	  represents	  mRNA	  expression	  of	  ubi.Pb9	  

on	  HEK293	  cells.	  C	  represents	  mRNA	  expression	  of	  TIP.Pb9	  on	  EF43.fgf4	  cells.	  D	  

represents	  mRNA	  expression	  of	  ubi.Pb9	  on	  EF43.fgf4	  cells.	  
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5.2.4.	  Ex	  vivo	  anti-‐tumour	  immunity	  investigations	  	  
	  

According	  to	  the	  concept	  of	  this	  chapter,	  specific	   immune	  cells	  are	  activated	  by	  

the	   vaccination	   and	   play	   their	   role	   on	   specific	   tumour	   killing.	   As	   such,	   Balb/c	  

mice	   were	   intramuscularly	   vaccinated	   with	   Adeno.ME.TRAP.	   The	   mice	   were	  

sacrificed	   and	   splenocytes	   of	   each	   mouse	   were	   collected	   on	   day	   14	   post	  

vaccination.	  A	  series	  of	  ex	  vivo	  experiments	  were	  set	  as	  follow.	  ME.TRAP	  vaccine	  

efficiency	   on	   stimulating	   T	   cell	   proliferation	   was	   initially	   investigated	   by	   flow	  

cytometry.	  Then,	  activation	  of	  Pb9-‐specific	   immune	  cells	  was	  assessed	   through	  

IFN-‐γ	  secretion	  by	  ELISpot	  assay.	  The	  specific	  immune	  cell	  function	  was	  assured	  

from	   granzyme	   B	   release	   by	   ELISA	   assay.	   Finally,	   Pb9-‐specific	   immune	   cell-‐

mediated	  tumour	  killing	  was	  measured	  from	  the	  release	  of	  LDH	  and	  confirmed	  

by	  SRB	  assay.	  The	  splenocytes	  from	  non-‐vaccinated	  mice	  were	  also	  collected	  and	  

used	  as	  control.	  

	  

5.2.4.1.	  ME.TRAP	  vaccine	  efficiency	  

	  

Efficiency	   of	   Adeno.ME.TRAP	   vaccine	   was	   assessed	   from	   the	   number	   of	   CD3+	  

CD8+	   cells	   and	   CD3+	   CD4+	   cells	   by	   flow	   cytometry.	   As	   shown	   in	   figure	   5.8,	   a	  

significant	   increase	   of	   CD3+	  CD8+	  cell	   population	   was	   detected	   on	   splenocytes	  

from	   vaccinated	   mice.	   This	   confirms	   that	   ME.TRAP	   vaccine	   is	   able	   to	   induce	  

proliferation	  of	  cytotoxic	  T	  cells	  which	  are	  needed	  for	  anti-‐tumour	  activity.	  It	  is	  

worth	  to	  note	  that	  there	  was	  an	  increase	  of	  CD3+	  CD4	  cells	  which	  are	  believed	  to	  

promote	  T	  cell	  survival.	  

	  

5.2.4.2.	  Antigen	  specific	  immune	  cell	  activation	  and	  function	  

	  

Next	   step,	   the	   specific	   immune	   cell	   activation	   was	   investigated	   through	   IFN-‐γ	  

secretion.	   EF43.fgf4	   cells	   stably	   expressing	   Pb9	   were	   used	   as	   a	   stimulant.	   To	  

generate	   Pb9-‐expressing	   EF43.fgf4,	   the	   cells	   were	   transfected	   with	   PAAV	  

plasmid	   encoding	   Pb9	   and	   puromycin	   sequences,	   then	   selected	   by	   puromycin	  

antibiotic.	  The	  splenocytes	  and	  Pb9-‐expressing	  EF43.fgf4	  cells	  (ratio	  10:1)	  were	  

co-‐cultured	   in	   anti-‐IFN-‐γ	   pre-‐coated	   wells	   and	   incubated	   for	   16	   hours.	  
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Splenocytes	  or	  EF43.fgf4	   cells	   alone	  were	   included	  as	   controls.	   IFN-‐γ	   secretion	  

was	   measured	   from	   spots	   developed	   on	   each	   well	   and	   interpreted	   as	   spot	  

forming	  unit	  per	  1	  million	  splenocytes.	  The	  IFN-‐γ	  secreting	  spots	  were	  observed	  

only	   from	   the	   wells	   consisting	   of	   vaccinated	   mouse	   splenocytes	   and	   Pb9-‐

expressing	  EF43.fgf4	  cells.	  The	  co-‐cultured	  wells	  showed	  a	  significant	  number	  of	  

activated	   immune	   cells	   compared	   to	  others	   (figure	  5.9A	  and	  5.9B).	  Apart	   from	  

the	   immune	   cell	   activation,	   their	   functionality	   was	   assured	   from	   granzyme	   b	  

which	   is	   released	   from	   activated	   immune	   cells	   to	   induce	   tumour	   cell	   killing.	  

Granzyme	   b	   concentration	  was	  measured	   from	   co-‐culturing	  medium	   by	   ELISA	  

assay.	  The	  results	  were	  found	  in	  relevant	  to	  IFN-‐γ	  secretion	  as	  granzyme	  b	  was	  

significantly	   detected	   when	   vaccinated	  mouse	   splenocytes	   were	   cultured	   with	  

Pb9-‐expressing	  EF43.fgf4	  cells.	  A	  slight	  increase	  of	  granzyme	  b	  was	  found	  when	  

culturing	   vaccinated	   mouse	   splenocytes	   with	   original	   EF43.fgf4	   cells	   (figure	  

5.9C).	  	  

These	  results	  indicate	  that	  specific	  immune	  cells	  such	  as	  cytotoxic	  T	  cells	  and	  NK	  

cells	  are	  activated	  and	  carried	  out	  their	  biological	  function	  when	  culturing	  them	  

with	  Pb9-‐expressing	  EF43.fgf4	   tumour	  cells.	  This	  paves	   the	  way	   for	  a	  potential	  

anti-‐tumour	  immunity.	  	  
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Figure	   5.8.	   Proportion	   of	   CD4+	   and	   CD8+	   cells	   after	  ME.TRAP.	   adenovirus	  

vaccination.	  

Balb/c	  mice	  (n=5)	  were	  received	  vaccination	  with	  Adeno.ME.TRAP.	  Splenocytes	  

were	  collected	   from	  each	  mouse	  on	  day	  14	  post	  vaccination,	   stained	  with	  anti-‐

CD3	   conjugated	  with	  PerCP-‐Cy5.5,	   anti-‐CD4conjugated	  with	   FITC	   and	   anti-‐CD8	  

conjugated	  with	  PE	  antibodies	  and	  subjected	  to	   flow	  cytometry.	  Splenocyted	  of	  

non-‐vaccinated	  mice	  were	   included	  as	  control.	  Percentage	  of	  positive	  cells	  was	  

gated	  using	  FlowJo	  software	  (v10.5).	  	  CD3+CD8+	  positive	  cells	  were	  shown	  in	  bar	  

graphs.	   The	   data	   are	   represented	   as	   mean	   ±	   SEM.	   Statistical	   significance	   was	  

determined	  by	  student’s	  t-‐test.	  
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Figure	  5.9.	  Pb9	  specific	  immune	  cells	  activation	  and	  function	  mediated	  by	  

ME.TRAP	  vaccine	  

Splenocytes	  of	  Balb/c	  mice	  (n=5)	  were	  cultured	  with	  Pb9-‐expressing	  EF43.fgf4	  

cells.	   A	   ELISpot	   assay	   for	   Pb9-‐specific	   immune	   cell	   activation.	   Spots	   of	   IFN-‐γ	  

secreting	   immune	   cells	  were	   automatically	   counted	  by	  ELISpot	  plate	   reader.	  B	  

The	  number	  of	  IFN-‐γ	  secreting	  cells	  was	  interpreted	  as	  spot	  forming	  unit	  per	  1	  

million	  splenocytes	  in	  bar	  graphs.	  C	  Granzyme	  b	  concentration	  was	  measured	  by	  

ELISA	  assay	  for	  Pb9-‐specific	  immune	  cells	  functionality.	  Splenocytes	  or	  EF43.fgf4	  

cells	  alone	  were	   included	  as	  control.	  The	  data	  are	  represented	  as	  mean	  ±	  SEM.	  

Statistical	   significance	   was	   determined	   by	   one-‐way	   ANOVA	   with	   Tukey's	  

honestly	  significant	  difference	  (HSD)	  post	  hoc	  test.	  
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5.2.4.3.	  Tumour	  cell	  killing	  

	  

According	   to	   previous	   ex	   vivo	   finding,	   anti-‐tumour	   activity	   was	   assessed	   by	  

culturing	   mouse	   splenocytes	   with	   Pb9-‐expressing	   EF43.fgf4	   cells	   or	   original	  

EF43.fgf4	   cells	   in	   various	   ratios	   (1:1,	   5:1,	   10:1,	   20:1	   and	   50:1).	   Splenocytes	   or	  

EF43.fgf4	  cells	  alone	  were	  included	  as	  control.	  

	  

Tumour	  cell	   killing	  was	  quantified	   from	   lactase	  dehydrogenase	   (LDH)	   released	  

from	  the	  damaged	  cells.	  The	  culture	  media	  were	   taken	   from	  each	  well	  after	  10	  

hours	  incubation	  and	  measured	  LDH	  release	  according	  to	  manufacture	  protocol.	  

Percentage	  of	  cell	  killing	  was	  calculated	  in	  direct	  proportional	  to	  the	  amount	  of	  

LDH	   in	   the	   culture	   media.	   Cell	   death	   was	   detected	   when	   Pb9-‐expressing	  

EF43.fgf4	   cells	   were	   cultured	   with	   vaccinated	   splenocytes.	   The	   cell	   killing	  

increased	   correlatively	   to	   splenocyte	   ratios	   added	   into	   the	   co-‐cultured	   wells.	  

(figure	  5.10A).	  	  

	  

Although	   cell	   killing	   determined	   by	   LDH	   was	   detected	   after	   10	   hours	   of	   co-‐

culturing,	  it	  took	  3	  days	  to	  observe	  cell	  death	  under	  the	  microscope.	  As	  shown	  in	  

figure	   5.10B,	   more	   cell	   death	   was	   found	   when	   vaccinated	   mouse	   splenocytes	  

were	   cultured	   with	   Pb9-‐expressing	   EF43.fgf4	   cells	   compared	   to	   control	   wells.	  

The	  anti-‐tumour	  activity	  of	   splenocytes	  was	  confirmed	  by	   tumour	  cell	   viability	  

on	   day	   5	   of	   the	   experiment	   using	   SRB	   assay.	   The	   result	   showed	   a	   decrease	   of	  

tumour	  cell	  viability	  when	  culturing	  with	  vaccinated	  mouse	  splenocytes.	  The	  cell	  

viability	  varied	   indirectly	   to	   the	  ratio	  of	  splenocytes	  added	  to	   the	  culture.	  Also,	  

there	  was	  a	  slight	  decrease	  of	  cell	  viability	  when	  the	  original	  EF43.fgf4	  cells	  were	  

cultured	   with	   vaccinated	   mouse	   splenocytes	   (figure	   5.10C).	   These	   findings	  

emphasize	   the	   synergistic	   effect	   of	   ME.TRAP	   vaccination	   and	   PAAV-‐mediated	  

Pb9	  expression	  on	  mediating	  anti-‐tumour	  immunity.	  
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Figure	  5.10.	  Anti-‐tumour	  immunity	  against	  Pb9-‐expressing	  EF43.fgf4	  cells.	  

Splenocytes	  of	  Balb/c	  mice	  (n=5)	  were	  cultured	  with	  Pb9-‐expressing	  EF43.fgf4	  

cells	  or	  original	  EF43.fgf4	  cells	   in	  various	  ratios	  (1:1,	  5:1,	  10:1,	  20:1	  and	  50:1).	  

Splenocytes	   or	   EF43.fgf4	   cells	   alone	   were	   included	   as	   control.	   A	   Lactate	  

dehydrogenase	   was	   measured	   after	   10	   hours	   of	   incubation.	   The	   results	   were	  

calculated	   and	   interpreted	   as	   percentage	   of	   tumour	   cell	   killing.	   The	   data	   are	  

represented	   as	   mean	   ±	   SEM.	   B	   Tumour	   cell	   death	   was	   observed	   under	  

microscope	   on	   day	   3	   of	   the	   experiment.	   C	   Cell	   viability	   of	   EF43.fgf4	   was	  

measured	  on	  day	  5	  of	  the	  experiment	  using	  SRB	  assay.	  The	  data	  are	  represented	  

as	  mean	  ±	  SEM.	  
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5.2.5.	  EF43.fgf4	  establishment	  in	  Balb/c	  mice	  
	  

As	  Pb9	  epitope	  is	  restricted	  to	  H2-‐Kd	  MHC	  class	  I,	  Balb/c	  mice	  are	  required	  for	  

animal	  investigation	  related	  to	  this	  epitope.	  EF43.fgf4	  cells	  derived	  from	  Balb/c	  

mice	   were	   chosen	   as	   a	   model	   and	   assessed	   their	   growth	   rate	   in	   mice	   before	  

performing	   the	   therapeutic	   experiment.	   The	   cells	   (160,000	   per	   mouse)	   were	  

subcutaneously	  injected	  to	  Balb/c	  mice	  (n=3)	  and	  tumour	  growth	  was	  measured	  

by	  calipers.	  The	  tumour	  mass	  was	  noticeable	  on	  day	  14	  post	  injection,	  then	  grew	  

very	  fast.	  The	  animals	  reached	  endpoint	  as	  noted	  in	  the	  Project	  Licence	  and	  were	  

sacrificed	   on	   day	   20	   of	   the	   experiment	   (figure	   5.11A).	   The	   mice	   were	   also	  

monitored	   for	   their	   wellbeing	   and	   showed	   no	   weight	   loss	   throughout	   this	  

experiment	  (figure	  5.11B).	  

	  

	  

	  
	  

Figure	  5.11.	  Establishment	  of	  EF43.fgf4	  tumours	  in	  Balb/c	  mice.	  

The	  cells	  were	  subcutaneously	  injected	  to	  Balb/c	  mice	  (n=3).	  A	  Tumour	  growth	  

was	  measured	  by	  caliper.	  B	  Weight	  of	  the	  mice	  during	  the	  experiment	  are	  shown	  

as	  mean	  ±	  SEM.	  
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5.2.6.	  Preliminary	  in	  vivo	  experiment	  
	  

An	  initial	  therapeutic	  experiment	  was	  conducted	  in	  Balb/c	  mice.	  The	  mice	  were	  

assigned	   into	   three	   groups;	   control	   (n=3),	   TIP.Pb9	   (n=4)	   and	   ubi.Pb9	   (n=4).	  

TIP.Pb9	   and	   ubi.Pb9	   groups	   received	   intramuscular	   vaccination	   of	   1x1010	  

ME.TRAP	   adenoviral	   particles.	   All	   mice	   were	   subcutaneously	   implanted	   with	  

160,000	  cells	  of	  EF43.fgf	  cells	  on	  day	  7	  post	  vaccination.	  The	  mice	  in	  TIP.Pb9	  and	  

ubi.Pb9	  group	  were	  systemically	   injected	  with	  targeted	  PAAV	  encoding	  TIP.Pb9	  

(RGD.PAAV.TIP.Pb9)	   and	   targeted	   PAAV	   encoding	   ubi.Pb9	   (RGD.PAAV.ubi.Pb9),	  

respectively,	   when	   tumours	   were	   established	   (day	   10	   post	   vaccination).	   The	  

control	   group	   received	   vehicle	   saline	   intravenously.	   As	   shown	   in	   figure	   5.12A,	  

the	   mice	   in	   TIP.Pb9	   and	   ubi.Pb9	   group	   developed	   smaller	   solid	   tumour	  

compared	   to	   the	   control	   mice.	   Interestingly,	   tumour	   shrinkage	   was	   seen	   in	   a	  

couple	   of	  mice	   from	   ubi.Pb9	   group.	   The	  mice	  were	  monitored	   and	   showed	   no	  

weight	   loss	   throughout	   this	   experiment	   (figure	   5.12B).	   As	   the	  mice	   of	   ubi.Pb9	  

group	  showed	  slightly	  slower	   tumour	  growth	  compared	   to	   the	  mice	  of	  TIP.Pb9	  

group,	   RGD.PAAV.ubi.Pb9	   vector	   was	   chosen	   for	   further	   in	   vivo	   therapeutic	  

experiment.	  
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Figure	  5.12.	  Preliminary	  in	  vivo	  therapy.	  

Balb/c	  mice	  were	  assigned	  into	  three	  groups;	  control	  (n=3),	  TIP.Pb9	  (n=4)	  and	  

ubi.Pb9	   (n=4).	   The	   mice	   in	   TIP.Pb9	   and	   ubi.Pb9	   group	   were	   vaccinated	   with	  

1x1010	   viral	   particles	   of	   ME.TRAP	   vaccine.	   EF43.fgf	   cells	   were	   subcutaneously	  

implanted	   to	   all	   mice	   on	   day	   7	   post	   vaccination.	   Tumour-‐bearing	   mice	   in	   in	  

TIP.Pb9	   and	   ubi.Pb9	   group	   systemically	   received	   RGD.PAAV.TIP.Pb9	   or	  

RGD.PAAV.ubi.Pb9	   respectively	   while	   control	   mice	   received	   vehicle	   saline.	   A	  

Tumour	   growth	   measured	   by	   calipers.	   B	  Weight	   of	   the	   mice	   throughout	   the	  

therapy	  shown	  as	  mean	  ±	  SEM.	  	  
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5.2.7.	  Generation	  of	  EF43.fgf4.GFP.luciferase	  stable	  cells	  
	  

In	  order	  to	  monitor	  tumour	  growth	  and	  therapeutic	  response	   in	  vivo,	  EF43.fgf4	  

cells	   stably	   expressing	   GFP	   and	   luciferase	   reporter	   genes	   were	   generated	   by	  

infecting	  with	  a	  lentiviral	  vector	  encoding	  GFP	  and	  luciferase	  reporter	  genes.	  The	  

cells	   were	   observed	   under	   fluorescent	   microscopy	   for	   GFP	   expression.	   The	  

infected	  cells	  were	  expanded	  and	  sorted	  for	  GFP	  positive	  cells	  by	   fluorescence-‐	  

activated	  cell	  sorter.	  The	  sorted	  cells	  were	  further	  confirmed	  for	  their	  luciferase	  

expression	  through	  a	  luciferase	  assay	  (figure	  5.13).	  

	  

	  

	  
	  

Figure	   5.13.	   Generation	   of	   stable	   EF43.fgf4	   cells	   expressing	   GFP	   and	  

luciferase	  for	  long	  term	  non-‐invasive	  in	  vivo	  imaging.	  

The	  cells	  were	  transfected	  with	  a	   lentivirus	  vector	  encoding	  GFP	  and	  luciferase	  

at	   a	   multiplicity	   of	   infection	   (MOI)	   =10,	   then	   sorted	   for	   GFP	   positive	   cells	   by	  

fluorescence-‐	   activated	   cell	   sorter.	   Luciferase	   activity	   of	   the	   sorted	   cells	   was	  

measured	  by	  luciferase	  assay.	  
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5.2.8.	  Therapeutic	  experiment	  in	  Balb/c	  mice	  
	  

To	  evaluate	  the	  efficiency	  of	  this	  therapeutic	  strategy	   in	  vivo,	  Balb/c	  mice	  were	  

randomly	  assigned	  into	  7	  groups	  (n=5)	  and	  each	  group	  was	  defined	  as	  shown	  in	  

figure	   5.14.	  We	   describe	   the	   design	   of	   randomized	   animal	   experiments	   to	   test	  

our	  vector	  for	  the	  treatment	  of	  tumour-‐bearing	  mice	  and	  follow	  the	  tumour	  size	  

progression.	   We	   need	   a	   certain	   number	   of	   animals	   to	   detect	   statistically	  

significant	   differences	   between	   the	   group	   means	   at	   the	   5%	   significance	   level	  

with	   a	   statistical	   power	   of	   at	   least	  ~80%.	  An	   80%	  power	  may	   be	   sufficient	   to	  

catch	  large	  effects	  while	  fewer	  animals	  are	  needed,	  as	  we	  abide	  by	  applying	  the	  

principles	   of	   the	   3Rs	   (Replacement,	   Reduction	   and	   Refinement).	   This	   number	  

should	  be	  5	  animals	  per	  group.	  Moreover,	  we	  will	  use	  7	  animals	  per	  group	  for	  the	  

future	  experiment,	  which	  should	  increase	  the	  statistical	  power	  above	  80%.	  

	  

Three	   groups	   of	   mice	   were	   intramuscularly	   vaccinated	   with	   1x1010	   viral	  

particles	   of	  ME.TRAP	   adenovirus	  while	   the	   other	   four	   groups	  were	   kept	   along	  

without	   vaccination.	   All	   mice	   were	   then	   implanted	   with	   luciferase-‐expressing	  

EF43.fgf	   cells	   on	   day	   7	   post	   vaccination.	   Three	   days	   later,	   the	   mice	   were	  

systemically	   injected	   with	   5x1010	  TU	   of	   appropriate	   PAAV	   vector	   through	   tail	  

vein.	  The	  control	  group	  was	   injected	  with	   the	  vehicle	  saline	   intravenously.	  The	  

plan	  of	  in	  vivo	  study	  is	  shown	  in	  figure	  5.15.	  The	  mouse	  wellbeing	  was	  routinely	  

checked	  by	  their	  behaviour	  and	  weight.	  	  
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Figure	  5.14.	  Groups	  of	  Balb/c	  mice	  for	  in	  vivo	  therapy.	  

N	  refers	  to	  non-‐vaccinated	  mice	  and	  V	  refers	  to	  vaccinated	  mice.	  Each	  group	  of	  

animals	  was	  defined	  as	  follow;	  N.CTRL	  was	  a	  group	  of	  mice	  that	  did	  not	  receive	  

METRAP	  vaccine	  or	  any	  treatment,	  V.CTRL	  group	  received	  the	  ME.TRAP	  vaccine	  

only,	  N.M13.Pb9	  group	  received	  non-‐targeted	  PAAV	  encoding	  ubi.Pb9,	  V.M13.Pb9	  

group	   received	   ME.TRAP	   vaccine	   and	   non-‐targeted	   PAAV	   encoding	   ubi.Pb9,	  

N.RGD.Emp	   group	   received	   only	   targeted	   PAAV	   without	   therapeutic	   gene,	  

N.RGD.Pb9	  group	  received	  only	  targeted	  PAAV	  encoding	  ubi.Pb9	  and	  V.RGD.Pb9	  

group	  received	  ME.TRAP	  vaccine	  and	  targeted	  PAAV	  encoding	  ubi.Pb9.	  

	  

	  

	  
	  

Figure	  5.15.	  In	  vivo	  experimental	  plan.	  

Balb/c	   mice	   in	   vaccinated	   groups	   were	   intramuscularly	   injected	   with	   1x1010	  

viral	   particles	   of	   ME.TRAP	   adenovirus.	   Then	   all	   mice	   were	   subcutaneously	  

implanted	  with	   luciferase-‐expressing	   EF43.fgf	   cells.	   After	   that,	   tumour-‐bearing	  

mice	   were	   systemically	   injected	   with	   5x1010	  TU	   of	   appropriate	   PAAV	   vectors.	  

Tumour	   viability	   was	   monitored	   by	   bioluminescence	   imaging	   on	   day	   4	   and	   9	  

post	  vector	  injection.	  
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Regarding	   the	   hypothesis	   of	   this	   therapeutic	   strategy,	  ME.TRAP	   vaccine	  would	  

stimulate	  specific	   immune	  responses	   including	  cytotoxic	  T	  cells	  against	  tumour	  

cells	   expressing	   PAAV-‐mediated	   Pb9	   epitope.	   Tumour	   growth	   and	   therapeutic	  

effect	  were	  monitored	   by	   bioluminescence	   imaging	   (BLI)	   on	   day	   4	   and	   9	   post	  

vector	   injection.	  Luciferase	   signal	   from	   the	   tumours	   showed	  a	  delay	  of	   tumour	  

growth	   in	   mice	   receiving	   both	   ME.TRAP	   vaccine	   and	   targeted	   PAAV	   encoding	  

Pb9	  (figure	  5.16A	  and	  5.16B).	  The	  tumour	  volume	  was	  also	  measured	  by	  calipers	  

throughout	   the	   experiment	   and	   showed	   a	   consistent	   result	   with	   the	   tumour	  

activity	  assessed	  by	  BLI	  (data	  not	  shown).	  Although	  the	  mice	  were	  culled	  on	  day	  

16	   post	   vector	   injection	   as	   they	   had	   reached	   endpoint	   noted	   in	   the	   Project	  

Licence,	  the	  therapy	  seemed	  to	  prolong	  overall	  survival	  of	  the	  mice	  that	  received	  

ME.TRAP	  vaccine	   and	   targeted	  PAAV	  vector	   encoding	  Pb9	   compared	   to	   others	  

(figure	  5.17A).	  Additionally,	  the	  animals	  did	  not	  show	  any	  weight	  loss	  during	  the	  

experiment	  (figure	  5.17B).	  

	  

After	  the	  animals	  reached	  an	  endpoint,	  solid	  tumours	  were	  collected	  from	  each	  

mouse	   and	   performed	   histological	   analysis.	   The	   tumour	   sections	   stained	   with	  

haematoxylin	  and	  eosin	  (H&E)	  revealed	  damage	  in	  tumour	  of	  mice	  that	  received	  

the	   ME.TRAP	   vaccine.	   The	   mice	   received	   targeted	   vector	   also	   showed	   lower	  

tumour	   density	   than	   the	   controls.	   An	   enhance	   therapeutic	   effect	  was	   found	   in	  

mice	   that	   received	   both	  ME.TRAP	   vaccine	   and	   targeted	   PAAV	   encoding	  Pb9	   as	  

the	   tumour	   sections	   in	   this	   group	   showed	   the	   lowest	   density	   of	   tumour	   cells	  

compared	  to	  the	  others.	  Tumour	  sections	  from	  control	  mice	  (N.CTRL)	  and	  from	  

mice	   that	   received	   non-‐targeted	  PAAV	   vector	   alone	   (N.M13.Pb9),	   showed	   very	  

high	  tumour	  cell	  density	  (figure	  5.18A).	  However,	  tumour	  cell	  death	  shown	  here	  

was	  subjective	  preliminary	  observation	  and	  further	  quantitative	  assessment	  will	  

be	   needed	   to	   confirm	   the	   finding.	   Immunofluorescent	   staining	   of	   cleaved	  

Caspase-‐3	   was	   also	   performed	   to	   confirm	   apoptotic	   cell	   death.	   The	   cleaved	  

Caspase-‐3	  positive	  cells	  were	  obviously	  seen	  on	  the	  tumour	  sections	  from	  mice	  

that	   received	   ME.TRAP	   vaccine	   and	   targeted	   PAAV	   encoding	   Pb9.	   A	   slight	  

expression	   of	   cleaved	   Caspase-‐3	   was	   also	   observed	   in	   the	   tumour	   sections	   of	  

ME.TRAP	  vaccinated	  mice	  (figure	  5.18B).	  	  
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In	   summary,	   PAAV	   vector	  mediated	   desirable	   expression	   of	   the	  malaria	   target	  

antigen	  (Pb9)	  on	  EF43.fgf4	  breast	  tumor	  cells.	  The	  therapeutic	  strategy	  showed	  a	  

promising	   efficiency	   on	   stimulating	   specific	   immune	   cells	   response	   which	  

eventually	   led	   to	   tumor	   cell	   killing.	   In	   vivo,	   the	   delay	   of	   tumour	   progress	   and	  

extended	  survival	  of	  tumour-‐bearing	  mice	  were	  also	  achieved.	  Altogether,	  these	  

data	  prove	   feasibility	  and	  efficacy	  of	   the	  combination	  of	   tumor-‐targeting	  phage	  

vector	  and	  malaria	  vaccine	  in	  cancer	  immunotherapy.	  	  
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Figure	   5.16.	   Visualisation	   of	   subcutaneous	   tumour	   growth	   throughout	  

immunotherapy.	  

A	   In	  vivo	   bioluminescent	   imaging	   of	   luciferase	   expression	   on	   day	   4	   and	   day	   9	  

post	  vector	  injection.	  B	  Tumour	  viability	  measured	  by	  bioluminescent	  imaging.	  	  
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Figure	  5.17.	  Overall	  survival	  of	  the	  animals	  throughout	  the	  therapy.	  

A	  Overall	   survival	  of	  Balb/c	  mice.	  B	  Weight	  of	   the	  mice	  during	   the	  experiment	  

are	  shown	  as	  mean	  ±	  SEM.	  
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Figure	  5.18.	  Histological	  analysis	  of	  solid	  tumours.	  

Tumours	  were	  collected	  from	  each	  mouse	  and	  5	  μm	  sections	  were	  produced.	  A	  

Tumour	  sections	  stained	  with	  haematoxylin	  and	  eosin	  (H&E).	  B	  Tumour	  sections	  

stained	  with	  rabbit	  primary	  antidody	  against	  cleaved	  Caspase-‐3	  (1:800)	  followed	  

by	  anti	  rabbit	  IgG	  Alexa	  Fluor-‐488	  secondary	  antibody.	  
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5.3	  Discussion	  
	  

As	   gene	   therapy	   has	   become	   an	   intensive	   research	   focusing	   on	  many	   diseases	  

including	  cancer,	  a	  wild	  range	  of	  viral	  and	  non-‐viral	  vectors	  have	  been	  developed	  

and	  applied	  to	  this	  field	  of	  study.	  The	  decades	  of	  experimental	  work	  dedicated	  to	  

gene	  therapy	  has	  confirmed	  its	  contribution	  to	  cancer	  treatment	  in	  both	  research	  

and	   clinical	   trials.	   With	   the	   ultimate	   goal	   on	   efficiency	   and	   selectivity	   of	   the	  

approach,	  various	  strategies	  have	  been	  applied	  to	  cancer	  gene	  therapy	  aiming	  for	  

a	   better	   therapeutic	   impact.	   One	   such	   strategy	   is	   transcriptional	   targeting	   to	  

tumour	   cells	   using	   tumour-‐specific	   promoters	   [39,	   289].	   Among	   many	  

promoters,	   Grp78	   promoter	   is	   considered	   attractive	   for	   the	   transcriptional	  

control.	  As	  a	   stress-‐induced	  promoter,	  Grp78	   is	  highly	  activated	  under	  glucose	  

and	   oxygen	   depletion	   as	   well	   as	   acidic	   circumstances	   within	   the	   tumour	  

microenvironment.	   Applying	   this	   promoter	   into	   the	   treatment	   can	   enhance	  

suicidal	   gene	   expression	   and	   increase	   tumour	   cell	   death	   [290,	   291].	   Grp78	  

promoter	   is	   also	   activated	   when	   used	   in	   combination	   with	   chemotherapeutic	  

drugs	   such	   as	   temozolomide	   [36]	   and	   cisplatin	   (unpublished	   data	   in	   Phage	  

therapy	   group).	   In	   addition,	   grp78	   promoter	   is	   upregulated	   in	   various	   cancer	  

types	  especially	   in	  hypoxic	  areas	  of	   solid	   tumours	  but	   remains	  at	   low	   levels	   in	  

normal	  tissues.	  This	  allows	  additional	  safety	  of	  tumour	  cell	  targeting.	  Therefore,	  

the	   promoter	   was	   applied	   in	   PAAV	   constructs	   to	   drive	   Pb9	   expression	  within	  

tumours.	  	  

	  

Apart	   from	  the	  tumour	  specific	  promoter,	  choosing	  a	  target	  antigen	   is	  a	  crucial	  

step	   for	   a	   successful	   therapy.	   An	   ideal	   antigen	   should	   be	   highly	   expressed	   on	  

tumour	  cells	  but	  completely	  inactive	  in	  normal	  cells	  to	  avoid	  serious	  side	  effects.	  

Additionally,	   in	   a	   context	   of	   antigen	   presentation,	   antigenic	   peptides	   are	  

accommodated	   in	   peptide-‐binding	   grooves	   of	   MHC	   molecules.	   Amino	   acid	  

residues	   of	   the	   peptides	   contribute	   to	   the	   biding	   in	   different	   manners	   and	  

determine	   specificity	   of	   the	   peptide	   to	   different	   MHC	   alleles	   [292-‐294].	   Thus,	  

matching	  the	  peptides	   to	  specific	  MHC	  alleles	   is	  needed	   for	   the	   therapy	  relying	  

on	   the	   immune	   system.	   In	   this	   chapter,	   Pb9	   epitope	   (SYIPSAEKI)	   from	  

Plasmodium	  berghei	  was	  chosen	  as	  a	  target	  antigen	  because	  it	  is	  a	  foreign	  antigen	  
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and	  can	  be	  used	  in	  combination	  with	  malarial	  vaccine	  (ME.TRAP).	  The	  epitope	  is	  

compatible	  to	  H-‐2Kd	  MHC	  of	  Balb/c	  mice	  allowing	  an	  efficient	  presentation	  of	  the	  

epitope	  on	  the	  tumour	  cell	  surface	  [295].	  It	  is	  worth	  to	  note	  that	  MHC	  molecules	  

can	   accommodate	   only	   a	   short	   peptide	   within	   the	   range	   of	   8-‐10	   amino	   acid	  

residues.	   To	   assure	   that	   Pb9	   epitope	   is	   generated	   correctly,	   the	   epitope	   was	  

fused	   in	   frame	   with	   either	   TIP	   epitope	   or	   ubiquitin.	   TIP	   as	   Tuberculosis,	  

Immunodeficiency	  virus	  and	  Plasmodium	  epitope	   string	   is	   also	   considered	  as	  a	  

helping	   epitope	   and	   believed	   to	   accelerate	   the	   immune	   responses	   against	  

tumour	  cells	  when	  the	  epitopes	  are	  processed	  and	  presented	  on	  the	  tumour	  cell	  

surface	   [288,	   296].	   The	   two	   constructs	   of	   Pb9	   with	   TIP	   or	   ubiquitin	   were	  

compared	  their	  function	  as	  a	  target	  antigen	  in	  vitro	  and	  one	  of	  them	  was	  chosen	  

for	  in	  vivo	  investigation.	  

	  

As	  mentioned	  before,	  PAAV	  vector	  is	  targeted	  to	  tumour	  cells	  through	  a	  binding	  

of	   RGD4C	   ligands	   to	   αvβ3	   and/or	   αvβ5	  integrin	   receptors.	   EF43.fgf4	   cells	   show	  

their	  suitability	  as	  a	  preclinical	  tumour	  model	  for	  PAAV	  as	  they	  highly	  express	  all	  

integrin	  subunits	  required	  for	  the	  binding.	  The	  cells	  can	  be	  targeted	  by	  PAAV	  and	  

generate	   desirable	   levels	   of	   Lucia	   reporter	   gene	   expression	   when	   transduced	  

with	   a	   targeted	   vector.	   The	   suitability	   of	   EF43.fgf4	   cells	   also	   ensures	   by	   their	  

MHC	  class	  I	  expression.	  Because	  Pb9	  epitope	  is	  delivered	  to	  EF43.fgf4	  cells	  as	  a	  

transgene	  inserted	  in	  PAAV	  genome,	  Pb9	  sequence	  is	  transcribed	  and	  processed	  

via	  endogenous	  pathway	  and	  finally	  presented	  through	  the	  specific	  H2-‐Kd	  MHC	  

class	  I	  molecule.	  Although	  MHC	  class	  I	   is	  expressed	  on	  all	  nucleated	  cells,	  some	  

tumour	   cells	   are	   reported	   for	   the	   MHC	   class	   I	   down-‐regulation	   to	   avoid	  

immunosurveillance	   [124].	   Thus,	   it	   is	   more	   promising	   for	   the	   therapy	   if	   the	  

tumour	   cells	   strongly	   express	   antigen	   specific	   presenting	   molecules.	   In	  

particular,	  EF43.fgf4	  cells	  highly	  express	  H2-‐Kd	  MHC	  class	  I	  molecules	  which	  are	  

restricted	   for	   Pb9	   epitope.	   Taking	   this	   into	   account,	   the	   epitope	   should	   be	  

efficiently	  presented	  as	  a	   target	  antigen	  and	  should	  provide	  a	  great	  benefit	   for	  

the	  therapeutic	  strategy.	  

	  

Pb9	   expression	   detected	   from	   PAAV	   plasmid	   transfection	   and	   PAAV	   vector	  

transduction	  confirms	  the	  transducing	  efficacy	  of	  the	  vector.	  The	  expression	  was	  
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assessed	   only	   at	   the	   mRNA	   level	   because	   there	   is	   no	   antibody	   against	   Pb9	  

epitope.	   PAAV-‐mediated	   Pb9	   expression	   at	   the	   protein	   level	  was	   attempted	   to	  

achieve	  using	  protein	  tag	  (V5	  tag).	  The	  V5	  tag	  DNA	  sequence	  was	  fused	  in	  frame	  

at	   the	   C-‐terminal	   of	   Pb9	   epitope.	   However,	   no	   expression	   was	   detected	   by	  

neither	   western	   blotting	   nor	   fluorescent	   staining.	   Although	   Pb9	   expression	   at	  

protein	  level	  was	  not	  successfully	  assessed,	  ex	  vivo	  findings	  indirectly	  suggested	  

the	  presentation	  of	  Pb9	  epitope	  on	   the	   tumour	  cell	   surface	  via	  an	  activation	  of	  

splenocytes	  obtained	  from	  vaccinated	  mice	  when	  culturing	  them	  with	  EF43fgf4	  

cells	  expressing	  PAAV-‐mediated	  Pb9.	  In	  addition,	  there	  is	  a	  Pb9	  H2-‐Kd	  tetramer	  

commonly	  used	  to	  detect	  Pb9-‐specific	  cytotoxic	  T	  cells	  [297].	  The	  tetramer	  could	  

be	  applied	  to	  investigate	  the	  Pb9	  epitope	  expressed	  on	  the	  EF43.fgf4	  cell	  surface.	  

This	  assay	  is	  added	  in	  a	  future	  plan	  and	  will	  be	  performed	  later.	  

The	   ex	   vivo	  experiments	   were	   set	   to	   investigate	   the	   impact	   of	   the	   therapeutic	  

strategy	   before	   performing	   preclinical	   experiments	   on	   animals.	   As	   cytotoxic	   T	  

cells	  (CD8+	  T	  cells)	  are	  known	  to	  play	  a	  key	  role	  in	  anti-‐tumour	  immunity,	  their	  

population	   and	   activity	   are	   necessary	   for	   a	   successful	   therapy.	   In	   a	   field	   of	  

malaria,	   ME.TRAP	   is	   widely	   used	   as	   a	   vaccine	   to	   induce	   protective	   immunity	  

against	  liver	  stage	  parasites.	  The	  vaccine	  showed	  protective	  capability	  on	  H2-‐Kd	  -‐

expressing	   Balb/c	  mice	   from	  Plasmodium	  challenging	   [298].	   The	   protection	   of	  

ME.TRAP	  vaccine	  is	  based	  on	  cellular	  response	  rather	  than	  humoral	  immunity	  as	  

the	  vaccine	  strongly	  stimulates	  cytotoxic	  T	  cells	  [299].	   In	  this	  chapter,	  ME.TRAP	  

sequence	  carried	  by	  an	  adenoviral	  vector	  showed	  similar	  results	  as	  reported	  in	  

previous	   literatures.	   The	   increase	   of	   CD3+CD8+	   cell	   population	   detected	   on	  

splenocytes	   of	   ME.TRAP-‐vaccinated	  mice	   represented	   a	   stimulation	   of	   cellular	  

immunity	   which	   is	   needed	   for	   anti-‐tumour	   activity.	   The	   vaccine	   itself	   is	  

considered	   to	   generate	   immune	   response	   against	   many	   infectious	   diseases	   as	  

well	  as	  cancer	  [295].	  Although	  the	  ME.TRAP	  efficiency	  is	  known	  to	  rely	  on	  CD8+	  

T	  cell	   activity,	   it	   is	  worth	  noting	   that	  a	   small	  population	  of	  CD3-‐CD4+	   cells	  was	  

detected	   from	   the	  vaccinated	   splenocytes	   in	   this	  ex	  vivo	   investigation.	  This	   cell	  

population	  is	  believed	  to	  promote	  T	  cell	  survival	  and	  support	  helper	  T	  cells	   for	  

memory	  antibody	  responses	  [300].	   In	  term	  of	  memory	  B	  cells,	   they	  can	  rapidly	  

generate	  a	   specific	   response	  when	   re-‐exposed	   to	   small	   amount	  of	   antigen.	  The	  
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population	  of	   CD3-‐CD4+	   cells	   could	  offer	   a	   basis	  protective	   approach	  when	   the	  

tumour	  relapses.	  However	  more	   investigation	  are	  required	   in	  order	   to	  confirm	  

their	  contribution	  in	  cancer	  therapy.	  

The	  activation	  of	  specific	  immune	  cells	  was	  confirmed	  by	  IFN-‐γ	  secretion.	  IFN-‐γ	  

is	  a	  soluble	  cytokine	  released	  from	  both	  innate	  and	  adaptive	  immune	  cells	  such	  

as	  NK	  cells	  and	  cytotoxic	  T	  cells.	  However,	  IFN-‐γ	  secreting	  cells	  found	  in	  this	  ex	  

vivo	   experiment	   is	   believed	   to	   be	   cytotoxic	   T	   cells	   rather	   than	   NK	   cells	   as	  

ME.TRAP	  vaccine	  mainly	  stimulates	  adaptive	  immune	  response	  based	  on	  CD8+	  T	  

cell	  activity	  [299].	  Also,	  Pb9	  epitope	  is	  restricted	  to	  H2-‐Kd	  MHC	  class	  I	  molecules	  

which	  are	  compatible	  with	  Balb/c	  CD8+	  T	  cells	   [295].	  A	  release	  of	   IFN-‐γ	  affects	  

many	  immune	  cells	  within	  the	  tumour	  environment	  that	  benefits	  the	  therapy	  as	  

it	   is	   related	   to	  an	  activation	  of	   anti-‐tumour	   immunity	  and	  also	  an	   inhibition	  of	  

immunosuppressive	  immune	  cell	  activity	  [301].	  In	  addition,	  the	  IFN-‐γ	  secreting	  

spots	  solely	  detected	  when	  vaccinated	  splenocytes	  were	  cultured	  with	  EF43.fgf4	  

cells	   expressing	  Pb9	   indicate	   the	  antigen	   specific	   activation	  of	  CD8+	  T	   cells.	  An	  

attenuated	   fowlpox	   virus	   (FPV)	   vaccine	   encoding	   Plasmodium	   berghei	  

circumsporozoite	  (PbCS)	  strongly	  stimulated	  IFN-‐γ	  secreting	  Balb/c	  splenocytes	  

against	  Pb9	  epitope	  where	  the	  frequency	  of	  the	  Pb9	  specific	  IFN-‐γ	  secreting	  cells	  

was	  correlated	  with	  the	  protection	  against	  malarial	  sporozoite	  challenge	  in	  mice	  

[302].	  

	  

Apart	   from	   the	   activation	   of	   the	   antigen	   specific	   CD8+	   T	   cells,	   their	   function	  

against	   tumours	   is	   truly	   needed	   for	   the	   cell	   killing.	   The	   biological	   function	   of	  

activated	   tumour	   specific	   immune	   cells	   can	   be	   investigated	   through	   many	  

indicators	  including	  granzymes.	  As	  cell-‐death	  inducing	  enzymes,	  granzymes	  are	  

stored	  in	  granules	  inside	  CD8+	  T	  cells	  and	  NK	  cells,	  then	  released	  into	  target	  cells	  

together	   with	   perforin	   molecules	   whose	   expression	   are	   induced	   during	   T	   cell	  

activation.	  Despite	  their	  intracellular	  cytotoxic	  function	  inside	  tumour	  cells,	  low	  

concentration	  of	  granzymes	  is	  also	  detected	  in	  serum	  [303].	  Among	  their	  several	  

types,	  granzyme	  b	  is	  the	  most	  well	  studied	  one	  and	  known	  to	  activate	  cell	  death	  

through	  caspase-‐3	  cascade	  apoptotic	  pathway	   [304,	  305].	  The	  concentration	  of	  

granzyme	  b	   detected	   from	   the	   co-‐culture	  media	   of	   vaccinated	   splenocytes	   and	  
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EF43.fgf4	   expressing	   Pb9	   epitope	   indicates	   the	   anti-‐tumour	   activity	   of	   Pb9	  

specific	   CD8+	   T	   cells.	   Although	   Pb9	   epitope	   is	   served	   as	   a	   specific	   antigen	   to	  

stimulate	   specific	   immune	   responses,	   a	   marginal	   increase	   of	   granzyme	   b	  

concentration	  was	  detected	  from	  the	  co-‐culture	  media	  of	  vaccinated	  splenocytes	  

and	  EF43.fgf4	  cells	  without	  Pb9	  expression.	  This	  could	  be	  related	  to	  innate	  anti-‐

tumour	  activity	  of	  NK	  cells	  as	   they	  recognise	   their	   targets	   in	  MHC	  unrestricted	  

manner	  and	  do	  not	  require	  specific	  antigen	  to	  stimulate	   their	  cytotoxic	  activity	  

[306].	   Also,	   the	   granzyme	   b	   circulation	   was	   found	   increased	   in	   Plasmodium	  

falciparum	  infection	  patients	  [303].	  

	  

Ex	   vivo	   anti-‐tumour	   activity	   of	   the	   vaccinated	   splenocytes	   in	   killing	   EF43.fgf4	  

cells	   not	   only	   gave	   a	   hope	   for	   the	   successful	   therapy	   but	   also	   indicated	   the	  

possibility	   of	   applying	   malaria	   vaccine	   and	   tumour-‐targeted	   PAAV	   vector	  

encoding	  malarial	   antigen	   for	   cancer	   treatment.	   The	   vaccination	  with	   Ty	   virus	  

like	   particles	   encoding	   a	   string	   of	   malarial	   antigens	   elicited	   cytotoxic	   T	   cells	  

responses	   against	   Pb9	   epitope	   in	   Balb/c	   mice.	   The	   immunised	   murine	  

splenocytes	  mediated	  18-‐23%	  specific	  cell	   lysis	   in	  Pb9	  peptide-‐prepulsed	  P815	  

H2-‐Kd	  cells	  between	  10:1	  and	  40:1	  of	  effector:target	  ratio.	  The	  cytotoxicity	  was	  

detected	   by	   51Cr	   releasing	   assay	   [287].	   According	   to	   cell-‐mediated	   cytotoxicity	  

mechanism,	   it	   is	  believed	  that	  Pb9-‐expressing	  EF43.fgf4	  cells	  are	  recognised	  by	  

specific	  cytotoxic	  T	  cells	  through	  an	  interaction	  of	  TCR-‐CD3	  and	  Pb9-‐H2-‐Kd	  MHC	  

I	  complexes	  as	  well	  as	  co-‐stimulatory	  signals	  (CD8	  and	  CD28).	  The	  tumour	  cell	  

killing	   is	   mediated	   via	   two	   main	   mechanisms;	   1)	   granule	   exocytosis	   of	   pore	  

forming	  protein	   and	   granzymes,	   and,	   2)	   death	   ligands	   such	   as	   FasL,	   TNFα	   and	  

TRAIL.	   Both	   mechanisms	   are	   known	   to	   induce	   apoptotic	   cell	   death	   through	  

Caspase	   3-‐dependent	   and	   cytochrome	   c	   releasing	   pathway	   [307,	   308].	  

Interestingly,	  the	  tumour	  killing	  was	  found	  through	  SRB	  assay	  when	  vaccinated	  

splenocytes	  were	   cultured	  with	  non-‐Pb9	   expressing	  EF43.fgf4	   cells	   at	   the	  high	  

ratio	  of	  the	  effector	  cells.	   It	   is	  believed	  to	  be	  an	  innate	   immune	  response	  of	  NK	  

cells	   as	   they	   show	   spontaneous	   cytolytic	   activity	   against	   tumours	   under	   MHC	  

unrestricted	  manner	  [309].	  Moreover,	   it	  has	  been	  proposed	  that	  NK	  cells	  could	  

limit	   the	  early	  stage	  of	  asexual	  parasite	  replication	   in	  malaria	  challenge	  rodent	  

model	  [310].	  
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In	   vivo	   experiment	   to	   investigate	   the	   success	   of	   the	   therapeutic	   strategy	  were	  

performed	   in	   Bal/c	   mice.	   Initially,	   EF43.fgf4	   cells	   were	   subcutaneously	  

inoculated	   to	   the	   mice	   to	   estimate	   tumour	   growth	   rate	   on	   the	   animals.	   The	  

preliminary	   therapy	   was	   conducted	   with	   targeted	   PAAV	   encoding	   TIP.Pb9	   or	  

ubiquitin.Pb9	   sequence	   (RGD.PAAV.TIP.Pb9	   or	   RGD.PAAV.	   ubi.Pb9).	   Both	   PAAV	  

vector	  showed	  the	  capability	  to	  delay	  tumour	  growth	  in	  equal	  efficiency	  which	  is	  

correlated	  to	  ex	  vivo	  findings	  mentioned	  before.	  Interestingly,	  a	  couple	  of	  mice	  in	  

the	   group	   receiving	   RGD.PAAV.ubi.Pb9	  were	   found	   drying	   out	   and	   developing	  

scab	  which	  seemed	  to	  be	  a	  good	  sign	  of	  the	  therapy.	  However,	  the	  mice	  lost	  the	  

scab	   in	   few	  days	   later,	  which	   could	   be	   from	   scratching,	   and	   the	   tumours	  were	  

defined	   as	   broken	   with	   bleeding.	   The	   mice	   were	   finally	   culled	   as	   the	   broken	  

tumour	   is	   counted	   as	   an	   endpoint	   of	   the	   animals	   noted	   in	   our	   animal	   Project	  

Licence	   (PPL),	   even	   the	  mice	  were	   still	   active	   and	   did	   not	   show	   any	   suffering	  

signs	  or	  weight	  loss.	  Based	  on	  in	  vivo	  and	  ex	  vivo	  findings,	  PAAV	  vector	  encoding	  

ubiquitin.Pb9	  sequence	  was	  chosen	  for	  the	  next	  therapeutic	  experiments.	  	  

	  

To	  make	  it	  more	  convenient	  to	  monitor	  tumour	  growth	  as	  well	  as	  the	  therapeutic	  

response,	  EF43.fgf4	  cells	  stably	  expressing	  luciferase	  reporter	  gene	  were	  used	  in	  

this	  experiment.	  Although	  the	  mice	  were	  injected	  with	  less	  number	  of	  luciferase-‐

expressing	  EF43.fgf4	   cells	   (80,000	   cells/mouse)	   than	   the	  previous	   experiment,	  

attempting	  to	  slow	  down	  tumour	  growth	  rate,	  all	  the	  mice	  were	  culled	  within	  16	  

days	  post	  vector	  injection	  as	  the	  tumours	  had	  reached	  the	  maximum	  tumour	  size	  

allowed	  under	  our	  PPL.	  The	  tumour	  activity	  assessed	  by	  bioluminescent	  imaging	  

indicated	   a	   promising	   impact	   of	   the	   therapeutic	   strategy	   in	   combination	   with	  

malaria	   vaccine	   and	   the	   tumour-‐targeting	   PAAV	   vector	   encoding	   malarial	  

antigen.	   Histological	   analyses	   of	   the	   tumours	   after	   endpoint	   of	   the	   in	   vivo	  

experiment	   showed	   the	   related	   outcomes	   to	   the	   tumour	   cell	   bioactivity	  

measured	  by	  bioluminescent	  imaging.	  The	  lowest	  density	  of	  tumour	  cells	  and	  the	  

highest	   cleaved	   Caspase-‐3	   activity	  were	   observed	   on	   the	   tumour	   section	   from	  

the	   mice	   that	   received	   ME.TRAP	   vaccine	   and	   targeted	   PAAV	   encoding	   Pb9.	  

According	  to	  the	  cell-‐mediated	  cytotoxicity,	  the	  main	  mechanism	  of	  cell	  death	  is	  

Caspase-‐3	   dependent	   pathway.	   The	   activation	   of	   cleaved	   Caspase-‐3	   and	   its	  

further	   cascades	   leads	   to	   tumour	   apoptotic	   cell	   death	   [307].	   These	   findings	  
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indicated	   that	   the	   specific	   anti-‐tumour	   immunity	   against	   Pb9	   epitope	   leads	   to	  

tumour	  cell	  death.	  	  

	  

However,	   the	   vaccinated	   animals	   received	   targeted	   vector	   without	   Pb9	   also	  

showed	  a	  delayed	   tumour	   growth	  monitoring	  by	  bioluminescent	   imaging.	   This	  

could	   be	   an	   effect	   of	   RGD4C-‐targeting	   peptides	   which	   have	   a	   marginal	   anti-‐

tumour	   activity	   [245,	   311].	   The	   vector	   itself	   is	   also	   considered	   to	   induce	   anti-‐

viral	   immune	   response	   restricted	   to	   viral	   replication	   and	   assembly	   through	  

innate	   immunity	   [312].	   This	   might	   contribute	   to	   a	   synergistic	   effect	   on	   anti-‐

tumour	   immunity.	   Moreover,	   the	   malaria	   vaccine	   tends	   to	   accelerate	   anti-‐

tumour	   immunity	   through	   helper	   T	   cells	   which	   link	   to	   innate	   immunity	   [310,	  

313].	  Together	  with	  damaged-‐associated	  molecular	  patterns	  (DAMPs)	  generated	  

and	   served	   as	   danger	   signals	   for	   the	   immune	   cells	   within	   the	   tumour	  

microenvironment	  [314],	  these	  could	  cause	  moderate	  tumour	  cell	  death	  without	  

the	   malarial	   antigen	   presented	   on	   the	   tumour	   cell	   surface.	   However,	   further	  

investigation	  is	  suggested	  in	  order	  to	  confirm	  these	  points.	  

	  

In	   the	   field	   of	   malaria,	   it	   has	   been	   reported	   that	   various	   types	   of	   malarial	  

vaccines	  such	  as	  DNA	  vaccines,	  Ty-‐virus-‐like	  particles	  and	  recombinant	  viruses	  

stimulated	  desirable	   CD8+	  T	   cell	   responses	   against	  malarial	   antigens	   in	   rodent	  

models.	   However,	   a	   significant	   anti-‐malaria	   activity	   was	   not	   achieved	   when	  

performing	  single	  or	  repeated	  homologous	  immunizations	  [284,	  315-‐320].	  This	  

could	   be	   the	   reason	   of	   a	   fair	   achievement	   of	   the	   in	   vivo	   outcomes	   where	  

EF43.fgf4	   cells	   were	   not	   completely	   eliminated	   by	   this	   therapeutic	   strategy.	  

Furthermore,	   multiple	   immunizations	   with	   the	   same	   viral	   vaccine	   platform	  

reduced	   the	   vaccine	   efficiency	   against	  malaria	   because	  of	   pre-‐existing	   immune	  

response	  toward	  the	  viral	  epitope	  [321].	  As	  such,	  a	  combination	  of	  heterologous	  

vaccine	   platforms;	   for	   example	   DNA/adenovirus,	   DNA/MVA,	   adenovirus/MVA	  

and	   fowlpox/MVA	   vaccine	   encoding	   the	   same	   antigenic	   sequences	   has	   been	  

applied	   in	   many	   studies	   [295,	   299,	   302,	   321,	   322].	   Among	   those,	  

adenovirus/MVA	   prime-‐boost	   regimen	   shows	   a	   promising	   efficiency	   on	  

stimulating	  strong	  immune	  responses	  and	  its	  safety	  in	  rodents	  and	  human	  [322,	  

323].	   The	   combination	   of	   prime-‐boost	   Ad/MVA	   immunisation	   provides	   the	  
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strongest	  response	  against	  Pb9	  dominant	  epitope	  stimulated	  by	  Ad	  and	  broader	  

modest	  responses	  toward	  the	  sub	  dominant	  epitopes	  mediated	  by	  MVA	  in	  Balb/c	  

mice	  [324].	  Therefore,	   this	  heterologous	  vaccine	  regimen	  has	  been	  applied	   in	  a	  

wild	  range	  of	  diseases	  including	  malaria,	  tuberculosis,	  human	  immunodeficiency	  

virus,	   influenza	   and	   hepatitis	   C	   [325-‐331].	   According	   to	   all	   bases	   of	   effective	  

immune	   responses	   and	   safety	   in	   human,	   prime-‐boost	   Ad/MVA	   vaccination	   is	  

considered	   to	   be	   useful	   for	   treating	   cancers	   in	   combination	   with	   tumour-‐

targeting	  PAAV	  vector.	  	  

	  

In	   summary,	   the	   ex	   vivo	   and	   in	   vivo	   results	   in	   this	   chapter	   truly	   indicate	   an	  

impact	   of	   the	   therapeutic	   strategy	   for	   treating	   cancer.	   Although	   the	   tumours	  

were	   not	   completely	   eliminated	   from	   the	   Balb/c	   mice,	   a	   delay	   of	   tumour	  

progress	   and	   extended	   survival	   of	   the	   animals	   were	   achieved.	   The	   tumour	  

density	   and	   cleaved	  Caspase-‐3	   activity	   also	   confirmed	   the	   specific	   anti-‐tumour	  

immunity	   leading	  to	  tumour	  cell	  death.	  However,	   it	   is	  suggested	  to	  confirm	  the	  

therapeutic	   impact	   in	  other	  Balb/c	  derived	   tumour	  models	   such	  as	  4T1	  breast	  

tumour	  or	  CT26	  colon	  carcinoma.	  Also,	  prime-‐boost	  Ad/MVA	  vaccination	  will	  be	  

applied	   into	   the	   further	   experiment	   regarding	   their	   efficiency	   on	   inducing	   the	  

immune	   response.	   Finally,	   it	   is	   worth	   to	   investigate	   immune	   cell	   profiles	   and	  

checkpoint	   inhibitors	   within	   the	   tumour	   microenvironment	   in	   order	   to	  

understand	  certain	  situation	  and	  enhance	  the	  therapeutic	  impact.	  
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Chapter	  6	  

	  

	  

General	  discussion	  and	  conclusion	  
	  

	  
It	   is	   no	   doubt	   that	   targeting	   gene	   delivery	   has	   become	   a	   powerful	   tool	   for	  

treating	   many	   diseases.	   A	   wide	   range	   of	   delivery	   systems,	   simply	   categorised	  

into	  viral	  and	  non-‐viral	  vectors,	  has	  been	  developed	  and	  applied	  in	  both	  research	  

and	  clinical	  translation.	  According	  to	  the	  transduction	  efficacy,	  viral	  vectors	  are	  

considered	  more	  efficacious	  than	  non-‐viral	  vectors.	  However,	  viral	  vectors	  often	  

possess	  natural	  pathogenicity	  that	  can	  be	  lethally	  harmful	  [6].	  This	  raises	  more	  

attention	   in	  the	   field	  of	  vector	  development	  to	   focus	  on	  safety	  of	   the	  vectors	   in	  

parallel	  with	   their	   efficacy.	   As	   each	   vector	   has	   distinct	   strength	   and	  weakness	  

relating	  to	  its	  native	  properties,	  choosing	  the	  most	  suitable	  one	  for	  the	  particular	  

therapy	  is	  crucial.	  

	  

A	  hybrid	  bacteriophage	  vector	  called	  adeno-‐associated	  virus/phage	  (AAVP)	  was	  

first-‐even	  characterised	  by	  Hajitou	  and	  colleagues	  in	  2006	  [31].	  The	  vector	  was	  

constructed	  by	  integrating	  adeno-‐associated	  virus	  (AAV)	  into	  filamentous	  phage	  

genome.	  By	  doing	  so,	   the	  new	  vector	   is	  able	   to	  overcome	  the	   limitation	  of	  AAV	  

native	   tropism	   and	   adopt	   the	   advantages	   of	   bacteriophage.	   To	   confer	   tumour	  

specificity,	  AAVP	  vector	  displayed	   the	  RGD4C	   ligand	  on	   the	  pIII	   capsid	  protein	  

allowing	  it	  to	  target	  αvβ3	  and	  αvβ5	  integrins	  which	  are	  overexpressed	  on	  tumour	  

cells	   and	  angiogenic	  blood	  vessels	  of	   solid	   tumours.	  Although	  AAVP	  vector	  has	  

been	  applied	  and	  proved	  it	  efficacy	  in	  several	  in	  vitro	  and	  in	  vivo	  investigations,	  it	  

can	   be	   further	  modified	   to	   achieve	   better	   properties.	   Thus,	   next	   generation	   of	  

hybrid	   bacteriophage	   vector	   called	   phagemid/	   adeno-‐associated	   virus	   (PAAV)	  

has	   been	   developed	   from	   the	   basis	   of	   AAVP	   vector	   in	  Hajitou	   group.	   The	   new	  

vector	  is	  constructed	  based	  on	  a	  phagemid	  system	  which	  therapeutic	  genes	  are	  

encoded	  in	  its	  genome	  while	  all	  structural	  capsids	  are	  provided	  from	  the	  helper	  
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phage.	   PAAV	   vector	   is	   shorter	   in	   size	   allowing	   the	   new	   vector	   to	   be	   more	  

efficacious	  in	  production	  and	  application	  compared	  to	  AAVP	  vector.	  	  

	  

It	  is	  found	  that	  most	  of	  the	  vectors	  are	  taken	  to	  target	  cells	  via	  clathrin-‐mediated	  

endocytosis	  resulting	  in	  their	  entrapment	  inside	  the	  endosomes.	  Regarding	  this	  

issue,	  PAAV	  vector	  has	  been	   further	  modified	   to	  display	   the	  endosomal	  escape	  

peptide	   (H5WYG)	   on	   recombinant	   pVIII	   capsid	   protein	   aiming	   for	   endosomal	  

escape	   aspect	   and	   enhancement	   of	   therapeutic	   gene	   expression.	   The	   PAAV	  

displaying	   H5WYG	   peptide	   showed	   great	   buffering	   capacity	   at	   mild	   acidic	   pH	  

relating	  to	  the	  situation	  during	  endosomal	  maturation.	  The	  modified	  vector	  also	  

enhanced	   luciferase	   reporter	   gene	   expression	   in	   lung	   carcinoma	   (A549),	  

melanoma	  (M21)	  and	  meduloblastoma	  (UW228).	  There	  are	  a	  number	  of	  studies	  

which	   H5WYG	   peptide	   is	   conjugated	   to	   nanocarries	   and	   enhanced	   the	   vector	  

efficacy.	   Lee	   et	   al.	   conjugated	   H5WYG	   and	   IFN7	   peptide	   to	   PEG-‐tetraacrylate	  

(PEG-‐TA)	  via	  a	  Michael-‐type	  addition.	  The	  vehicles	  with	  either	  H5WYG	  or	  IFN7	  

peptide	  showed	  the	  highest	  pH-‐dependent	  membrane	  lytic	  activity	  at	  pH	  5.5	  and	  

5,	  respectively.	  However	  the	  vehicle	  coupling	  with	  INF7	  peptide	  seemed	  to	  have	  

greater	   transfection	   efficiency	   than	   the	   one	   with	   H5WYG	   peptide	   [107].	   The	  

peptide	  was	  also	  conjugated	  at	  the	  5'-‐end	  of	  the	  RNase	  H-‐incompetent	  antisense	  

2'-‐O-‐methyl-‐phosphodiester	   oligonucleotide	   (2'-‐Ome	   RNA705)	   to	   target	  

aberrant	   splicing	  of	   luciferase	  pre-‐mRNA	   in	  HeLa	  pLuc705	  cells.	  The	  antisense	  

oligonucleotides	  were	   also	   conjugated	  with	   fluorescein	   at	  3'-‐end.	  After	  4 h	   and	  

overnight	  of	  transfection,	  H5WYG	  peptide	  enhanced	  the	  presence	  of	  fluorescein-‐

labelled	   2'-‐Ome-‐RNA705	   in	   the	   cytosol	   and	   nucleus.	   Further,	   the	   peptide	  

increased	  luciferase	  activity	  and	  luciferase	  mRNA	  levels	  in	  HeLa	  pLuc705	  cells	  at	  

6.6-‐	  and	  2-‐fold	  higher,	  respectively	  [239].	   In	   this	   thesis,	   it	   is	  suggested	  that	   the	  

efficacy	  of	  H5WYG	  peptide	  relies	  on	  proton	  sponge	  effect	  which	  destabilise	  and	  

burst	   the	   endosome.	   This	   hypothesis	   confirmed	   by	   a	   decrease	   of	   the	   PAAV-‐

mediated	   gene	   expression	   when	   applying	   vascuolar	   ATPase	   inhibitor	  

(bafilomycin	   A1)	   to	   the	   vector	   transduction.	   Also,	   Far-‐UV	   circular	   dichroism	  

analysis	  performed	  by	  Alipour	  et	  al.	  evaluated	  the	  influence	  of	  pH	  between	  7.4-‐

5.4	   on	   the	   secondary	   structure	   of	   their	   peptide-‐based	   vector	   conjugated	   with	  

H5WYG	  peptide.	  The	  vector	  with	  H5WYG	  underwent	  conformation	  change	  from	  
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non-‐structured	   to	   helical	   conformation	   at	   low	   pH	   [241].	   This	   suggested	   a	  

conformational	   change	   of	   the	   peptide	   during	   endosomal	   maturation	   which	  

eventually	   led	   to	   proton	   sponge	   effect	   and	   endosomal	   rupture.	   In	   addition,	  

H5WYG	  peptide	   can	   enhance	   vector-‐mediated	   gene	   expression	   in	   tumour	   cells	  	  

but	  did	  not	  mediate	  any	  gene	  expression	  in	  lung	  fibroblasts,	  skin	  fibroblasts	  and	  

astrocytes	   which	   are	   normal	   cells	   related	   to	   the	   chosen	   tumour	   models.	   This	  

confirmed	   efficacy	   and	   specificity	   of	   the	   modified	   PAAV	   in	   tumour	   cells.	  

Furthermore,	   displaying	   H5WYG	   peptide	   on	   PAAV	   capsids	   augmented	   the	  

secreted	  TNFα	  gene	  expression	  resulting	  in	  a	  greater	  cell	  death	  of	  A549,	  M21	  and	  

UW228	  cells.	  Based	  on	  the	  findings	  in	  this	  thesis,	  it	  is	  suggested	  that	  displaying	  

the	  H5WYG	  peptide	  can	  enhance	  the	  vector	  efficacy	  which	  could	  be	  beneficial	  in	  

many	   applications.	   Last	   but	   not	   least,	   the	   capability	   of	   H5WYG	   peptide	   is	  

unaffected	  by	   the	  presence	  of	   serum	  providing	  an	  added	  advantage	   for	   in	  vivo	  

gene	  delivery	  [237].	  

	  

Despite	  many	   characterisations	   of	   PAAV	   vector	   conducted	   in	   our	   group,	  more	  

investigation	   especially	   its	   application	   remains	   to	   be	   done.	   Recently,	   PAAV	  

vector	  has	  been	  applied	   in	  AAV	  production	   to	   replace	   the	  plasmid	   transfection	  

methods	  which	   are	   not	   appropriate	   for	   large-‐scale	   production.	   Also	   the	   vector	  

has	  been	  used	  either	   alone	  or	   in	   combination	  with	  other	   therapeutic	   agents	   in	  

pre-‐clinical	   cancer	   immunotherapy.	  Current	  applications	  of	  PAAV	   tested	   in	  our	  

group	   are	   to	   express	   cytokines	   such	   as	   TNFα	   and	   various	   interleukins	   at	   the	  

tumour	  site	  and	  to	  deliver	  target	  antigens	  to	  tumour	  cells.	  The	  results	  in	  chapters	  

4	  and	  5	  of	  this	  thesis	  represented	  some	  parts	  of	  the	  PAAV	  application	  for	  CAR	  T	  

cells	  and	  cancer	  vaccine	  strategy	  where	  the	  vector	  was	  applied	  as	  a	  delivery	  tool	  

to	  express	  selected	  antigens	  on	  tumour	  cells.	  	  

	  

In	  chapter	  4,	  PAAV	  encoding	  MUC1	  or	  PSMA	  gene	  was	  used	  to	  mediate	  MUC1	  and	  

PSMA	  expression	   in	  several	   types	  of	   tumours.	  Although	   these	   two	  antigens	  are	  

overexpressed	   in	   tumour	   cells	   and	   commonly	   used	   as	   a	   target	   for	   CAR	   T	   cell	  

therapy,	   one	   obstacle	   in	   this	   treatment	   strategy	   is	   instability	   of	   the	   tumour	  

antigen	  expression	  and	  antigen	  loss	  due	  to	  the	  tumour	  heterogeneity.	  It	  has	  been	  

suggested	  that	  as	  few	  as	  one	  peptide-‐MHC	  complex	  is	  sufficient	  to	  trigger	  T-‐cell	  
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activation,	  as	  well	  as,	   IL-‐2	  and	  TNF-‐α	  secretion	   [332,	  333].	  However,	   this	   issue	  

remains	  controversy.	  Watanabe	  et	  al.	  investigated	  the	  density	  of	  CD20	  molecule	  

required	   to	   activate	   CD20-‐specific	   CAR	   T	   cells	   and	   found	   that	   target	   cells	  

expressing	   around	  200	  molecules/cell	   could	   induce	   lysis	   by	  CAR	  T	   cells	   [334].	  

This	   outcome	   was	   consistent	   with	   a	   previous	   finding	   from	   Stone	   et	   al.	   who	  

suggested	   that	   CAR	   targeting	   a	   tumour-‐specific	   glycol-‐epitope	   of	  murine	  OTS8	  

could	  lyse	  target	  cells	  with	  similarly	  low	  density	  (~200	  molecules/cell)	  of	  target	  

antigen	  [335].	  Despite	  those	  reports,	  it	  has	  been	  demonstrated	  that	  nearly	  5,000	  

molecules/cell	   of	   CD20	   were	   required	   for	   cytokine	   production	   and	   T	   cell	  

proliferation	   [334].	   In	   addition,	   Walker	   et	   al.	   investigated	   activation	   of	   ALK-‐

specific	  CAR	  T	  cells	  on	  Nalm6	  cells	  expressing	  various	  densities	  of	  ALK	  molecule	  

(~18,000–450,000	   molecules/cell)	   and	   found	   that	   CAR	   T	   cells	   could	   lyse	   the	  

target	   cells	   at	   the	   lowest	   ALK	   expression	   in	   this	   target	   cell	   panel	   (~18,000	  

molecules/cell).	   However,	   approximately	   60,000	   and	   30,000	  molecules/cell	   of	  

ALK	  were	  required	  for	  IL-‐2	  and	  IFN-‐γ	  production,	  respectively	  [336].	  According	  

to	  the	  findings	  from	  Watanabe	  et	  al.	  and	  Walker	  et	  al.,	  there	  was	  a	  difference	  in	  

threshold	   of	   IFN-‐γ	   production	   which	   may	   result	   from	   differences	   in	   the	   CAR	  

constructs	  or	  the	  density	  of	  CAR	  expression	  [337].	  Further,	  Liu	  et	  al.	  developed	  a	  

strategy	   for	  CAR	  T	  cells	   to	  discriminate	   tumours	  overexpressing	   target	  antigen	  

from	  normal	  tissues	  that	  express	  the	  antigen	  at	  basal	  levels.	  The	  study	  suggested	  

that	  CARs	  have	  a	  considerably	   lower	  threshold	  of	  antigen	  expression	  for	  target	  

cell	   lysis	   which	   may	   depend	   on	   CAR-‐	   or	   scFv-‐affinity	   [338].	   From	   all	   these	  

research	  it	  is	  suggested	  that	  each	  T	  cell	  subset	  or	  each	  single	  T	  cell	  has	  a	  distinct	  

threshold	  to	  be	  activated,	  as	  well	  as,	   it	   is	  undoubted	  that	  target	  antigen	  density	  

on	   tumour	   cells	   is	   one	   of	   a	   key	   factor	   contributing	   to	   a	   successful	   CAR	   T	   cell	  

therapy	  [337].	  By	  using	  PAAV	  as	  a	  delivery	  tool,	   it	  showed	  here	  that	  MUC1	  and	  

PSMA	   expression	   on	   the	   tumour	   cells	   tend	   to	   increase	   from	   their	   endogenous	  

expression.	  Although	  we	  did	  not	  perform	  any	  experiments	  with	  CAR	  T	  cells,	  it	  is	  

suggested	  that	  PAAV	  vector	  can	  contribute	  advantages	  in	  this	  field	  in	  the	  future	  

particularly	  for	  treating	  solid	  tumours.	  For	  example,	  this	  application	  can	  be	  used	  

to	   generate	   or	   enhance	   antigen	   expression	   on	   tumour	   cells	   conferring	   antigen	  

loss	  and	  making	  the	  tumours	  more	  visible	  for	  CAR	  T	  cells.	  Also	  it	  can	  be	  applied	  

to	  dual	  CARs	  T	  cell	  strategy	  for	  a	  double	  safety	  on	  normal	  cells.	  
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PAAV	  vector	  was	  also	  used	  as	  a	  delivery	  tool	  for	  cancer	  vaccine	  combining	  with	  

malaria	   vaccine.	   Generally,	   cancer	   vaccine	   requires	   two	   fundamentals,	   target	  

antigen	  and	  vaccine	  platform,	  to	  accomplish	  anti-‐tumour	  immunity.	  Therefore,	  in	  

chapter	  5	  of	  this	  thesis,	  a	  malarial	  epitope	  (Pb9)	  was	  chosen	  as	  a	  target	  antigen.	  

As	  a	  foreign	  antigen,	  Pb9	  provides	  more	  privilege	  in	  safety	  and	  immunogenicity	  

for	  the	  therapy.	  The	  epitope	  was	  delivered	  by	  PAAV	  vector	  to	  present	  on	  tumour	  

cells	   via	   restricted	   H2-‐Kd	   MHC	   class	   I	   molecules	   making	   Pb9	   as	   an	   artificial	  

tumour	  specific	  antigen.	  In	  the	  mean	  time,	  adenoviral	  vector	  encoding	  a	  malaria	  

sequence	  (ME.TRAP)	  was	  used	  to	  stimulate	  an	  immune	  response	  against	  Pb9.	  In	  

the	  field	  of	  malaria,	  Pb9	  epitope	  is	  responsive	  compatibly	  with	  ME.TRAP	  vaccine	  

to	  elicit	  a	  desirable	  anti-‐malarial	   immunity	  which,	   in	  this	  case,	  the	  combination	  

was	  used	   to	   induce	  anti-‐tumour	   immunity.	  Cancer	  vaccine	  mainly	  relies	  on	   the	  

interaction	   between	   tumours	   and	   tumour-‐specific	   effector	   immune	   cells.	   This	  

activity	   initiates	   from	   the	   recognition	   of	   the	   antigen	   epitope-‐MHC	   complex	   on	  

tumour	   cells	   by	   the	   specific	   immune	   cells	   and	   follows	   by	   the	   generation	   of	  

tumour	   cell	   killing.	   Grossardt	   et	   al.	   constructed	   a	   therapeutic	   cancer	   vaccine	  

from	  oncolytic	  measles	  viruses	  expressing	  granulocyte	  and	  macrophage	  colony-‐

stimulating	   factor	   (GM-‐CSF).	   The	   vectors	   were	   targeted	   to	   MC38cea	   cells	  

expressing	   human	   carcinoembryonic	   antigen	   (CEA)	   and	   showed	   promising	  

therapeutic	   effect	   to	   delay	   tumour	   progression	   and	   prolong	   median	   overall	  

survival	  compared	  to	  control	  virus-‐treated	  mice	  [339].	  In	  addition,	  as	  mentioned	  

before,	  matching	   the	  antigen	  epitope	  with	  MHC	  complex	   subclass	   is	   crucial	   for	  

cancer	   vaccine	   strategy.	   The	   choice	   of	   target	   antigen	   is	   sometimes	   limited	   for	  

some	   tumour	   types	   or	   some	   patients	   that	   lack	   the	   compatible	   MHC	   complex.	  

Therefore,	   some	  researchers	  have	  applied	  various	  approaches	   to	  overcome	  the	  

MHC	   restriction	   issue.	   Capasso	   et	   al.	   developed	   Peptide-‐coated	   Conditionally	  

Replicating	   Adeno-‐viruses	   (PeptiCRAds)	   which	   coated	   with	   specific	   tumour	  

epitope-‐MHC	  I	  complex	  on	  the	  viral	  surfaces.	  PeptiCRAds	  with	  SIINFEKL	  epitope	  

showed	   a	   superior	   anti-‐tumour	   efficacy	   and	   increased	   the	   percentage	   of	   anti-‐

tumour	  CD8+	  T	  cells	  and	  mature	  epitope-‐specific	  dendritic	  cells	  in	  vivo.	  In	  human	  

melanoma-‐associated	   antigen	   A1	   (MAGE-‐A1)	   targeting	   model,	   PeptiCRAds	  

expressing	   GM-‐CSF	   eradicated	   established	   tumours	   and	   increased	   the	   human	  

MAGE-‐A1-‐specific	   CD8+	   T	   cell	   population	   [340].	   Regarding	   the	   results	   in	   this	  
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thesis,	   it	   is	   shown	   that	   PAAV	   vector	   can	  mediate	   Pb9	   expression	   in	   EF43.fgf4	  

breast	   tumour	   cells.	   The	   adeno.ME.TRAP	   vaccine	   can	   stimulate	   immune	  

response	  according	  to	  ex	  vivo	   investigations	  of	  specific	  CD8+T	  cell	  proliferation,	  

activation	  and	  function.	  Pb9-‐specific	  tumour	  killing	  was	  also	  found	  both	  ex	  vivo	  

and	   in	  vivo.	  The	   tumour	  cell	  death	  was	  mediated	   through	  caspase-‐3	  dependent	  

apoptosis	  which	   is	   the	   lower	   cascade	  of	   perforin/granzyme	  b	  pathway.	  All	   the	  

findings	   here	   indicate	   the	   feasibility	   and	   efficiency	   of	   this	   therapeutic	   strategy	  

for	   treating	   cancer.	   However,	   Pb9	   epitope	   is	   restricted	   to	   H2-‐Kd	   MHC	   class	   I	  

molecules	  of	  Balb/c	  mice.	  New	  target	  epitope	  compatible	  with	  human	  HLA	  allele	  

is	  needed	  to	  perform	  further	  experiment	  in	  humanised	  mice.	  

	  

According	   to	   the	   immune	   escape	   mechanisms	   and	   genomic	   instability	   of	  

tumours,	  they	  sometime	  reduce	  or	  lose	  antigen	  expression	  and	  become	  invisible	  

for	   the	   immune	   cells	   providing	   benefit	   for	   tumour	   progress.	   Applying	   PAAV	  

vector	  as	  a	  delivery	  tool	  is	  considered	  to	  fulfil	  the	  target	  antigen	  issue	  for	  cancer	  

immunotherapy.	   The	   vector	   encoding	   the	   tumour	   antigen	   sequence	   can	   be	  

specifically	   targeted	   to	   tumour	   cells	   to	   mediate	   or	   enhance	   the	   antigen	  

expression.	   Regarding	   previous	   in	  vivo	  experiments	   in	   our	   group,	   PAAV	   vector	  

can	   be	   injected	   repeatedly	   to	   the	   animals	  without	   showing	   any	   harmful	   signs.	  

Repeating	   the	   vector	   injection	   could	   further	   increase	   the	   expression	   level	   of	  

target	  antigen	  and	  maximise	  the	  therapeutic	  potential.	  Furthermore,	   it	   is	  worth	  

to	  mention	  that	  PAAV	  vector	  can	  be	  applied	  on	  many	  tumour	  cells	  expressing	  the	  

specific	  integrins.	  This	  can	  fulfil	  the	  lack	  of	  target	  antigen	  in	  some	  tumour	  types	  

and	  generalise	  the	  therapeutic	  approach	  on	  a	  wide	  range	  of	  cancer	  patients.	  

	  

As	  mentioned	   before,	   PAAV	   vector	   is	   targeted	   to	   tumour	   cells	   through	  RGD4C	  

ligands	   that	   bind	   to	   αvβ3	   and	   αvβ5	   integrins.	   These	   heterodimer	   integrins	   are	  

prominently	  involved	  in	  tumourigenesis	  and	  overexpressed	  in	  a	  wide	  variety	  of	  

cancer	   [341].	   It	   is	   also	   well	   established	   that	   αvβ3	   integrins	   are	   hallmarks	   of	  

angiogenesis	   and	   highly	   expressed	   on	   tumour	   blood	   vessels.	   These	   provide	  

double	  targeting	  of	  PAAV	  to	  not	  only	  tumour	  cells	  but	  also	  tumour	  blood	  vessels.	  

In	   term	   of	   safety	   issues,	   all	   nanoparticles	   including	   PAAV	   are	   expected	   to	   be	  

specific	  for	  their	  target	  cells	  but	  not	  harmful	  to	  normal	  cells.	  Unpublished	  data	  in	  
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our	  group	  showed	  PAAV	  efficacy	  in	  a	  wide	  range	  of	  tumour	  types,	  such	  as	  brain	  

tumours,	   melanoma,	   breast	   tumours,	   pancreatic	   tumours	   and	   lung	   cancer,	   as	  

well	   as	   primary	   brain	   tumours	   and	   cancer	   stem	   cells.	   Interestingly,	   sets	   of	  

experiments	   on	   lung	   fibroblasts,	   skin	   fibroblasts	   and	   astrocytes	   confirmed	   the	  

vector	  safety	  on	  normal	  cells	  as	  none	  of	  reporter	  gene	  expression	  was	  detected	  

when	  transducing	  with	  PAAV	  vector.	  These	  findings	  indicate	  specific	  efficacy	  of	  

the	  vector	  for	  tumour	  cells	  while	  remaining	  safe	  for	  normal	  cells.	  Taken	  together,	  

its	  efficacy,	  specificity	  and	  safety,	  the	  new	  hybrid	  vector,	  PAAV,	  shows	  promising	  

aspects	  to	  make	  advancement	  in	  cancer	  gene	  therapy.	  

	  

Regarding	  to	  the	  results	  in	  this	  thesis,	  there	  are	  some	  experiments	  suggested	  to	  

complete	  in	  the	  future.	  For	  the	  PAAV	  vector	  modification	  by	  displaying	  H5WYG	  

endosomal	  escape	  peptide,	  intracellular	  trafficking	  of	  the	  modified	  vector	  should	  

be	   investigated	   in	   comparison	   to	   PAAV	   without	   H5WYG	   peptide.	   In	   vivo	  

experiments	   of	   the	   modified	   vector	   is	   also	   needed	   for	   both	   reporter	   gene	  

expression	  and	  therapeutic	  genes.	  For	  cancer	  vaccine	  strategy,	  it	  is	  suggested	  to	  

use	  adeno/MVA	  prime-‐boost	  regimens	   instead	  of	  adenoviral	  vector	  alone.	  Also,	  

the	  therapeutic	  effect	  should	  be	  confirmed	  in	  other	  tumour	  cell	  lines	  such	  as	  4T1	  

breast	   tumour	   or	   CT26	   colon	   carcinoma.	   Last,	   but	   not	   least,	   investigating	   the	  

immune	   cell	   profiles	   and	   checkpoint	   inhibitors	   within	   the	   tumour	  

microenvironment	   is	   believed	   to	   benefit	   the	   treatment	   and	   can	   improve	   the	  

therapeutic	  impact	  in	  the	  future.	  
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Appendix	  
	  
	  

Nucleic	  Acid	  sequence	  for	  H5WYG	  gene	  
	  
5’	  
GGCTTGTTCCACGCCATCGCGCACTTCATTCATGGGGGTTGGCACGGTCTCATCCATGGTTGGTAC
GGG	  3’	  
	  
Nucleic	  Acid	  sequence	  for	  IL-‐2	  signal	  peptide	  gene	  
	  
5’	  ATGTACAGAATGCAACTCCTGTCTTGTATTGCACTAAGTCTCGCACTTGTCACAAACAGT	  3’	  
	  
Nucleic	  Acid	  sequence	  for	  secreted	  TNFα	  gene	  
	  
5’	  
GTCAGATCATCTTCTCGAACCCCGAGTGACAAGCCTGTAGCCCATGTTGTAGCAAACCCTCAAGCT
GAGGGGCAGCTCCAGTGGCTGAACCGCCGGGCCAATGCCCTCCTGGCCAATGGCGTGGAGCTGAGA
GATAACCAGCTGGTGGTGCCATCAGAGGGCCTGTACCTCATCTACTCCCAGGTCCTCTTCAAGGGC
CAAGGCTGCCCCTCCACCCATGTGCTCCTCACCCACACCATCAGCCGCATCGCCGTCTCCTACCAGA
CCAAGGTCAACCTCCTCTCTGCCATCAAGAGCCCCTGCCAGAGGGAGACCCCAGAGGGGGCTGAGG
CCAAGCCCTGGTATGAGCCCATCTATCTGGGAGGGGTCTTCCAGCTGGAGAAGGGTGACCGACTCA
GCGCTGAGATCAATCGGCCCGACTATCTCGACTTTGCCGAGTCTGGGCAGGTCTACTTTGGGATCA
TTGCCCTGTGA	  3’	  
	  
Nucleic	  Acid	  sequence	  for	  luciferase	  gene	  
	  
5’	  
ATGGAGGATGCCAAGAATATTAAGAAAGGCCCTGCCCCATTCTACCCTCTGGAAGATGGCACTGCT
GGTGAGCAACTGCACAAGGCCATGAAGAGGTATGCCCTGGTCCCTGGCACCATTGCCTTCACTGAT
GCTCACATTGAGGTGGACATCACCTATGCTGAATACTTTGAGATGTCTGTGAGGCTGGCAGAAGC
CATGAAAAGATATGGACTGAACACCAACCACAGGATTGTGGTGTGCTCTGAGAACTCTCTCCAGT
TCTTCATGCCTGTGTTAGGAGCCCTGTTCATTGGAGTGGCTGTGGCCCCTGCCAATGACATCTACA
ATGAGAGAGAGCTCCTGAACAGCATGGGCATCAGCCAGCCAACTGTGGTCTTTGTGAGCAAGAAG
GGCCTGCAAAAGATCCTGAATGTGCAGAAGAAGCTGCCCATCATCCAGAAGATCATCATCATGGA
CAGCAAGACTGACTACCAGGGCTTCCAGAGCATGTATACCTTTGTGACCAGCCACTTACCCCCTGG
CTTCAATGAGTATGACTTTGTGCCTGAGAGCTTTGACAGGGACAAGACCATTGCTCTGATTATGA
ACAGCTCTGGCTCCACTGGACTGCCCAAAGGTGTGGCTCTGCCCCACAGAACTGCTTGTGTGAGAT
TCAGCCATGCCAGAGACCCCATCTTTGGCAACCAGATCATCCCTGACACTGCCATCCTGTCTGTGG
TTCCATTCCATCATGGCTTTGGCATGTTCACAACACTGGGGTACCTGATCTGTGGCTTCAGAGTGG
TGCTGATGTATAGGTTTGAGGAGGAGCTGTTTCTGAGGAGCCTACAAGACTACAAGATCCAGTCT
GCCCTGCTGGTGCCCACTCTGTTCAGCTTCTTTGCCAAGAGCACCCTCATTGACAAGTATGACCTG
AGCAACCTGCATGAGATTGCCTCTGGAGGAGCACCCCTGAGCAAGGAGGTGGGTGAGGCTGTGGC
AAAGAGGTTCCATCTCCCAGGAATCAGACAGGGCTATGGCCTGACTGAGACCACCTCTGCCATCCT
CATCACCCCTGAAGGAGATGACAAGCCTGGTGCTGTGGGCAAGGTGGTTCCCTTTTTTGAGGCCAA
GGTGGTGGACCTGGACACTGGCAAGACCCTGGGAGTGAACCAGAGGGGTGAGCTGTGTGTGAGGG
GTCCCATGATCATGTCTGGCTATGTGAACAACCCTGAGGCCACCAATGCCCTGATTGACAAGGATG
GCTGGCTGCACTCTGGTGACATTGCCTACTGGGATGAGGATGAGCACTTTTTCATTGTGGACAGGC
TGAAGAGCCTCATCAAGTACAAAGGCTACCAAGTGGCACCTGCTGAGCTAGAGAGCATCCTGCTCC
AGCACCCCAACATCTTTGATGCTGGTGTGGCTGGCCTGCCTGATGATGATGCTGGAGAGCTGCCTG
CTGCTGTTGTGGTTCTGGAGCATGGAAAGACCATGACTGAGAAGGAGATTGTGGACTATGTGGCC
AGTCAGGTGACCACTGCCAAGAAGCTGAGGGGAGGTGTGGTGTTTGTGGATGAGGTGCCAAAGGG
TCTGACTGGCAAGCTGGATGCCAGAAAGATCAGAGAGATCCTGATCAAGGCCAAGAAGGGTGGCA
AA	  3’	  
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Nucleic	  Acid	  sequence	  for	  MUC1	  gene	  
	  
5’	  
ATGGCTCTCCCAGTGACTGCCCTACTGCTTCCCCTAGCGCTTCTCCTGCATGCAACCGCCCCTCCAG
CCCACGGAGTGACCAGCGCCCCTGACACCCGGCCTGCTCCTGGAAGCACAGCTCCACCTGCCCACGG
CGTTACCTCTGCACCAGATACTAGGCCTGCTCCAGGCTCCATCGAGGTGATGTACCCCCCCCCCTAC
CTGGACAACGAGAAGAGCAACGGCACCATCATCCACGTGAAGGGCAAGCACCTGTGCCCCAGCCCC
CTGTTCCCCGGCCCCAGCAAGCCCTTCTGGGTGCTGGTGGTGGTGGGCGGCGTGCTGGCCTGCTAC
AGCCTGCTGGTGACCGTGGCCTTCATCATCTTCTGGGTGCGGAGCAAGAGGAGAAAGCGCAGCGGT
TCCGGC	  3’	  
	  
Nucleic	  Acid	  sequence	  for	  PSMA	  gene	  
	  
5’	  
ATGTGGAACCTGCTGCACGAGACTGACAGCGCCGTGGCAACCGCACGGAGACCCCGGTGGCTGTGC
GCTGGCGCACTGGTGCTGGCCGGCGGGTTCTTTCTGCTGGGGTTCCTGTTTGGATGGTTTATCAAA
AGCTCCAACGAGGCCACCAATATTACACCTAAGCACAATATGAAAGCATTCCTGGATGAACTGAA
GGCCGAGAACATCAAGAAATTCCTGTACAACTTTACTCAGATTCCACATCTGGCTGGCACCGAGCA
GAACTTTCAGCTGGCAAAACAGATCCAGAGCCAGTGGAAGGAATTCGGGCTGGACTCCGTGGAGC
TGGCCCACTACGATGTCCTGCTGAGTTATCCAAATAAGACACATCCCAACTATATCTCAATCATTA
ACGAAGACGGAAATGAGATTTTCAACACTTCACTGTTTGAACCCCCTCCACCCGGCTACGAGAACG
TGAGCGACATCGTCCCTCCATTCTCAGCCTTTAGCCCACAGGGAATGCCTGAGGGGGATCTGGTGT
ACGTCAATTATGCTCGCACCGAAGACTTCTTTAAGCTGGAGCGAGATATGAAAATCAACTGTAGC
GGCAAGATCGTGATTGCCAGATACGGCAAAGTGTTTCGCGGGAATAAGGTCAAAAACGCTCAGCT
GGCCGGGGCTAAGGGAGTGATTCTGTACTCTGACCCCGCTGATTATTTCGCACCTGGAGTGAAGAG
TTATCCAGACGGATGGAATCTGCCAGGAGGAGGAGTGCAGCGAGGAAACATCCTGAACCTGAATG
GGGCCGGAGATCCTCTGACCCCAGGATACCCCGCCAACGAATACGCTTATAGGCGAGGAATTGCAG
AGGCAGTGGGACTGCCTTCCATCCCAGTCCACCCCATTGGCTACTATGACGCCCAGAAGCTGCTGG
AGAAAATGGGAGGCTCTGCTCCCCCTGATTCTAGTTGGAGAGGCAGTCTGAAGGTGCCTTACAAT
GTCGGCCCAGGGTTCACAGGGAACTTTTCAACTCAGAAGGTGAAAATGCACATCCATAGCACTAA
TGAAGTGACCAGGATCTATAACGTCATTGGAACTCTGCGAGGCGCCGTGGAGCCTGACAGATACG
TCATTCTGGGGGGACACCGCGACTCCTGGGTGTTTGGCGGGATCGATCCACAGTCTGGCGCCGCTG
TGGTCCATGAAATTGTGCGGTCTTTCGGCACACTGAAGAAAGAGGGGTGGAGACCCCGACGGACT
ATCCTGTTTGCAAGTTGGGATGCCGAGGAATTCGGCCTGCTGGGGAGTACAGAATGGGCCGAGGA
AAATTCACGGCTGCTGCAGGAGAGAGGGGTGGCTTACATCAATGCAGACTCAAGCATTGAAGGAA
ACTATACACTGCGGGTGGATTGCACTCCCCTGATGTACAGCCTGGTCCACAACCTGACCAAGGAGC
TGAAATCCCCTGACGAGGGATTCGAAGGCAAAAGCCTGTATGAATCCTGGACAAAGAAAAGTCCA
TCACCCGAGTTTAGCGGAATGCCTCGAATCTCTAAGCTGGGAAGTGGCAATGATTTCGAAGTGTTC
TTTCAGAGACTGGGGATTGCCTCCGGAAGAGCTAGGTACACCAAAAATTGGGAGACAAACAAGTT
CTCCGGCTACCCACTGTATCACAGCGTGTACGAGACTTATGAACTGGTCGAGAAATTCTACGACCC
CATGTTTAAGTATCATCTGACCGTGGCACAGGTCAGGGGAGGCATGGTGTTTGAGCTGGCCAATT
CCATCGTCCTGCCATTCGACTGTAGAGATTATGCTGTGGTCCTGAGGAAGTACGCAGACAAAATCT
ATAGCATTTCCATGAAACATCCCCAGGAGATGAAGACCTACTCTGTGAGTTTCGATTCCCTGTTTT
CTGCCGTCAAAAACTTCACAGAAATCGCTAGTAAGTTTTCAGAGCGCCTGCAGGACTTCGATAAGT
CTAATCCCATTGTGCTGAGGATGATGAACGACCAGCTGATGTTCCTGGAACGCGCCTTTATCGACC
CTCTGGGGCTGCCTGATCGCCCCTTCTACCGACACGTGATCTACGCACCTTCCTCTCATAACAAGT
ACGCCGGAGAGTCTTTTCCAGGCATCTATGACGCTCTGTTCGATATTGAATCAAAGGTCGATCCCA
GCAAAGCATGGGGCGAGGTCAAGAGACAGATCTACGTGGCAGCCTTCACCGTCCAGGCTGCAGCCG
AAACACTGAGCGAGGTGG	  3’	  
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Nucleic	  Acid	  sequence	  for	  Grp78	  promoter	  gene	  
	  
5’	  
CGCGTGCAGGGCCCACTAGTCGGGAGCGCGTACTTCTTCCGAGTGAGAGACAGAAAGAGAGGACCC
GAGTCTCACAGCCCTGAGGGAACTGACACGCAGACCCCACTCCAGTCCCCGGGGGCCCAACGTGAG
GGGAGGACCTGGACGGTTACCGGCGGAAACGGTTTCCAGGTGAGAGGTCACCCGAGGGACAGGCA
GCTGCTCAACCAATAGGACCAGCTCTCAGGGCGGATGCTGCCTCTCATTGGCGGCCGTTAAGAATG
ACCAGTAGCCAATGAGTCGGCCTGGGGGGCGTACCAGTGACGTGAGTTGCGGAGGAGGCCGCTTCG
AATCGGCAGCGGCCAGCTTGGTGGCATGAACCAACCAGCGGCCTCCAACGAGTAGCGAGTTCACCA
ATCGGAGGCCTCCACGACGGGGCTGCGGGGAGGATATATAAGCCGAGTCGGCGACCGGCGCGCTCG
ATACTGGCTGTGACTACACTGACTTGGACACTTGGCCTTTTGCGGGTTTGAGAGGTAAGCGTCGCG
GCCTGCTTCCAGGCCTACCCTGATTTTGGTTCGTGGCTCCTCCTGACCCTGAGACCTCTGTCGCCCT
CAGATCAGAACCGTCGTCGCGTTTCGGGGCTACAGCCTGTTGCTGGACTCTGTGAGACACCTGACC
GACCGCTGAGCGACTGACTGGTCCACAGCGCCGGCACCATGGGGGGTTCTCATCATCATCATCATC
ATGGTATGGCTAGCATGACTGGTGG	  3’	  
	  
Nucleic	  Acid	  sequence	  for	  Pb9	  gene	  
	  
5’	  TCATACATCCCGAGCGCAGAGAAGATT	  3’	  
	  
Nucleic	  Acid	  sequence	  for	  TIP	  gene	  
	  
5’	  
ATGACCTTTCTTACCTCTGAGCTACCCGGCTGGTTGCAAGCAAACCGCCATGTAAAACCCACAGCA
GCGTATGCGGCCGTGAAAAATTGGATGACACAAACCTTAGCAGCCTAC	  3’	  
	  
	  
Nucleic	  Acid	  sequence	  for	  ubiquitin	  gene	  
	  
5’	  
ATGCAAATTTTTGTTAAAACTTTAACTGGTAAGACAATTACACTCGAGGTGGAACCCTCTGACAC
AATAGAGAATGTTAAGGCCAAGATTCAAGACAAGGAGGGCATACCACCCGATCAGCAGAGACTTA
TATTTGCGGGAAAACAATTAGAGGATGGACGAACACTCTCGGATTATAATATCCAGAAAGAATCT
ACCTTGCACCTAGTCCTTCGATTAAGGGGTGGA	  3’	  
	  
Nucleic	  acid	  sequence	  for	  puromycin-‐resistance	  gene:	  
	  
5’	  
CTCAGGTTTAAGCTCCAGGCTTCCTTGTCATGCACCAAGTTCTTGGGCCTTCTGGAACCTCAACAT
CAGCTGTCACAGTGAATCCCAGTCTTTCATAAAAAGGCAGGTTTCTGGGAGCAGAAGTTTCCAGA
AAGGCAGGAACTCCAGCCCTTCAGCAGCTTCAACTCCAGGCAGAACAACAGCAGATCCCAGACCCT
TTCCCTGGTGGTCAGGGCTCACTCCAACAGTTGCCAGAAACCAAGCTGGCTCTTTTGGCCTGTGTG
GTGCCAGCAGACCTTCCATTTGTTGTTGTGCTGCCAGCCTGCTTCCAGAGAGCTCAGCCATTCTTG
GTCCAATTTCAGCAAAAACAGCACCAGCTTCAACAGACTCAGGTGTTGTCCAAACTGCAACAGCAG
CTCCATCATCTGCAACCCAAACTTTTCCAATGTCCAGTCCCACTCTGGTGAGGAAGAGTTCTTGCA
GTTCTGTCACCCTCTCAATGTGCCTGTCAGGGTCAACTGTGTGCCTTGTTGCAGGGTAGTCTGCAA
AAGCAGCAGCCAGTGTTCTCACAGCTCTTGGAACATCATCTCTGGTTGCCAGCCTCACTGTGGGTT
TGTACTCAGTCAT	  3’	  
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