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This	
  thesis	
  is	
  dedicated	
  in	
  loving	
  memory	
  of	
  

	
  Lee	
  Siew	
  Yen,	
  1958	
  -­‐	
  2010	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Born	
   to	
   a	
   humble	
   family	
   in	
   the	
   village	
   of	
   Segamat	
   in	
   the	
   heartland	
   of	
   the	
   Hakka	
  
community	
  in	
  Johor	
  Malaysia,	
  Siew	
  Yen	
  was	
  the	
  first	
  of	
  seven	
  siblings	
  in	
  her	
  family.	
  
Life	
  was	
  far	
  from	
  a	
  piece	
  of	
  cake,	
  and	
  she	
  shared	
  the	
  burden	
  of	
  raising	
  her	
  siblings;	
  
in-­‐charge	
   of	
   kitchen	
   responsibilities	
   from	
   an	
   early	
   age.	
   Fortunately,	
   her	
   insatiable	
  
passion	
   for	
  culinary	
  arts	
   from	
  the	
  beginning	
  would	
  prove	
  to	
  be	
  a	
   life-­‐long	
  valuable	
  
asset.	
  	
  

Her	
  family	
  eventually	
  relocated	
  to	
  Penang,	
  where	
  she’d	
  meet	
  and	
  marry	
  my	
  father.	
  
The	
  rebellious	
  Siew	
  Yen	
  was	
  never	
  content	
  with	
  fulfilling	
  the	
  stereotypical	
  role	
  of	
  a	
  
housewife	
  and	
  together	
  with	
  my	
  dad	
  and	
  their	
  first-­‐born,	
  they	
  came	
  to	
  the	
  southern	
  
city	
  of	
  Johor	
  Bahru	
  in	
  pursuit	
  of	
  her	
  dreams.	
  	
  

The	
  couple	
  operated	
  a	
  catering	
  business	
  from	
  home	
  and	
  before	
  long	
  they	
  were	
  able	
  
to	
   afford	
   a	
   food	
   stall	
   in	
   the	
   then-­‐trending	
   shopping	
   mall.	
   Hard	
   work	
   and	
  
perseverance	
  saw	
  the	
  gradual	
  expansion	
  of	
  a	
  single	
  food	
  stall	
  to	
  five	
  adjacent	
  stalls,	
  
and	
   from	
   one	
   restaurant	
   to	
   a	
   chain	
   of	
   vegetarian	
   restaurants.	
   She	
   eventually	
  
achieved	
   her	
   dream	
   of	
   establishing	
   a	
   concept	
   café	
   serving	
   vegetarian	
   fusion	
   food	
  
from	
  all	
  around	
  the	
  world.	
  	
  	
  

Siew	
  Yen	
  was	
  a	
  workaholic	
  and	
  a	
  keen	
  experimentalist;	
  I	
  cannot	
  help	
  but	
  think	
  that	
  
with	
   those	
   qualities,	
   she’ll	
  make	
   a	
   great	
   PI.	
   It	
   is	
   not	
   uncommon	
   for	
   her	
   to	
   return	
  
home	
   from	
  a	
   gruelling	
   12	
  hour-­‐day	
   in	
   the	
   kitchen	
   to	
  doze	
  off	
   amongst	
   the	
  pile	
   of	
  
culinary	
  recipes	
  and	
  cookbooks	
  with	
  a	
  pen	
  in	
  her	
  palm.	
  She	
  would	
  then	
  emerge	
  from	
  
the	
   kitchen	
   with	
   new	
   creations	
   to	
   the	
   delight	
   of	
   her	
   customers.	
   Indeed,	
   some	
  

Siew Yen ice-walking on the Patagonia Glacier on one of her solo trips to Argentina. 
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seemingly	
  weird	
  food	
  combination	
  proved	
  to	
  be	
  a	
  hit,	
  and	
  some	
  even	
  made	
  it	
  to	
  the	
  
national	
  newspaper	
  (such	
  as	
  mushroom,	
  pumpkin	
  and	
  mozzarella	
  soup).	
  	
  	
  

Food	
  and	
  travelling	
  goes	
  hand-­‐in-­‐hand.	
  In	
  her	
  life,	
  Siew	
  Yen	
  had	
  travelled	
  to	
  no	
  less	
  
than	
  28	
  countries,	
  often	
  with	
  the	
  aim	
  of	
  researching	
  fresh	
  recipes.	
  Her	
  out-­‐going	
  and	
  
adventurous	
  nature	
  also	
  meant	
  that	
  she	
  had	
  no	
  problem	
  with	
  solo	
  travelling,	
  often	
  
armed	
  with	
  zero	
  command	
  of	
  the	
  local	
  language	
  (see	
  picture	
  above).	
  

Life	
  grinded	
  to	
  a	
  sudden	
  halt	
   in	
  the	
  summer	
  of	
  2009,	
  within	
  a	
  month	
  of	
  her	
  return	
  
from	
   Scandinavia,	
   when	
   she	
   was	
   diagnosed	
   with	
   Acute	
   Lymphoblastic	
   Leukaemia	
  
(ALL).	
  Unfortunately,	
  statistics	
  had	
  taught	
  us	
  a	
  tough	
  lesson	
  when	
  none	
  of	
  her	
  many	
  
siblings	
   were	
   HLA-­‐matched.	
   To	
   make	
   matters	
   worse,	
   cytogenetics	
   testing	
   had	
  
revealed	
   that	
   the	
   cancerous	
   pre-­‐B	
   cells	
   were	
   Philadelphia	
   chromosome-­‐positive,	
  
often	
   associated	
   with	
   a	
   poorer	
   disease	
   prognosis.	
   The	
   Philadelphia	
   translocation	
  
between	
   chromosomes	
   9	
   and	
   22	
   results	
   in	
   the	
   creation	
   of	
   a	
   chimeric	
   BCR-­‐ABL	
  
protein,	
   that	
   is	
   associated	
   with	
   uncontrolled	
   activity	
   of	
   the	
   ABL	
   tyrosine	
   kinase	
  
(Daley	
   et	
   al.,	
   1990).	
   	
   Initial	
   treatment	
  with	
   the	
   ‘frontline’	
   tyrosine	
   kinase	
   inhibitor	
  
Imatinib	
   (Glivec,	
  Novartis)	
   contributed	
   to	
   remission,	
  but	
   the	
   relapse	
   soon	
   followed	
  
with	
   the	
  development	
  of	
   Imatinib-­‐resistance	
  within	
  months.	
  She	
  was	
  subsequently	
  
placed	
  on	
  Dasatinib,	
  a	
  newer	
  ABL	
  kinase	
   inhibitor	
  that	
  can	
  bind	
  to	
  both	
  active	
  and	
  
inactive	
   conformations	
   of	
   the	
   ABL	
   kinase	
   domain	
   (Talpaz	
   et	
   al.,	
   2006).	
   Various	
  
nervous	
  and	
  neurological	
  complications	
  ensued,	
  eventually	
  ending	
  with	
  the	
  build-­‐up	
  
of	
  drug	
  resistance	
  within	
  months.	
  	
  

The	
   family	
   took	
   turns	
   throughout	
   the	
   treatment	
   periods	
   to	
   keep	
   her	
   company	
  
around	
   the	
   clock	
   in	
   the	
   hospital.	
   That,	
   rather	
   shamefully,	
   was	
  when	
   I	
   truly	
   learnt	
  
who	
  she	
  was:	
  her	
  character,	
  her	
  life,	
  her	
  beliefs	
  and	
  her	
  favourite	
  band	
  in	
  the	
  70’s.	
  
She	
  never	
  gave	
  up	
  cooking	
  and	
  she’d	
   rather	
   spend	
  a	
   large	
  part	
  of	
  her	
   time	
  during	
  
remission	
  breaks	
  conjuring	
  dishes,	
  even	
  though	
  she	
  was	
  wheel	
  chair-­‐bound	
  by	
  that	
  
time	
  and	
  would	
  often	
  run	
  into	
  exhaustion.	
  

With	
   the	
   failure	
   of	
   Dasatinib,	
   the	
   physicians	
   had	
   run	
   out	
   of	
   options.	
   Siew	
   Yen	
  
eventually	
  succumbed	
  to	
  ALL-­‐related	
  septicaemia	
  on	
  the	
  5th	
  of	
  June	
  2010	
  at	
  home	
  in	
  
the	
  comfort	
  and	
  company	
  of	
  her	
  close	
  friends	
  and	
  family.	
  	
  

“Let	
  your	
   future	
  children	
  know	
  that	
   they	
  have	
  a	
  grandmother	
   that	
   loves	
   them.	
  Tell	
  
them	
  my	
  story…”	
  This	
  thesis	
  is	
  dedicated	
  to	
  your	
  life	
  and	
  your	
  legacy,	
  Mummy.	
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LIGAND	
  BINDING	
  AND	
  SIGNALLING	
  BY	
  THE	
  T	
  CELL	
  ANTIGEN	
  RECEPTOR	
  AND	
  CD28	
  
Hong-­‐Sheng	
  Lim	
  

Sir	
  William	
  Dunn	
  School	
  of	
  Pathology	
  and	
  Lincoln	
  College	
  
A	
  Thesis	
  Submitted	
  for	
  the	
  Degree	
  of	
  Doctor	
  of	
  Philosophy	
  	
  

	
  
Successful	
  T	
  cell	
  activation	
  depends	
  on	
  the	
  recognition	
  of	
  antigenic	
  peptides	
   in	
  the	
  
context	
   of	
   a	
   Major	
   Histocompatibility	
   Complex	
   molecule	
   (pMHC)	
   by	
   the	
   T	
   cell	
  
antigen	
   receptor	
   (TCR),	
   together	
   with	
   additional	
   signals	
   from	
   co-­‐stimulatory	
  
receptors	
  such	
  as	
  CD28.	
  Despite	
  their	
  importance,	
  a	
  thorough	
  understanding	
  of	
  how	
  
TCR-­‐pMHC	
  binding	
  properties	
  relate	
  to	
  T	
  cell	
  functional	
  responses	
  remains	
  unclear.	
  
In	
   addition,	
   there	
   are	
   no	
   consensuses	
   to	
   the	
   exact	
   mechanism	
   leading	
   to	
   CD28	
  
receptor	
  triggering.	
  	
  

Activation	
   of	
   CD28	
   is	
   dependent	
   on	
   the	
   phosphorylation	
   of	
   key	
   tyrosine	
   residues	
  
within	
   its	
   cytoplasmic	
   domain	
   by	
   Src	
   family	
   kinases.	
   Just	
   like	
   the	
   TCRs,	
   CD28	
  
receptors	
  are	
  susceptible	
  to	
  perturbations	
  of	
  the	
  local	
  kinase:	
  phosphatase	
  ratio.	
  The	
  
K-­‐S	
  model	
   postulates	
   that	
  upon	
   ligand	
  engagement,	
   large	
  RPTPs	
   such	
  as	
  CD45	
  are	
  
segregated	
   from	
   the	
   area	
   of	
   close	
   contact,	
   resulting	
   in	
   increased	
   relative	
   kinase	
  
concentration	
  and	
  CD28	
  receptor	
  triggering.	
  This	
  hypothesis	
  was	
  tested	
  in	
  chapter	
  3,	
  
where	
   elongated	
   forms	
   of	
   CD80	
   were	
   examined	
   for	
   their	
   ability	
   to	
   costimulate	
  
primary	
  T	
  cells.	
  CD28	
  costimulation	
  was	
   indeed	
  diminished	
  and	
   there	
  was	
   reduced	
  
CD45	
  segregation	
  from	
  the	
  elongated	
  CD80	
  molecules.	
  Additionally,	
  CD28	
  habouring	
  
key	
   Y170F	
   tyrosine	
  mutations	
   were	
   less	
   susceptible	
   to	
   CD28	
   signal	
   abrogation	
   by	
  
elongated	
  CD80	
  molecules.	
  Interestingly,	
  elongated	
  CD80	
  molecules	
  remained	
  much	
  
less	
   effective	
   in	
   mediating	
   costimulation	
   even	
   when	
   pMHC	
   molecules	
   were	
   also	
  
elongated,	
  suggesting	
  that	
  TCR-­‐pMHC	
  and	
  CD28-­‐CD80	
  size	
  matching	
  is	
  not	
  critical	
  for	
  
costimulation.	
  	
  

Despite	
  the	
  well-­‐documented	
  MHC-­‐restriction	
  requirement	
  for	
  TCR	
  recognition,	
  the	
  
relative	
   energetic	
   contributions	
   of	
   peptide	
   versus	
   MHC	
   in	
   TCR-­‐pMHC	
   interactions	
  
remain	
  elusive.	
  To	
  address	
  this	
  question,	
  the	
  energetic	
  footprints	
  of	
  four	
  TCRs	
  (1G4,	
  
JM22,	
   A6	
   and	
   G10)	
   to	
   HLA-­‐A2	
   were	
   determined	
   via	
   systematic	
   alanine	
   scanning	
  
mutagenesis	
   on	
   the	
   HLA-­‐A2	
   heavy	
   chain	
   in	
   chapter	
   4.	
   By	
   targeting	
   exclusive	
   TCR	
  
contacting	
   residues	
   on	
   the	
   MHC,	
   we	
   conservatively	
   estimate	
   the	
   contribution	
   of	
  
MHCs	
  for	
  the	
  four	
  TCRs	
  to	
  range	
  from	
  15%	
  to	
  over	
  70%.	
  	
  

Several	
   models	
   have	
   been	
   formulated	
   in	
   an	
   attempt	
   to	
   relate	
   TCR-­‐pMHC	
   binding	
  
properties	
  to	
  T	
  cell	
  activation.	
  Validity	
  of	
  the	
  models	
  was	
  tested	
  in	
  chapter	
  5	
  using	
  a	
  
supra-­‐physiological	
   TCR.	
   By	
   mutating	
   key	
   residues	
   within	
   the	
   cognate	
   pMHC,	
   we	
  
generated	
   a	
   panel	
   of	
   TCR-­‐pMHC	
   with	
   affinities	
   that	
   varies	
   up	
   to	
   105-­‐fold.	
   These	
  
reagents	
   were	
   used	
   to	
   stimulate	
   Jurkat	
   and	
   primary	
   T	
   cells	
   transduced	
   with	
   the	
  
supra-­‐physiological	
   TCR.	
   Results	
   in	
   the	
   Jurkat	
   T	
   cell	
   system	
   demonstrated	
   the	
  
presence	
  of	
  an	
  optimal	
  off-­‐rate	
  (koff)	
  for	
  TCR-­‐pMHC	
  interaction	
  at	
  low	
  concentrations	
  
of	
   pMHC	
   concentration.	
   The	
   results	
   argue	
   against	
   affinity	
   models	
   and	
   the	
   basic	
  
kinetic	
  proofreading	
  model	
  for	
  T	
  cell	
  activation.	
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1.1	
  Introduction	
  	
  	
  

The	
   immune	
   system	
  has	
  evolved	
   to	
  protect	
  biological	
   organisms	
  against	
   infectious	
  

and	
   cancerous	
   diseases.	
   Physical	
   and	
   chemical	
   barriers	
   such	
   as	
   the	
   skin,	
   mucosal	
  

layers	
  and	
  antimicrobial	
  peptide	
  secretions	
  represent	
  the	
  first	
  major	
  barrier	
  to	
  most	
  

pathogens.	
   Once	
   in	
   the	
   body,	
   effective	
   clearance	
   of	
   pathogen	
   and	
   restoration	
   of	
  

normal	
  conditions	
  are	
  dependent	
  on	
  both	
   innate	
  and	
  adaptive	
   immune	
  system	
  for	
  

the	
  following	
  functions	
  (Murphy,	
  2012):	
  	
  

(i) Immune	
  recognition	
  of	
  infectious	
  organisms	
  or	
  abnormal	
  cells	
  	
  

(ii) Effector	
  functions	
  to	
  clear	
  pathogens	
  or	
  abnormal	
  cells	
  

(iii) Immune	
  regulation	
  to	
  prevent	
  immune	
  overdrive	
  and	
  autoimmunity	
  

(iv) Establishment	
  of	
  long-­‐term	
  memory	
  to	
  prevent	
  re-­‐infection	
  

Activation	
  of	
  the	
  innate	
  immune	
  system	
  is	
  mediated	
  by	
  the	
  recognition	
  of	
  pathogen-­‐

derived	
  molecules	
   termed	
   the	
  pathogen	
  associated	
  molecular	
  patterns	
   (PAMPs)	
  as	
  

well	
   as	
   host	
   cell-­‐derived	
  molecules	
   termed	
   damage-­‐associated	
  molecular	
   patterns	
  

(DAMPs)	
   that	
   are	
   released	
   during	
   cell	
   damage	
   (Ausubel,	
   2005,	
   Matzinger,	
   2002).	
  

Effector	
   functions	
   of	
   the	
   innate	
   immune	
   system	
   aim	
   to	
   contain	
   and	
   clear	
   the	
  

infection	
  at	
  an	
  early	
  stage	
  and	
  do	
  so	
  in	
  a	
  relatively	
  non-­‐specific	
  manner.	
  Long-­‐term	
  

immunity	
   to	
   specific	
   pathogens	
   is	
   achieved	
   by	
   the	
   subsequent	
   activation	
   of	
   the	
  

adaptive	
   immune	
   system,	
   which	
   can	
   be	
   subdivided	
   into	
   the	
   humoral	
   or	
   cellular-­‐

mediated	
  responses	
  mediated	
  by	
  B	
  cells	
  and	
  T	
  cells	
  respectively.	
  	
  

T	
   cells	
  are	
  unique	
   in	
   that	
   they	
   typically	
   recognise	
   foreign	
  antigenic	
  peptides	
   in	
   the	
  

context	
   of	
   a	
   peptide-­‐Major	
   Histocompatibility	
   Complex	
   molecule	
   (pMHC)	
   on	
   an	
  

antigen	
  presenting	
  cell	
  (APC).	
  The	
  evolution	
  of	
  T	
  cells	
  is	
  a	
  direct	
  consequence	
  of	
  the	
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‘immunological	
  big	
  bang’	
  which	
  saw	
  the	
  introduction	
  of	
  somatic	
  gene	
  rearrangement	
  

for	
   the	
   creation	
   of	
   a	
   diverse	
   T	
   cell	
   receptor	
   repertoire.	
   This	
   enables	
   T	
   cells	
   to	
  

recognise	
   virtually	
   any	
   antigen	
   in	
   complex	
   with	
   MHC.	
   Central	
   to	
   the	
   outcome	
   of	
  

infection	
  or	
  autoimmunity	
  is	
  the	
  process	
  of	
  antigen	
  recognition	
  and	
  T	
  cell	
  activation,	
  

which	
  forms	
  the	
  basis	
  of	
  much	
  of	
  this	
  thesis	
  and	
  this	
  chapter	
  review.	
  	
  

1.2	
  Mechanisms	
  of	
  T	
  Cell	
  Receptor	
  Triggering	
  	
  	
  

The	
   T	
   cell	
   receptor	
   (TCR)	
   is	
   one	
   of	
   the	
   most	
   complex	
   and	
   intensively	
   studied	
  

receptors	
   in	
   any	
   biological	
   system.	
   While	
   there	
   are	
   many	
   unanswered	
   questions	
  

around	
  TCR	
  biology	
  (see	
  chapter	
  5	
  introduction),	
  perhaps	
  the	
  most	
  baffling	
  question	
  

of	
   all	
   is	
   the	
   mechanism	
   by	
   which	
   TCR	
   transduce	
   its	
   signals	
   across	
   the	
   plasma	
  

membrane,	
  a	
  process	
  known	
  as	
  TCR	
  triggering.	
  	
  	
  	
  

The	
  TCR	
  is	
  a	
  heterodimer	
  of	
  αβ	
  or	
  γδ	
  subunits	
  that	
  lack	
  intrinsic	
  enzymatic	
  activities	
  

in	
   their	
   cytoplasmic	
   tails	
   (Dushek	
   et	
   al.,	
   2012).	
   Instead,	
   they	
   contain	
   positively	
  

charged	
   arginine	
   and	
   lysine	
   residues	
   within	
   their	
   trans-­‐membrane	
   domain	
   that	
  

associates	
   with	
   the	
   negative	
   aspartic	
   acid	
   and	
   glutamic	
   acid	
   residues	
   in	
   three	
  

signalling-­‐competent	
   CD3	
   dimers	
   CD3γε,	
   CD3δε	
   and	
   CD3ζζ,	
   forming	
   the	
   TCR	
  

signalling	
  complex	
  (Cosson	
  et	
  al.,	
  1991,	
  Call	
  et	
  al.,	
  2002).	
  	
  

Signal	
   transduction	
   is	
  mediated	
  by	
  a	
  series	
  of	
  conserved	
  amino	
  acid	
  motifs	
   (YxxL/I-­‐

X6-­‐8-­‐YXXL/I) known	
   as	
   the	
   immunoreceptor	
   tyrosine-­‐based	
   activation	
   motifs	
  

(ITAMs).	
   Reversible	
   phosphorylation	
   of	
   ITAMs	
   by	
   Src	
   family	
   kinases	
   such	
   as	
  

lymphocyte-­‐specific	
   protein	
   tyrosine	
   kinase	
   (Lck)	
   and	
   Tyrosine	
   protein	
   kinase	
   Fyn	
  

(Fyn)	
   represents	
   the	
   first	
   well-­‐established	
   biochemical	
   event	
   upon	
   ligand	
  

engagement	
   by	
   the	
   TCR.	
   Dephosphorylation	
   is	
   mediated	
   by	
   both	
   cytosolic	
   and	
  



CHAPTER	
  1   
 

  4 

membrane-­‐bound	
   receptor	
   tyrosine	
   phosphatases	
   such	
   as	
   Src	
   homology	
   region	
   2	
  

domain-­‐containing	
   phosphatase	
   1	
   (Shp-­‐1)	
   and	
   CD45.	
   While	
   ITAMs	
   are	
   commonly	
  

found	
   in	
   leukocyte	
   receptors,	
  with	
   ten	
   ITAMs	
   (one	
   for	
   each	
   CD3δ,	
   ε,	
   and	
   γ	
   chain;	
  

three	
   for	
   each	
   ζ	
   chain),	
   the	
   TCR	
   complex	
   has	
   by	
   far	
   the	
   largest	
   number	
   of	
   these	
  

motifs.	
  Such	
  abundance	
  of	
  ITAMs	
  is	
  thought	
  to	
  contribute	
  to	
  TCR	
  signal	
  amplification	
  

and	
   ultrasensitivity,	
   which	
   would	
   help	
   prevent	
   any	
   potential	
   spurious	
   activation	
  

(Mukhopadhyay	
  et	
  al.,	
  2013).	
  While	
  the	
  subsequent	
  biochemical	
  signal	
  transduction	
  

following	
  ITAM	
  phosphorylation	
  has	
  been	
  extensively	
  clarified,	
  the	
  exact	
  mechanism	
  

by	
  which	
  TCR	
  ligation	
  leads	
  to	
  the	
  initial	
   increase	
  in	
   ITAM	
  phosphorylation	
  remains	
  

controversial.	
   There	
   are	
   three	
   main	
   groups	
   of	
   non-­‐mutually	
   exclusive	
   theories:	
  

conformational	
   change,	
   aggregation	
   and	
   segregation	
   (van	
  der	
  Merwe	
  and	
  Dushek,	
  

2011).	
  	
  	
  

Conformational	
  Change	
  

The	
  idea	
  of	
  conformational	
  change	
  represents	
  an	
  elegant	
  solution	
  to	
  the	
  problem	
  of	
  

signal	
   transduction	
   across	
   the	
   plasma	
   membrane.	
   Such	
   thoughts	
   were	
   no	
   doubt	
  

inspired	
   by	
   existing	
   G-­‐protein	
   coupled	
   receptor	
   (GPCR)	
   and	
   hormone	
   receptor	
  

systems	
   where	
   ligand	
   binding	
   induces	
   a	
   conserved	
   and	
   constant	
   conformational	
  

change	
  to	
   induce	
   intracellular	
  signal	
   transduction	
   (Bissantz,	
  2003,	
  Greenfield	
  et	
  al.,	
  

1989).	
   The	
   TCR	
   however	
   is	
   unlike	
   any	
   other	
   receptor	
   systems	
   in	
   the	
   body.	
   TCRs	
  

represent	
  one	
  of	
  the	
  most	
  polymorphic	
  proteins	
  with	
  enormous	
  structural	
  variation	
  

in	
   its	
   ligand	
  binding	
   site	
   (Rudolph	
  et	
  al.,	
   2006).	
   This	
  makes	
   it	
  hard	
   to	
  envisage	
   the	
  

presence	
   of	
   a	
   consistent	
   conformational	
   change	
   across	
   the	
   repertoire	
   of	
   TCRs.	
  

Crystal	
  structures	
  of	
  bound	
  and	
  unbound	
  versions	
  of	
  TCRs	
  have	
  yielded	
  no	
  evidence	
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for	
   the	
   presence	
   of	
   a	
   large	
   scale	
   conserved	
   allosteric	
   conformational	
   change	
  

(Rudolph	
  et	
  al.,	
  2006).	
  However,	
  technological	
  limitations	
  in	
  crystallising	
  membrane-­‐

bound	
   proteins	
   meant	
   that	
   no	
   structural	
   data	
   is	
   available	
   for	
   the	
   full	
   TCR/CD3	
  

complexes.	
   Therefore	
   existing	
   structural	
   data	
   do	
   not	
   rule	
   out	
   binding	
   induced	
  

conformational	
  changes.	
  	
  

Indications	
  of	
  a	
  subtle	
  conformational	
  change	
  in	
  the	
  membrane	
  proximal	
  AB	
  loop	
  of	
  

the	
  TCRα	
  constant	
  domain	
  were	
  identified	
  by	
  Rossjohn	
  and	
  McCluskey	
  (Kjer-­‐Nielsen	
  

et	
   al.,	
   2003).	
   	
   The	
   finding	
  was	
   later	
   verified	
   for	
   an	
   alternative	
   TCR	
   system	
  using	
   a	
  

different	
   technique,	
   highlighting	
   the	
   propensity	
   of	
   TCRα	
   constant	
   conformational	
  

change.	
  Moreover,	
  mutation	
  of	
  residues	
  within	
  the	
  AB	
  loop	
  abrogated	
  TCR	
  antigen	
  

recognition	
   (Beddoe	
   et	
   al.,	
   2009).	
   Fascinatingly,	
   the	
   same	
   conformational	
   change	
  

was	
   not	
   observed	
   in	
   an	
   antagonistic	
   TCR-­‐pMHC	
   complex,	
   providing	
   a	
   tempting	
  

explanation	
  to	
  the	
  molecular	
  basis	
  for	
  antagonism	
  (Beddoe	
  et	
  al.,	
  2009).	
  	
  	
  

Molecular	
  dynamic	
  simulations	
  by	
  Martinez-­‐Martin	
  et	
  al	
  also	
  suggested	
  a	
  potential	
  

conformational	
   change	
   in	
   the	
   stalk	
  of	
  CD3ε	
   (Martinez-­‐Martin	
  et	
  al.,	
  2009).	
   Indeed,	
  

mutation	
  of	
  a	
  conserved	
  CXXC	
  region	
  within	
  the	
  CD3ε	
  stalk	
  abrogated	
  TCR	
  signalling	
  

and	
  T	
  cell	
  development	
  in	
  a	
  dominant	
  negative	
  way	
  (Wang	
  et	
  al.,	
  2009).	
  	
  

Taken	
   together,	
   experimental	
   evidence	
   for	
   a	
   conserved	
   allosteric	
   conformational	
  

change	
  within	
  the	
  TCR	
  extracellular	
  region	
  upon	
  ligand	
  binding	
  remains	
  weak.	
  Given	
  

the	
   huge	
   structural	
   variation	
   at	
   the	
   TCR-­‐pMHC	
   binding	
   interface	
   this	
   is	
   not	
  

surprising.	
  However	
  other	
  types	
  of	
  conformational	
  change	
  mechanism	
  are	
  consistent	
  

with	
   existing	
   structural	
   data.	
   One	
   such	
   mechanism	
   is	
   TCR	
   conformational	
   change	
  

induced	
  by	
  mechanical	
  pulling	
  or	
  shearing.	
  This	
  stems	
  from	
  the	
  fact	
  that	
  T	
  cells	
  are	
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constantly	
   subjected	
   to	
   all	
   forms	
   of	
   mechanical	
   force	
   throughout	
   their	
   life	
   cycle	
  

[reviewed	
   in	
   (Chen	
   and	
   Zhu,	
   2013)].	
   Within	
   an	
   immune	
   activation	
   scenario,	
   TCR-­‐

pMHC	
   bonds	
   can	
   be	
   subjected	
   to	
  mechanical	
   stress	
   as	
   the	
   T	
   cell	
  moves	
   along	
   an	
  

antigen-­‐presenting	
  cell.	
  This	
  could	
  also	
  happen	
  to	
  TCRs	
  tethered	
  to	
  the	
  moving	
  actin	
  

cytoskeleton	
  within	
  the	
   immunological	
  synapse.	
  Additionally,	
  the	
  exclusion	
  of	
   large	
  

phosphatases	
  from	
  the	
  active	
  signalling	
  zone	
  can	
  also	
  contribute	
  to	
  the	
  mechanical	
  

stress	
   experienced	
   by	
   the	
   TCR	
   as	
   they	
   try	
   to	
   diffuse	
   back	
   into	
   the	
   signalling	
   zone.	
  

Ligand	
  discrimination	
  can	
  thus	
  be	
  achieved	
  with	
  the	
  duration	
  of	
  applied	
  mechanical	
  

force	
  (i.e.	
  strong	
  enough	
  affinity).	
  	
  

In	
  support	
  for	
  this	
  model,	
  Li	
  et	
  al	
  demonstrated	
  that	
  an	
  artificial	
  shear	
  force	
  on	
  the	
  

TCR	
   induced	
   by	
  micropipette	
   suction	
   could	
   induce	
   Ca2+	
   signalling	
   (Li	
   et	
   al.,	
   2010).	
  

Furthermore,	
   elongated	
   CD3	
   molecules	
   were	
   signalling-­‐incompetent	
   unless	
   an	
  

external	
  force	
  was	
  applied	
  to	
  it,	
  consistent	
  with	
  the	
  suggestion	
  that	
  compression	
  of	
  

large	
   ectodomains	
   may	
   contribute	
   to	
   the	
   mechanical	
   stress	
   (Li	
   et	
   al.,	
   2010).	
   In	
   a	
  

separate	
  report,	
  Ca2+	
  signals	
  were	
  also	
  observed	
  with	
  the	
  application	
  of	
  a	
  tangential	
  

force	
  on	
  the	
  TCR	
  using	
  optical	
  tweezers	
  (Kim	
  et	
  al.,	
  2009).	
  Despite	
  these,	
  there	
  is	
  still	
  

a	
  gap	
  in	
  understanding	
  how	
  mechanical	
  force	
  may	
  be	
  transduced	
  into	
  the	
  cytoplasm.	
  

Reinherz	
  and	
  colleagues	
  postulated	
  that	
  any	
  mechanical	
  force	
  can	
  be	
  transduced	
  by	
  

the	
  FG	
  loop	
  of	
  TCR	
  Cβ	
  domain,	
  which	
  is	
  in	
  contact	
  with	
  the	
  rigid-­‐rod	
  like	
  structure	
  of	
  

CD3εγ,	
  inducing	
  a	
  ‘piston-­‐like	
  movement’	
  of	
  the	
  CD3	
  cytoplasmic	
  tails	
  relative	
  to	
  the	
  

plasma	
  membrane	
  (Sun	
  et	
  al.,	
  2001,	
  Ghendler	
  et	
  al.,	
  1998,	
  Kim	
  et	
  al.,	
  2010).	
  

Any	
  conformation	
  change	
  in	
  the	
  extracellular	
  regions	
  of	
  the	
  TCR/CD3	
  complex	
  need	
  

to	
   be	
   transduced	
   across	
   the	
  membrane	
   to	
   the	
   cytoplasmic	
   domains.	
   A	
   number	
   of	
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studies	
   have	
   focused	
   on	
   identifying	
   such	
   conformational	
   changes.	
   Additional	
  

evidence	
   of	
   TCR	
   conformational	
   change	
   has	
   been	
   reported	
   in	
   studies	
   of	
   the	
  

cytoplasmic	
  tails	
  of	
  CD3	
  molecules.	
  Alarcon	
  and	
  colleagues	
  reported	
  the	
  exposure	
  of	
  

a	
   proline-­‐rich	
   region	
   and	
   subsequent	
   recruitment	
   of	
   adaptor	
   protein	
   non-­‐catalytic	
  

region	
  of	
  tyrosine	
  kinase	
  adaptor	
  protein	
  1	
  (Nck)	
  in	
  CD3ε	
  upon	
  ligand	
  binding	
  (Gil	
  et	
  

al.,	
  2002,	
  Gil	
  et	
  al.,	
  2005).	
  Importantly,	
  the	
  conformational	
  change	
  was	
  independent	
  

of	
   CD3ε	
   and	
  CD3ζ	
   phosphorylation	
   (Gil	
   et	
   al.,	
   2002,	
  Gil	
   et	
   al.,	
   2005).	
   Later	
   studies	
  

however	
   revealed	
   that	
   the	
   proline-­‐rich	
   motif	
   was	
   not	
   required	
   for	
   triggering	
   but	
  

might	
  be	
  important	
  for	
  regulating	
  TCR	
  expression	
  levels	
  in	
  thymocytes	
  (Szymczak	
  et	
  

al.,	
  2005,	
  Mingueneau	
  et	
  al.,	
  2008).	
  	
  

Other	
   indication	
  of	
   conformational	
   change	
   is	
  based	
  on	
   the	
  observations	
   that	
  basic	
  

residue	
  rich	
  (BRR)	
  regions	
  in	
  CD3ε	
  and	
  CD3ζ	
  cytoplasmic	
  tails	
  associate	
  with	
  acidic	
  or	
  

negatively	
  charged	
  phospholipid	
  of	
  the	
  plasma	
  membrane	
  in	
  such	
  a	
  way	
  that	
  might	
  

prevent	
  CD3-­‐ITAM	
  phosphorylation	
  (Aivazian	
  and	
  Stern,	
  2000,	
  Xu	
  et	
  al.,	
  2008).	
  This	
  

led	
  to	
  the	
  ‘safety	
  catch’	
  model,	
  postulating	
  that,	
   in	
  the	
  resting	
  state,	
  BRR	
  mediated	
  

interactions	
  with	
  the	
  acidic	
  membrane	
  phospholipid	
  result	
  in	
  the	
  tyrosine	
  residues	
  in	
  

CD3	
   ITAMs	
   being	
   sequestered	
   in	
   the	
   plasma	
   membrane	
   and	
   protected	
   from	
  

phosphorylation.	
   According	
   to	
   the	
   model	
   ligand	
   engagement	
   induces	
   a	
  

conformational	
  change	
   in	
   the	
   intracellular	
   tail	
  exposing	
   the	
   ITAM	
  tyrosine	
  residues	
  

for	
   phosphorylation	
   and	
   signal	
   transduction	
   (Kuhns	
   and	
   Davis,	
   2008).	
   The	
   model	
  

predicts	
   that	
  BRRs	
  mutation	
  should	
  disrupt	
  CD3-­‐plasma	
  membrane	
   interaction	
  and	
  

enhance	
   CD3-­‐ITAM	
   phosphorylation	
   and	
   TCR	
   triggering.	
   However,	
   the	
   opposite	
  

effects	
  were	
  observed	
  in	
  CD3ε	
  and	
  CD3ζ	
  BRR	
  mutants	
   instead	
  (Deford-­‐Watts	
  et	
  al.,	
  

2009,	
  Fernandes	
  et	
  al.,	
  2010,	
  Zhang	
  et	
  al.,	
  2011).	
  One	
  explanation	
   for	
   the	
   reduced	
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ITAM	
  phosphorylation	
  is	
  the	
  possible	
  disruption	
  of	
  Lck	
  recruitment	
  in	
  CD3	
  molecules	
  

with	
   BRR	
  mutation;	
   while	
   this	
   was	
   observed	
   for	
   CD3ε,	
   it	
   wasn’t	
   the	
   case	
   in	
   CD3ζ	
  

(Gagnon	
  et	
  al.,	
   2010,	
  Zhang	
  et	
  al.,	
   2011).	
  Moreover,	
  dissociation	
  of	
  CD3ζ	
   from	
   the	
  

plasma	
  membrane	
  was	
  a	
  consequence	
  of	
  and	
  required	
  ITAM	
  phosphorylation	
  (Zhang	
  

et	
  al.,	
  2011).	
  These	
  data	
  do	
  not	
  support	
  the	
  ‘safety	
  catch’	
  model,	
  and	
  the	
  significance	
  

of	
   CD3	
   cytoplasmic	
   dissociation	
   from	
   the	
   plasma	
   membrane	
   upon	
   TCR	
   ligation	
  

remains	
  unclear.	
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Figure 1.1 Mechanisms of TCR triggering  

TCR triggering mechanisms can be broadly categorised into conformational 
change, aggregation and segregation models. (a) Ligand binding might induce a 
mechanical force (pulling) on the TCR and the associated CD3 in a ‘piston-like’ 
movement. This induces conformational change on the CD3-ITAM, allowing 
phosphorylation. (b) The pseudodimer model suggests that the co-receptor of a 
self-pMHC (green) could engage the agonist-pMHC (blue) to form a pseudodimer. 
Dimerisation of the TCR enhances biochemical-signalling events.  (c) The co-
receptor heterodimerisation model suggests that recruitment of Lck-associated 
co-receptors to the TCRs could lead to CD3-ITAM phosphorylation and initiation 
of TCR triggering. (d) The kinetic segregation model postulates that the 
segregation of large receptor protein tyrosine phosphatases (RPTPs) such as 
CD45 during TCR-pMHC engagement results in the re-balance of kinase: 
phosphatase ratio in favour of the former, thereby leading to ITAM 
phosphorylation and initiation of TCR signal transduction. Figures are adapted 
from van der Merwe and Dushek (van der Merwe and Dushek, 2011).  

B.	
  Pseudodimer 

C.	
  Co-­‐receptor	
  Heterodimerisation 

A.	
  Piston-­‐Like	
  Movement 

D.	
  Kinetic	
  Segregation 
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Aggregation	
  

The	
  concept	
  of	
  TCR	
  aggregation	
  as	
  a	
  mechanism	
  for	
  TCR	
  triggering	
  was	
  informed	
  by	
  

multiple	
   observations	
   that	
   soluble	
   multivalent	
   pMHCs	
   but	
   not	
   monovalent	
   pMHC	
  

can	
   trigger	
   TCR	
   activation	
   (Boniface	
   et	
   al.,	
   1998).	
   Aggregation	
   of	
   TCR	
   complexes	
  

could	
  lead	
  to	
  triggering	
  by	
  enhancing	
  trans-­‐phosphorylation	
  of	
  CD3-­‐ITAMs	
  by	
  closely	
  

associated	
  Lck	
  molecules	
  and/or	
  by	
  enhancing	
  trans-­‐autophosphorylation	
  of	
  the	
  Lck	
  

molecules,	
  which	
  increases	
  their	
  catalytic	
  activity.	
  

Electro-­‐microscopy	
   after	
   label-­‐fracture	
   (in	
   the	
   absence	
   of	
   any	
   detergent-­‐induced	
  

artefacts)	
   of	
   intact	
   T	
   cells	
   revealed	
   the	
   presence	
   of	
   TCR	
   nano-­‐clusters	
   during	
   the	
  

resting	
   state	
   (Schamel	
   et	
   al.,	
   2005).	
   The	
   presence	
   of	
   pre-­‐assembled	
   TCR	
   nano-­‐

clusters	
   was	
   subsequently	
   confirmed	
   using	
   high-­‐speed	
   photoactivated	
   localisation	
  

microscopy	
  (hsPALM)	
  (Sherman	
  et	
  al.,	
  2011).	
  Pre-­‐assembled	
  Linker	
  for	
  Activation	
  of	
  

T	
   cells	
   (LAT)	
   nanoclusters	
   were	
   also	
   observed	
   in	
   the	
   same	
   study	
   although	
   the	
  

functional	
   significance	
   of	
   this	
   is	
   unclear	
   (Sherman	
   et	
   al.,	
   2011,	
   Williamson	
   et	
   al.,	
  

2011).	
  However,	
  one	
  conflicting	
  report	
  refuting	
  the	
  presence	
  of	
  pre-­‐assembled	
  TCR	
  

oligomers	
   came	
   from	
   the	
   absence	
   of	
   two-­‐coloured-­‐coincidental-­‐detection	
   of	
   TCRs	
  

labelled	
  with	
  different	
  dyes	
  (James	
  et	
  al.,	
  2007).	
  	
  

One	
  model	
  that	
  provides	
  a	
  solution	
  to	
  the	
  low	
  pMHC	
  surface	
  density	
  problem	
  is	
  the	
  

pseudo-­‐dimer	
   model,	
   which	
   postulates	
   that	
   the	
   co-­‐receptor	
   of	
   a	
   self	
   pMHC-­‐TCR	
  

complex	
   can	
   engage	
   the	
   agonist	
   pMHC-­‐TCR	
   complex,	
   thereby	
   forming	
   a	
   pseudo-­‐

dimer	
   (Krogsgaard	
   et	
   al.,	
   2005).	
   This	
  model	
  was	
   initially	
   informed	
   by	
   observations	
  

that	
   as	
  much	
   as	
   20%	
   of	
   the	
   pMHCs	
   accumulated	
   into	
   the	
   immunological	
   synapse	
  

were	
  endogenous	
  null	
  pMHC	
  (Irvine	
  et	
  al.,	
  2002).	
  Direct	
  support	
  for	
  this	
  model	
  was	
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demonstrated	
   by	
   Davis	
   and	
   colleagues	
   who	
   showed	
   that	
   certain	
   combinations	
   of	
  

covalent	
   soluble	
   heterodimers	
   containing	
   agonist	
   and	
   endogenous	
   pMHC	
   ligands	
  

could	
   stimulate	
   T	
   cells.	
  While	
   this	
   is	
  well	
   established	
   in	
   C4+	
   T	
   cells,	
   corresponding	
  

data	
  on	
  CD8+	
  T	
  cells	
  have	
  been	
  conflicting	
  [reviewed	
  in	
  (Krogsgaard	
  et	
  al.,	
  2007)].	
  	
  

The	
  co-­‐receptor	
  heterodimerisation	
  model	
  also	
  attempts	
  to	
  address	
  the	
  problem	
  of	
  

low	
  agonistic	
  pMHC	
  density	
  on	
  surface	
  of	
  APCs.	
   In	
  this	
  model,	
  signalling	
   is	
  enabled	
  

with	
   the	
   heterodimerisation	
   of	
   TCR	
   and	
   Lck-­‐associated	
   co-­‐receptors;	
  

phosphorylation	
   of	
   CD3-­‐ITAM	
   by	
   the	
   Lck	
   in	
   proximity	
   would	
   lead	
   to	
   subsequent	
  

signal	
   transduction.	
   Despite	
   their	
   low	
   affinities	
   to	
   MHC	
   molecules,	
   additional	
  

engagement	
   of	
   CD4	
   or	
   CD8	
   could	
   also	
   improve	
   the	
   avidity	
   of	
   the	
   interaction	
   in	
  

theory.	
   This	
   was	
   supported	
   by	
   the	
   fact	
   that	
   co-­‐receptor	
   engagement	
   could	
  

significantly	
  enhance	
  T	
  cell	
  activation	
  (Holler	
  and	
  Kranz,	
  2003).	
  Importantly	
  though,	
  

TCR	
   triggering	
   can	
   still	
   occur	
   in	
   the	
   absence	
   of	
   any	
   co-­‐receptor	
   (Schilham	
   et	
   al.,	
  

1993),	
  suggesting	
  that	
  if	
  this	
  were	
  to	
  be	
  a	
  credible	
  model,	
  it	
  may	
  only	
  be	
  applicable	
  

or	
  necessary	
  for	
  TCR-­‐pMHC	
  interactions	
  with	
  weaker	
  affinities.	
  	
  

Segregation	
  

The	
   notion	
   of	
   segregation	
   contributing	
   to	
   T	
   cell	
   activation	
   was	
   first	
   suggested	
   by	
  

Springer	
  who	
  predicted	
  that	
  the	
  exclusion	
  of	
  bulky	
  glycocalyx	
  elements	
  such	
  as	
  CD45	
  

(~45nm)	
   could	
   affect	
   signalling,	
   which	
   is	
   largely	
   mediated	
   by	
   smaller	
   (~15nm)	
  

signalling	
   complexes	
   (Springer,	
   1990).	
   This	
   concept,	
   and	
   the	
   observation	
   that	
  

inhibition	
  of	
  tyrosine	
  phosphatases	
  was	
  sufficient	
  to	
  induce	
  TCR	
  triggering,	
  provides	
  

the	
  basis	
   for	
   the	
  kinetic	
   segregation	
   (K-­‐S)	
  model	
  as	
  a	
  potential	
  mechanism	
  for	
  TCR	
  

triggering	
  (Davis	
  and	
  van	
  der	
  Merwe,	
  1996).	
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The	
  model	
  proposes	
  that	
  large	
  receptor	
  protein	
  tyrosine	
  phosphatases	
  (RPTPs),	
  such	
  

as	
  CD45	
  and	
  CD148,	
  are	
   segregated	
   from	
  active	
   signalling	
   zones	
  as	
  a	
   result	
  of	
   size	
  

incompatibility.	
  Hence,	
   tyrosine	
   phosphorylation	
   by	
   Src	
   kinases	
   such	
   as	
   Lck,	
  which	
  

will	
  not	
  be	
  excluded,	
  is	
  strongly	
  favoured	
  in	
  the	
  absence	
  of	
  inhibitory	
  RPTPs,	
  leading	
  

to	
   stable	
   CD3-­‐ITAM	
   phosphorylation	
   and	
   enabling	
   subsequent	
   signalling	
   events.	
  

Discrimination	
   of	
   ligands	
   is	
   achieved	
   by	
   TCR-­‐pMHC	
   interaction	
   with	
   sufficient	
  

duration.	
   As	
   such,	
   careful	
   balance	
   of	
   the	
   kinase:	
   phosphatase	
   ratio	
   at	
   the	
   site	
   of	
  

signalling	
  lies	
  at	
  the	
  heart	
  of	
  the	
  model;	
  and	
  any	
  perturbation	
  to	
  the	
  ratio	
  in	
  favour	
  

of	
  the	
  kinase	
  would	
  lead	
  to	
  T	
  cell	
  activation.	
  Indeed,	
  most	
  evidence	
  supporting	
  this	
  

model	
  was	
   obtained	
   by	
   observing	
   the	
   effects	
   of	
   direct	
   or	
   indirect	
   perturbation	
   of	
  

kinase:	
  phosphatase	
  balance.	
  

Firstly	
   and	
   crudely,	
   T	
   cell	
   activation	
   can	
  be	
   elicited	
  with	
   the	
   treatment	
  of	
   tyrosine	
  

phosphatase	
  inhibitor	
  pervanadate	
  (Secrist	
  et	
  al.,	
  1993).	
  Perturbation	
  of	
  the	
  kinase:	
  

phosphatase	
  balance	
  was	
  more	
  elegantly	
  achieved	
  with	
  the	
  selective	
  inhibition	
  of	
  c-­‐

Src	
  tyrosine	
  kinase	
  (Csk;	
  a	
  Src	
  kinase	
  inhibitor)	
  by	
  Weiss	
  and	
  colleagues.	
  Such	
  event	
  

led	
   to	
   the	
   spontaneous	
   activation	
   of	
   Jurkat	
   T	
   cells	
   and	
   primary	
   thymocytes	
  

(Schoenborn	
  et	
  al.,	
  2011,	
  Tan	
  et	
  al.,	
  2014).	
  	
  

Additional	
   evidences	
   came	
   from	
   the	
  microscopic	
   observation	
   of	
   CD45	
   and	
   CD148	
  

exclusion	
   from	
   areas	
   of	
   TCR	
   triggering;	
   truncation	
   of	
   the	
   ectodomains	
   of	
   these	
  

molecules	
  abrogated	
  this	
  segregation	
  as	
  well	
  as	
  T	
  cell	
  signalling	
  (Varma	
  et	
  al.,	
  2006,	
  

Lin	
  and	
  Weiss,	
  2003,	
  Cordoba	
  et	
  al.,	
  2013).	
  Similarly,	
  elongation	
  of	
  pMHC	
  molecules	
  

also	
   abrogated	
   CD45	
   segregation	
   and	
   TCR	
   signalling	
   (Choudhuri	
   et	
   al.,	
   2005).	
  

Recently,	
   Vale	
   and	
   colleagues	
   demonstrated	
   in	
   reconstituted	
   conditions	
   that	
   TCR	
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and	
   CD3	
   were	
   maintained	
   in	
   a	
   dephosphorylated	
   state	
   at	
   physiological	
  

concentrations	
  of	
  CD45.	
  Additionally,	
  CD45	
   segregation	
  was	
  demonstrated	
   to	
  be	
  a	
  

passive	
   event	
   as	
   a	
   consequence	
   of	
   TCR-­‐pMHC	
   ligation	
   without	
   the	
   need	
   for	
   any	
  

downstream	
  signalling	
  (James	
  and	
  Vale,	
  2012).	
  	
  

These	
   experiments	
   highlight	
   the	
   importance	
   of	
   receptor/	
   ligand	
  dimensions	
   in	
   the	
  

preservation	
   of	
   kinase:	
   phosphatase	
   balance	
   in	
   the	
   T	
   cell,	
   a	
   concept	
   that	
   will	
   be	
  

further	
   investigated	
   in	
   chapter	
   3.	
   Moreover,	
   there	
   has	
   been	
   a	
   long	
   standing	
  

observation	
   that	
   surface	
   bound	
   ligands	
   (including	
   antibodies)	
   are	
   much	
   more	
  

effective	
   than	
   the	
   soluble	
   versions	
   (Ma	
  et	
   al.,	
   2008).	
   These	
   experiments	
   therefore	
  

demonstrate	
  that	
  perturbation	
  of	
  kinase:	
  phosphatase	
  ratio	
  (in	
  favour	
  of	
  the	
  former)	
  

as	
  a	
  pre-­‐requisite	
  for	
  TCR	
  triggering.	
  Under	
  physiological	
  conditions,	
  this	
  is	
  mediated	
  

by	
  the	
  passive	
  exclusion	
  of	
  large	
  inhibitory	
  phosphatase	
  from	
  active	
  signalling	
  zones.	
  	
  	
  

Kinetic	
   segregation	
  as	
  a	
  mechanism	
   for	
   triggering	
   is	
  not	
   restricted	
   to	
   the	
  TCR.	
  The	
  

same	
  concept	
  is	
  applicable	
  to	
  a	
  larger	
  family	
  group	
  of	
  up	
  to	
  a	
  hundred	
  non-­‐catalytic	
  

tyrosine-­‐phosphorylated	
   receptors	
   (NTRs)	
   including	
   co-­‐stimulatory	
   receptors	
  CD28,	
  

inducible	
   costimulator	
   (ICOS)	
   and	
  natural	
   killer	
   (NK)	
   cell	
   receptor	
   family	
   Leukocyte	
  

immunoglobulin-­‐like	
   receptors	
   (LILR)	
   and	
   killer	
   cell	
   immunoglobulin-­‐like	
   receptors	
  

(KIRs)	
   among	
   others	
   (Dushek	
   et	
   al.,	
   2012).	
   Like	
   the	
   TCRs,	
   NTRs	
   possess	
   small	
  

extracellular	
  domains	
  (<20nm)	
  and	
  contain	
  no	
  intrinsic	
  kinase	
  activity.	
  Instead,	
  signal	
  

initiation	
   is	
   dependent	
   on	
   the	
   phosphorylation	
   and	
   dephosphorylation	
   of	
   key	
  

cytoplasmic	
   tyrosine	
   residues	
   by	
   Src	
   family	
   kinases	
   and	
   RPTPs	
   respectively.	
   In	
  

addition,	
   NTR	
   ligands	
   are	
   generally	
   surface-­‐anchored	
   and	
   ligation	
   can	
   lead	
   to	
   the	
  

segregation	
  of	
  large	
  RPTPs	
  to	
  re-­‐balance	
  the	
  local	
  kinase:	
  phosphatase	
  ratio	
  in	
  favour	
  



CHAPTER	
  1   
 

  14 

of	
  the	
  former,	
  thereby	
  contributing	
  to	
  receptor	
  triggering.	
  Indeed,	
  evidence	
  that	
  the	
  

K-­‐S	
  mechanism	
  contributes	
  to	
  triggering	
  by	
  receptors	
  apart	
  from	
  the	
  TCR	
  is	
  growing	
  

(Dushek	
  et	
  al.,	
  2012).	
  	
  

It	
   is	
   important	
   to	
   note	
   that	
   while	
   the	
  mechanisms	
   discussed	
   above	
   are	
   described	
  

separately,	
   they	
   are	
   not	
  mutually	
   exclusive.	
   In	
   fact,	
   all	
  mechanism	
  may	
   come	
   into	
  

play,	
  as	
  proposed	
  in	
  the	
   integrated	
  model	
  of	
  TCR	
  triggering	
  by	
  van	
  der	
  Merwe	
  and	
  

Dushek	
  (van	
  der	
  Merwe	
  and	
  Dushek,	
  2011).	
  

1.3	
  T	
  cell	
  receptor	
  signalling	
  pathway	
  

ITAM	
  phosphorylation	
  by	
  Src	
  kinases	
  

Phosphorylation	
   of	
   CD3	
   associated	
   ITAM	
   represents	
   the	
   first	
   step	
   in	
   TCR	
   signal	
  

transduction	
   pathway.	
   This	
   was	
   initially	
   demonstrated	
   by	
   generating	
   chimeras	
  

containing	
   intracellular	
   domains	
   of	
   CD3	
   molecules	
   in	
   T	
   cells	
   lacking	
   TCRs	
   where	
  

mutation	
  or	
  alterations	
  of	
  ITAM	
  residues	
  would	
  inhibit	
  T	
  cell	
  activation	
  (Letourneur	
  

and	
  Klausner,	
  1992,	
   Irving	
  and	
  Weiss,	
  1991).	
  As	
  mentioned	
  previously,	
  such	
  events	
  

are	
   dependent	
   on	
   the	
   careful	
   balance	
   of	
   kinase:	
   phosphatase	
   ratio	
   in	
   the	
   local	
  

environment.	
  	
  

Initial	
  phosphorylation	
  of	
   ITAM	
   is	
  mediated	
  by	
  Src	
   family	
  kinases	
   including	
  Lck	
  and	
  

Fyn	
   [reviewed	
   in	
   (Palacios	
   and	
   Weiss,	
   2004)].	
   Both	
   molecules	
   contain	
   a	
   N-­‐C	
  

architecture	
   of	
   SH3-­‐SH2-­‐Kinase	
   domains.	
   Membrane	
   association	
   of	
   the	
   kinases	
   is	
  

mediated	
  by	
  myristoylation	
  and	
  palmitoylation	
  of	
  the	
  N-­‐terminal	
  domain	
  as	
  well	
  as	
  

its	
  association	
  with	
  co-­‐receptors	
  CD4	
  and	
  CD8	
   (Barber	
  et	
  al.,	
  1989).	
  The	
  activity	
  of	
  

Lck	
  is	
  dependent	
  on	
  the	
  phosphorylation	
  status	
  of	
  two	
  tyrosine	
  residues	
  at	
  positions	
  

394	
   and	
   505.	
   Phosphorylation	
   of	
   the	
   inhibitory	
   C-­‐terminal	
   Y505	
   residue	
   by	
   Csk	
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promotes	
   intra-­‐molecular	
   interaction	
   between	
   pY505	
   and	
   the	
   SH2	
   domain,	
   which	
  

occludes	
   the	
   kinase	
   domain	
   and	
   locks	
   Lck	
   in	
   an	
   inactive	
   state.	
   Y505	
  

dephosphorylation	
   by	
   CD45	
   relieves	
   the	
   autoinhibitory	
   conformation	
   and	
   releases	
  

Lck	
   in	
   a	
   ‘primed’	
   state.	
   Finally,	
   Lck	
   is	
   fully	
   activated	
   with	
   the	
   trans-­‐

autophosphorylation	
  of	
  activatory	
  Y394	
   (Palacios	
  and	
  Weiss,	
  2004).	
   Interestingly,	
  a	
  

report	
   by	
   Acuto	
   and	
   colleagues	
   demonstrated	
   that	
   up	
   to	
   40%	
   of	
   Lck	
   are	
  

constitutively	
   active	
   at	
   the	
   cell	
  membrane	
   during	
   resting	
   state	
   (Nika	
   et	
   al.,	
   2010).	
  

Such	
   observation	
   is	
   consistent	
   with	
   the	
   finding	
   that	
   ITAMs	
   can	
   be	
   constitutively	
  

phosphorylated	
   in	
   resting	
   T	
   cells	
   (van	
   Oers	
   et	
   al.,	
   1994).	
   Aberrant	
   over-­‐

phosphorylation	
  of	
  ITAMs	
  in	
  this	
  case	
  is	
  held	
  in	
  check	
  by	
  the	
  high	
  densities	
  of	
  CD45	
  

(Davis	
  and	
  van	
  der	
  Merwe,	
  2011).	
  

Recruitment	
  of	
  ZAP-­‐70	
  

Phosphorylated	
   tyrosine	
   residues	
   on	
   an	
   ITAM	
   serve	
   as	
   a	
   docking	
   site	
   for	
   the	
  

recruitment	
   of	
   Syk	
   kinase	
   family	
   member	
   Zeta-­‐chain-­‐associated	
   protein	
   kinase	
   70	
  

(ZAP-­‐70)	
  (Chan	
  et	
  al.,	
  1992).	
  The	
  importance	
  of	
  ZAP-­‐70	
  is	
  highlighted	
  by	
  the	
  arrest	
  of	
  

T	
   cell	
   development	
   during	
   the	
   positive	
   selection	
   stage	
   in	
   ZAP-­‐70-­‐deficient	
   mice	
  

(Negishi	
  et	
  al.,	
  1995).	
  Additionally,	
  patients	
  deficient	
  in	
  ZAP-­‐70	
  have	
  no	
  peripheral	
  T	
  

cells	
  and	
  suffer	
  from	
  severe	
  combined	
  immunodeficiency	
  (SCID)	
  syndrome	
  (Elder	
  et	
  

al.,	
  1994).	
  	
  

ZAP-­‐70	
  is	
  composed	
  of	
  two	
  N-­‐terminal	
  tandem	
  SH2	
  domains	
  and	
  a	
  C-­‐terminal	
  kinase	
  

domain.	
   Under	
   resting	
   conditions,	
   ZAP-­‐70	
   adopts	
   an	
   autoinhibitory	
   conformation	
  

(Folmer	
   et	
   al.,	
   2002).	
   Binding	
   of	
   ZAP-­‐70	
   tandem	
   SH2	
   domains	
   to	
   phosphorylated	
  

ITAM	
  is	
  thought	
  to	
  release	
  ZAP-­‐70	
  from	
  its	
  autoinhibitory	
  conformation	
  and	
  exposes	
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Y315	
  and	
  Y319	
  residues	
  for	
  Lck	
  phosphorylation	
  by	
  Lck.	
  Phosphorylation	
  of	
  Y315	
  and	
  

Y319,	
  which	
  lie	
   in	
  the	
  inter-­‐SH2-­‐kinase	
  domain	
  loop,	
  destabilises	
  the	
  autoinhibitory	
  

conformation	
  and	
  promotes	
  the	
  phosphorylation	
  of	
  tyrosine	
  residues	
  Y492	
  and	
  Y493	
  

in	
  the	
  activation	
  loop	
  of	
  the	
  kinase	
  domain	
  by	
  Lck	
  and/or	
  trans	
  auto-­‐phosphorylation	
  

by	
  ZAP-­‐70	
  [reviewed	
  in	
  (Wang	
  et	
  al.,	
  2010)].	
  	
  

Therefore,	
   recruitment	
   of	
   ZAP-­‐70	
   to	
   phosphorylated	
   ITAM	
   is	
   mandatory	
   for	
   full	
  

activation	
   of	
   ZAP-­‐70.	
   Fully	
   activated	
   ZAP-­‐70	
   in	
   turn	
   phosphorylates	
   the	
   adaptor	
  

molecules	
   LAT	
   and	
   SLP-­‐76	
   (Zhang	
   et	
   al.,	
   1998a,	
   Bubeck	
  Wardenburg	
   et	
   al.,	
   1996).	
  

Recent	
   modelling	
   studies	
   have	
   suggested	
   an	
   explanation	
   for	
   the	
   long-­‐standing	
  

observation	
   that	
   ZAP-­‐70	
   binds	
   with	
   differing	
   affinities	
   to	
   different	
   ITAMs,	
   arguing	
  

that	
   this,	
   when	
   combined	
   with	
   sequential	
   phosphorylation	
   of	
   ITAMs,	
   could	
  

contribute	
  to	
  TCR	
  ultrasensitivity	
  (Mukhopadhyay	
  et	
  al.,	
  2013,	
  Isakov	
  et	
  al.,	
  1995).	
  	
  	
  

LAT	
  is	
  the	
  nucleating	
  site	
  for	
  initiation	
  of	
  multiple	
  downstream	
  signalling	
  pathways	
  

LAT	
  is	
  a	
  type-­‐III	
  transmembrane	
  protein	
  with	
  a	
  short	
  (four	
  amino	
  acids)	
  extracellular	
  

domain	
  and	
  an	
  intracellular	
  tail	
  with	
  two	
  cysteine	
  and	
  nine	
  tyrosine	
  residues.	
  Post-­‐

translational	
   modification	
   of	
   LAT	
   is	
   central	
   to	
   its	
   localisation	
   and	
   function	
   as	
   the	
  

intracellular	
  nucleating	
  site	
  for	
  multiple	
  signalling	
  proteins	
  [reviewed	
  in	
  (Balagopalan	
  

et	
   al.,	
   2010)].	
   The	
   two	
   cysteine	
   residues	
   at	
   the	
  membrane	
   proximal	
   region	
   of	
   the	
  

intracellular	
   tail	
   are	
   involved	
   in	
   LAT	
   palmitoylation	
   and	
   membrane	
   localisation	
  

(Zhang	
  et	
  al.,	
  1998b,	
  Lin	
  et	
  al.,	
  1999),	
  absence	
  of	
  which	
  can	
  lead	
  to	
  LAT	
  degradation	
  

(Hundt	
  et	
  al.,	
  2009,	
  Hundt	
  et	
  al.,	
  2006).	
  

The	
  tyrosine	
  residues	
  are	
  rapidly	
  phosphorylated	
  by	
  tyrosine	
  kinases	
  including	
  ZAP-­‐

70	
  upon	
  T	
  cell	
  activation	
  (Zhang	
  et	
  al.,	
  1998a).	
  Growth	
  factor	
  receptor-­‐bound	
  protein	
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2 (Grb2)	
   family	
  of	
  adaptor	
  proteins	
   (Grb2,	
  Gads	
  and	
  Grap)	
  are	
  recruited	
  to	
  LAT	
  via	
  

their	
  SH2	
  domains	
   to	
  phospho-­‐Y171,	
  Y191	
  and	
  Y226	
  residues	
   (Wange,	
  2000).	
  Grb2	
  

associates	
   constitutively	
   with	
   Sons	
   of	
   sevenless-­‐1	
   (Sos1),	
   a	
   guanine	
   nucleotide	
  

exchange	
  factor	
  (GEF)	
  that	
  promotes	
  the	
  activation	
  of	
  Ras,	
  which	
  in	
  turn	
  initiates	
  the	
  

MAP	
  kinase	
  pathway	
  (Houtman	
  et	
  al.,	
  2006).	
  The	
  MAP	
  kinase	
  pathway	
  consists	
  of	
  a	
  

series	
   of	
   serine/	
   threonine	
   kinases	
   RafMekErk	
   forming	
   a	
   relay	
   that	
  

phosphorylates	
  the	
  next	
  member	
   in	
  the	
  series.	
  Active	
  Extracellular	
  signal-­‐regulated	
  

kinases	
  (Erk)	
  phosphorylates	
  transcription	
  factor	
  Elk,	
  which	
  initiates	
  the	
  transcription	
  

of	
  c-­‐fos,	
  a	
  component	
  subunit	
  of	
  activator	
  protein-­‐1	
  (AP-­‐1),	
  yet	
  another	
  transcription	
  

factor	
   that	
  plays	
  a	
  major	
   role	
   in	
  cell	
  proliferation	
  and	
  cytokine	
  secretion	
   (Chang	
  et	
  

al.,	
   2003).	
   In	
  addition	
   to	
  activating	
   the	
  MAP	
  kinase	
  pathway,	
  Grb2	
  was	
   thought	
   to	
  

facilitate	
  LAT	
  oligomerisation	
  on	
  the	
  basis	
  that	
  both	
  LAT	
  and	
  Sos1	
  could	
  potentially	
  

bind	
  two	
  Grb2	
  at	
  once.	
  This	
  allows	
  both	
  Grb2	
  and	
  Sos1	
  to	
  act	
  as	
  a	
  bridge	
  between	
  

multiple	
   LAT	
   molecules.	
   The	
   potential	
   association	
   was	
   verified	
   using	
   isothermal	
  

calorimetry	
  (ITC)	
  and	
  confocal	
  microscopy	
  (Houtman	
  et	
  al.,	
  2006).	
  The	
  importance	
  of	
  

LAT	
   oligomerisation	
   may	
   be	
   to	
   concentrate	
   and	
   encourage	
   inter-­‐molecular	
  

phosphorylation	
  to	
  favour	
  downstream	
  signalling	
  (Balagopalan	
  et	
  al.,	
  2010).	
  	
  

Binding	
   of	
   GRB2-­‐related	
   adapter	
   protein	
   2	
   (Gads),	
   another	
   member	
   of	
   the	
   Grb2	
  

family,	
   to	
   LAT	
   facilitates	
   the	
   recruitment	
   of	
   SH2	
   domain-­‐	
   containing	
   leukocyte	
  

protein	
  of	
   76kD	
   (SLP-­‐76)	
   to	
   the	
   TCR	
   signalling	
   complex	
   (Liu	
   et	
   al.,	
   1999).	
   Like	
   LAT,	
  

SLP-­‐76	
  is	
  an	
  adaptor	
  protein	
  with	
  three	
  tyrosine	
  residues	
  that,	
  upon	
  phosphorylation	
  

by	
  local	
  tyrosine	
  kinases,	
  recruits	
  further	
  downstream	
  signalling	
  molecules	
  including 

vav	
  1	
  guanine	
  nucleotide	
  exchange	
  factor	
  (Vav),	
  Nck	
  and	
  IL-­‐2	
  inducible	
  T	
  cell	
  kinase	
  

(Itk).	
  Vav	
  is	
  a	
  GEF	
  that	
  activates	
  the	
  Rho	
  family	
  of	
  G-­‐proteins	
  (including	
  Rac1,	
  RhoA	
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and	
  Cdc42)	
  necessary	
  for	
  the	
  reversal	
  of	
  Wiskott-­‐Aldrich	
  syndrome	
  protein	
  (WASp)	
  

auto-­‐inhibition.	
   Activated	
   WASp	
   initiates	
   downstream	
   actin	
   polymerisation	
   and	
  

cytoskeletal	
   changes	
   by	
   interacting	
   with	
   the	
   actin	
   related	
   protein	
   2/3	
   (Arp2/3)	
  

complex	
  (Hornstein	
  et	
  al.,	
  2004).	
  	
  Nck	
  was	
  also	
  shown	
  to	
  interact	
  with	
  WASp	
  and	
  is	
  

thought	
   to	
   regulate	
   WASp	
   mediated	
   actin	
   cytoskeletal	
   rearrangement	
   in	
   the	
  

signalling	
   complex	
   (Rohatgi	
   et	
   al.,	
   2001).	
   Itk	
   is	
   a	
  member	
   of	
   the	
   Tec	
   kinase	
   family	
  

known	
   to	
   phosphorylate	
   and	
   activate	
   Phospholipase	
   C-­‐	
   γ1	
   (PLC-­‐γ1).	
   Mutation	
   of	
  

Y145	
  on	
  SLP-­‐76	
  that	
  mediates	
  Itk	
  association	
  diminishes	
  PLC-­‐γ1	
  phosphorylation	
  and	
  

function,	
  highlighting	
  the	
  importance	
  of	
  Itk	
   in	
  TCR	
  transduction	
  pathway	
  (Jordan	
  et	
  

al.,	
  2008).	
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pMHC	
  

TCR	
  

Figure 1.2 TCR signal transduction pathway 

The TCR signal transduction pathway begins with Src kinase (Lck) 
phosphorylation of CD3 ITAM tyrosine residues. ZAP70 recruitment to the ITAMs 
facilitates LAT phosphorylation and the recruitment of other adaptor molecules 
including Grb2, SLP76 and PLCγ1. Grb 2 recruits Sos1 to initiate the MAP kinase 
pathway, ultimately culminating in the activation of transcription factor AP-1. 
PLCγ1 catalyses the formation of DAG and IP3. DAG activation results in the 
activation of MAP kinase and PKCθ mediated pathways while IP3 initiates the 
calcium signalling pathways. SLP76 recruitment to the TCR facilitates actin 
cytoskeletal rearrangement via Vav1 and WASp.    
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PLC-­‐γ1	
   on	
   the	
   other	
   hand,	
   is	
   recruited	
   to	
   the	
   signalling	
   complex	
   via	
   high	
   affinity	
  

interaction	
  between	
  its	
  SH2	
  domain	
  interactions	
  with	
  LAT	
  pY132	
  (Paz	
  et	
  al.,	
  2001).	
  At	
  

the	
   plasma	
   membrane,	
   Itk	
   activated	
   PLC-­‐γ1	
   hydrolyses	
   membrane	
   lipid	
   PIP2	
   to	
  

produce	
  second	
  messengers	
  diacylglycerol	
  (DAG)	
  and	
  Inositol	
  trisphosphate	
  (IP3).	
  

DAG	
  activates	
  MAP	
  Kinase-­‐	
  and	
  PKCθ-­‐mediated	
  signalling	
  pathways	
  

Activation	
  of	
  DAG	
  by	
  PLC-­‐γ1	
  also	
  results	
  in	
  the	
  activation	
  of	
  the	
  MAP	
  kinase	
  pathway	
  

involving	
   Ras,	
   culminating	
   in	
   the	
   production	
   of	
   transcription	
   factor	
   AP-­‐1	
   as	
  

mentioned	
  previously.	
  In	
  addition,	
  DAG	
  activates	
  a	
  second	
  major	
  signalling	
  pathway	
  

involving	
  protein	
  kinase	
  C	
  θ	
   (PKCθ).	
  PKCθ	
   initiates	
  a	
   series	
  of	
   steps	
   that	
  ultimately	
  

lead	
   to	
   the	
   activation	
   of	
   Nuclear-­‐Factor	
   κB	
   (NFκB)	
   by	
   phosphorylating	
   scaffold	
  

protein	
   CARD-­‐	
   containing	
   MAGUK	
   protein	
   1	
   (CARMA1).	
   Phosphorylated	
   CARMA1	
  

oligomerises	
   and	
   association	
   with	
   Bcl10.	
   Mucosa	
   associated	
   lymphoid	
   tissue	
  

lymphoma	
   translocation	
   gene	
   1	
   (MALT1)	
   binds	
   to	
   B	
   cell	
   leukemia/lymphoma	
   10	
  

(Bcl10)	
   to	
   form	
   a	
   trimolecular	
   CARMA1/Bcl10/MALT1	
   complex	
   that	
   contributes	
   to	
  

the	
   activation	
   of	
   TNF	
   receptor-­‐associated	
   factor	
   6	
   (TRAF6).	
   TRAF6	
   activates	
   a	
  

complex	
  of	
  serine	
  kinase	
  IκB	
  kinase	
  (IKK),	
  which	
  phosphorylates	
  IκB,	
  targeting	
  it	
  for	
  

ubiquitylation	
   and	
   degradation.	
   Degradation	
   of	
   IκB	
   relieves	
   its	
   inhibition	
   of	
  

transcription	
  factor	
  NFκB,	
  allowing	
  its	
  translocation	
  into	
  the	
  nucleus	
  (Smith-­‐Garvin	
  et	
  

al.,	
  2009).	
  PKCθ	
  can	
  also	
  activate	
  c-­‐Jun	
  N-­‐terminal	
  kinase	
  (JNK),	
  and	
  may	
  be	
  able	
  to	
  

activate	
  AP-­‐1	
  by	
  this	
  route	
  (Moller	
  et	
  al.,	
  2001).	
  Activation	
  of	
  DAG	
  therefore	
  provides	
  

independent	
  mechanisms	
  for	
  the	
  activation	
  of	
  AP-­‐1	
  and	
  NFκB.	
  

IP3	
  and	
  calcium	
  mediated	
  signalling	
  pathways	
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IP3,	
  generated	
  as	
  a	
  result	
  of	
  PIP2	
  hydrolysis	
  by	
  PLC-­‐γ1,	
  binds	
  to	
  IP3-­‐Ca2+	
  ion	
  channel	
  

receptors	
   on	
   endoplasmic	
   reticulum	
   membrane	
   leading	
   to	
   the	
   release	
   of	
   stored	
  

intracellular	
   Ca2+.	
   The	
   spike	
   in	
   intracellular	
   Ca2+	
   triggers	
   a	
   sustained	
   influx	
   of	
   Ca2+	
  

from	
  by	
  activating	
  plasma	
  membrane	
  Ca2+	
   released	
  activated	
  Ca2+	
   (CRAC)	
  channels	
  

(Oh-­‐hora	
  and	
  Rao,	
  2008).	
  Ca2+	
  is	
  well	
  established	
  as	
  efficient	
  intracellular	
  secondary	
  

messenger.	
   In	
   the	
   case	
   of	
   TCR	
   signalling,	
   intracellular	
   Ca2+	
   binds	
   calmodulin	
   and	
  

induces	
  a	
  conformational	
  change	
  in	
  the	
  latter,	
  enabling	
  the	
  binding	
  and	
  activation	
  of	
  

additional	
   downstream	
   signalling	
   molecules.	
   One	
   of	
   them	
   is	
   calcineurin,	
   a	
  

phosphatase	
   that	
   dephosphorylates	
   and	
   allows	
   nuclear	
   factor	
   of	
   activated	
   T-­‐cells	
  

(NFAT)	
   nuclear	
   translocation	
   (Savignac	
   et	
   al.,	
   2007).	
   In	
   the	
   nucleus,	
   NFAT	
   can	
  

cooperate	
  with	
  other	
  unrelated	
  transcription	
  factors	
  such	
  as	
  AP-­‐1,	
  thereby	
  serving	
  as	
  

a	
   point	
   of	
   signal	
   integration	
   between	
   different	
   signalling	
   pathways.	
   For	
   example,	
  

NFAT/	
  AP-­‐1	
  cooperation	
   is	
   important	
   in	
  transcription	
  of	
   IL-­‐2,	
  while	
  activity	
  of	
  NFAT	
  

alone	
  in	
  the	
  absence	
  of	
  AP-­‐1	
  induces	
  T	
  cell	
  anergy	
  (Macian	
  et	
  al.,	
  2002).	
  In	
  addition,	
  

such	
  cooperation	
  is	
  also	
  implicated	
  in	
  T	
  cell	
  lineage	
  development.	
  Synergistic	
  activity	
  

between	
   NFAT	
   and	
   Gata-­‐3	
   favours	
   IL-­‐4	
   and	
   IL-­‐5	
   production	
   for	
   TH2	
   lineage	
  

differentiation	
   while	
   association	
   with	
   Foxp3	
   displaces	
   NFAT/AP-­‐1	
   complex	
   to	
  

promote	
  regulatory	
  T	
  cell	
  development	
  [(Wu	
  et	
  al.,	
  2006),	
  reviewed	
  in	
  (Savignac	
  et	
  

al.,	
  2007)].	
  	
  	
  	
  

Myocyte	
  enhancer	
  factor-­‐2	
  (MEF2)	
  represents	
  another	
  family	
  of	
  transcription	
  factor	
  

activated	
   downstream	
   of	
   Ca2+	
   signalling	
   in	
   a	
   calmodulin	
   dependent	
   pathway.	
  

Relevance	
   of	
   MEF2	
   in	
   the	
   T	
   cell	
   signalling	
   pathway	
   was	
   demonstrated	
   by	
  

investigating	
   mice	
   harbouring	
   a	
   partial	
   calcineurin-­‐binding	
   protein (Cabin1)	
  

knockout.	
  Cabin1	
   is	
  a	
  MEF2	
   transcriptional	
   repressor	
   that	
   interacts	
  with	
  MEF2	
  and	
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calmodulin	
  in	
  a	
  mutually	
  exclusive	
  way,	
  interaction	
  of	
  the	
  latter	
  releases	
  MEF2	
  from	
  

repression.	
  Partial	
  Cabin1	
  knockout	
  highlighted	
  a	
  role	
  for	
  MEF2	
  in	
  IL-­‐2,	
  IL-­‐4,	
  IL-­‐9	
  and	
  

IL-­‐13	
  upregulation	
  following	
  TCR	
  stimulation	
  (Esau	
  et	
  al.,	
  2001).	
  

Ca2+	
   signal	
   also	
   enhances	
   the	
   expression	
   of	
   immune-­‐related	
   genes	
   by	
   inhibiting	
  

transcriptional	
   repressor	
   downstream	
   regulatory	
   element	
   antagonistic	
   modulator	
  

(DREAM).	
  DREAM	
   is	
   a	
   Ca2+	
   binding	
  protein	
   that	
   also	
   binds	
   downstream	
   regulatory	
  

elements	
   (DRE)	
   of	
   DNA.	
   Increased	
   Ca2+	
   concentration	
   promotes	
   Ca2+	
   binding	
   to	
  

DREAM	
   to	
   release	
   DREAM	
   from	
   the	
   DRE	
   thereby	
   de-­‐repressing	
   DRE-­‐dependent	
  

transcription	
   (Savignac	
   et	
   al.,	
   2007).	
   Target	
   sequences	
   of	
   DREAM	
   include	
   IL-­‐2	
   and	
  

IFNγ	
  (Savignac	
  et	
  al.,	
  2005).	
  	
  

1.4	
  T	
  cell	
  co-­‐stimulation	
  	
  	
  

‘Paralysis	
  and	
  induction	
  involve	
  the	
  recognition	
  of	
  one	
  and	
  two	
  determinants	
  on	
  an	
  

antigen,	
  respectively’	
  -­‐	
  Bretscher	
  and	
  Cohn,	
  1970	
  

While	
  the	
  TCR	
  is	
  central	
  to	
  delineating	
  the	
  specificities	
  of	
  agonistic	
  pMHCs,	
  full	
  T	
  cell	
  

activation	
   often	
   requires	
   the	
   presence	
   of	
   a	
   second,	
   co-­‐stimulatory	
   signal.	
   In	
   the	
  

absence	
   of	
   the	
   costimulatory	
   signal	
   TCR	
   engagement	
   can	
   result	
   in	
   T	
   cell	
  

unresponsiveness	
  or	
  anergy.	
  This	
  requirement	
  was	
  originally	
  developed	
  to	
  explain	
  B	
  

cells	
   discrimination	
   between	
   self	
   and	
   foreign	
   antigen,	
   where	
   it	
   was	
   known	
   as	
   the	
  

‘two	
   signal’	
   hypothesis	
   (Lafferty	
   and	
   Cunningham,	
   1975),	
   and	
   was	
   subsequently	
  

applied	
  to	
  T	
  cells	
  (Bretscher	
  and	
  Cohn,	
  1970a).	
  	
  

Evolution	
  of	
  the	
  ‘two	
  signal’	
  hypothesis	
  

The	
  original	
  hypothesis	
  has	
  come	
  a	
  long	
  way	
  since	
  the	
  functional	
  discovery	
  of	
  CD28,	
  

which	
  remains	
  to	
  this	
  day,	
  the	
  quintessential	
  T	
  cell	
  co-­‐stimulation	
  receptor	
  (June	
  et	
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al.,	
  1987).	
  The	
  input	
  of	
  secondary	
  signals	
  reveals	
  the	
  possibility	
  of	
  signal	
  integration	
  

between	
  receptors	
  on	
  the	
  T	
  cell	
  surface,	
  representing	
  a	
  natural	
  modification	
  of	
  the	
  

original	
   hypothesis.	
   Whether	
   co-­‐stimulatory	
   receptors	
   represent	
   a	
   qualitative	
   or	
  

quantitative	
   enhancement	
   of	
   TCR	
   signalling	
   remains	
   to	
   be	
   an	
   area	
   contentious	
  

debate	
  (Acuto	
  and	
  Michel,	
  2003).	
  CD28	
  signalling	
  however,	
  is	
  known	
  to	
  reduce	
  TCR	
  

signalling	
   threshold	
   by	
   feeding	
   into	
   the	
  main	
   TCR	
   signalling	
   pathway	
   as	
  well	
   as	
   to	
  

transduce	
  qualitatively	
  unique	
  signals	
  (Lenschow	
  et	
  al.,	
  1996b).	
  	
  

Subsequent	
  discovery	
  of	
  CTLA-­‐4	
  as	
  an	
  inhibitory	
  'co-­‐stimulatory'	
  molecule	
  for	
  T	
  cells	
  

further	
   extended	
   the	
   paradigm	
   of	
   co-­‐stimulation	
   to	
   include	
   negative	
   regulatory	
  

pathways	
   (Linsley	
   et	
   al.,	
   1991).	
   More	
   recently,	
   the	
   discovery	
   of	
   bi-­‐directional	
  

signalling,	
  where	
   costimulatory	
   receptor	
   ligands	
   also	
   transduce	
   signal	
   into	
   antigen	
  

presenting	
  has	
  uncovered	
  the	
  dynamic	
  two-­‐way	
  nature	
  of	
  co-­‐stimulation	
  (Munn	
  et	
  

al.,	
  2004,	
  Eissner	
  et	
  al.,	
  2004).	
  This	
  is	
  perhaps	
  best	
  demonstrated	
  by	
  the	
  induction	
  of	
  

indoleamine	
   2,3-­‐dioxygenase	
   (IDO)	
   by	
   CTLA-­‐4	
   engagement	
   of	
   its	
   ligands	
   CD80	
   or	
  

CD86	
  on	
  dendritic	
  cells	
  (DCs)	
  (Munn	
  et	
  al.,	
  2004).	
  

These	
   developments,	
   along	
   with	
   increasing	
   appreciation	
   of	
   the	
   importance	
   of	
  

spatial-­‐temporal	
  regulation	
  of	
  co-­‐stimulatory	
  have	
  prompted	
  a	
  re-­‐evaluation	
  of	
  T	
  cell	
  

co-­‐stimulation,	
  as	
  reviewed	
  by	
  Chen	
  and	
  Flies	
  (Chen	
  and	
  Flies,	
  2013).	
  	
  

The	
  CD28	
  group	
  of	
  co-­‐stimulating	
  receptors	
  	
  

CD28	
  family,	
  which	
  includes	
  CD28,	
  Cytotoxic	
  T-­‐Lymphocyte	
  Antigen	
  4	
  (CTLA-­‐4),	
  ICOS	
  

and	
  programmed	
  cell	
  death	
  protein	
  1	
  (PD-­‐1),	
   is	
  the	
  best-­‐characterised	
  group	
  of	
  co-­‐

stimulatory	
   receptors.	
   Members	
   have	
   a	
   single	
   extracellular	
   Ig	
   V-­‐like	
   domain,	
   and	
  

interact	
  with	
  cell-­‐surface	
  proteins	
  in	
  the	
  CD80	
  family,	
  which	
  have	
  two	
  Ig	
  domains.	
  As	
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functions	
  of	
  CD28	
  will	
  be	
  thoroughly	
  reviewed	
  in	
  chapter	
  3,	
  this	
  section	
  will	
  focus	
  on	
  

selected	
  members	
  of	
  the	
  CD28	
  superfamily.	
  	
  

Inducible	
   co-­‐stimulator	
   (ICOS)	
   is	
   upregulated	
   on	
   T	
   cell	
   surfaces	
   upon	
   ICOS	
   ligand	
  

(ICOSL)	
   binding.	
   Intracellular	
   tail	
   of	
   the	
   disulphide-­‐linked	
   Ig-­‐V	
   homodimer	
   contains	
  

two	
   tyrosine	
   residues.	
   Tyrosine	
  phosphorylation	
  of	
   the	
  YMFM	
  motif	
   results	
   in	
  PI3-­‐

kinase	
   recruitment	
   via	
   p85-­‐SH2	
   domain	
   association	
   (Gigoux	
   et	
   al.,	
   2009).	
   As	
   such,	
  

ICOS	
  delivers	
  a	
  co-­‐stimulatory	
  signal	
  akin	
  to	
  CD28	
  in	
  part	
  via	
  the	
  cell	
  survival	
  effects	
  

of	
   AKT	
   activation	
   downstream	
   of	
   PI3-­‐kinase	
   (see	
   Chapter	
   3	
   introduction).	
   Indeed,	
  

defects	
   observed	
   in	
   CD28	
   knockout	
  mice	
   can	
   be	
   rectified	
   by	
   crossing	
   the	
   animals	
  

with	
  mice	
  expressing	
  ICOS	
  constitutively	
  (Linterman	
  et	
  al.,	
  2009).	
  ICOS	
  signalling	
  can	
  

contribute	
  to	
  TH1	
  and	
  TH2	
   lineage	
  differentiation	
  by	
   inducing	
   IL-­‐4,	
   IL-­‐5,	
   IL-­‐10,	
   IFNγ	
  

and	
   TNFα	
   secretion	
   [reviewed	
   in	
   ((Simpson	
   et	
   al.,	
   2010)].	
   	
   In	
   addition,	
   the	
   role	
   of	
  

ICOS	
  in	
  maintaining	
  memory	
  T	
  effector	
  cells	
  was	
  highlighted	
  by	
  reduced	
  CD44+	
  and	
  

CD62L+	
  T	
  cells	
  in	
  ICOS	
  deficient	
  mice	
  (Burmeister	
  et	
  al.,	
  2008).	
  

CTLA-­‐4	
  represents	
   the	
  prototypical	
   inhibitory	
   ‘co-­‐stimulatory’	
   receptor.	
   Importance	
  

of	
   this	
   receptor	
   was	
   demonstrated	
   by	
   severe	
   autoimmunity	
   characterised	
   by	
  

lymphadenopathy,	
  splenomegaly	
  and	
  multiple	
  organ	
  failure	
  in	
  CTLA-­‐4	
  deficient	
  mice	
  

(Tivol	
  et	
  al.,	
  1995,	
  Waterhouse	
  et	
  al.,	
  1995).	
  CTLA-­‐4	
  is	
  a	
  homologue	
  of	
  CD28	
  (~30%	
  

sequence	
  identity)	
  and	
  they	
  share	
  the	
  same	
  ligands	
  CD80	
  and	
  CD86	
  by	
  virtue	
  of	
  their	
  

MYPPPY	
  binding	
  motif	
  (Teft	
  et	
  al.,	
  2006).	
  Molecular	
  mechanisms	
  of	
  CTLA-­‐4	
  inhibition	
  

have	
  traditionally	
  been	
  distinguished	
  between	
  its	
  ability	
  to	
  affect	
  T	
  cells	
  that	
  express	
  

it	
   or	
   (cell	
   intrinsic)	
   or	
   its	
   ability	
   to	
   mediate	
   its	
   effects	
   through	
   other	
   cells	
   (cell	
  

extrinsic)	
  [reviewed	
  in	
  (Walker	
  and	
  Sansom,	
  2011)].	
  One	
  cell	
   intrinsic	
  mechanism	
  is	
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transduction	
  of	
  an	
  inhibitory	
  signal:	
  CTLA-­‐4’s	
  ability	
  to	
  recruit	
  tyrosine	
  phosphatases	
  

Protein	
  phosphatase	
  2A	
  (PP2A)	
  and	
  Tyrosine-­‐protein	
  phosphatase	
  non-­‐receptor	
  type	
  

11	
   (PTPN11	
   or	
   SHP2)	
   could	
   antagonise	
   tyrosine-­‐phosphorylation-­‐dependent	
  

signalling	
  by	
  TCR	
  and	
  CD28	
   (Teft	
  et	
  al.,	
  2006).	
  A	
  second	
  cell	
   intrinsic	
  mechanism	
   is	
  

competition	
   for	
   ligand:	
   the	
   fact	
   that	
   CTLA-­‐4	
   and	
   CD28	
   shared	
   the	
   same	
   ligands	
  

suggested	
   that	
   both	
   receptors	
   could	
   in	
   theory	
   compete	
   for	
   ligand	
   engagement	
  

(Thompson	
   and	
  Allison,	
   1997).	
   Such	
   views	
  were	
   exceptionally	
   attractive	
   as	
   CTLA-­‐4	
  

binds	
  its	
  ligands	
  with	
  greater	
  affinity	
  and	
  avidity	
  than	
  CD28	
  does	
  (van	
  der	
  Merwe	
  et	
  

al.,	
  1997).	
  Effective	
  sequestrations	
  of	
   ligands	
  however	
  would	
   require	
  high	
   levels	
  of	
  

CTLA-­‐4	
  expressions	
  relative	
  to	
  CD28,	
  which	
  is	
  a	
  rare	
  phenomenon	
  in	
  conventional	
  T	
  

cells	
  since	
  CTLA-­‐4	
  are	
  only	
  inducible	
  upon	
  T	
  cell	
  activation.	
  	
  

Several	
  cell-­‐extrinsic	
  mechanisms	
  have	
  been	
  proposed.	
  Sansom	
  and	
  colleagues	
  have	
  

demonstrated	
  that	
  CTLA-­‐4	
  can	
  mediate	
  trans-­‐endocytosis	
  of	
  CD80	
  and	
  CD86	
  ligands	
  

on	
   APCs.	
   Ligands	
   ‘snatched	
   off’	
   the	
   surface	
   of	
   the	
   APC	
   then	
   undergo	
   lysosome-­‐

mediated	
   degradation	
   (Qureshi	
   et	
   al.,	
   2011),	
   abrogating	
   the	
   ability	
   of	
   the	
   APC	
   to	
  

costimulate	
  other	
  T	
  cells.	
  Other	
  cell	
  extrinsic	
  mechanisms	
  of	
  CTLA-­‐4	
  function	
  include	
  

the	
   induction	
   of	
   inhibitory	
   cytokines	
   and	
   enzymes	
   by	
   regulatory	
   T	
   cells	
   and	
   APCs	
  

respectively,	
   as	
   well	
   as	
   the	
   production	
   of	
   soluble	
   CTLA-­‐4	
   molecules	
   [reviewed	
   in	
  

(Walker	
  and	
  Sansom,	
  2011)].	
  	
  

PD-­‐1	
   is	
   another	
  well-­‐established	
   inhibitory	
   co-­‐stimulatory	
   receptor	
   on	
   T	
   cells.	
   The	
  

inhibitory	
  function	
  of	
  PD-­‐1	
  is	
  mediated	
  by	
  its	
  intracellular	
  immunoreceptor	
  tyrosine	
  

based-­‐inhibitory	
   motif	
   (ITIM)	
   and	
   immunoreceptor	
   tyrosine	
   based-­‐switch	
   motif	
  

(ITSM)	
  (Ishida	
  et	
  al.,	
  1992).	
  Expression	
  of	
  PD-­‐1	
  is	
  inducible	
  upon	
  T	
  cell	
  activation	
  and	
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its	
   downstream	
   signalling	
   event	
   involves	
   the	
   recruitment	
   of	
   a	
   number	
   of	
  

phosphatases	
   including	
   SHP2	
   and	
   phosphatase	
   and	
   tensin	
   homolog	
   (PTEN),	
   which	
  

can	
  reverse	
  the	
  phosphorylation	
  events	
  of	
  Lck	
  and	
  PI3-­‐kinase	
  respectively	
  (Parry	
  et	
  

al.,	
  2005,	
  Yamazaki	
  et	
  al.,	
  2002).	
  PD-­‐1	
  expression	
   is	
  also	
  enhanced	
  on	
  exhausted	
  T	
  

cells	
   like	
   other	
   inhibitory	
   IgSF	
   members	
   including	
   CTLA-­‐4,	
   B-­‐	
   and	
   T-­‐lymphocyte	
  

attenuator	
   (BTLA)	
   and	
  T-­‐cell	
   immunoglobulin	
  domain	
   and	
  mucin	
  domain	
  3	
   (TIM3).	
  

Exhausted	
   T	
   cells	
   exhibit	
   progressive	
   loss	
   of	
   T	
   cell	
   function	
   as	
   a	
   result	
   of	
   chronic	
  

antigen	
   exposure	
   in	
   persistent	
   infections	
   or	
   cancer	
   (Wherry,	
   2011).	
   Therapeutic	
  

significance	
  of	
  PD-­‐1	
  is	
  stressed	
  by	
  the	
  reversal	
  T	
  cell	
  exhaustion	
  to	
  reduce	
  viral	
  load	
  

upon	
   PD-­‐1	
   blockade	
   in	
   several	
   infection	
   models	
   (Velu	
   et	
   al.,	
   2009,	
   Barber	
   et	
   al.,	
  

2006).	
  



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   METHODS	
  AND	
  MATERIALS 
 

 27 

	
  

	
  

	
  

	
  

	
  

	
  

CHAPTER	
  2:	
  

	
  

Methods	
  and	
  Materials 

	
   	
  



CHAPTER	
  2   
 

  28 

2.1	
  Plasmid	
  Constructs	
  	
  	
  

Elongating	
  CD80	
  

SacII	
   and	
   BspEI	
   restriction	
   sites	
  were	
   first	
   introduced	
   into	
   the	
   region	
   of	
   the	
   CD80	
  

cDNA	
  encoding	
  the	
  linker	
  between	
  the	
  ectodomain	
  and	
  transmembrane	
  domain	
  by	
  

overlapping	
  Polymerase	
  Chain	
  Reaction	
  (PCR)	
  mutagenesis	
  using	
  primer	
  sets	
  1	
  and	
  2	
  

(see	
   Table	
   2.1;	
   restriction	
   enzyme	
   sequences	
   are	
   underlined).	
   To	
   elongate	
   CD80,	
  

DNA	
  encoding	
  spacer	
  fragments	
  of	
  human	
  CD2	
  or	
  CD4	
  were	
  inserted	
  in	
  between	
  the	
  

SacII	
  and	
  BspEI	
  sites.	
  The	
  CD2	
  and	
  CD4	
  spacer	
  fragments	
  were	
  cloned	
  from	
  human	
  

CD2	
  and	
  CD4	
  cDNA	
  using	
  primer	
  sets	
  3	
  and	
  4	
  respectively.	
  For	
  expression,	
  the	
  CD80	
  

constructs	
   were	
   cloned	
   into	
   pcDNATM3.1+/Hygro	
   (InvitrogenTM)	
   expression	
   vector	
  

between	
  the	
  HindIII	
  and	
  NotI	
  enzymatic	
  sites.	
  HindIII	
  and	
  Not	
  I	
  enzymatic	
  sites	
  were	
  

introduced	
   at	
   the	
   5’	
   and	
   3’	
   end	
   of	
   CD80-­‐WT,	
   CD80CD2	
   or	
   CD80CD4	
   DNA	
   by	
   PCR	
  

using	
  primer	
  set	
  5.	
  The	
  elongated	
  constructs	
  were	
  verified	
  by	
  DNA	
  sequencing.	
  	
  

Elongating	
  H2Kb	
  Single	
  Chain	
  Dimer	
  (SCD)	
  

PKG5-­‐SCD	
  vector	
  was	
  a	
  gift	
  from	
  Dr	
  Keith	
  Gould	
  of	
  Imperial	
  College	
  London,	
  UK.	
  To	
  

elongate	
   SCD,	
   a	
   SalI	
   enzymatic	
   site	
   was	
   introduced	
   into	
   the	
   stalk	
   region	
   of	
   H2kb	
  

heavy	
  chain	
  by	
  PCR	
  overlapping	
  mutagenesis	
  using	
  the	
  primer	
  set	
  6.	
  SalI	
  enzymatic	
  

sites	
  were	
  introduced	
  at	
  the	
  5’	
  and	
  3’	
  end	
  of	
  the	
  CD2	
  and	
  CD4	
  spacer	
  fragment	
  using	
  

primer	
  sets	
  7	
  and	
  8	
  respectively.	
  These	
  spacer	
  fragments	
  were	
  then	
  ligated	
  into	
  SalI-­‐

containing	
  stalk	
  region	
  of	
  H2Kb	
  to	
  elongate	
  the	
  molecule.	
  Incorporation	
  of	
  the	
  spacer	
  

fragments	
  was	
  confirmed	
  by	
  DNA	
  sequencing.	
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CD80-­‐GFP	
  Fusion	
  	
  

Stop	
  codons	
  of	
  CD80,	
  CD80CD2	
  and	
  CD80CD4	
  were	
  mutated	
  by	
  PCR	
  using	
  primer	
  set	
  

9.	
   ‘Non-­‐stop’	
   mutants	
   of	
   CD80,	
   CD80CD2	
   or	
   CD80CD4	
   were	
   ligated	
   back	
   into	
  

pcDNATM3.1+/Hygro	
   (InvitrogenTM)	
   expression	
   vector	
   between	
   the	
   HindIII	
   and	
  NotI	
  

enzymatic	
  sites.	
  DNA	
  encoding	
  GFP	
  was	
  ligated	
  in	
  between	
  NotI	
  and	
  XhoI	
  enzymatic	
  

site	
   immediately	
   downstream	
  of	
   the	
   ‘non-­‐stop	
  mutants’.	
  NotI	
   and	
  XhoI	
   sites	
  were	
  

cloned	
  into	
  the	
  5’	
  and	
  3’	
  end	
  of	
  GFP	
  respectively,	
  by	
  PCR	
  using	
  primer	
  set	
  10.	
  	
  

	
  

Table 2.1 List of primers used 
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SCD-­‐DsRed	
  Fusion	
  	
  

Stop	
  codons	
  of	
  SCD,	
  SCDCD2	
  and	
  SCDCD4	
  were	
  mutated	
  by	
  PCR	
  using	
  primer	
  set	
  11.	
  

’Non-­‐stop’	
   mutants	
   of	
   SCD,	
   SCDCD2	
   or	
   SCDCD4	
   were	
   ligated	
   back	
   into	
   the	
   PKG5	
  

expression	
   vector	
   in	
   between	
   the	
   XhoI	
   and	
   BamHI	
   restriction	
   sites.	
   DNA	
   encoding	
  

DsRed	
  was	
   ligated	
   in	
   between	
   the	
   BamHI	
   and	
  HindIII	
   restriction	
   sites	
   immediately	
  

downstream	
  of	
  the	
  ‘non-­‐stop’	
  mutants.	
  BamHI	
  and	
  HindIII	
  sites	
  were	
  cloned	
  into	
  the	
  

5’	
  and	
  3’	
  end	
  of	
  DsRed	
  respectively,	
  by	
  PCR	
  using	
  primer	
  set	
  12.	
  	
  	
  	
  

HLA-­‐A2	
  mutants	
  

Amino	
   acid	
   substitutions	
   were	
   introduced	
   by	
   mutating	
   HLA-­‐A2-­‐encoding	
   plasmids	
  

using	
  a	
  combination	
  of	
  overlapping	
  PCR	
  mutagenesis	
  and	
  QuickChange	
  site	
  directed	
  

mutagenesis	
   (Strategene	
   Cat.	
   No.	
   200523).	
   Mutations	
   were	
   verified	
   by	
   DNA	
  

sequencing.	
  	
  

TCR	
  Constructs	
  

Five	
  TCR	
  were	
  used	
   in	
  this	
  thesis:	
  1G4,	
  1G4c58/c61,	
  A6,	
  JM22	
  and	
  G10.	
  1G4,	
  JM22	
  

and	
   G10	
   TCR	
   constructs	
   were	
   obtained	
   respectively	
   from	
   Professors	
   Vincenzo	
  

Cerundolo	
  and	
  Yvonne	
  Jones,	
  and	
  Dr	
  Guillaume	
  Stewart-­‐Jones	
  from	
  the	
  University	
  of	
  

Oxford,	
  UK.	
  The	
  A6	
  TCR	
  was	
  provided	
  by	
  Professor	
  Brian	
  Baker	
  from	
  the	
  University	
  of	
  

Notre	
  Dame,	
  USA.	
  The	
  1G4c58/c61	
  TCR	
  was	
  provided	
  by	
  Immunocore	
  Limited,	
  UK.	
  

2.2	
  Cells	
  

CHO	
  Cell-­‐lines	
  

IEK	
  or	
  SCD	
  expressing	
  CHO	
  cell	
   lines	
  were	
  maintained	
  by	
  culturing	
  in	
  RPMI-­‐10%	
  FCS	
  

medium	
   containing	
   100U/ml	
   penicillin/streptomycin	
   and	
   0.5mg/ml	
   G418.	
   CD80	
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expression	
   was	
   maintained	
   by	
   adding	
   0.3mg/ml	
   hygromycin	
   in	
   the	
   relevant	
   cell	
  

culture	
  medium.	
  

Mouse	
  Primary	
  T	
  Cells	
  

To	
  prepare	
  primary	
  T	
   cells,	
   spleens	
   from	
  A1	
  TCR	
   transgenic	
  Rag1-­‐/-­‐	
   x	
  CBAc/a	
  mice,	
  

OT1	
  TCR	
  transgenic	
  C57BL/6	
  mice	
  or	
  CD28-­‐Y170F	
  DO11.10	
  TCR	
  transgenic	
  mice	
  were	
  

harvested	
   into	
  single	
  cell	
   suspensions	
  and	
   lysed	
  with	
  5ml	
  RBC	
   lysis	
  buffer	
   (150mM	
  

NH4Cl,	
  1mM	
  KHCO3,	
  20mM	
  EDTA).	
  CD4+	
  or	
  CD8+	
  T	
  cells	
  were	
  purified	
  using	
  Dynal®	
  

mouse	
  CD4	
  or	
  CD8	
  cell	
  negative	
  selection	
  kit	
  (Life	
  Technologies	
  Ltd	
  Cat.	
  no.	
  11415D/	
  

11417D).	
   CD28-­‐WT	
   and	
   CD28-­‐Y170F	
   DO11.10	
   TCR	
   transgenic	
   mice	
   were	
   kindly	
  

provided	
   by	
   Professor	
   Christopher	
   Rudd,	
   University	
   of	
   Cambridge,	
   UK	
   with	
  

permission	
   from	
   Dr	
   Jonathan	
   Green,	
   Washington	
   University	
   School	
   of	
   Medicine,	
  

USA.	
  

Human	
  Primary	
  T	
  cells	
  

Blood	
  obtained	
  from	
  HLA-­‐A2+	
  or	
  HLA-­‐A2-­‐	
  donors	
  were	
  directly	
  dispensed	
  into	
  sterile	
  

heparinized	
   vacutainer	
   tubes	
   (BD	
   Biosciences	
   Cat.	
   No.	
   368480),	
   diluted	
   1:2	
   in	
   PBS	
  

and	
  laid	
  carefully	
  onto	
  10ml	
  of	
  Ficoll	
  (GE	
  Healthcare	
  Cat.	
  No.	
  17-­‐1440-­‐02).	
  Following	
  

30	
   mins	
   centrifugation	
   at	
   1600RPM	
   without	
   brakes,	
   peripheral	
   blood	
  

mononucleated	
  cells	
  (PBMC)	
  were	
  gently	
  pipetted	
  and	
  washed	
  2	
  times	
  in	
  PBS.	
  CD8+	
  

T	
   cells	
   were	
   purified	
   using	
   magnetic	
   beads	
   negative	
   isolation	
   as	
   described	
   in	
   the	
  

manufacturer’s	
  protocol	
   (Life	
  Technologies	
  Ltd	
  Cat.	
  no.	
  11348D).	
  Human	
  primary	
  T	
  

cells	
   were	
   maintained	
   in	
   DMEM-­‐10%	
   FCS	
   medium	
   containing	
   100U/ml	
  

penicillin/streptomycin	
  and	
  50U/ml	
  IL-­‐2	
  (Peprotech	
  Cat.	
  No.	
  200-­‐02).	
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T	
  cell	
  lines	
  

Human	
  Jurkat	
  and	
  Mouse	
  2B4	
  and	
  B3Z	
  T	
  cell	
  hybridomas	
  were	
  cultured	
  in	
  RPMI-­‐10%	
  

FCS	
  and	
  100U/ml	
  penicillin/streptomycin.	
  Human	
  Jurkat	
  T	
  cell	
  lines	
  were	
  cultured	
  in	
  

DMEM-­‐10%	
  FCS	
  and	
  100U/ml	
  penicillin/streptomycin.	
  E6.1	
  Jurkat	
  T	
  cells	
  expressing	
  

NFAT-­‐Luciferase	
  construct	
  were	
  obtained	
  from	
  Professor	
  Oreste	
  Acuto,	
  University	
  of	
  

Oxford,	
  UK.	
  	
  

2.3	
  Protein	
  Purification,	
  Refolding	
  and	
  Biotinylation	
  

HLA-­‐A2	
  Molecules	
  

HLA-­‐A2	
   heavy	
   chains	
   containing	
   a	
   C-­‐terminal	
   BirA	
   tag	
   and	
   β2-­‐microglobulin	
   were	
  

expressed	
  as	
   inclusion	
  bodies	
   in	
  E.coli,	
   refolded	
   in	
  vitro	
  with	
   the	
   indicated	
  peptide	
  

and	
   purified	
   using	
   size-­‐exclusion	
   chromatography	
   (Madden	
   et	
   al.,	
   1993).	
   Purified	
  

pMHC	
  was	
  biotinylated	
  according	
  to	
  the	
  manufacturer’s	
  protocol	
  (Avidity).	
  	
  

T	
  Cell	
  receptors	
  

Separate	
  TCR	
  α	
  and	
  β	
  subunits	
  were	
  expressed	
  as	
  inclusion	
  bodies	
  in	
  E.coli,	
  refolded	
  

in	
   vitro	
   and	
   purified	
   first	
   using	
   anion	
   exchange	
   chromatography	
   before	
   using	
   size-­‐

exclusion	
  chromatography	
  [as	
  described	
  in	
  (Boulter	
  et	
  al.,	
  2003)].	
  

2.4	
  Peptides	
  

The	
  peptides	
  used	
   in	
   this	
   thesis	
  were	
  purchased	
  at	
   >95%	
  purity.	
  A	
   list	
   of	
  peptides	
  

used	
  and	
  their	
  source	
  can	
  be	
  found	
  in	
  Table	
  2.2.	
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2.5	
  Cell	
  Transfection	
  and	
  Transduction	
  

CHO	
  cell	
  transfection	
  

2μg	
  of	
  the	
  respective	
  DNA	
  constructs	
  were	
  transfected	
  into	
  50%	
  confluent	
  CHO	
  cell	
  

lines	
  using	
  LONZA	
  transfection	
  kit	
  according	
  to	
  the	
  manufacturer’s	
  protocol	
  (Amaxa®	
  

Cell	
  line	
  Nucleofector	
  Kit	
  T;	
  Lonza	
  Cat.	
  no.	
  VCA-­‐1002).	
  	
  

Lentiviral	
  Transduction	
  

293T	
  cells	
  were	
  co-­‐transfected	
  with	
  the	
  relevant	
  lentiviral	
  vector	
  along	
  with	
  the	
  pre-­‐

mixed	
  packaging	
  mix	
   (18μg	
  of	
  pRSV-­‐REV	
  and	
  pMDLg/p-­‐RRE	
  vectors,	
  7μg	
  of	
  pVSV-­‐G	
  

vector)	
  using	
  X-­‐tremeGENE	
  9	
  DNA	
  Transfection	
  Reagent	
  (Roche	
  Applied	
  Science	
  Cat.	
  

No.	
   06365787001).	
   Viruses	
   were	
   harvested	
   and	
   22μm-­‐filtered	
   after	
   24	
   hours	
   and	
  

concentrated	
   using	
   LentipacTM	
   Lentivirus	
   concentrator	
   (Genecopoeia	
   Cat.	
   No.	
   LPR-­‐

LCS-­‐01)	
  according	
  to	
  the	
  manufacturer’s	
  protocol.	
  Purified	
  human	
  T	
  cells	
  were	
  pre-­‐

stimulated	
   24	
   hours	
   before	
   viral	
   transduction	
   using	
   CD3/CD28-­‐antibody	
   coated	
  

microbeads	
  (Life	
  Technologies	
  Dynabeads®	
  Human	
  T	
  cell	
  Activator	
  Cat.	
  No.	
  111.31D)	
  

Table 2.2 List of peptides used 
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at	
  a	
  1:1	
  ratio.	
  1ml	
  of	
  fresh,	
  concentrated	
  lentivirus	
  were	
  added	
  onto	
  equal-­‐volume	
  of	
  

106	
  T	
  cells	
  in	
  culture	
  media	
  supplemented	
  with	
  50U/ml	
  IL-­‐2.	
  Fresh	
  IL-­‐2	
  supplemented	
  

media	
  were	
  replaced	
  every	
  2-­‐3	
  days	
  after	
  viral	
  transduction	
  and	
  the	
  magnetic	
  beads	
  

removed	
  on	
  day	
  5	
  after	
  viral	
  transduction.	
  	
  	
  	
  

2.6	
  T	
  Cell	
  Stimulation	
  Assays	
  and	
  Statistical	
  Analysis	
  

Mouse	
  primary	
  T	
  cells	
  –	
  Transgenic	
  A1,	
  OT1	
  and	
  DO11.10	
  TCR	
  mice	
  

5	
   x	
   104	
   CD80-­‐expressing	
   CHO-­‐IEK	
   or	
   CHO-­‐SCD	
   cells	
   were	
   pulsed	
   with	
   titrating	
  

concentrations	
   of	
   deadbox	
   gene	
   Dby	
   peptide	
   (REEALHQFRSGRKPI)	
   or	
   Ovalbumin	
  

OVA257-­‐264	
  (SIINFEKL)	
  peptide,	
  which	
  are	
  recognized	
  by	
  A1	
  and	
  OT1	
  TCRs	
  respectively.	
  

5	
  x	
  104	
  CD4+	
  A1	
  Rag1-­‐/-­‐	
  x	
  CBAc/a	
  T	
  cells	
  or	
  CD8+	
  OTI	
  C57BL/6	
  T	
  cells	
  were	
  added	
  to	
  

the	
   pulsed	
   CHO	
   cells	
   in	
   RPMI-­‐10	
   medium	
   for	
   48	
   hours.	
   	
   For	
   trans-­‐costimulation	
  

assays,	
  5	
  x	
  104	
   IEK	
  expressing	
  CHO	
  cells	
  were	
  pulsed	
  with	
  5μM	
  of	
  Dby	
  peptide	
  and	
  

incubated	
  with	
  A1	
  Rag1-­‐/-­‐	
  x	
  CBAc/a	
  T	
  cells	
  at	
  a	
  1:1	
  ratio,	
  together	
  with	
  the	
  indicated	
  

number	
  of	
  unpulsed,	
  CD80-­‐expressing	
  co-­‐stimulatory	
  CHO	
  cells.	
  In	
  assays	
  comparing	
  

CD28-­‐WT	
   versus	
   CD28-­‐Y170F	
   DO11.10	
   TCR	
   transgenic	
   mice,	
   TCR	
   activation	
   was	
  

provided	
  by	
   immobilising	
  5μg/ml	
  anti-­‐CD3	
  (Clone	
  2C11)	
  antibodies	
  on	
  streptavidin-­‐

coated	
  plates	
  (Sigma	
  Aldrich	
  Cat.	
  No.	
  S6940)	
   instead.	
  Supernatants	
  were	
  harvested	
  

after	
  48	
  hours	
  and	
  assayed	
  for	
  IL-­‐2	
  by	
  ELISA.	
  	
  

To	
  analyse	
  the	
  data	
  from	
  CD28-­‐WT	
  of	
  CD28-­‐Y170F	
  DO11.10	
  TCR	
  transgenic	
  mice,	
  the	
  

dose	
  response	
  curves	
  were	
  fitted	
  with	
  a	
  Gaussian	
  function	
  on	
  log	
  scale	
  and	
  the	
  area	
  

under	
   curve	
   (AUC)	
   calculated	
   as	
   a	
  measure	
   of	
   IL-­‐2	
   secretion.	
   In	
   this	
   analysis,	
   data	
  

from	
  both	
   CD80CD2	
   and	
   CD80CD4	
  were	
   collated	
   and	
   the	
   degree	
   of	
   IL-­‐2	
   secretion	
  

impairment	
  as	
  a	
  result	
  of	
  CD80	
  elongation	
  was	
  quantified	
  by	
  calculating	
  the	
  ratios	
  of	
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elongated	
  CD80	
  AUC:	
  CD80-­‐WT	
  AUC.	
  Paired	
  T	
  test	
  analysis	
  was	
  used	
  to	
  determine	
  if	
  

IL-­‐2	
   secretion	
   from	
   elongated	
   CD80	
   in	
   CD28-­‐WT	
   T	
   cells	
   was	
   significantly	
   different	
  

from	
  T	
  cells	
  with	
  CD28-­‐Y170F.	
  	
  

1G4hi-­‐expressing	
  Jurkat	
  T	
  cell	
  lines	
  

Refolded	
   biotinylated	
   pMHC	
  molecules	
   were	
   serially	
   diluted	
   (20μg/ml	
   -­‐	
   2.7ng/ml)	
  

and	
   transferred	
   onto	
   96-­‐well	
   streptavidin	
   coated	
   plates	
   (ThermoScientific	
   Cat.	
  No.	
  

15500)	
  for	
  90	
  mins	
  at	
  4°C.	
  Two	
  plates	
  were	
  prepared	
  for	
  every	
  experiment;	
  the	
  first	
  

used	
  for	
  the	
  stimulation	
  assay	
  and	
  the	
  second	
  was	
  used	
  to	
  determine	
  the	
   levels	
  of	
  

correctly	
  folded	
  plate-­‐immobilised	
  pMHC.	
  	
  

Levels	
   of	
   active	
   plate-­‐immobilised	
   pMHC	
  were	
  measured	
  using	
  mouse	
   anti-­‐human	
  

HLA	
   class	
   I	
   antibody	
   (clone	
  W6/32;	
   eBioscience	
   Cat.	
   No.	
   14-­‐9983)	
   in	
   combination	
  

with	
   fluorescent	
   secondary	
   goat	
   anti-­‐mouse	
   IgG	
   IRDye	
   800CW	
   antibodies	
   (LI-­‐COR	
  

Cat.	
   no.	
   926-­‐32210).	
   Fluorescence	
   measurement	
   were	
   performed	
   with	
   LI-­‐COR	
  

Odyssey®	
   Imaging	
   System	
   and	
   plotted	
   as	
   a	
   function	
   of	
   the	
   initial	
   pMHC	
  

concentration	
   on	
   Prism	
   6	
   (Graphpad	
   Prism	
   Software,	
   Inc.).	
   EC50	
   values	
   for	
   pMHC	
  

immobilisation	
  were	
  obtained	
  by	
  fitting	
  a	
  sigmoid-­‐dose	
  response	
  model	
  to	
  the	
  data.	
  

Levels	
  of	
  pMHC	
  immobilisation	
  were	
  normalised	
  to	
  an	
   index	
  pMHC	
  (WT/	
  4A)	
  using	
  

the	
  following	
  formula:	
  	
  

Normalised	
  Log	
  [pMHC]	
  =	
  Log	
  [pMHC]	
  +	
  (LogEC50	
  Index	
  pMHC	
  -­‐LogEC50	
  pMHC)	
  

For	
  stimulation,	
  5	
  x	
  104	
  1G4hi-­‐expressing	
  Jurkat	
  T	
  cells	
  were	
   incubated	
  overnight	
  at	
  

37°C	
  and	
  the	
  concentration	
  of	
  released	
   IL-­‐8	
  were	
  measured	
  by	
  ELISA	
  (eBiosciences	
  

Cat.	
  No.	
  88-­‐8086).	
  To	
  measure	
  the	
  amount	
  of	
  NFAT	
  expression,	
  the	
  cells	
  were	
  lysed	
  

using	
  ONE-­‐GloTM	
  Luciferase	
  substrate	
  (Promega	
  Cat.	
  No.	
  E6110)	
  and	
  analysed	
  using	
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plate	
   reader	
   (PherastarPlus,	
   BMG	
   Lab	
   Tech).	
   IL-­‐8	
   secretion	
   and	
   NFAT-­‐Luciferase	
  

expression	
   were	
   plotted	
   against	
   the	
   normalised	
   pMHC	
   concentrations	
   and	
   fitted	
  

using	
  a	
  Gaussian	
  function	
  on	
  a	
  log	
  scale.	
  	
  

For	
   correlation	
   analysis,	
   the	
   KD	
   and	
   koff	
   values	
  were	
   plotted	
   against	
   the	
   ascending	
  

EC50	
  and	
  amplitude	
  values	
  derived	
  from	
  the	
  Gaussian	
  curve.	
  A	
  linear	
  regression	
  was	
  

performed	
  to	
  determine	
  the	
  degree	
  of	
  correlation.	
  EC50	
  values	
  were	
  extracted	
  from	
  

the	
  Gaussian	
  curve	
  using	
  the	
  following	
  formula:	
  

EC50	
  =	
  μ	
  ±	
  SD.(√ln2)	
  

where	
  μ	
  is	
  the	
  mean	
  derived	
  from	
  the	
  Gaussian	
  curve	
  and	
  SD	
  refers	
  to	
  the	
  Standard	
  

deviation	
  of	
  the	
  Gaussian	
  curve.	
  

The	
   same	
   curves	
   were	
   fitted	
   with	
   a	
   Lowess	
   curve	
   to	
   extract	
   normalized	
   pMHC	
  

concentrations	
  for	
  the	
  plots	
  described	
  in	
  Figure	
  5.14.	
  	
  

1G4hi-­‐expressing	
  primary	
  human	
  T	
  cells	
  

pMHC	
  were	
  immobilised	
  onto	
  streptavidin-­‐coated	
  plates	
  as	
  described	
  previously.	
  For	
  

stimulation,	
  5	
  x	
  104	
  T	
  cells	
  were	
  added	
  onto	
  the	
  pMHC-­‐immobilised	
  plates	
  and	
  their	
  

supernatant	
   harvested	
   after	
   4	
   hours	
   and	
   48	
   hours	
   for	
   IFNγ	
   and	
   IL-­‐2	
   ELISA	
  

respectively	
  (eBioscience	
  Cat.	
  nos.	
  88-­‐7316-­‐88	
  and	
  88-­‐7025-­‐88).	
  	
  

2.7	
  CD28	
  binding	
  assay	
  	
  

To	
  measure	
  CD28	
  binding	
  to	
  CD80	
  expressing	
  CHO	
  cells,	
  120μl	
  of	
  protein	
  A	
  coated	
  

fluorescent	
   beads	
   (Spherotech,	
   Inc.,	
   Libertyville	
   Cat.	
   No.	
   PAFP-­‐0556-­‐5)	
   were	
  

incubated	
  with	
  5.2μg	
  of	
  CD28	
  recombinant	
  protein	
  fused	
  to	
  the	
  Fc	
  portion	
  of	
  human	
  

IgG1	
  (R&D	
  Systems	
  Cat.	
  No.	
  483CD/CF)	
  at	
  37°C	
  for	
  1	
  hour.	
  The	
  resultant	
  mixture	
  was	
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then	
   serially	
   diluted	
   12	
   fold	
   before	
   incubation	
   with	
   106	
   CHO	
   cells	
   at	
   each	
  

concentration	
  for	
  45	
  mins	
  in	
  a	
  staining	
  volume	
  of	
  50μl.	
  T	
  cells	
  were	
  then	
  washed	
  at	
  

low	
  speed	
  before	
  analysis	
  by	
  flow	
  cytometry.	
  

2.8	
  H2Kb	
  Loading	
  Assay	
  

Wild	
  type	
  and	
  elongated	
  SCDs	
  were	
  incubated	
  with	
  titrating	
  concentrations	
  of	
  pOVA-­‐

SIINFEKL	
  peptide	
  for	
  2	
  hours	
  at	
  37°C.	
  The	
  cells	
  were	
  then	
  washed	
  before	
  staining	
  for	
  

H2Kb-­‐SIINFEKL	
   complex	
   using	
   anti-­‐mouse	
   pOVA-­‐SIINFEKL	
   peptide	
   bound	
   to	
   H2Kb	
  

antibodies	
   (eBiosciences,	
   clone	
  25-­‐D1.16).	
   Stained	
  cells	
  were	
  washed	
  at	
   low	
  speed	
  

before	
  fixation	
  and	
  analysis	
  by	
  flow	
  cytometry.	
  

2.9	
  Confocal	
  Microscopy	
  and	
  Image	
  Analysis	
  

Slide	
  preparation	
  

Mouse	
   primary	
   CD8+	
   OT1	
   TCR	
   T	
   cells	
   were	
   incubated	
   with	
   5μM	
   pOVA-­‐SIINFEKL-­‐

pulsed	
   or	
   unpulsed	
   CHO-­‐SCD	
   cells	
   expressing	
   the	
   various	
   lengths	
   of	
   CD80-­‐GFP	
  

constructs.	
   The	
   cell	
  mixtures	
  were	
   gently	
   dispensed	
   onto	
   22mm	
   round	
   glass	
   slide	
  

that	
  had	
  been	
  pre-­‐washed	
   in	
  1M	
  Hydrochloric	
  acid	
  and	
  pre-­‐incubated	
  with	
  Poly-­‐L-­‐

Lysine.	
  Cells	
  on	
  the	
  glass	
  slides	
  were	
  gently	
  centrifuged	
  at	
  400rpm	
  for	
  2	
  minutes	
  at	
  

4°C	
  before	
  incubation	
  at	
  37°C	
  for	
  10	
  minutes	
  to	
  allow	
  conjugate	
  formation.	
  The	
  cells	
  

were	
   then	
   fixed	
   in	
   4%	
   methanol-­‐free	
   paraformaldehyde	
   for	
   30	
   minutes,	
  

permeabilised	
  with	
  0.1%	
  Saponin	
  for	
  30	
  minutes	
  and	
  stained	
  for	
  CD45	
  (Clone	
  HI30,	
  

Biolegend	
   Cat.	
   No.	
   304020)	
   for	
   45	
   minutes	
   on	
   ice.	
   Cells	
   on	
   the	
   glass	
   slides	
   were	
  

washed	
  3	
  times	
  gently	
  in	
  0.1%	
  Saponin,	
  mounted	
  and	
  analysed	
  immediately.	
  

Confocal	
  Image	
  Acquisition	
  and	
  3D	
  Image	
  Re-­‐construction	
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Images	
   were	
   taken	
   with	
   the	
   Inverted	
   Olympus	
   FV1000	
   Confocal	
   system	
   at	
   X	
  

resolution	
   (512μm	
   x	
   512μm)	
   under	
   ×60	
   UPlanSApo	
   Olympus	
   objective	
   with	
   a	
  

numerical	
  aperture	
  of	
  1.35.	
   Image	
  stacks	
  consisted	
  of	
  15–20	
  planes	
  spaced	
  by	
  ~3-­‐

4μm.	
  Three-­‐Dimensional	
   (3D)	
  reconstruction	
  of	
   the	
  CHO	
  cell	
   -­‐	
  T	
  cell	
  conjugate	
  was	
  

generated	
  using	
  the	
  Imaris	
  software	
  (Bitplane).	
  Only	
  conjugates	
  whose	
  contact	
  areas	
  

were	
   oriented	
   properly	
   to	
   be	
   contained	
   in	
   a	
   rectangular	
   volume	
   for	
   an	
   en	
   face	
  

projection	
   were	
   taken	
   into	
   consideration.	
   Detailed	
   flow	
   chart	
   of	
   the	
   3D	
   image	
  

analysis	
  is	
  described	
  in	
  Figure	
  3.14.	
  	
  

Statistical	
  Analysis	
  

Enface	
  snapshots	
  of	
   the	
  conjugate	
   interface	
  were	
  analysed	
   for	
  CD45-­‐Alexa647	
  and	
  

CD80-­‐GFP	
   correlations	
   using	
   Image	
   J	
   (PSC	
   colocalisation	
   plugin).	
   A	
   step-­‐by-­‐step	
  

protocol	
   description	
   is	
   provided	
   in	
   (French	
  et	
   al.,	
   2008).	
   The	
  plugin	
   also	
   calculates	
  

Pearson	
  correlation	
  coefficient	
  values	
  on	
  the	
  enface	
  images	
  to	
  determine	
  the	
  degree	
  

of	
   CD45-­‐Alexa647	
   and	
  CD80-­‐GFP	
  pixel	
   overlap.	
   Individual	
   data	
   set	
  were	
   tested	
   for	
  

normality	
   (D'Agostino	
   &	
   Pearson	
   normality	
   test)	
   using	
   Prism	
   6	
   (Graphpad	
   Prism	
  

Software,	
  Inc).	
  One-­‐way	
  ANOVA	
  was	
  used	
  to	
  determine	
  if	
  the	
  Pearson’s	
  correlation	
  

coefficient	
  were	
  sufficiently	
  different	
  between	
  CD80-­‐WT,	
  CD80CD2	
  and	
  CD80CD4.	
  

2.10	
  Surface	
  Plasmon	
  Resonance	
  	
  

All	
   SPR	
   measurements	
   were	
   performed	
   on	
   Biacore	
   3000	
   (GE	
   Healthcare)	
   at	
   25°C	
  

using	
   a	
   flow	
   rate	
   of	
   10μL/	
  minute	
   in	
   HBS-­‐EP	
   buffer	
   (0.01M	
   pH	
   7.4	
   HEPES,	
   0.15M	
  

NaCl,	
  0.005%	
  P20)	
  unless	
  otherwise	
  stated.	
  CM5	
  sensor	
  chips	
  (GE	
  Healthcare)	
  were	
  

activated	
   with	
   1-­‐ethyl-­‐3-­‐(3-­‐dimethylaminopropyl)	
   carbodiimide	
   (EDC)	
   and	
   N-­‐

hydroxysuccinimide	
   (NHS).	
   EDC	
   couples	
  NHS	
   to	
   carboxymethylated	
   dextran	
  matrix	
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on	
  the	
  chip,	
  resulting	
  in	
  the	
  formation	
  of	
  a	
  NHS	
  ester.	
  This	
  allowed	
  covalent	
  linking	
  

of	
  streptavidin	
  to	
  the	
  chip	
  surface	
  via	
  primary	
  amines.	
  Biotinylated	
  pMHC	
  were	
  then	
  

immobilised	
  onto	
  flow-­‐cells	
  2,3	
  and	
  4	
  of	
  the	
  sensor	
  chips	
  at	
  various	
  levels	
  (~1200	
  RU	
  

for	
   equilibrium	
  binding	
   analysis	
   and ~120	
  RU	
   for	
   kinetic	
   analysis).	
   Flow-­‐cell	
   1	
  was	
  

either	
  left	
  empty	
  or	
  coated	
  with	
  an	
  irrelevant	
  antibody	
  as	
  negative	
  control.	
  

Equilibrium	
  Binding	
  Analysis	
  

The	
   relevant	
  TCRs	
  were	
   injected	
  over	
   the	
  pMHC-­‐immobilised	
  chip	
   for	
  120	
   seconds	
  

before	
   the	
   chip	
   surface	
  was	
   flushed	
  with	
  HBS-­‐EP	
   running	
   buffer	
   for	
   5	
  minutes	
   for	
  

TCR	
   dissociation.	
   This	
   procedure	
   was	
   repeated	
   for	
   7	
   ascending	
   concentrations	
   of	
  

serially	
  diluted	
  TCRs.	
  The	
  reaction	
  was	
  immediately	
  repeated	
  using	
  the	
  same	
  TCR	
  but	
  

in	
  reverse	
  descending	
  concentration	
  to	
  demonstrate	
  protein	
  stability	
  and	
  robustness	
  

of	
   the	
   assay.	
   KD	
   values	
   were	
   obtained	
   by	
   non-­‐linear	
   curve	
   fitting	
   using	
   GraphPad	
  

Prism®	
  (GraphPad	
  Software)	
  to	
  the	
  Langmuir	
  binding	
  isotherm:	
  

Bound	
  =	
  CA	
  x	
  Max	
  .	
  (CA+KD)	
  

where	
   “bound”	
   is	
   the	
   equilibrium	
  binding	
   in	
   RU	
   at	
   injected	
   TCR	
   concentration	
   CA,	
  

and	
  Max	
  is	
  the	
  maximum	
  binding	
  (RU).	
  

Single-­‐Cycle	
  Kinetics	
  Analysis	
  

Single-­‐cycle	
   kinetics	
   analysis	
   was	
   used	
   to	
   measure	
   TCR-­‐pMHC	
   interactions	
   with	
  

supra-­‐physiological	
  affinities.	
  A	
   single	
  concentration	
  of	
   (supra-­‐physiologic)	
  TCR	
  was	
  

injected	
  onto	
  pMHC	
  immobilised	
  sensor	
  chips	
  for	
  400	
  seconds	
  and	
  flushed	
  with	
  HBS-­‐

EP	
  buffer	
   for	
  21600	
  seconds	
   (6	
  hours)	
   for	
  TCR	
  dissociation.	
  Association	
  curves	
  and	
  

dissociation	
  curves	
  for	
  the	
  same	
  pMHC	
  were	
  compiled	
  across	
  different	
  experiments	
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and	
  fitted	
  globally	
  in	
  Prism	
  6	
  (Graphpad	
  Prism,	
  Inc)	
  using	
  the	
  ‘one-­‐phase	
  exponential	
  

decay	
  function’:	
  

RU	
  =	
  (Max-­‐NS)	
  .	
  𝑒!!"##.!"#$  	
  +	
  NS	
  

where	
  Max	
  and	
  NS	
  represent	
  maximal	
  and	
  background	
  binding	
  in	
  RU,	
  respectively.	
  

The	
  obtained	
  koff	
  values	
  were	
  used	
  to	
  fit	
  the	
  association	
  phases	
  of	
  the	
  corresponding	
  

pMHC	
  using	
  the	
  association	
  kinetics	
  function	
  on	
  Prism	
  6:	
  

RU	
  =	
  Max	
  .	
  (1	
  -­‐	
  e-­‐kob.time)	
  

where	
  Max	
  represent	
  maximal	
  binding	
  in	
  RU	
  and	
  kobs	
  =	
  kon	
  .	
  [TCR]	
  +	
  koff	
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3.1.1	
  CD28	
  as	
  a	
  Costimulatory	
  receptor	
  

Successful	
  T	
  cell	
  responses	
  rely	
  on	
  the	
  recognition	
  of	
  antigenic	
  peptides	
  by	
  the	
  T	
  cell	
  

receptor	
  complex	
  in	
  the	
  context	
  of	
  a	
  major	
  histocompatibility	
  complex	
  presented	
  by	
  

the	
   antigen-­‐presenting	
   cell.	
   The	
   TCR	
   complex	
   alone	
   however,	
   is	
   insufficient	
   for	
  

optimal	
   T	
   cell	
   activation	
   and	
   engagement	
   of	
   a	
   second	
   class	
   of	
   costimulatory	
  

receptors	
  is	
  needed	
  to	
  amplify	
  the	
  signal	
  as	
  proposed	
  in	
  the	
  ‘2	
  signal	
  hypothesis’	
  of	
  T	
  

cell	
  activation	
  (Bretscher	
  and	
  Cohn,	
  1970b).	
  	
  

CD28	
   is	
   arguably	
   the	
   most	
   potent	
   and	
   best	
   characterised	
   costimulatory	
   receptor.	
  	
  

Expressed	
  on	
  both	
  CD4+	
  and	
  CD8+	
  T	
  cells,	
   the	
   importance	
  of	
  CD28	
  was	
  highlighted	
  

with	
  the	
  generation	
  of	
  CD28	
  deficient	
  mice	
  (Shahinian	
  et	
  al.,	
  1993).	
  These	
  mice	
  were	
  

immuno-­‐compromised	
  with	
  reduced	
  T	
  cell	
  responses	
  to	
  antigen,	
   impaired	
  germinal	
  

centre	
  formation,	
  immunoglobulin	
  isotype	
  class	
  switching	
  (Borriello	
  et	
  al.,	
  1997)	
  and	
  

expression	
  of	
  TH2	
  cytokines	
  (Andres	
  et	
  al.,	
  2004,	
  King	
  et	
  al.,	
  1995).	
  CD28	
  was	
  shown	
  

to	
  promote	
  cell	
  cycle	
  progression	
  via	
  the	
  up-­‐regulation	
  of	
  cyclin	
  D/	
  cyclin	
  dependent	
  

kinases	
  (CDK)	
  4	
  and	
  6	
  as	
  well	
  as	
  the	
  degradation	
  of	
  CDK	
   inhibitor	
  p27KIP(Boonen	
  et	
  

al.,	
   1999,	
   Kovalev	
   et	
   al.,	
   2001,	
   Appleman	
   et	
   al.,	
   2002).	
  Moreover,	
   CD28	
   activation	
  

promotes	
   cell	
   survival	
   through	
   the	
   up-­‐regulation	
   of	
   anti-­‐apoptotic	
   proteins	
   Bcl-­‐XL	
  

and	
   Bcl-­‐2	
   in	
   a	
   protein	
   kinase	
   B	
   (PKB/AKT)	
   dependent	
   pathway	
   (Boise	
   et	
   al.,	
   1995,	
  

Khoshnan	
   et	
   al.,	
   2000).	
   Through	
   the	
   same	
   pathway,	
   PKB	
   inactivates	
   glycogen	
  

synthase	
   kinase	
   3	
   (GSK3)	
   α	
   and	
   β	
   which	
   prevents	
   the	
   nuclear	
   export	
   of	
   NFAT,	
  

thereby	
  stabilising	
  IL-­‐2	
  mRNA	
  transcript.	
  CD28	
  serves	
  to	
  provide	
  and	
  amplify	
  signals	
  

that	
  modify	
  the	
  activation	
  threshold	
  of	
  T	
  cells.	
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Despite	
   its	
   clear	
   role	
   in	
   the	
   provision	
   of	
   costimulatory	
   signals	
   to	
   T	
   cells,	
   the	
  

involvement	
  of	
  CD28	
  in	
  different	
  T	
  cell	
  subsets	
  and	
  their	
  development	
  can	
  vary.	
  For	
  

example,	
   CD4	
   and	
   CD8	
   thymocyte	
   development	
   in	
   CD28-­‐deficient	
   mice	
   appeared	
  

normal	
   whilst	
   CD4+CD25+	
   regulatory	
   T	
   cell	
   development	
   and	
   homeostasis	
   were	
  

dramatically	
   reduced	
   in	
  CD80/CD86	
  or	
  CD28	
  deficient	
  mice	
   (Shahinian	
  et	
  al.,	
  1993,	
  

Salomon	
  et	
  al.,	
  2000,	
  Lohr	
  et	
  al.,	
  2003).	
  Indeed,	
  in	
  vivo	
  mutagenesis	
  studies	
  by	
  Singer	
  

and	
  colleagues	
  identified	
  the	
  specific	
  Lck	
  binding	
  motif	
  in	
  the	
  CD28	
  cytoplasmic	
  tail	
  

that	
  is	
  crucial	
  for	
  Treg	
  development	
  (Tai	
  et	
  al.,	
  2005).	
  In	
  addition,	
  there	
  seem	
  to	
  be	
  a	
  

differential	
  requirement	
  of	
  CD28	
  in	
  T-­‐helper	
  cell	
  1	
  (TH1)	
  versus	
  TH2	
  development.	
  In	
  

vitro	
   experiments	
   showed	
   that	
   CD28	
   costimulation	
   preferentially	
   induces	
   TH2	
  

cytokines	
  (IL-­‐4,	
  IL-­‐5	
  and	
  IL-­‐10)	
  while	
  TH1	
  cytokine	
  production	
  (IFNγ)	
  was	
  not	
  affected	
  

in	
   its	
  absence	
   (Schweitzer	
  and	
  Sharpe,	
  1998,	
  Rulifson	
  et	
  al.,	
  1997).	
  Consistent	
  with	
  

the	
  cytokine	
  data,	
  CD28	
  costimulation	
  favors	
  TH2	
  skewing	
  and	
  disease	
  resolution	
  in	
  a	
  

non-­‐obese	
   diabetic	
   (NOD)	
   mouse	
   model	
   of	
   TH1-­‐mediated	
   autoimmune	
   disease	
  

(Lenschow	
  et	
  al.,	
  1996a).	
  

To	
  better	
  understand	
  CD28	
  and	
  its	
  role	
  in	
  mediating	
  T	
  cell	
  activation,	
  differentiation,	
  

homeostasis	
   and	
   disease	
   modulation,	
   it	
   is	
   useful	
   to	
   appreciate	
   the	
   molecular	
  

structure,	
  interaction	
  and	
  signalling	
  events	
  following	
  CD28	
  ligation.	
  

	
  3.1.2	
  CD28	
  Structure	
  	
  

Full	
   length	
   CD28	
   is	
   a	
   44kDa,	
   type-­‐1	
   trans-­‐membrane	
   protein	
   that	
   exists	
   as	
  

disulphide-­‐linked	
   homodimers	
   with	
   a	
   single	
   immunoglobulin	
   variable	
   (Ig-­‐V)	
   like	
  

extracellular	
  domain.	
  Early	
  models	
  of	
  CD28	
  were	
  based	
  on	
  the	
  structure	
  of	
  CTLA-­‐4,	
  

showing	
  the	
  core	
  extracellular	
  structure	
  of	
  CD28	
  consists	
  of	
  2	
  β-­‐sheets	
  of	
  the	
  Ig	
  fold	
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(DEBA	
   and	
   A’GFCC’C’’	
   β-­‐strands)	
   and	
   this	
   was	
   indeed	
   confirmed	
   by	
   the	
   crystal	
  

structure	
  of	
  CD28	
   (Evans	
  et	
  al.,	
  2005).	
  Despite	
   the	
  highly	
  conserved	
   ligand	
  binding	
  

domain,	
  geometric	
  and	
  electrostatic	
  similarities	
   in	
   the	
   ligand	
  binding	
   face	
  between	
  

CD28	
  and	
  CTLA-­‐4,	
  there	
  are	
  notable	
  differences	
  that	
  would	
  account	
  for	
  the	
  different	
  

ligand	
  affinities	
  and	
  binding	
  valencies	
  between	
  CD28	
  and	
  CTLA-­‐4	
  (see	
  Section	
  3.1.3	
  

below).	
  

The	
  only	
  CD28	
  crystal	
  structure	
  that	
  was	
  solved	
  was	
  a	
  complex	
  between	
  CD28	
  and	
  

the	
   Fab	
   fragment	
   of	
   the	
   human	
  mitogenic	
   CD28	
   antibody.	
   These	
   antibodies	
   differ	
  

from	
   conventional	
   antibodies	
   with	
   the	
   ability	
   to	
   activate	
   primary	
   resting	
   cells	
  

without	
  TCR	
  ligation.	
  Cryo	
  electron	
  microscopy	
  (EM)	
  images	
  and	
  mutational	
  studies	
  

by	
   Luhder	
   et	
   al	
   mapped	
   the	
   binding	
   site	
   of	
   mitogenic	
   antibodies	
   to	
   the	
   laterally	
  

exposed	
   C’’D	
   loop	
   of	
   the	
   Ig	
   domain,	
   in	
   contrast	
   to	
   the	
   MYPPPY	
   binding	
   site	
   of	
  

conventional	
  antibodies	
  and	
  CD80	
  and	
  CD86	
  (Luhder	
  et	
  al.,	
  2003,	
  Evans	
  et	
  al.,	
  2005).	
  	
  

3.1.3	
  CD28	
  interaction	
  with	
  CD80	
  and	
  CD86	
  

CD80	
  and	
  CD86	
  (also	
  collectively	
  known	
  as	
  B7	
  molecules)	
  represent	
  the	
  main	
  ligands	
  

engaged	
  by	
  CD28	
  and	
  Cytotoxic	
  T	
  Lymphocyte	
  Antigen-­‐4	
  (CTLA-­‐4)	
  on	
  the	
  APC.	
  CD80	
  

and	
  CD86	
  exists	
   as	
   45-­‐60kDa	
   surface	
  proteins	
   (Freeman	
  et	
   al.,	
   1991)	
  with	
   a	
   single	
  

membrane	
  distal	
  immunoglobulin	
  (Ig)	
  V	
  and	
  a	
  membrane	
  proximal	
  Ig	
  constant	
  C-­‐like	
  

domain.	
  Expression	
  profiles	
  of	
  these	
  molecules	
  vary	
  with	
  the	
  activation	
  state	
  of	
  the	
  

APC:	
  CD80	
   is	
   induced	
  slowly	
  upon	
  activation	
  while	
  CD86	
  expression	
   is	
  constitutive.	
  

Surface	
  Plasmon	
  Resonance	
  studies	
  revealed	
  that	
  relative	
  to	
  CTLA-­‐4	
  binding	
  affinity,	
  

CD86	
  binds	
  CD28	
  two-­‐three	
  fold	
  more	
  effectively	
  than	
  CD80	
  (van	
  der	
  Merwe	
  et	
  al.,	
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1997).	
   Conversely,	
   CTLA-­‐4	
   binding	
   is	
   favoured	
   towards	
   CD80,	
   providing	
   an	
  

explanation	
  for	
  the	
  delayed	
  expression	
  of	
  both	
  CD80	
  and	
  CTLA-­‐4	
  upon	
  activation.	
  	
  

CD80	
   forms	
   weak	
   (KD	
   20-­‐50μM)	
   non-­‐covalent	
   homodimers	
   in	
   solution	
   and	
   in	
  

crystalline	
  state	
  (Ikemizu	
  et	
  al.,	
  2000,	
  Stamper	
  et	
  al.,	
  2001).	
  Despite	
  its	
  dimeric	
  form,	
  

CD80	
  engages	
  CD28	
  in	
  a	
  monovalent	
  fashion,	
   in	
  contrast	
  to	
  the	
  bivalent	
  binding	
  to	
  

CTLA-­‐4	
  (van	
  der	
  Merwe	
  et	
  al.,	
  1997).	
  Explanation	
  for	
  the	
  phenomena	
  would	
  later	
  be	
  

uncovered	
  in	
  the	
  crystal	
  structure	
  of	
  CD28:	
  the	
  shorter	
  CC’	
  loop	
  in	
  CD28	
  (as	
  opposed	
  

to	
  CTLA-­‐4)	
  led	
  to	
  a	
  ‘tighter’,	
  more	
  closed	
  CD28	
  homodimer	
  on	
  which	
  the	
  binding	
  of	
  

one	
  CD80	
  molecule	
  sterically	
  inhibits	
  the	
  binding	
  of	
  a	
  second	
  CD80	
  molecule	
  (Evans	
  

et	
   al.,	
   2005).	
   The	
   importance	
   of	
   CD28	
   monovalency	
   was	
   investigated	
   in	
   a	
   study	
  

where	
   the	
  monovalent	
   CD28	
   ectodomain	
  was	
   switched	
   to	
   a	
   bivalent	
   ectodomain;	
  

whilst	
  monovalent	
  CD28	
  homodimers	
  required	
  a	
  TCR	
  signal	
  to	
  induce	
  IL-­‐2	
  secretion,	
  

bivalently	
  ligated	
  CD28	
  could	
  induce	
  IL-­‐2	
  secretion	
  alone	
  (Dennehy	
  et	
  al.,	
  2006).	
  	
  

3.1.4	
  CD28	
  Microclusters	
  in	
  the	
  Immunological	
  Synapse	
  (IS)	
  	
  

Various	
   groups	
   have	
   observed	
   the	
   formation	
   of	
   CD28	
  microclusters	
   in	
   the	
   IS	
   and	
  

their	
   subsequent	
   migration	
   into	
   the	
   central	
   supra-­‐molecular	
   adhesion	
   complex	
  

(cSMAC).	
   It	
   is	
   however	
   unclear	
   if	
   such	
   events	
   have	
   any	
   implications	
   in	
   CD28	
  

costimulation.	
  Live	
  T	
  cell-­‐DC	
  imaging	
  studies	
  by	
  Tseng	
  et	
  al	
  demonstrated	
  that	
  CD80	
  

microclusters	
  co-­‐localised	
  with	
  T	
  cell	
  CD28	
  and	
  PKCθ	
  microclusters	
  and	
  blockade	
  of	
  T	
  

cell	
  signalling	
  led	
  to	
  the	
  rapid	
  decline	
  in	
  CD80	
  microclusters;	
  implying	
  the	
  possibility	
  

of	
   TCR	
   induced	
   CD28	
  microcluster	
   formation	
   (Tseng	
   et	
   al.,	
   2008).	
   Using	
   a	
   lipid	
   bi-­‐

layer	
  system,	
  CD28	
  microcluster	
  formation	
  was	
  also	
  shown	
  to	
  be	
  highly	
  dependent	
  

on	
  the	
  binding	
  of	
  CD80;	
  fascinatingly,	
  the	
  truncation	
  of	
  CD28	
  cytoplasmic	
  tail	
  did	
  not	
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prevent	
   CD28	
   microclusters	
   formation,	
   hinting	
   that	
   this	
   process	
   is	
   signal-­‐

independent	
  (Yokosuka	
  et	
  al.,	
  2008).	
  	
  

The	
   exact	
   mechanism	
   mediating	
   CD28	
   cluster	
   patterning	
   and	
   movement	
   is	
   still	
  

unknown.	
  Given	
  the	
  central	
  role	
  CD80	
  molecules	
  play	
  in	
  CD28	
  clustering,	
   it	
  may	
  be	
  

possible	
   that	
  we	
   have	
   to	
   re-­‐consider	
   the	
   nature	
   of	
   a	
   ‘passive’	
   APC.	
   Earlier	
   studies	
  

have	
   provided	
   evidence	
   that	
   DC	
   cytoskeleton	
   polarisation	
   is	
   important	
   for	
   IS	
  

formation	
   as	
   well	
   as	
   T	
   cell	
   activation	
   (Al-­‐Alwan	
   et	
   al.,	
   2001).	
   The	
   subsequent	
  

discovery	
   of	
   semaphorin	
   receptor	
   plexin-­‐A1,	
   in	
   DC	
   seems	
   to	
   account	
   for	
   DC	
  

cytoskeletal	
   changes	
   in	
   T	
   cell	
   activation	
   and	
   IS	
   formation.	
   Plexin-­‐A1	
   mediates	
  

cytoskeletal	
   rearrangement	
   by	
   interaction	
   with	
   Rho	
   family	
   GTPases	
   and	
   shRNA	
  

knockdown	
   in	
  DC	
   resulted	
   in	
  a	
  near	
  ablation	
  of	
  T	
   cell	
   activation	
   (Eun	
  et	
  al.,	
  2006).	
  

Furthermore,	
  it	
  has	
  been	
  demonstrated	
  that	
  the	
  level	
  of	
  B7	
  molecules	
  on	
  resting	
  and	
  

activated	
  B	
  cells	
  correlates	
  with	
  the	
  amount	
  of	
  TCR	
  aggregation	
  in	
  the	
  IS	
  (Jackman	
  et	
  

al.,	
  2007).	
  Given	
  the	
  ability	
  of	
  CD28	
  to	
  induce	
  stimulatory	
  signals	
  into	
  DC	
  via	
  CD80/	
  

CD86	
  molecules	
   (Orabona	
   et	
   al.,	
   2004),	
   it	
   is	
   not	
   surprising	
   that	
   ‘reverse	
   signalling’	
  

events	
   in	
  APC	
  may	
   also	
   induce	
   cytoskeletal	
   changes.	
   Indeed,	
   this	
   is	
   highlighted	
  by	
  

the	
   finding	
   of	
   actin-­‐modulating	
   and	
   signalling	
   PI(4,5)P2	
   clusters	
   in	
   DC	
   IS;	
   efficient	
  

killing	
  of	
  DC	
  by	
  cytotoxic	
  T	
  cells	
  is	
  dependent	
  on	
  these	
  PIP2	
  clusters	
  (Fooksman	
  et	
  al.,	
  

2009).	
  	
  

To	
   date,	
   PKCθ	
   is	
   the	
   only	
   known	
   signalling	
   molecule	
   described	
   to	
   associate	
   with	
  

CD28	
  in	
  the	
  CD28	
  microclusters	
  (Bhatia	
  et	
  al.,	
  2010,	
  Yokosuka	
  et	
  al.,	
  2008,	
  Tseng	
  et	
  

al.,	
  2008,	
  Sanchez-­‐Lockhart	
  et	
  al.,	
  2008).	
  Most	
  other	
  signalling	
  molecules	
  implicated	
  

in	
   the	
  CD28	
  costimulatory	
  signalling	
  pathway	
  either	
  associate	
  transiently	
  or	
  do	
  not	
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seem	
   to	
   co-­‐localise	
   with	
   CD28	
   microclusters	
   at	
   all.	
   Recruitment	
   of	
   PKCθ	
   into	
   the	
  

CD28	
  microclusters	
   is	
   dependent	
   on	
   an	
   intact	
   CD28	
   cytoplasmic	
   tail	
   and	
   PKCθ	
   V3	
  

domain	
  (Kong	
  et	
  al.,	
  2011).	
  Interestingly,	
  these	
  CD28-­‐PKCθ	
  clusters	
  also	
  co-­‐localised	
  

with	
  TCR	
  microclusters	
  early	
  in	
  the	
  formation	
  of	
  IS,	
  but	
  later	
  associate	
  in	
  regions	
  of	
  

low	
  TCR	
  density	
  in	
  the	
  cSMAC	
  (Yokosuka	
  et	
  al.,	
  2008,	
  Tseng	
  et	
  al.,	
  2008).	
  Saito	
  and	
  

colleagues	
   then	
  postulated	
   the	
  possibility	
  of	
  both	
  positive	
  and	
  negative	
   regulatory	
  

functions	
  in	
  the	
  cSMAC	
  based	
  on	
  the	
  strength	
  of	
  antigen	
  stimulation	
  leading	
  to	
  the	
  

differential	
  spatial	
  organisation	
  of	
  TCR	
  and	
  CD28-­‐PKCθ	
  microclusters	
  (Yokosuka	
  and	
  

Saito,	
  2009).	
  More	
  recently,	
   it	
  was	
  revealed	
  that	
  TCR	
  regions	
  of	
  high	
  density	
   in	
  the	
  

cSMAC	
   might	
   not	
   be	
   microclusters	
   but	
   extracellular	
   or	
   intracellular	
   vesicles	
  

containing	
  TCRs	
  instead	
  (Choudhuri	
  et	
  al.,	
  2014).	
  

Due	
  to	
  the	
  characteristic	
  pattern	
  formation	
  in	
  the	
  IS,	
  many	
  spatiotemporal	
  studies	
  of	
  

CD3	
  and	
  CD28	
  microclusters	
  have	
  been	
  done	
  with	
  special	
  emphasis	
  on	
  their	
  cSMAC	
  

localisation	
   properties.	
   It	
   is	
   therefore	
   very	
   tempting	
   to	
   suggest	
   the	
   importance	
   of	
  

cSMAC	
  formation	
  in	
  successful	
  T	
  cell	
  activation.	
  A	
  study	
  found	
  that	
  a	
  CD28	
  mutation	
  

that	
   disrupts	
   PKCθ	
   and	
   CD28	
   cSMAC	
   localisation	
   also	
   correlated	
   with	
   diminished	
  

NFκB	
   nuclear	
   translocation	
   (Sanchez-­‐Lockhart	
   et	
   al.,	
   2008).	
   This	
   brings	
   us	
   to	
   an	
  

interesting	
   question,	
   whether	
   it	
   is	
   the	
   impaired	
   signalling	
   that	
   led	
   to	
   a	
   defective	
  

cSMAC	
  localisation	
  or	
  it	
  is	
  the	
  other	
  way	
  round?	
  The	
  former	
  is	
  likely	
  to	
  be	
  true.	
  The	
  

phenomenon	
  of	
   cSMAC	
   formation	
   surrounded	
  by	
  a	
  peripheral-­‐SMAC	
   (pSMAC)	
   in	
  a	
  

'bull's	
  eye'	
  pattern	
   is	
  mainly	
  observed	
   in	
  bi-­‐layer	
  studies	
  and	
   its	
  occurrence	
   in	
  cell-­‐

cell	
   systems	
   may	
   be	
   rare	
   (Tseng	
   et	
   al.,	
   2008).	
   The	
   relevance	
   of	
   cSMAC	
   in	
   a	
  

physiological	
   cell-­‐cell	
   interaction	
  was	
   addressed	
  by	
  Dustin	
   and	
   colleagues	
  with	
   the	
  

description	
  of	
  ‘kinapse’.	
  Unlike	
  the	
  highly	
  stable	
  structure	
  of	
  the	
  symmetrical	
  IS,	
  the	
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asymmetric	
  kinapse	
  is	
  caused	
  by	
  the	
  absence	
  of	
  symmetrical	
  radial	
  actin	
  structures	
  

giving	
  rise	
  to	
  a	
  leading	
  lamellipodium,	
  an	
  intermediate	
  lamella	
  and	
  a	
  trailing	
  uropod	
  

(analogous	
  to	
  dSMAC,	
  pSMAC	
  and	
  cSMAC	
  in	
  an	
  IS)	
  towards	
  a	
  chemotactic	
  gradient.	
  

This	
  meant	
   that	
   the	
   kinapse	
   is	
   a	
  moving	
   junction	
   that	
   allows	
   its	
   TCR	
   to	
   scan	
   and	
  

sample	
   surrounding	
   pMHC	
   complexes	
   and	
   costimulatory	
   ligands	
   (Dustin,	
   2009,	
  

Dustin,	
  2007).	
  

3.1.5	
  Cytoplasmic	
  motifs	
  in	
  CD28	
  costimulation	
  

CD28	
   has	
   a	
   short	
   41	
   amino	
   acid	
   conserved	
   intracellular	
   cytoplasmic	
   tail	
   with	
   no	
  

intrinsic	
   enzymatic	
   activity.	
   Signalling	
   capacity	
   is	
   instead	
   mediated	
   by	
   the	
  

recruitment	
   of	
   adaptor	
   or	
   signalling	
  molecules	
   to	
   the	
   cytoplasmic	
  motifs	
   of	
   CD28	
  

including	
   four	
  tyrosine	
  residues,	
   four	
  serine	
  and	
  2	
  threonine	
  residues,	
   two	
  proline-­‐

rich	
  motifs	
  and	
  two	
  lysine	
  residues	
  (Boomer	
  and	
  Green,	
  2010,	
  Rudd	
  et	
  al.,	
  2009).	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 3.1 Cytoplasmic sequence of CD28 

The amino acid sequence of mouse and human CD28 is shown. Phosphorylated 
tyrosine residues of the YMNM motif recruit PI3K and Grb2. Two proline rich 
regions exists downstream of the YMNM motif. Itk and Tec were reported to bind 
the PRRP motif while the PYAP is heavily implicated with the function of CD28 
mediated co-stimulation via the recruitment of Lck, Grb2 and Filamin A. Signaling 
motifs are underlined with phosphorylated tyrosine residues highlighted in red and 
proline residues in green.  
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Membrane	
  proximal	
  YxxM	
  motif	
  is	
  highly	
  conserved	
  between	
  members	
  of	
  the	
  CD28	
  

superfamily	
  (members	
  including	
  CTLA-­‐4,	
  ICOS)	
  and	
  is	
  responsible	
  for	
  the	
  recruitment	
  

of	
  PI3K	
  via	
  the	
  SH2	
  domain	
  of	
  its	
  p85	
  subunit	
  (Pages	
  et	
  al.,	
  1994,	
  Prasad	
  et	
  al.,	
  1994,	
  

August	
   and	
   Dupont,	
   1994).	
   The	
   same	
   YMNM	
  motif	
   in	
   CD28	
   confers	
   an	
   additional	
  

binding	
  site	
  for	
  Grb2	
  and	
  GADS	
  binding	
  by	
  virtue	
  of	
  the	
  YxNx	
  motif,	
  which	
  is	
  absent	
  

in	
  CTLA-­‐4	
  and	
  ICOS.	
  	
  Further	
  downstream	
  of	
  the	
  YMNM	
  motif,	
  CD28	
  has	
  two	
  proline	
  

rich	
   regions	
   PRRPGP,	
  which	
  was	
   reported	
   to	
   bind	
   ITK	
   and	
   Tyrosine-­‐protein	
   kinase	
  

(Tec)	
   (August	
  and	
  Dupont,	
  1994,	
  Holdorf	
  et	
  al.,	
  1999,	
  Yang	
  et	
  al.,	
  1999)	
  and	
  PYAP,	
  

which	
   recruits	
   Lck,	
   Grb2	
   and	
   Filament	
   A	
   (Holdorf	
   et	
   al.,	
   1999,	
   Okkenhaug	
   and	
  

Rottapel,	
  1998,	
  Tavano	
  et	
  al.,	
  2006).	
  

YMNM	
  and	
  PI3K	
  

CD28	
  YMNM	
  motif	
  is	
  perhaps	
  the	
  best	
  studied	
  of	
  all	
  CD28	
  cytoplasmic	
  motifs.	
  CD28	
  

crosslinking	
  leads	
  to	
  rapid	
  YMNM	
  phosphorylation	
  by	
  Src	
  Family	
  kinases	
  such	
  as	
  Lck	
  

and	
  Fyn	
  (Raab	
  et	
  al.,	
  1995).	
  	
  pYMNM	
  recruits	
  the	
  SH2	
  domain	
  of	
  the	
  p85	
  subunit	
  of	
  

PI3K,	
   facilitating	
   the	
   localisation	
  of	
   the	
  other	
  p110	
   catalytic	
   subunit	
   of	
   PI3K	
   to	
   the	
  

plasma	
  membrane.	
  There,	
  PI3K	
  catalyses	
  the	
  formation	
  of	
  phosphatidylinositol	
  3,4-­‐

biphosphate	
   (PIP2)	
   and	
   phosphatidylinositol	
   3,4,5-­‐	
   triphosphate	
   (PIP3).	
   These	
   D3-­‐

lipids	
  then	
  recruit	
  proteins	
  containing	
  the	
  pleckstrin	
  homology	
  (PH)	
  domain	
  such	
  as	
  

PDK1	
  and	
  PKB.	
  	
  PDK1	
  phosphorylates	
  and	
  activates	
  PKB	
  at	
  T308,	
  in	
  turn	
  leading	
  to	
  a	
  

diverse	
  array	
  of	
  signalling	
  pathways.	
  	
  

Activation	
   of	
   PKB	
   would	
   lead	
   to	
   cell	
   survival	
   and	
   cell	
   proliferation	
   as	
   a	
   result	
   of	
  

enhancing	
  pro-­‐survival	
  proteins	
  Bcl-­‐XL	
  (Khoshnan	
  et	
  al.,	
  2000)	
  and	
  down-­‐modulating	
  

CDK	
   inhibitors	
  p18INK	
   ad	
  p21KIP	
   function	
   (Boonen	
  et	
  al.,	
   1999,	
  Kovalev	
  et	
   al.,	
   2001)	
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respectively.	
   Importantly,	
   PKB	
  mediated	
   activation	
   of	
   serine/	
   threonine	
   kinase	
   IκB	
  

Kinase	
   targets	
   IκB	
   for	
   degradation	
   through	
   ubiquitination.	
   IκB	
   degradation	
   reveals	
  

the	
   nuclear	
   localisation	
   signal	
   of	
   transcription	
   factor	
   NFκB	
   and	
   promotes	
   its	
  

migration	
   into	
   the	
   nucleus,	
   mediating	
   IL-­‐2	
   upregulation	
   (Kane	
   et	
   al.,	
   1999).	
   	
   In	
   a	
  

separate	
   pathway,	
   activated	
   PKB	
   can	
   also	
   inhibit	
   GSK3,	
   the	
   kinase	
   that	
   inhibits	
  

calcineurin,	
   a	
   calcium	
   dependent	
   serine/threonine	
   phosphatase	
   which	
  

dephosphorylates	
   NFAT	
   and	
   promotes	
   its	
   translocation	
   into	
   the	
   nucleus,	
   in	
   turn	
  

upregulating	
   IL-­‐2	
   secretion	
   (Cantrell,	
   2002).	
   In	
   addition,	
   PKB	
   activation	
   would	
  

improve	
  cell	
  metabolism	
  by	
  upregulating	
  glucose	
  transporter	
  1	
  (Glut1)	
  expression	
  in	
  

a	
  PI3K	
  dependent	
  manner	
  (Frauwirth	
  et	
  al.,	
  2002).	
  	
  

Despite	
  the	
  apparent	
  importance	
  of	
  PI3K	
  in	
  CD28	
  mediated	
  costimulation,	
  numerous	
  

groups	
  have	
  produced	
  conflicting	
  reports	
  on	
  the	
  dispensability	
  of	
  PI3K	
  in	
  the	
  context	
  

of	
  IL-­‐2	
  secretion	
  and	
  T	
  cell	
  proliferation.	
  Mutation	
  of	
  the	
  tyrosine	
  residue	
  in	
  YNMN,	
  

which	
  abolishes	
  PI3K	
  association,	
  abrogates	
  IL-­‐2	
  secretion	
  in	
  T	
  cell	
  hybridomas	
  while	
  

the	
  same	
  mutation	
  has	
  no	
  or	
   little	
  effect	
   in	
   in	
  vivo	
  responses	
  (Dodson	
  et	
  al.,	
  2009,	
  

Cefai	
  et	
  al.,	
  1998,	
  Harada	
  et	
  al.,	
  2001).	
  Discrepancies	
  in	
  the	
  data	
  over	
  the	
  years	
  can	
  

be	
   partly	
   explained	
   by	
   the	
   heterogeneity	
   of	
   experimental	
   settings	
   such	
   as	
   the	
  

utilisation	
  of	
  tumour	
  cell	
  lines,	
  which	
  lack	
  phosphatases	
  PTEN	
  and	
  SHIP-­‐1;	
  as	
  well	
  as	
  

the	
  usage	
  of	
  artificial	
  stimuli	
   in	
  the	
  form	
  of	
  antibodies.	
   Intriguingly,	
  a	
  recent	
  report	
  

noted	
   a	
   clear	
   disparity	
   in	
   cell	
   proliferation	
   between	
   CD44low	
   naïve	
   T	
   cells	
   and	
  

unfractionated	
  T	
  cells	
  (which	
   included	
  effector	
  and	
  memory	
  T	
  cells)	
  harbouring	
  the	
  

YMNM	
   mutation,	
   suggesting	
   that	
   the	
   reliance	
   of	
   PI3	
   kinase	
   may	
   be	
   different	
   in	
  

different	
   T	
   cell	
   types	
   (Ogawa	
   et	
   al.,	
   2013).	
   Furthermore,	
   the	
   discovery	
   that	
   CD28	
  

promotion	
  of	
  PIP3	
  production	
   is	
   independent	
  of	
   the	
  YMNM	
  motif	
  may	
  also	
  explain	
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the	
  confusion	
  in	
  the	
  literature	
  (Garcon	
  et	
  al.,	
  2008).	
  In	
  addition,	
  data	
  from	
  Andres	
  et	
  

al’s	
   study	
   suggests	
   that	
   signals	
   generated	
   from	
   various	
   motifs	
   within	
   CD28	
  

cytoplasmic	
  tail	
  act	
  in	
  a	
  redundant	
  way	
  where	
  each	
  pathway	
  can	
  compensate	
  for	
  the	
  

absence	
  of	
  others	
  (Andres	
  et	
  al.,	
  2004).	
  	
  

YMNM	
  and	
  Grb2	
  

Grb2	
  contains	
  an	
  SH2	
  domain	
  that	
  binds	
  to	
  CD28	
  YMNM	
  by	
  virtue	
  of	
  the	
  YnXn	
  motif.	
  

Two	
   SH3	
   domains	
   on	
   Grb2	
   can	
   also	
   bind	
   to	
   CD28	
   PYAP	
   motif.	
   Grb2	
   adaptor	
   is	
  

involved	
   in	
  Ras	
  and	
  MAP	
  kinase	
  pathway	
  activation	
  mainly	
  by	
  association	
  with	
   the	
  

GEF	
  Sos1.	
  Sos1	
  activates	
  p21ras,	
  which	
  then	
  sets	
  off	
  the	
  MAP	
  kinase	
  pathway	
  leading	
  

to	
   activation	
   of	
   transcription	
   factor	
   c-­‐Jun	
   that	
   combines	
   with	
   c-­‐fos	
   to	
   form	
   AP-­‐1	
  

transcription	
   complex.	
   Grb2	
   also	
   associates	
   with	
   Vav	
   (Ye	
   and	
   Baltimore,	
   1994,	
  

Schneider	
  and	
  Rudd,	
  2008),	
  which	
  activates	
  Rac	
  and	
  cdc42.	
  Apart	
  from	
  the	
  initiation	
  

of	
  MAPK	
  pathway	
  leading	
  to	
  the	
  eventual	
  formation	
  of	
  AP-­‐1,	
  Rac	
  and	
  cdc42	
  has	
  also	
  

been	
   implicated	
   in	
   actin	
   cytoskeletal	
   remodelling,	
   an	
   event	
   needed	
   for	
   TCR	
  

clustering	
  (Kaga	
  et	
  al.,	
  1998,	
  Fischer	
  et	
  al.,	
  1998).	
  Indeed,	
  Vav-­‐1	
  deficient	
  mice	
  had	
  T	
  

cells	
  that	
  were	
  defective	
  in	
  TCR-­‐induced	
  actin	
  polymerisation,	
  integrin	
  activation	
  and	
  

MTOC	
  reorientation	
  (Penninger	
  and	
  Crabtree,	
  1999,	
  Krawczyk	
  et	
  al.,	
  2002,	
  Ardouin	
  

et	
  al.,	
  2003).	
  Vav	
  is	
  also	
  shown	
  to	
  have	
  induced	
  PKCθ	
  membrane	
  translocation	
  and	
  

effector	
  functions	
  in	
  a	
  CD28	
  dependent	
  manner	
  (Villalba	
  et	
  al.,	
  2000).	
  	
   	
  	
  

The	
   importance	
   of	
  Grb2	
   in	
   CD28	
  mediated	
   costimulation	
   can	
   be	
   demonstrated	
   by	
  

mutating	
  the	
  asparagine	
  (N)	
  residue	
  within	
  the	
  YxNx	
  motif.	
  Loss	
  of	
  Grb2	
  binding	
  led	
  

to	
  a	
  loss	
  of	
  CD28	
  mediated	
  phosphorylation	
  of	
  Vav	
  and	
  subsequent	
  activation	
  of	
  c-­‐

Jun	
  kinase	
  (Kim	
  et	
  al.,	
  1998).	
   Interestingly,	
  the	
   introduction	
  of	
  the	
  YxNx	
  motif	
  via	
  a	
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single	
  amino	
  acid	
  alternation	
  in	
  ICOS	
  permitted	
  Grb2	
  recruitment	
  and	
  IL-­‐2	
  promoter	
  

activation	
   that	
   is	
   otherwise	
   absent	
   in	
   ICOS	
  mediated	
   costimulation	
   (Harada	
   et	
   al.,	
  

2003).	
  

Proline	
  rich	
  sequence	
  in	
  CD28	
  cytoplasmic	
  tail	
  

Two	
   proline	
   rich	
   regions	
   exist	
   further	
   downstream	
   of	
   the	
   YMNM	
   motif.	
   The	
   N-­‐

terminal	
   PRRP	
  motif	
   was	
   shown	
   to	
   interact	
   with	
   Itk	
   and	
   Tec	
   kinases	
   (29,	
   31,	
   32).	
  

Early	
  studies	
  indicated	
  a	
  negative	
  role	
  for	
  Itk	
  in	
  CD28	
  mediated	
  costimulation	
  (Liao	
  et	
  

al.,	
   1997),	
   in	
   contrast	
   to	
   the	
   traditional	
   stimulatory	
   role	
  of	
   Itk	
  downstream	
  of	
  CD3	
  

signalling.	
   Recent	
   studies	
   by	
   Jain	
   et	
   al	
   however,	
   revealed	
   the	
   exacerbating	
   role	
   of	
  

CD28	
   derived	
   Itk	
   signalling	
   in	
   enhancing	
   autoreactive	
   T	
   cell	
   infiltration	
   in	
   CTLA-­‐4-­‐/-­‐	
  

mice.	
  CD28-­‐Itk	
  signals,	
  on	
  the	
  other	
  hand,	
  were	
  dispensable	
  for	
  T	
  cell	
   infiltration	
  in	
  

various	
  parasite	
  and	
  viral	
   infection	
  model	
   (Jain	
  et	
  al.,	
  2013).	
  The	
  conflicting	
   results	
  

warrants	
   a	
   more	
   systemic	
   approach	
   to	
   decipher	
   the	
   exact	
   role	
   of	
   Itk	
   in	
   CD28-­‐

mediated	
  costimulation,	
  taking	
  into	
  account	
  the	
  various	
  cell	
  types	
  and	
  experimental	
  

scenarios	
  (in	
  vitro	
  versus	
  in	
  vivo;	
  autoimmune	
  versus	
  infection).	
  	
  	
  

The	
   C-­‐terminal	
   PYAP	
   motif	
   is	
   more	
   heavily	
   implicated	
   in	
   the	
   function	
   of	
   CD28.	
  

Mutation	
  of	
  the	
  proline	
  residues	
  to	
  AYAA	
  in	
  an	
  in	
  vivo	
  mouse	
  model	
  led	
  to	
  impaired	
  

CD28-­‐dependent	
  functions	
  including	
  proliferation,	
  IL-­‐2	
  secretion	
  and	
  other	
  adaptive	
  

immune	
   system	
   defects,	
   with	
   particular	
   impact	
   on	
   the	
   generation	
   of	
   regulatory	
   T	
  

cells	
   (Dodson	
  et	
  al.,	
  2009,	
  Friend	
  et	
  al.,	
  2006,	
  Tai	
  et	
  al.,	
  2005).	
   In	
  addition	
   to	
  Grb2	
  

binding,	
  Lck	
  was	
  shown	
  to	
  be	
  recruited	
  to	
  the	
  PYAP	
  motif	
  via	
  its	
  SH2	
  domain	
  to	
  the	
  

phosphorylated	
  tyrosine	
  or	
   its	
  SH3	
  domain	
  to	
  the	
  proline	
  rich	
  motif	
   (Holdorf	
  et	
  al.,	
  

1999).	
  Lck	
  recruited	
  in	
  this	
  manner	
  was	
  speculated	
  to	
  bridge	
  PKCθ	
  forming	
  a	
  CD28-­‐
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Lck-­‐PKCθ	
  tripartite	
  complex,	
  required	
  for	
  mediating	
  CD28-­‐PKCθ	
  recruitment	
  into	
  the	
  

immunological	
   synapse	
   (Kong	
   et	
   al.,	
   2011).	
   	
   Indeed,	
   PYAP	
  mutation	
  would	
   abolish	
  

CD28	
  recruitment	
  into	
  the	
  immunological	
  synapse	
  (Yokosuka	
  et	
  al.,	
  2008).	
  	
  	
  	
  

In	
  addition	
  to	
  Lck,	
  filamin	
  A	
  (FLNa),	
  an	
  actin-­‐binding	
  scaffolding	
  protein	
  was	
  reported	
  

to	
  bind	
   to	
   the	
  PYAP	
  motif	
  where	
   it	
   colocalises	
  with	
  PKCθ.	
  Knockdown	
  of	
   FLNa	
   too	
  

prevented	
  CD28-­‐mediated	
  raft	
  accumulation	
  at	
  the	
  immunological	
  synapse	
  (Tavano	
  

et	
   al.,	
   2006).	
   It	
   was	
   also	
   demonstrated	
   that	
   FLNa	
   was	
   required	
   for	
   PKCθ	
   activity	
  

(Hayashi	
   and	
   Altman,	
   2006).	
   It	
   is	
   currently	
   unclear	
   if	
   selective	
   or	
   competitive	
  

molecule	
  recruitment	
  to	
  CD28	
  PYAP	
  motif	
  would	
  mediate	
  any	
  differential	
  functional	
  

output.	
  

3.1.6	
  Actin	
  involvement	
  in	
  CD28	
  function	
  	
  

Mechanisms	
   for	
   the	
   formation	
   of	
   the	
   IS	
   and	
   the	
   segregation	
   of	
   different	
  

microclusters	
   (such	
   as	
   CD3	
   and	
   CD28	
   microclusters)	
   has	
   been	
   the	
   subject	
   of	
  

extensive	
  investigation.	
  The	
  inhibition	
  of	
  microclusters	
  translocation	
  by	
  latrunculin-­‐A	
  

suggested	
   the	
   role	
   of	
   actin-­‐based	
   transport	
   in	
   cSMAC	
   localisation	
   of	
  microclusters	
  

(Varma	
  et	
  al.,	
  2006).	
  Kaizuka	
  et	
  al	
  further	
  demonstrated	
  the	
  wave-­‐like	
  movement	
  of	
  

filamentous	
   actin	
   from	
   the	
   periphery	
   which	
   does	
   not	
   extend	
   into	
   the	
   actin-­‐poor	
  

cSMAC	
   (Kaizuka	
   et	
   al.,	
   2007).	
   TCR	
   and	
   CD28	
   microclusters	
   may	
   therefore	
   exploit	
  

different	
   sets	
   of	
   actin	
   linkers	
   which	
   underlie	
   their	
   differential	
   clustering	
   patterns.	
  

Nck	
   in	
  particular,	
  was	
   found	
  to	
  mediate	
  TCR	
   localisation	
  via	
  WASp	
  activation	
  while	
  

similar	
  events	
  were	
  mediated	
  by	
  sorting	
  nexin-­‐9	
  (SNX9)	
  in	
  the	
  case	
  of	
  CD28	
  (Barda-­‐

Saad	
  et	
  al.,	
  2005,	
  Badour	
  et	
  al.,	
  2007).	
  Hence,	
  the	
  observed	
  clustering	
  pattern	
  may	
  

be	
  explained	
  by	
  the	
  recruitment	
  of	
  WASp	
  through	
  different	
  adaptor	
  proteins. 
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Actin	
   cytoskeleton	
   is	
   not	
   only	
   responsible	
   for	
   migratory	
   patterns	
   of	
   CD28	
  

microclusters;	
   studies	
   have	
   elucidated	
   their	
   involvement	
   in	
   NFAT	
   activation.	
   Actin	
  

polymerisation	
  in	
  response	
  to	
  CD28	
  stimulation	
  is	
  required	
  for	
  maintaining	
  Ca2+	
  flux	
  

to	
  induce	
  NFAT	
  mediated	
  c-­‐rel	
  transcription	
  and	
  subsequent	
  activation	
  of	
  the	
  CD28	
  

Response	
   Element	
   (CD28RE)	
   (Nolz	
   et	
   al.,	
   2007).	
   Over-­‐expression	
   of	
   SNX9	
   also	
  

triggered	
   NFAT	
   activation	
   (Badour	
   et	
   al.,	
   2007)	
   strongly	
   implicating	
   SNX9	
   in	
   Ca2+	
  

regulation.	
  While	
   the	
   exact	
  mechanism	
  by	
  which	
   actin	
   cytoskeleton	
   regulates	
   Ca2+	
  

remains	
   elusive,	
  Nolz	
   et	
   al	
   argued	
   against	
   the	
   involvement	
   of	
   ARP2/3	
   and	
   instead	
  

suggested	
  the	
  role	
  of	
  CRAC	
  channels	
  in	
  this	
  process	
  (Nolz	
  et	
  al.,	
  2007).	
  	
  

More	
   recently,	
   elegant	
   studies	
   by	
   Weiss	
   and	
   colleagues	
   have	
   highlighted	
   the	
  

potential	
  role	
  of	
  CD28-­‐mediated	
  actin	
  cytoskeleton	
  polarisation	
  in	
  costimulation.	
  By	
  

inhibiting	
  Csk	
   function	
  using	
  drugs	
  specific	
   to	
  the	
  analogue	
  sensitive	
  version	
  of	
   the	
  

kinase,	
  CskAS,	
  the	
  authors	
  were	
  able	
  to	
  spontaneously	
  trigger	
  TCR	
  signalling,	
  but	
  only	
  

at	
   the	
  proximal	
   level,	
  until	
  phosphorylation	
  of	
  PLCγ1.	
  Either	
  disruption	
  of	
   the	
  actin	
  

cytoskeleton	
  or	
  engagement	
  of	
  CD28	
  were	
  necessary	
  for	
  downstream	
  signalling	
  such	
  

as	
  increased	
  Ca2+	
  and	
  Erk	
  phosphorylation	
  and	
  full	
  T	
  cell	
  activation.	
  Accordingly,	
  the	
  

authors	
   propose	
   a	
   model	
   whereby	
   CD28	
   induces	
   actin-­‐remodelling	
   signals	
   that	
  

enables	
  PLCγ1	
  activated	
  by	
  TCR	
  signals	
  to	
  access	
  its	
  substrate	
  in	
  the	
  otherwise	
  actin-­‐

occluded	
  plasma	
  membrane	
  (Tan	
  et	
  al.,	
  2014,	
  Dustin	
  and	
  Davis,	
  2014),	
  rekindling	
  a	
  

decade	
   long	
   feud	
   on	
   the	
   qualitative	
   versus	
   quantitative	
   signalling	
   nature	
   of	
   CD28	
  

costimulation	
   (Acuto	
   and	
   Michel,	
   2003).	
   This	
   study	
   is	
   reminiscent	
   of	
   earlier	
  

observations	
   of	
   actin	
   remodelling	
   in	
   mediating	
   B	
   cell	
   activation,	
   although	
   signals	
  

from	
   BCR	
   alone	
   seems	
   to	
   be	
   sufficient	
   for	
   mediating	
   actin-­‐cytoskeletal	
  

rearrangements	
  (Treanor	
  et	
  al.,	
  2010).	
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In	
   addition	
   to	
   its	
   contribution	
   to	
   CD28	
   localisation	
   and	
   costimulation,	
   the	
   actin	
  

cytoskeleton	
  is	
  also	
  involved	
  in	
  CD28	
  endocytosis.	
  CD28	
  down-­‐regulation	
  occurred	
  in	
  

a	
  clathrin-­‐mediated	
  pathway	
  that	
  is	
  dependent	
  on	
  intact	
  PI3K	
  signalling	
  (Cefai	
  et	
  al.,	
  

1998,	
   Badour	
   et	
   al.,	
   2007)	
   and	
   the	
   mutation	
   of	
   SNX9	
   markedly	
   reduces	
   CD28	
  

internalisation,	
   implicating	
   the	
   role	
   of	
   actin	
   cytoskeleton	
   in	
   CD28	
   down-­‐regulation	
  

(Badour	
  et	
  al.,	
  2007).	
  

3.1.7	
  CD28	
  Superagonistic	
  antibodies	
  	
  

CD28	
  mitogenic	
  or	
  superagonistic	
  antibodies	
   fully	
  activate	
  T	
  cells	
  without	
  the	
  need	
  

for	
  TCR	
  ligation.	
  The	
  first	
  CD28	
  superagonistic	
  antibodies	
  were	
  discovered	
  in	
  rats	
  and	
  

later	
  in	
  mouse	
  and	
  human.	
  Aptly	
  named,	
  a	
  single	
  intra-­‐peritoneal	
  dose	
  of	
  the	
  CD28	
  

superagonistic	
   antibodies	
   led	
   to	
   potent	
   T	
   cell	
   activations	
   in	
   vivo	
   to	
   induce	
  

lymphadenopathy	
  and	
  splenomegaly	
  (Tacke	
  et	
  al.,	
  1997).	
  However,	
  the	
  antibody	
  was	
  

later	
   shown	
   to	
   preferentially	
   stimulate	
   rat	
   CD4+CD25+	
   regulatory	
   T	
   cells	
   and	
   low	
  

doses	
   of	
   the	
   antibody	
   would	
   reverse	
   autoimmune	
   conditions	
   in	
   rat	
   models	
   of	
  

experimental	
  autoimmune	
  encephalomyelitis	
  (EAE)	
  (Lin	
  and	
  Hunig,	
  2003,	
  Beyersdorf	
  

et	
   al.,	
   2005).	
   This	
   highlighted	
   the	
   therapeutic	
   potential	
   of	
   CD28	
   superagonistic	
  

antibodies	
  in	
  a	
  wide	
  range	
  of	
  autoimmune	
  and	
  inflammatory	
  diseases.	
  A	
  humanised	
  

version	
   of	
   the	
   CD28	
   superagonistic	
   antibody,	
   TGN1412,	
   was	
   soon	
   discovered	
   and	
  

tested	
   in	
   primate	
   and	
   human	
   peripheral	
   blood	
   mononuclear	
   cells	
   (PBMCs).	
   No	
  

toxicities	
   were	
   observed	
   in	
   both	
   primate	
   and	
   PBMC	
   studies	
   at	
   doses	
   as	
   high	
   as	
  

50mg.kg-­‐1	
  (Pallardy	
  and	
  Hunig,	
  2010).	
  	
  	
  	
  

Unexpectedly,	
   intravenous	
   infusion	
   of	
   TGN1412	
   at	
   0.1mg.kg-­‐1	
   resulted	
   in	
   a	
   life-­‐

threatening	
   systemic	
   inflammatory	
   response	
   syndrome	
   (SIRS)	
   characterised	
   by	
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sudden	
  and	
  rapid	
  release	
  of	
  pro-­‐inflammatory	
  cytokines	
  in	
  all	
  6	
  patients	
  tested.	
  The	
  

phase	
   I	
   clinical	
   trial	
   was	
   ended	
   abruptly	
   and	
   subsequent	
   efforts	
   were	
   focused	
   on	
  

understanding	
   how	
   existing	
   studies	
   have	
   failed	
   to	
   predict	
   the	
   outcome	
   of	
   the	
  

disaster.	
  	
  

Firstly,	
   studies	
   by	
   Stebbings	
   and	
   colleagues	
   indicated	
   that	
   the	
   cytokine	
   storms	
  

observed	
   in	
   the	
   volunteers	
   were	
   mediated	
   by	
   IFNγ	
   and	
   TNFα	
   released	
   by	
   CD4+	
  

effector	
  memory	
  T	
  (TEM)	
  cells	
   (Eastwood	
  et	
  al.,	
  2010);	
  which	
  were	
  relatively	
  rare	
   in	
  

experimental	
   mice	
   bred	
   under	
   germ-­‐free	
   conditions.	
   Secondly,	
   the	
   same	
   study	
  

discovered	
   that	
   cynomolgus	
   macaques	
   CD4+	
   T	
   cells	
   lose	
   CD28	
   expression	
   as	
   they	
  

differentiate	
   into	
   TEM	
   cells,	
   rendering	
   the	
   cells	
   refractory	
   to	
   the	
   high	
   CD28	
  

superagonist	
   dosage.	
   Thirdly,	
   TGN1412	
   was	
   later	
   found	
   to	
   positively	
   stimulate	
  

human	
  PBMCs	
  but	
  only	
   if	
   they	
  are	
  present	
  at	
  a	
  high	
  enough	
  density	
   (Romer	
  et	
  al.,	
  

2011).	
  More	
   recently,	
  TGN1412	
   (now	
  known	
  as	
  TAB08)	
  was	
   shown	
   to	
  exhibit	
  anti-­‐

inflammatory	
  properties	
  in	
  a	
  renewed	
  clinical	
  trial	
  where	
  a	
  much	
  lower	
  dose	
  of	
  the	
  

antibody	
   (0.1%-­‐7%	
   of	
   the	
   original	
   dosed	
   used	
   in	
   the	
   2006	
   trial)	
   specifically	
  

stimulated	
   Treg	
   cells	
   without	
   the	
   induction	
   of	
   pro-­‐inflammatory	
   cytokines	
   from	
  

conventional	
   T	
   cells	
   (Tabares	
   et	
   al.,	
   2014).	
   Phase	
   II	
   clinical	
   trials	
   of	
   TAB08	
   are	
  

currently	
  underway	
  (TheraMAB,	
  2014).	
  	
  

Despite	
   the	
   number	
   of	
   studies	
   published	
   on	
   the	
   effects	
   of	
   CD28	
   superagonistic	
  

antibodies,	
   the	
   exact	
   mechanism	
   by	
   which	
   mitogenic	
   antibody	
   induces	
   T	
   cell	
  

activation	
   remains	
   elusive.	
   Two	
   opposing	
   views	
   stand	
   out	
   amongst	
   the	
   several	
  

proposed	
  mechanisms	
  (Linsley,	
  2005,	
  Luhder	
  et	
  al.,	
  2003).	
  The	
  first,	
  championed	
  by	
  

Hünig	
  and	
  Dennehy,	
  hypothesised	
  that	
  CD28	
  superagonists	
  have	
  the	
  unusual	
  ability	
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to	
   form	
   stable	
   CD28	
   lattices	
   (Hunig	
   and	
   Dennehy,	
   2005).	
   This	
   based	
   on	
   their	
  

(unpublished)	
  observation	
  that	
  CD28	
  superagonists	
  contain	
  twice	
  as	
  many	
  epitopes	
  

on	
  cells	
  as	
  a	
  conventional	
  CD28	
  antibody.	
   In	
  addition,	
  bivalent	
   ligation	
  of	
  CD28	
  (by	
  

fusing	
   the	
  extracellular	
   domain	
  of	
   CD80	
  or	
  CTLA-­‐4	
   to	
  CD28	
   intracellular	
   tail)	
   could	
  

induce	
  T	
  cell	
  activation	
  in	
  the	
  absence	
  of	
  TCR	
  ligation	
  (Dennehy	
  et	
  al.,	
  2006).	
  On	
  the	
  

other	
   hand,	
   elucidation	
   of	
   the	
   binding	
   sites	
   of	
   CD28	
   superagonist	
   antibodies	
   have	
  

highlighted	
   the	
   possible	
   role	
   of	
   the	
   K-­‐S	
   model	
   on	
   the	
   mechanism	
   of	
   CD28	
  

superagonist	
  antibody	
  action	
  (Evans	
  et	
  al.,	
  2005,	
  Luhder	
  et	
  al.,	
  2003).	
  Superagonist	
  

antibodies	
  bind	
  near	
  the	
  CD28	
  membrane	
  proximal	
  C’’D	
  loop,	
  and	
  when	
  coupled	
  to	
  

Fc-­‐Receptors,	
  they	
  could	
  lead	
  to	
  closer	
  membrane	
  approximation.	
  This	
  enhances	
  the	
  

size-­‐based	
  segregation	
  of	
  large	
  inhibitory	
  RPTP	
  such	
  as	
  CD45,	
  thereby	
  resulting	
  in	
  T	
  

cell	
   signalling	
   and	
   activation	
   (Figure	
   3.2).	
   This	
   is	
   not	
   observed	
   for	
   conventional	
  

antibodies,	
   which	
   bind	
   CD28	
   near	
   the	
   MYPPPY	
   motif	
   ‘on	
   the	
   top’	
   of	
   CD28.	
   Such	
  

observations	
  highlight	
   the	
   importance	
  of	
   receptor/	
   ligand	
  dimensions	
   in	
  mediating	
  

receptor	
  triggering,	
  as	
  postulated	
  by	
  the	
  K-­‐S	
  model.	
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A B 

Figure 3.2 Possible mechanism of action for CD28 superagonist antibodies 

Cartoon depicting the possible mechanism of action for CD28 superagonist 
antibodies. (a) Conventional CD28 antibodies coupled to Fc receptors in vivo bind 
near the MYPPPY motif at the ‘top’ of CD28. This results in an increased 
intermembrane distance permitting co-localisation with the high density of CD45 
which keeps the conventional CD28 antibody from any aberrant activations. (b) 
Superagonist (or mitogenic) CD28 antibodies however, bind near the membrane 
proximal domain of CD28 and in doing so, pulls the two opposing membrane 
closer, leading to improved CD45 segregation. This leads to an increase in local 
kinase: phosphatase concentration resulting in CD28 phosphorylation and T cell 
activation.    
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3.2	
  Aims	
  and	
  Objectives	
  

The	
   TCR	
   complex	
   alone	
   is	
   insufficient	
   to	
   produce	
   optimal	
   signalling	
   for	
   T	
   cell	
  

function.	
   A	
   second	
   costimulatory	
   signal	
   is	
   necessary	
   to	
   prevent	
   T	
   cell	
   anergy	
   and	
  

promote	
  activation.	
  The	
  best-­‐studied	
  costimulatory	
  receptor	
  CD28,	
  binds	
  CD80	
  and	
  

CD86	
   on	
   APCs.	
   The	
   exact	
   mechanism	
   of	
   CD28	
   triggering	
   is	
   as	
   yet	
   unknown	
   and	
  

several	
   mechanisms	
   have	
   been	
   discussed	
   (Dennehy	
   et	
   al.,	
   2006).	
   With	
   a	
   small	
  

extracellular	
   domain	
   and	
   no	
   intrinsic	
   enzymatic	
   activity,	
   CD28	
   relies	
   on	
   the	
  

recruitment	
  of	
  downstream	
  signalling	
  molecules	
  after	
   tyrosine	
  phosphorylation	
  by	
  

Src	
  kinases.	
  Thus,	
  CD28	
  classifies	
  as	
  a	
  NTR	
  as	
  described	
  previously	
  in	
  chapter	
  1.	
  The	
  

K-­‐S	
  model	
  postulates	
  that	
  NTR	
  triggering	
  is	
  critically	
  dependent	
  on	
  the	
  local	
  kinase:	
  

phosphatase	
  balance	
  and	
  the	
  segregation	
  of	
  RPTP	
  such	
  as	
  CD45	
  upon	
  ligand	
  ligation	
  

as	
  postulated	
  by	
  the	
  K-­‐S	
  mechanism.	
  Receptor-­‐ligand	
  dimension	
  therefore	
  plays	
  an	
  

important	
   role	
   in	
   segregating	
   RPTP	
   for	
   T	
   cell	
   activation.	
   Although	
   the	
   crystal	
  

structure	
  of	
  CD28	
  and	
  its	
  natural	
  ligand	
  has	
  yet	
  to	
  be	
  solved,	
  they	
  are	
  expected	
  to	
  

span	
   a	
   length	
   similar	
   to	
   that	
   of	
   TCR-­‐pMHC	
   at	
   approximately	
   15nm,	
   based	
   on	
   the	
  

crystal	
  structure	
  of	
  the	
  related	
  CTLA-­‐4/CD80	
  molecules	
  (Stamper	
  et	
  al.,	
  2001).	
  

A	
  key	
  prediction	
  of	
   the	
  K-­‐S	
  model	
   states	
   that	
   the	
   small	
  dimensions	
  of	
   the	
   ligand/	
  

receptor	
  complex	
  is	
  necessary	
  to	
  maintain	
  optimal	
  inter-­‐membrane	
  distance	
  for	
  the	
  

segregation	
   of	
   large	
   inhibitory	
   phosphatases.	
   Indeed,	
   disruption	
   of	
   the	
   optimal	
  

inter-­‐membrane	
  distance	
  between	
  non-­‐catalytic	
  tyrosine-­‐phosphorylated	
  receptors	
  

led	
  to	
  the	
  abrogation	
  of	
  receptor	
  activation	
  (James	
  and	
  Vale,	
  2012,	
  Choudhuri	
  et	
  al.,	
  

2005,	
  Kohler	
  et	
  al.,	
  2010,	
  Goodridge	
  et	
  al.,	
  2011).	
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To	
  test	
  the	
  hypothesis	
   for	
  CD28,	
  the	
  extracellular	
  domain	
  for	
  CD80	
  was	
  elongated	
  

and	
  tested	
  for	
  its	
  capability	
  to	
  costimulate	
  CD28.	
  	
  

3.3.1	
  Elongating	
  the	
  Ectodomain	
  of	
  CD80	
  

Insertion	
  of	
   Immuno-­‐globulin	
  Super	
  Family	
   (IgSF)	
  domains	
  to	
  elongate	
  extracellular	
  

molecules	
  is	
  well-­‐established	
  and	
  have	
  been	
  demonstrated	
  in	
  a	
  number	
  of	
  systems	
  

including	
   CD2/	
   CD48	
   (Wild	
   et	
   al.,	
   1999),	
   TCR/	
   pMHC	
   (Choudhuri	
   et	
   al.,	
   2005),	
  

NKG2D/	
   MICA	
   and	
   KIR2DL1/	
   HLA-­‐C	
   (Kohler	
   et	
   al.,	
   2010).	
   The	
   IgSF	
   domains	
   were	
  

typically	
   inserted	
  in	
  the	
  stalk	
  region	
  of	
  the	
  ectodomain,	
  the	
  structure-­‐less	
  region	
  in	
  

between	
   the	
   membrane	
   proximal	
   domain	
   and	
   the	
   transmembrane	
   domain,	
   to	
  

preserve	
  maximum	
  structural	
  integrity.	
  The	
  successes	
  of	
  these	
  experiments	
  justify	
  a	
  

similar	
  approach	
  to	
  testing	
  the	
  CD28/	
  CD80	
  costimulatory	
  system.	
  CD80	
  elongation	
  

became	
   the	
   obvious	
   option	
   in	
   favour	
   of	
   the	
   technical	
   complication	
   of	
   elongating	
  

CD28	
  in	
  primary	
  T	
  cells.	
  	
  

To	
   elongate	
   CD80,	
   spacer	
   domains	
   corresponding	
   to	
   the	
   extracellular	
   domain	
   of	
  

human	
  CD2	
  or	
  CD4	
  were	
  inserted	
  into	
  the	
  mouse	
  CD80	
  extracellular	
  stalk	
  region.	
  The	
  

extracellular	
   region	
   of	
   CD2	
   consists	
   of	
   a	
   membrane	
   distal	
   V-­‐type	
   IgSF	
   domain	
  

followed	
   by	
   a	
  membrane	
   proximal	
   C2-­‐type	
   IgSF	
   domain	
   (Bodian	
   et	
   al.,	
   1994).	
   The	
  

extracellular	
  domain	
  of	
  CD4	
  consists	
  of	
  4	
  sets	
  of	
  IgSF	
  domains:	
  a	
  membrane	
  distal	
  V-­‐

Type	
   IgSF	
  and	
  a	
  C2-­‐type	
   IgSF	
  domains	
  d1-­‐d2	
  followed	
  by	
  a	
  repeating	
  set	
  of	
  V-­‐Type	
  

and	
  C2-­‐Type	
  IgSF	
  domains	
  d3-­‐d4	
  (Garrett	
  et	
  al.,	
  1993).	
  The	
  structure	
  of	
  soluble	
  CD80	
  

revealed	
  that	
  the	
  two	
  anti-­‐parallel	
  β	
  sandwich	
  IgSF	
  domains	
  joined	
  by	
  a	
  short	
  linker	
  

region	
   stands	
   at	
   a	
   height	
   of	
   approximately	
   9nm.	
   Interestingly,	
   the	
   overall	
  

organisation	
  and	
  dimensions	
  of	
  soluble	
  CD80	
  resemble	
  that	
  of	
  extracellular	
  hCD2	
  at	
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approximately	
   9nm	
   (Ikemizu	
   et	
   al.,	
   2000).	
   	
   Based	
   on	
   the	
   low	
   resolution	
   X-­‐ray	
  

diffraction	
  derived	
  structure	
  of	
  CD4	
  by	
  Wu	
  et	
  al	
   (Wu	
  et	
  al.,	
  1997),	
  as	
  well	
  as	
  high-­‐

resolution	
  CD4	
   crystal	
   structures	
   of	
   d1-­‐d2	
   and	
  d3-­‐d4,	
   the	
   extracellular	
   domains	
   of	
  

CD4	
  is	
  predicted	
  to	
  be	
  an	
  extended	
  structure	
  of	
  ~12nm.	
  As	
  such,	
  insertion	
  of	
  human	
  

CD2	
  and	
  CD4	
  would	
   ideally	
   elongate	
   the	
  CD80	
  molecule	
  by	
   approximately	
   9nm	
   to	
  

12nmn	
  respectively.	
  

Importantly,	
  these	
  inserts	
  are	
  deemed	
  functionally	
  inert,	
  as	
  the	
  binding	
  affinities	
  of	
  

human	
   CD2	
   and	
   CD4	
   and	
   their	
   corresponding	
   ligands	
   in	
   mouse	
   are	
   very	
   low.	
   In	
  

addition,	
  inserting	
  both	
  CD2	
  and	
  CD4	
  at	
  the	
  base	
  of	
  CD80	
  would	
  have	
  occluded	
  the	
  

binding	
   sites	
   of	
   the	
  molecules,	
  which	
   resides	
   on	
   the	
   top	
  of	
   their	
  membrane	
  distal	
  

domain	
  end	
  (Li	
  et	
  al.,	
  2013),	
  thereby	
  inhibiting	
  any	
  unintended	
  cross-­‐reactivity.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 3.3 Elongating CD80 ectodomains 

Cartoon depicting the elongation of CD80 extracellular domain. Human CD2 or 
CD4 extracellular domains  (orange) were cloned into the stalk region of mouse 
CD80 ectodomain (red) to elongate the molecule by approximately 9 nm and 12 
nm respectively. CD2 elongated CD80 is termed CD80CD2 and likewise, CD4 
elongated CD80 is termed CD80CD4.  
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The	
   introduction	
   of	
   a	
   suitable	
   restriction	
   enzyme	
   site	
   for	
   the	
   insertion	
   of	
   spacer	
  

domains	
   introduced	
  an	
  E230A	
  mutation	
   in	
   the	
  stalk	
   region	
  of	
  CD80.	
  A	
  mutation	
   in	
  

the	
  unstructured	
  stalk	
  region	
  is	
  unlikely	
  to	
  have	
  a	
  significant	
  effect	
  of	
  the	
  structural	
  

stability	
  of	
  the	
  molecule.	
  In	
  addition,	
  as	
  depicted	
  in	
  the	
  diagram	
  below,	
  a	
  series	
  of	
  6	
  

negatively	
   charged	
   residues	
   are	
   evenly	
   distributed	
   across	
   the	
   stalk	
   region.	
   The	
  

impact	
  of	
  a	
   loss	
  of	
  one	
  Glutamic	
  Acid	
   in	
  this	
  stretch	
  of	
  negatively	
  charged	
  residues	
  

will	
   be	
   minimal.	
   Indeed,	
   as	
   indicated	
   in	
   figure	
   3.6,	
   there	
   are	
   no	
   observable	
  

differences	
  between	
  WT	
  CD80	
  and	
  CD80	
  harbouring	
  the	
  E230A	
  mutation.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

The	
   various	
   CD80	
   or	
   CD80CD2	
   or	
   CD80CD4	
   constructs	
   were	
   then	
   cloned	
   into	
  

pcDNA3.1+	
  vector	
  using	
  overlapping	
  PCR	
  mutagenesis	
  as	
  described	
  in	
  the	
  Materials	
  

and	
  Methods	
  section.	
  

3.3.2	
  Expression	
  of	
  elongated	
  forms	
  of	
  CD80	
  

Figure 3.4 Mouse CD80 extracellular stalk region  

The extracellular stalk region for mouse CD80 is depicted with a string of 
abundant negatively charged residues highlighted in orange and two positively 
charged residues highlighted in green. A mutation was introduced in the cloning 
process, leading to the replacement of a negatively charged glutamic acid with a 
neutral alanine residue. 
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For	
  expression,	
   the	
  constructs	
  were	
  transfected	
   into	
  Chinese	
  Hamster	
  Ovary	
   (CHO)	
  

cells	
  expressing	
  mouse	
  IEK	
  class	
  II	
  molecules	
  which	
  were	
  used	
  as	
  antigen-­‐presenting	
  

cells.	
   	
  Stable	
  transfectants	
  were	
  selected	
  using	
  complete	
  media	
  supplemented	
  with	
  

300μg/ml	
   Hygromycin	
   and	
   sorted	
   for	
   CD80	
   expression.	
   Figure	
   3.5a	
   shows	
   the	
  

expression	
  levels	
  of	
  CD80	
  and	
  CD2	
  or	
  CD4	
  by	
  FACS	
  analysis;	
  note	
  that	
  the	
  expression	
  

of	
   CD80	
   correlates	
   well	
   with	
   CD2	
   or	
   CD4	
   expression	
   in	
   IEK-­‐CD80CD2	
   and	
   IEK-­‐

CD80CD4,	
   as	
   predicted	
   in	
   a	
   fusion	
   molecule.	
   	
   In	
   addition	
   to	
   FACS	
   analysis,	
   the	
  

transfected	
  cells	
  were	
  stained	
  with	
  antibodies	
  for	
  CD80	
  and	
  CD2	
  or	
  CD4	
  and	
  imaged	
  

using	
  confocal	
  microscopy.	
  Figure	
  3.5b	
  showed	
  that	
  for	
  both	
  CHO-­‐IEK-­‐CD80CD2	
  and	
  

CHO-­‐IEK-­‐CD80CD4	
   cells,	
   CD80	
   expression	
   was	
   restricted	
   to	
   the	
   cell	
   surface.	
  

Moreover,	
  in	
  agreement	
  with	
  the	
  FACS	
  data,	
  CD80	
  (red)	
  expression	
  colocalised	
  with	
  

CD2	
  or	
  CD4	
  staining	
  (green).	
   In	
  contrast,	
  this	
  correlation	
  was	
  not	
  observed	
  in	
  CHO-­‐

SCDCD2,	
  CD80	
  cells	
  where	
  CD80	
  was	
  expressed	
  as	
  a	
  single	
  molecule	
  in	
  the	
  same	
  CHO	
  

cell	
   expressing	
   CD2	
   elongated	
   SCD	
   molecules.	
   This	
   experiment	
   suggests	
   that	
  

elongation	
  does	
  not	
  disrupt	
  the	
  overall	
  structural	
  integrity	
  of	
  CD80,	
  indicated	
  by	
  the	
  

preservation	
  of	
  mAb	
  recognition	
  for	
  FACS	
  and	
  confocal	
  analysis.	
  	
  

Levels	
   of	
   CD80	
   expression	
   between	
   WT	
   and	
   elongated	
   CD80	
   were	
   sorted	
   before	
  

every	
  experiment.	
  Figure	
  3.5c	
  represents	
  a	
  typical	
  FACS	
  plot	
  depicting	
  matched	
  CD80	
  

expressions	
   between	
   the	
   various	
   CHO	
   cells.	
   Hamster	
   ICAM	
  were	
   shown	
   to	
   cross-­‐

react	
  and	
  costimulate	
  mouse	
  T	
  cells	
  (Gaglia	
  et	
  al.,	
  2001),	
  to	
  ensure	
  that	
  this	
  does	
  not	
  

impact	
  in	
  any	
  experiments	
  described	
  in	
  this	
  chapter,	
  the	
  levels	
  of	
  ICAM	
  expressions	
  

between	
   CHO	
   cells	
   expressing	
   the	
   different	
   variants	
   of	
   CD80	
   were	
   also	
   assessed	
  

using	
   mAB	
   J5-­‐3F9	
   (kindly	
   provided	
   by	
   Professor	
   Vijay	
   Kuchroo,	
   Harvard	
   Medical	
  

School,	
  USA;	
  Figure	
  3.5d).	
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Figure 3.5 Expression of CD80 molecules in CHO-IEK cells  

CD80 constructs containing hCD2 or hCD4 inserts were transfected into CHO 
cells expressing IEK MHCs. To assess the expression levels, the cells were 
stained with antibodies to mCD80, hCD2 or hCD4 directly conjugated with APC, 
FITC, and Alexa488, respectively, and analysed using (a) FACS analysis or (b) 
confocal microscopy. (c) CHO cells expressing the different variants of CD80 
molecules were stained using CD80-APC and analysed by FACS. (d) Hamster 
ICAM levels between the different CHO cells were analysed using mAB J5-3F9 
(Gaglia et al., 2001).   

	
   

IEK-­‐CD80CD2 IEK-­‐CD80CD4 SCDCD2,	
  CD80 

APC-­‐CD80 
CD2-­‐Alexa	
  488 
CD4-­‐Alexa	
  488 

APC-­‐CD80 

	
   	
   
FI
TC

-­‐C
D
2 

FI
TC

-­‐C
D
2 

Al
ex
a4

88
-­‐C
D
4 

IEk-­‐CD80	
  (E230A) A 

B 

C D 



                                               RECEPTOR/LIGAND	
  DIMENSIONS	
  IN	
  CD28	
  COSTIMULATION 
 

 65 

3.3.3	
  Binding	
  of	
  CD28	
  by	
  elongated	
  forms	
  of	
  CD80	
  	
  

CD80	
  elongation	
  may	
   lead	
   to	
   the	
  abolishment	
  of	
  CD28	
   ligation.	
   To	
   investigate	
   this	
  

possibility,	
  CHO	
  cells	
   expressing	
   varying	
   lengths	
  of	
  CD80	
  were	
   sorted	
   for	
  matching	
  

CD80	
  expression	
  before	
  assessment	
  for	
  CD28	
  bead	
  binding	
  (Figure	
  3.6).	
  	
  CD28	
  beads	
  

were	
  prepared	
  by	
  incubating	
  CD28	
  (dimer)-­‐Fc	
  molecules	
  with	
  fluorescently	
  labeled,	
  

Protein	
  A-­‐coated	
  beads.	
  The	
  mixture	
  were	
  then	
  serially	
  diluted	
  in	
  12	
  concentrations	
  

and	
   washed	
   in	
   PBS.	
   CHO	
   cells	
   expressing	
   different	
   variants	
   of	
   CD80	
   were	
   then	
  

incubated	
  with	
  the	
  serially	
  diluted	
  CD28	
  labelled	
  beads	
  and	
  binding	
  levels	
  analysed	
  

using	
   FACS.	
   All	
   variants	
   of	
   CD80,	
   including	
   the	
   E230A	
   mutant	
   bound	
   similarly	
   to	
  

CD28-­‐beads.	
  If	
  anything	
  CD28	
  beads	
  bound	
  better	
  to	
  CHO	
  cells	
  expressing	
  elongated	
  

CD80.	
  Elongation	
  of	
  CD80	
  therefore,	
  does	
  not	
  lead	
  to	
  impaired	
  CD28	
  engagement.	
  

	
  

 	
  

	
  

	
  	
  

	
  

	
  

	
  

	
  

	
  

Figure 3.6 CD80 elongation does not impair CD28 binding 

CD28-­‐Fc	
  fusion	
  proteins	
  were	
  incubated	
  with	
  protein	
  A	
  conjugated	
  fluorescent	
  beads	
  and	
  
serially	
  diluted.	
  The	
   resulting	
  CD28-­‐Fc	
  coated	
   fluorescent	
  beads	
  were	
   then	
  washed	
  and	
  
used	
   to	
  stain	
  CHO	
  cells	
  expressing	
   the	
   indicated	
  forms	
  of	
  CD80.	
  Levels	
  of	
  binding	
  were	
  
analysed	
  by	
  flow	
  cytometry.	
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3.3.4	
  Elongation	
  of	
  CD80	
  reduces	
  primary	
  T	
  cell	
  costimulation	
  

Upon	
  activation,	
  T	
  cells	
  undergo	
  a	
  drastic	
  change	
  in	
  transcriptional	
  profile	
  and	
  begin	
  

to	
  express	
  a	
  number	
  of	
  activation	
  markers	
  on	
   their	
   cell	
   surface.	
   In	
  addition	
   to	
   cell	
  

surface	
  markers,	
   T	
   cells	
   also	
  begin	
   to	
   secrete	
   a	
  number	
  of	
   cytokines.	
   Chief	
   among	
  

these	
  is	
  IL-­‐2,	
  which	
  is	
  necessary	
  for	
  growth,	
  proliferation	
  and	
  differentiation	
  of	
  naïve	
  

T	
   cells	
   into	
   effector	
   T	
   cells.	
   As	
   discussed	
   previously,	
   CD28	
  mediated	
   costimulatory	
  

signals	
   are	
   central	
   to	
   the	
   regulation	
   of	
   IL-­‐2	
   secretion	
   by	
   up-­‐regulating	
   IL-­‐2	
  

transcription	
   through	
   the	
   CD28	
   response	
   element	
   and	
   post-­‐transcriptional	
   mRNA	
  

stabilisation.	
  To	
  examine	
  the	
  effect	
  of	
  CD80	
  elongation	
  on	
  costimulation	
  of	
  T	
  cells,	
  

CHO-­‐IEK	
   cells	
   expressing	
   varying	
   lengths	
   of	
   CD80	
   were	
   tested	
   for	
   their	
   ability	
   to	
  

induce	
  IL-­‐2	
  secretion	
  from	
  T	
  cells.	
  	
  

CHO-­‐IEK	
  cells	
  expressing	
  the	
  no	
  or	
  different	
  variants	
  of	
  CD80	
  were	
  sorted	
  for	
  CD80	
  

expression	
   and	
   pulsed	
   with	
   indicated	
   concentrations	
   of	
   the	
   male	
   antigen	
   Dby	
  

peptide	
  (REEALHQFRSGRKPI)	
  for	
  an	
  hour.	
  The	
  pulsed	
  APCs	
  were	
  then	
  incubated	
  with	
  

purified	
   primary	
   CD4+	
   T	
   cells	
   isolated	
   from	
   the	
   spleens	
   of	
   transgenic	
   A1	
   TCR	
  mice	
  

(Figure	
  3.7a).	
  A1	
  TCR	
  recognise	
  Dby	
  peptide	
  in	
  the	
  context	
  of	
  IEK,	
  thereby	
  providing	
  

specificity	
   for	
   the	
   interaction.	
   After	
   48	
   hours,	
   the	
   supernatant	
  was	
   harvested	
   and	
  

analysed	
  for	
  IL-­‐2	
  secretion	
  by	
  ELISA.	
  

No	
  IL-­‐2	
  secretion	
  was	
  detected	
  for	
  T	
  cells	
  stimulated	
  with	
  negative	
  control	
  CHO-­‐IEK	
  

expressing	
   no	
   CD80	
   (Figure	
   3.7b).	
   This	
   does	
   not	
   come	
   as	
   a	
   surprise	
   as	
   it	
   is	
   long	
  

known	
  that	
  TCR	
  engagement	
  in	
  the	
  absence	
  of	
  CD28	
  costimulation	
  does	
  not	
  activate	
  

naïve	
  T	
  cell	
  populations.	
  Introduction	
  of	
  CD80	
  provides	
  costimulation	
  that	
  led	
  to	
  IL-­‐2	
  

secretion	
  plateauing	
  between	
  1-­‐2	
  μM	
  of	
  Dby	
  peptide.	
  Importantly,	
  the	
  IL-­‐2	
  secretion	
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profile	
   for	
  WT	
   CD80	
   and	
   that	
   harbouring	
   the	
   E230A	
  mutation	
  was	
   largely	
   similar,	
  

indicating	
  that	
  the	
  mutation	
  has	
  minimal	
  effect	
  on	
  the	
  stimulatory	
  capacity	
  of	
  CD80	
  

E230A.	
  As	
  such,	
  the	
  mutant	
  CD80	
  is	
  referred	
  from	
  hereon	
  as	
  CD80-­‐WT.	
  

Elongation	
   of	
   CD80	
   on	
   the	
   other	
   hand,	
   led	
   to	
   a	
   reduction	
   of	
   IL-­‐2	
   secretion	
   at	
   all	
  

concentrations	
  of	
  Dby	
  peptide	
  (Figure	
  3.7b).	
  Secretion	
  of	
  IL-­‐2	
  by	
  primary	
  CD4+	
  T	
  cells	
  

correlated	
   inversely	
   with	
   the	
   dimension	
   of	
   CD80,	
   with	
   CHO-­‐IEK-­‐CD80CD4	
   being	
   a	
  

poorer	
   co-­‐stimulating	
   APC	
   than	
   CHO-­‐IEK-­‐CD80CD2.	
   This	
   result	
   indicates	
   that	
  

elongated	
   forms	
   of	
   CD80	
   are	
   less	
   effective	
   co-­‐stimulatory	
   ligands	
   for	
   T	
   cell	
  

activation.	
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Figure 3.7 CD80 elongation reduces costimulation of primary CD4+ T cells  
 
(a) Spleens from A1 TCR transgenic mice specific to male antigen Dby were 
harvested and purified for CD4+ T cells. The purified cells were stained for CD28 
(left) and CD4 (right) expression. (b) CHO-IEK cells expressing CD80-WT or 
elongated CD80s were pulsed with titrating concentrations of Dby peptides before 
incubation with the purified CD4+ A1 TCR transgenic T cells for 48 hours. The 
supernatants were then harvested and analysed for IL-2 using ELISA. This is a 
representative plot from 3 separate experiments and the error bar represents 
SEM from 3 replicate data points.   
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3.3.5	
  Elongation	
  of	
  CD80	
  impairs	
  CD28	
  signalling	
  

Elongation	
   of	
   CD80	
  may	
   reduce	
   efficiency	
   of	
   CD28	
   co-­‐stimulation	
   by	
   two	
   possible	
  

mechanisms.	
   Firstly,	
   they	
   may	
   impair	
   CD28	
   signal	
   transduction	
   as	
   a	
   result	
   of	
  

increased	
   inter-­‐membrane	
   distance,	
   thereby	
   allowing	
   passive	
   diffusion	
   of	
   large	
  

inhibitory	
  phosphatases	
  within	
  CD28	
  signalling	
  zone	
  as	
  postulated	
  by	
  the	
  K-­‐S	
  model	
  

(Davis	
   and	
   van	
   der	
   Merwe,	
   2006).	
   	
   Secondly,	
   elongation	
   of	
   CD80	
   may	
   affect	
  

costimulation	
  because	
  of	
   the	
  resulting	
  mismatch	
  between	
  the	
  CD28-­‐CD80	
  and	
  TCR	
  

receptor-­‐pMHC	
  dimensions	
  as	
  depicted	
  in	
  the	
  cartoon	
  below	
  (Figure.	
  3.8).	
  Previous	
  

studies	
  have	
  suggested	
  that	
  such	
  a	
  mismatch	
  between	
  receptor/	
   ligand	
  pairs	
  could	
  

either	
   disrupt	
   TCR-­‐pMHC	
   engagement	
   (Wild	
   et	
   al.,	
   1999)	
   and/or	
   impair	
   signal	
  

integration	
  between	
  TCR	
  and	
  CD28	
  (Kohler	
  et	
  al.,	
  2010).	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 3.8 CD80 elongation may lead to a mismatch between the 
dimensions of the TCR-pMHC and CD28-CD80 complexes 
 
Cartoon depicting how elongation of CD80 may disrupt antigen recognition of T 
cells. A mismatch between the dimensions of the TCR-pMHC and CD28-CD80 
complexes may disrupt TCR binding to pMHC binding by positioning the 
membranes too far apart (left). Alternatively it may force engaged segregation of 
engaged TCR and CD28 at the T cell surface, leading to impaired TCR-CD28 
signal integration [right see Dushek et at Figure 8b for suggested panel (Dushek 
et al., 2012)].  
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To	
  distinguish	
  between	
  the	
  two	
  mechanisms,	
  a	
  trans	
  co-­‐stimulation	
  assay	
  was	
  set	
  up	
  

where	
  T	
  cells	
  receive	
  its	
  TCR	
  and	
  CD28	
  signals	
  from	
  two	
  separate	
  APCs	
  (i.e.	
  in	
  trans).	
  

Presentation	
  of	
   TCR	
   and	
  CD28	
   ligands	
   into	
   two	
  APCs	
   eliminates	
   any	
   complications	
  

that	
   may	
   arise	
   from	
   mismatches	
   in	
   the	
   sizes	
   of	
   the	
   TCR-­‐pMHC	
   and	
   CD28-­‐CD80	
  

complexes.	
   This	
   allows	
   the	
   investigation	
   of	
   any	
   potential	
   CD28	
   signal	
   transduction	
  

impairment	
  due	
  to	
  increased	
  inter-­‐membrane	
  distance	
  (Figure	
  3.9).	
  	
  	
  

CHO-­‐IEK	
  cells	
  were	
  pulsed	
  with	
  5μM	
  (saturating	
   levels)	
  of	
  Dby	
  peptide	
  for	
  an	
  hour.	
  

The	
  pulsed	
  APCs	
  were	
  then	
   incubated	
  with	
  primary	
  CD4+	
  T	
  cells	
  at	
  a	
  1:1	
  ratio	
  with	
  

the	
   indicated-­‐titrated	
  numbers	
  of	
  CHO-­‐CD80,	
  CHO-­‐CD80CD2	
  or	
  CHO-­‐CD80CD4	
  cells	
  

for	
  48	
  hours	
  before	
  their	
  supernatants	
  were	
  harvested	
  for	
  IL-­‐2	
  ELISA.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 3.9 Trans-costimulation Assay  
 
In the trans-costimulation assay, T cells were incubated with CHO-IEK cells 
without CD80, pulsed with a fixed concentration of cognate Dby antigen. Co-
stimulatory signals were provided in trans in the form of separate CHO cells 
expressing WT or elongated version of CD80 molecules. Strength of co-
stimulatory signals were controlled by titrating the number of CHO-CD80 
expressing cells. T cells were incubated for 48 hours before the supernatant were 
isolated for IL-2 analysis using FACS. 



                                               RECEPTOR/LIGAND	
  DIMENSIONS	
  IN	
  CD28	
  COSTIMULATION 
 

 71 

As	
  before,	
  in	
  the	
  absence	
  of	
  CD80	
  ligation,	
  CHO-­‐IEK	
  cells	
  alone	
  are	
  poor	
  stimulators	
  

of	
   T	
   cells.	
   Provision	
   of	
   CD80	
   in	
   trans	
  markedly	
   improves	
   IL-­‐2	
   secretion	
  while	
   CHO	
  

cells	
   expressing	
   CD80CD2	
   or	
   CD80CD4	
   in	
   trans	
   were	
   poor	
   stimulators	
   of	
   IL-­‐2	
  

secretion	
  (Figure	
  3.10).	
  Thus,	
  this	
  suggests	
  that	
  elongated	
  CD80	
  molecules	
  less	
  able	
  

to	
   induce	
   CD28	
   signal,	
   which	
   is	
   consistent	
   with	
   predictions	
   from	
   the	
   K-­‐S	
   model.	
  

Interestingly,	
   it	
   was	
   noted	
   that	
   costimulation	
   peaked	
   at	
   a	
   starting	
   ratio	
   of	
   CHO-­‐

CD80/T	
  cells	
  of	
   just	
  below	
  1.	
  This	
   is	
  most	
  probably	
  an	
  overcrowding	
  artifact	
  of	
   the	
  

experimental	
   condition	
   at	
   high	
   cell	
   density.	
   Such	
   an	
   effect	
   would	
   be	
   particularly	
  

obvious	
  after	
  an	
  extended	
  amount	
  of	
   time	
   in	
  culture	
   (48	
  hours)	
  during	
  which	
  time	
  

both	
  cells	
  would	
  divide.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 3.10 Elongation of CD80 abolishes CD28 signalling 
 
5x104 primary CD4+ T cells were incubated 1:1 with pulsed (5µM Dby peptide) 
CHO-IEK cells (with no CD80) or the indicated number of CHO-CD80 expressing 
cells in trans for 48 hours. The supernatant were then harvested for IL-2 ELISA. 
This is a representative plot from 3 separate experiments and the error bar 
represents SEM from 3 replicate data points. 
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3.3.6	
  Elongation	
  of	
  CD80	
  reduces	
  CD45	
  segregation	
  	
  

Several	
  groups	
  have	
  demonstrated	
  the	
  segregation	
  of	
  large	
  membrane	
  phosphatase	
  

like	
   CD45	
   and	
   CD148	
   from	
   the	
   site	
   of	
   TCR	
   contacts	
   areas	
   during	
   TCR	
   triggering	
  

(Bunnell	
  et	
  al.,	
  2002,	
  Varma	
  et	
  al.,	
  2006,	
  James	
  and	
  Vale,	
  2012,	
  Leupin	
  et	
  al.,	
  2000,	
  

Johnson	
   et	
   al.,	
   2000,	
   He	
   et	
   al.,	
   2002).	
   Indeed,	
   artificial	
   elongation	
   of	
   several	
  

receptor/	
  ligand	
  systems	
  have	
  led	
  to	
  the	
  abrogation	
  of	
  receptor	
  signal	
  transduction,	
  

lending	
   support	
   to	
   the	
   importance	
   of	
   receptor/	
   ligand	
   dimensions	
   in	
   receptor	
  

triggering	
   (Choudhuri	
   et	
   al.,	
   2005,	
   Kohler	
   et	
   al.,	
   2010,	
   Brzostek	
   et	
   al.,	
   2010).	
  

Elongation	
   would	
   realistically	
   prevent	
   large	
   membrane	
   phosphatases	
   from	
  

segregating	
   from	
   the	
   close	
   inter-­‐membrane	
   signalling	
   zone,	
   leading	
   to	
   signal	
  

abrogation.	
  

Imaging	
  CD80,	
  pMHC	
  and	
  CD45	
  at	
  T	
  Cell	
  –	
  APC	
  contact	
  interface	
  

To	
  determine	
  if	
  the	
  reduction	
  of	
  segregation	
  can	
  explain	
  the	
  observed	
  phenomenon,	
  

CD80	
   and	
   CD45	
  molecules	
  were	
   imaged	
   at	
   the	
   T	
   cell	
   –	
   APC	
   contact	
   interface	
   and	
  

analysed	
  for	
  any	
  potential	
  co-­‐localisation	
  using	
  confocal	
  microscopy.	
  	
  To	
  do	
  this,	
  GFP	
  

was	
  fused	
  to	
  the	
  C-­‐terminal	
  end	
  of	
  the	
  CD80	
  to	
  create	
  a	
  CD80-­‐GFP	
  fusion	
  protein	
  for	
  

efficient	
   protein	
   tracking.	
   Likewise,	
   GFP	
   was	
   fused	
   to	
   the	
   end	
   of	
   CD80CD2	
   and	
  

CD80CD4	
  to	
  generate	
  CD80CD2-­‐GFP	
  and	
  CD80CD4-­‐GFP	
  fusion	
  proteins.	
  The	
  various	
  

CD80-­‐GFP	
   constructs	
   were	
   then	
   transfected	
   into	
   stable	
   CHO	
   cell	
   lines	
   expressing	
  

MHC	
  class	
  I	
  Single	
  Chain	
  Dimers	
  (SCD)-­‐dsRed	
  fusion	
  molecules.	
  	
  

SCD	
  are	
  mouse	
  MHC	
  class	
  I	
  H2Kb	
  heavy	
  chain	
  fused	
  to	
  β2	
  microglobulin	
  by	
  a	
  flexible	
  

glycine/	
   serine	
   linker	
   sequence	
   (see	
   Figure	
   3.20).	
   Stably	
   transfected	
   CHO	
   cells	
  

expressing	
  SCD	
  (CHO-­‐SCD)	
  presumably	
  present	
  endogenous	
  peptides	
  and	
  exogenous	
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provision	
   of	
   cognate	
   peptides	
   such	
   as	
   the	
   ovalbumin	
   peptide	
   257-­‐264	
   SIINFEKL	
  

should	
  displace	
  the	
  endogenous	
  peptide	
  on	
  the	
  SCD.	
  To	
  demonstrate	
  this,	
  CHO-­‐SCD	
  

cells	
  were	
  exogenously	
  pulsed	
  with	
  the	
  indicated	
  concentration	
  of	
  SIINFEKL	
  peptide.	
  

The	
   cells	
   were	
   then	
   stained	
   with	
   monoclonal	
   antibody	
   25-­‐D1.16	
   that	
   reacts	
   with	
  

SIINFEKL	
   bound	
   to	
   H2Kb,	
   but	
   not	
   unbound	
   H2Kb	
   or	
   H2Kb	
   bound	
   to	
   an	
   irrelevant	
  

peptide.	
   Figure	
   3.11	
   shows	
   that	
   increasing	
   concentration	
   of	
   exogenous	
   SIINFEKL	
  

improves	
   its	
   loading	
  onto	
  H2Kb.	
  Thus,	
  CHO-­‐SCD	
  expressing	
  cells	
  can	
  be	
  pulsed	
  with	
  

SIINFEKL	
  peptide	
  can	
  be	
  utilised	
  as	
  APCs	
  for	
  OT1	
  TCR	
  transgenic	
  T	
  cells	
  recognising	
  

SIINFEKL-­‐H2Kb	
  complex.	
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Figure 3.11 Exogenous SIINFEKL peptide pulsing of SCD molecules  
 
CHO cells expressing H2Kb-β2 Microglobulin Single Chain Dimer (SCD) 
molecules were pulsed with the indicated concentration of SIINFEKL peptide. The 
degree of peptide loading was determined by FACS using monoclonal antibody 
25-D1.16. As negative control, CHO cells expressing IEK MHC class II molecules 
were pulsed with the same concentrations of SIINFEKL peptide. Error bars 
represent SEM from 3 replicate data points. This experiment was performed once.  
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Just	
  like	
  CD80-­‐GFP,	
  DsRed	
  DNA	
  sequence	
  was	
  added	
  to	
  the	
  3’	
  end	
  of	
  SCD	
  cDNA	
  just	
  

before	
   the	
   end	
   codon	
   using	
   overlapping	
   PCR	
   mutagenesis	
   to	
   create	
   a	
   construct	
  

expressing	
   the	
   SCD-­‐DsRed	
   fusion	
   molecule.	
   This	
   enables	
   the	
   imaging	
   of	
   MHC	
   in	
  

relation	
  to	
  the	
  CD80-­‐GFP	
  molecules	
  as	
  depicted	
  in	
  figure	
  3.12a.	
  CD80-­‐GFP	
  expression	
  

was	
  largely	
  restricted	
  to	
  the	
  cell	
  membrane	
  while	
  SCD	
  expression	
  was	
  detected	
  both	
  

intra-­‐cellularly	
  and	
  on	
  cell	
  membrane.	
  	
  

CD80-­‐GFP 

SCD-­‐DsRed 

CD45-­‐Alexa647 

Figure 3.12 Imaging CD80-GFP, SCD-DsRed and CD45 molecules 
 
(a) CHO cells expressing CD80-GFP and SCD-DsRed fusion molecules were 
fixed using 4% methanol-free Paraformaldehyde and imaged using the Olympus 
Fluoview FV1000 confocal microscope. (Top left: CD80-GFP expression; Top 
right: SCD-DsRed expression; Bottom left: CD80-GFP and SCD-DsRed overlay; 
Bottom right: DIC)  (b) Primary mouse CD4+ T cells were purified, fixed using 4% 
methanol free paraformaldehyde, permeailised using 0.1% Saponin, and stained 
using alexa647 conjugated anti-CD45 antibodies (Clone HI30).  

A B 
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To	
   image	
   T	
   cells,	
   we	
   turn	
   to	
   CD8+	
   T	
   cells	
   from	
   OT1-­‐TCR	
   transgenic	
   mice.	
   As	
  

mentioned	
  previously,	
  these	
  TCRs	
  recognize	
  OVA	
  SIINFEKL	
  peptide	
  in	
  the	
  context	
  of	
  

mouse	
  H2Kb	
  MHC.	
  The	
  T	
  cells	
  were	
  permeabilised	
  and	
  stained	
  with	
  monoclonal	
  anti-­‐

CD45	
   antibodies	
   (HI30)	
   conjugated	
   to	
   Alexa-­‐647	
   dye.	
   As	
   with	
   CD80-­‐GFP,	
   CD45	
  

expression	
  was	
  largely	
  restricted	
  on	
  the	
  cell	
  surface.	
  	
  

3D	
  image	
  reconstruction	
  and	
  analysis	
  

CD80-­‐GFP,	
   CD80CD2-­‐GFP	
   or	
   CD80CD4-­‐GFP	
   expressing	
   CHO-­‐SCD-­‐dsRed	
   cells	
   were	
  

incubated	
   with	
   purified	
   transgenic	
   mouse	
   CD8+	
   Primary	
   OT1	
   TCR	
   T	
   cells	
   in	
   either	
  

pulsed	
  or	
  unpulsed	
  condition	
  for	
  10	
  minutes.	
  The	
  cells	
  were	
  gently	
  spun	
  down	
  and	
  

pipetted	
   onto	
   Poly-­‐L-­‐Lysine	
   coated	
   cover	
   slips	
   to	
   encourage	
   conjugate	
   formation.	
  

They	
  were	
  then	
  fixed,	
  permeabilised	
  and	
  stained	
  for	
  CD45	
  expression	
  before	
  analysis	
  

by	
  confocal	
  microscopy.	
  	
  	
  

To	
  image	
  the	
  relative	
  positions	
  of	
  CD80-­‐GFP	
  and	
  Alexa-­‐647	
  stained	
  CD45	
  in	
  the	
  CHO	
  

cell	
   –	
   T	
   cell	
   conjugate	
   interface,	
   it	
   is	
   necessary	
   to	
   first	
   define	
  what	
   is	
  meant	
   by	
   a	
  

conjugate.	
  In	
  this	
  case,	
  an	
  apparent	
  conjugate	
  is	
  defined	
  as	
  a	
  CHO	
  cell	
  and	
  a	
  T	
  cell	
  in	
  

close	
  proximity	
  (i.e.	
  in	
  direct	
  contact	
  with	
  each	
  other).	
  	
  	
  A	
  striking	
  observation	
  from	
  

figure	
  3.13	
  shows	
  that	
  under	
  unpulsed	
  conditions,	
  there	
  is	
  a	
  clear	
  lack	
  of	
  conjugate	
  

formation	
   between	
   the	
   CHO	
   cells	
   and	
   the	
   T	
   cells,	
   in	
   stark	
   contrast	
   to	
   the	
   pulsed	
  

samples.	
   This	
   can	
   perhaps	
   be	
   attributed	
   to	
   the	
   lack	
   of	
   TCR	
   specific	
   signal	
  

transduction	
  to	
  promote	
  secondary	
  integrin	
  engagement	
  that	
  will	
  improve	
  conjugate	
  

formation.	
  

Three-­‐Dimensional	
   (3D)	
   reconstruction	
   of	
   the	
   CHO	
   cell	
   -­‐	
   T	
   cell	
   conjugate	
   was	
  

generated	
   using	
   the	
   Imaris	
   software.	
   Only	
   conjugates	
   whose	
   contact	
   areas	
   were	
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oriented	
  properly	
  to	
  be	
  contained	
  in	
  a	
  rectangular	
  volume	
  for	
  an	
  en	
  face	
  projection	
  

were	
  taken	
  into	
  consideration.	
  Figure	
  3.14	
  demonstrates	
  how	
  conjugate	
  pairs	
  in	
  the	
  

correct	
   X,	
   Y	
   or	
   Z	
   orientation	
   can	
   be	
   cropped	
   enface	
   and	
   rotated	
   to	
   reveal	
   the	
  

molecules	
  present	
  in	
  the	
  inter-­‐membrane	
  surface.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
   	
  

Figure 3.13 Conjugate formations vary under pulsed vs unpulsed conditions 
 
CHO cells expressing CD80-GFP and SCD-DsRed were either pulsed with 5µM 
SIINFEKL peptide (top) or left untreated (bottom). They were then mixed with at a 
1:1 ratio with purified CD8+ T cells from transgenic OT1 TCR mice. The cells were 
gently spun down at 400rpm for 2 minutes to encourage conjugate formation 
before incubation at 37°C for 10 minutes. The cells were then allowed to rest on 
poly-L-lysine coated cover slips before fixation, permeabilisation and staining with 
anti-CD45 antibodies. Images were taken using the Olympus Fluoview FV1000 
confocal microscope.   

Pulsed	
  
Conditions 

SCD-­‐DsRed 
CD80-­‐GFP 
CD45-­‐Alexa647 

Unpulsed	
  
Conditions 
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Figure 3.14 Three-dimensional analysis of CHO cell – T cell contact interface  
 
This flow chart illustrates the steps taken to analyse the distribution of CD80-GFP 
(green), SCD-DsRed (cyan) as well as CD45 (red) molecules in the CHO cell – T cell 
contact interface. Three-dimensional re-construction of the confocal images was 
generated using Imaris software. Only conjugates that were oriented properly to be 
contained within a rectangular volume for en face projection were analysed. These 
conjugates were cropped to reveal only the close contact interface between the CHO cell 
and T cell. The interface was then rotated enface to reveal the distribution of the various 
proteins.  
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Figure 3.15 Apparent segregation of CD45 from CD80-GFP and SCD-DsRed 
 
Representative image of a pulsed CHO cell – T cell interface. Peptide pulsed CHO 
cells expressing CD80-GFP and SCD-DsRed were incubated with primary transgenic 
CD8+ OT1 T cells for 10 minutes. The resulting cell mixture were stained for CD45 as 
described in Figure 3.13 and analysed as described in Figure 3.14. The top row 
represents individual CD45 (red), CD80-GFP (green) or SCD-dsRed (cyan) channel. 
The colours were overlaid on top of each other; two at a time in the middle row and 
the bottom row represents an overlay of all three colours of the same image.     

SCD-­‐DsRed 
CD80-­‐GFP 
CD45-­‐Alexa647 
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In	
   addition	
   to	
   figure	
   3.14,	
   figure	
   3.15	
   represents	
   another	
   the	
   enface	
   figure	
   of	
   the	
  

interface	
   between	
   a	
   pulsed	
   CHO	
   cell	
   and	
   T	
   cell.	
  Manual	
   inspection	
   of	
   the	
   images	
  

revealed	
   that	
   there	
   is	
   very	
   little	
   mixing	
   of	
   CD45	
   (red)	
   with	
   CD80	
   (green)	
   or	
   SCD	
  

(cyan).	
  Suggesting	
  that	
  there	
  is	
  an	
  apparent	
  segregation	
  of	
  both	
  SCD	
  and	
  CD80	
  from	
  

CD45,	
  as	
  predicted	
  by	
  the	
  K-­‐S	
  model.	
  There	
  are,	
  however,	
  many	
  problems	
  associated	
  

with	
  manual	
  observation	
  of	
  co-­‐localisations.	
  Manual	
  observations	
  are	
  subjective	
  and	
  

they	
  are	
  dependent	
  on	
   the	
  quality	
  of	
  presentation	
  and	
  display	
  of	
   the	
   information.	
  

Co-­‐localisation	
  may	
  also	
  not	
  be	
  apparent	
  should	
  the	
  signal	
  strength	
  between	
  of	
  one	
  

dye	
  dominate	
  over	
  the	
  other.	
  	
  

Pearson’s	
   correlation	
   coefficient	
   (r)	
   was	
   used	
   to	
   determine	
   the	
   amount	
   of	
   co-­‐

localisation	
  or	
  segregation	
  between	
  CD80	
  and	
  CD45	
  in	
  the	
  CHO	
  cell	
  –	
  T	
  cell	
  interface.	
  

Pearson’s	
   correlation	
   coefficient	
   calculates	
   the	
   degree	
   of	
   overlap	
   between	
   two	
  

images	
  by	
  subtracting	
   the	
  average	
  pixel	
   intensity	
  values	
   from	
  the	
  original	
   intensity	
  

values.	
  This	
  produces	
  the	
  correlation	
  coefficient	
  (r)	
  ranging	
  from	
  -­‐1	
  to	
  1,	
  with	
  a	
  value	
  

of	
   -­‐1	
   representing	
   complete	
   segregation	
   and	
   1	
   representing	
   complete	
   co-­‐

localisation.	
  	
  

Indeed,	
   quantification	
   of	
   pulsed	
   CHO-­‐SCD	
   cells	
   expressing	
   CD80	
   WT	
   revealed	
   a	
  

relative	
  segregation	
  between	
  CD80	
  and	
  CD45	
  as	
  indicated	
  by	
  the	
  negative	
  Pearson’s	
  

correlation	
   coefficient	
   (Figure	
   3.16a).	
   Pulsed	
   CHO	
   cells	
   expressing	
   CD2	
   or	
   CD4	
  

elongated	
   CD80	
   on	
   the	
   other	
   hand	
   demonstrated	
   a	
   reduced	
   segregation	
   of	
   CD80	
  

from	
  CD45.	
  The	
  observed	
  phenomenon	
  however,	
  could	
  be	
  attributed	
  to	
  secondary	
  

effects	
  downstream	
  of	
  TCR	
  signalling	
  in	
  the	
  pulsed	
  CHO	
  cells.	
  To	
  investigate	
  if	
  this	
  is	
  

the	
  case,	
  unpulsed	
  CHO	
  cells	
  were	
  incubated	
  with	
  the	
  T	
  cells	
  and	
  cell	
  –	
  cell	
  interface	
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between	
   apparent	
   conjugates	
   were	
   analysed.	
   Interestingly,	
   CD80CD4	
   molecules	
  

were	
  less	
  segregated	
  from	
  CD45	
  molecules	
  (Figure	
  3.16b),	
  indicating	
  that	
  at	
  resting	
  

states,	
   CD80CD4	
   was	
   more	
   likely	
   to	
   be	
   found	
   in	
   the	
   vicinity	
   of	
   CD45	
   molecules.	
  

Difference	
   in	
   co-­‐localisation	
   between	
   CD80	
   and	
   CD80CD2	
  molecules	
   on	
   the	
   other	
  

hand,	
   did	
   not	
   appear	
   to	
   be	
   significant.	
   Taken	
   together,	
   these	
   results	
   suggest	
   that	
  

when	
  elongated,	
  CD80	
  appears	
  to	
  segregate	
  to	
  a	
  lesser	
  extent	
  from	
  CD45	
  molecules.	
  

The	
  mechanism	
  mediating	
   this	
   process	
   can	
   be	
   passive	
   (unpulsed	
   CHOs)	
   or	
   active,	
  

downstream	
   of	
   the	
   TCR	
   signalling.	
   Reduced	
   segregation	
   or	
   increased	
   relative	
   co-­‐

localisation	
  of	
  elongated	
  CD80	
  with	
  CD45	
  would	
  provide	
  a	
  plausible	
  explanation	
  to	
  

the	
  inability	
  of	
  these	
  molecules	
  to	
  transduce	
  CD28	
  mediated	
  co-­‐stimulation.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 3.16 Reduced CD45 segregation from elongated CD80  
 
(a) Peptide pulsed or (b) unpulsed CHO-SCD-DsRed cells expressing varying 
lengths of CD80-GFP were incubated with primary T cells and stained for CD45 
as previously described in figures 3.12 and 3.13. The degree of co-localisation 
between CD80 and CD45 is represented by Pearson’s correlation coefficient (R). 
Horizontal lines with error bars indicate mean with SEM. Statistical significance 
were determined using one way ANOVA (**p<0.01; ***p<0.001). Presented 
analysis represents one of two imaging studies.        
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3.3.7	
  Functional	
  analysis	
  of	
  CD28	
  cytoplasmic	
  tyrosine	
  mutant	
  

To	
  further	
  understand	
  the	
  role	
  of	
  CD45	
  regulation	
  in	
  CD28-­‐mediated	
  co-­‐stimulation,	
  

we	
  turn	
  to	
  the	
  use	
  of	
  CD28	
  cytoplasmic	
  mutants.	
  CD28	
  contains	
  4	
  tyrosine	
  residues	
  

in	
  its	
  cytoplasmic	
  tail.	
  The	
  phosphorylatable	
  Y170	
  residue	
  within	
  the	
  YMNM	
  motif	
  is	
  

implicated	
  in	
  CD28	
  mediated	
  costimulation	
  because	
  of	
  its	
  ability	
  to	
  recruit	
  PI3K	
  and	
  

Grb2.	
   If	
   large	
   receptor	
   protein	
   tyrosine	
   phosphatases	
   (RPTPs)	
   such	
   as	
   CD45	
   were	
  

indeed	
   involved	
   in	
   the	
   regulation	
   of	
   tyrosine	
   phosphorylation	
   state	
   in	
   a	
   ligand	
  

dimension	
   dependent	
   manner,	
   CD28-­‐Y170F	
   mutants	
   should	
   be	
   refractory	
   to	
   the	
  

effects	
  of	
  CD80	
  elongation.	
  	
  	
   	
  

To	
  test	
  the	
  hypothesis,	
  we	
  stimulate	
  mouse	
  primary	
  CD4+	
  T	
  cells	
  with	
  or	
  without	
  the	
  

CD28	
  Y170F	
  mutation	
  using	
  plate	
  bound	
  anti-­‐CD3	
  antibodies	
  (Clone	
  2C11).	
  CD28	
  co-­‐

stimulation	
  was	
   provided	
   using	
   CD80	
   -­‐	
   expressing	
   CHO	
   cells.	
   This	
   allows	
   CD28	
   co-­‐

stimulation	
   to	
   be	
   provided	
   in	
   trans	
   by	
   CD80-­‐WT	
  or	
   elongated	
   CD80	
  molecules.	
   As	
  

negative	
  control,	
  CHO	
  cells	
  expressing	
  no	
  CD80	
  molecules	
  were	
  used.	
  Titrating	
   the	
  

number	
   of	
   co-­‐stimulatory	
   CD80	
   expressing	
   CHO	
   cells	
   controlled	
   the	
   levels	
   of	
   co-­‐

stimulation	
   received	
   by	
   the	
   T	
   cells.	
   CHO	
   cells	
   without	
   CD80	
   (IEK)	
   were	
   used	
   as	
  

negative	
  controls	
  (Figure	
  3.17).	
  	
  

In	
  the	
  absence	
  of	
  CD80,	
  wild-­‐type	
  T	
  cells	
  secreted	
  a	
  background	
  level	
  of	
  IL-­‐2	
  induced	
  

by	
   the	
   anti-­‐CD3	
   antibodies	
   only.	
   Provision	
   of	
   CD80	
   in	
   trans	
   dramatically	
   improved	
  

secretion,	
  while	
  elongation	
  of	
  CD80	
  abolished	
  IL-­‐2	
  secretion	
  to	
  background	
  (no	
  CD80	
  

equivalent)	
  levels	
  (Figure	
  3.18).	
  The	
  results	
  are	
  consistent	
  with	
  other	
  data	
  presented	
  

in	
  this	
  study	
  (Figures	
  3.7,	
  3.10,	
  3.24).	
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CD28-­‐Y170F	
   T	
   cells	
   when	
   stimulated	
   with	
   CD80-­‐WT	
   in	
   trans,	
   secreted	
   less	
   IL-­‐2	
   in	
  

comparison	
  to	
  wild-­‐type	
  T	
  cells.	
  However,	
   the	
  CD28	
  mutants	
  were	
   less	
  affected	
  by	
  

differences	
   in	
  CD80	
  dimensions	
   (Figure	
  3.18b).	
   To	
   compile	
   and	
  quantify	
  data	
   from	
  

multiple	
  experiments,	
  we	
   calculate	
   the	
   integrated	
   IL-­‐2	
   responses	
   from	
  T	
   cells	
  with	
  

WT	
  CD28	
  or	
  CD28-­‐Y170F,	
  when	
  stimulated	
  by	
  WT	
  or	
  elongated	
  CD80	
  molecules.	
  To	
  

facilitate	
  comparison,	
   the	
   integrated	
   IL-­‐2	
   responses	
  were	
  expressed	
  as	
   the	
   ratio	
  of	
  

the	
   response	
   with	
   elongated	
   CD80	
   versus	
   normal	
   length	
   CD80.	
   While	
   elongated	
  

CD80	
  molecules	
  stimulated	
  less	
  IL-­‐2	
  response	
  than	
  CD80-­‐WT	
  by	
  both	
  CD28-­‐WT	
  and	
  

CD28-­‐Y170F	
  T	
  cells	
  (ratio	
  <	
  1),	
  the	
  difference	
  is	
  significantly	
  smaller	
  with	
  CD28-­‐Y170F	
  

T	
  cells	
  (Figure	
  3.18c).	
  

The	
   fact	
   that	
   CD80	
   elongation	
   still	
   affected	
   CD28-­‐Y170F	
   T	
   cells	
   suggests	
   that	
  

additional	
  tyrosine-­‐containing	
  motifs	
  apart	
  from	
  YMNM	
  are	
  also	
  sensitive	
  to	
  changes	
  

in	
  CD80	
  dimensions.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 3.17 Functional analysis of CD28 tyrosine mutant 
 
Cartoon depicting the experimental set up involving the CD28 Y170F mutant. T 
cells harbouring CD28 Y170F mutation in its YMNM motifs were stimulated 
using plate bound anti-CD3 antibodies. To provide costimulation, CHO cells 
expressing different variants of CD80 were added in trans. Number of CHO 
cells were titrated to alter the amount of CD28 co-stimulatory signals delivered. 
The cells were incubated for 48 hours before supernatants were harvested for 
IL-2 ELISA. 
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Figure 3.18 CD28-Y170F mutants less affected by changes in CD80 dimensions 
 
(a) Wild type CD4 T cells or (b) CD4 T cells harbouring the CD28 Y170F mutant were stimulated 
using plate bound anti-CD3 antibodies and incubated with CHO cells expressing no CD80 (IEK), 
wild type CD80, CD80CD2 or CD80CD4. This is a representative result from at least 3 
experiments. Error bars represent the SEM of three replicates. (c) The integrated IL-2 response 
was calculated by measuring the area under curves such as those depicted in (a) and (b). The 
integrated IL-2 response for elongated CD80 molecules were then expressed as a ratio of the 
response to corresponding normal length (WT) CD80 molecules within the same experiment. Error 
bars represent the SEM from 5 repeat experiments. The data were analysed using paired T test; 
p<0.01 (**). 
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3.3.8	
  Requirement	
  of	
  match	
  receptor/	
  ligand	
  dimensions	
  in	
  CD28	
  co-­‐stimulation	
  

As	
   mentioned	
   previously,	
   elongation	
   of	
   CD80	
   may	
   reduce	
   efficiency	
   of	
   CD28	
   co-­‐

stimulation	
  by	
  two	
  possible	
  mechanisms:	
  

(i) Less	
   effective	
   segregration	
   of	
   engaged	
   CD28	
   from	
   CD45,	
   leading	
   to	
   CD28	
  

dephosphorylation	
  and	
  signal	
  attenuation.	
  

(ii) 	
  Mismatch	
   between	
   the	
   dimensions	
   of	
   the	
   CD28-­‐CD80	
   and	
   TCR-­‐pMHC	
  

complexes	
  which	
  could	
  disrupt	
  ligand	
  engagement	
  and/or	
  signal	
  integration	
  

between	
  TCR	
  and	
  CD28.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 3.19 CD80 elongation may reduce efficiency of CD28 costimulation  
 
This schematic cartoon demonstrates how CD80 elongation may reduce 
efficiency of CD28 costimulation by disrupting TCR/pMHC engagement and/or 
preventing potential TCR and CD28 signal integration (see Figure 3.8). The left 
panel shows an ideal scenario where matched ligand/ receptor dimensions can 
lead to efficient costimulatory signals. The middle panel illustrates how the 
mismatch in dimension following CD80 elongation could disrupt costimulation. 
The cartoon on the right depicts how elongation of the MHC (SCDCD4) to match 
the dimension of CD80CD4 may restore signalling capacity. 
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To	
  investigate	
  the	
  importance	
  of	
  matched	
  TCR	
  and	
  CD28	
  receptor/ligand	
  dimension	
  

in	
  T	
  cell	
  activation,	
  the	
  assay	
  was	
  switched	
  to	
  an	
  MHC	
  class	
  I	
  system	
  using	
  CHO-­‐SCD	
  

cells	
  as	
  APCs.	
  As	
  described	
  earlier,	
  SCD	
  comprises	
  of	
  a	
  mouse	
  H2Kb	
  heavy	
  chain	
  fused	
  

to	
  β2	
  microglobulin	
  by	
  a	
  flexible	
  glycine/	
  serine	
  linker	
  sequence.	
  A	
  major	
  advantage	
  

of	
  using	
  MHC	
  class	
  I	
  system	
  and	
  in	
  particular,	
  SCDs	
  is	
  the	
  ability	
  to	
  elongate	
  the	
  MHC	
  

molecule.	
   To	
   test	
   if	
   mismatched	
   receptor/	
   ligand	
   dimensions	
   contributes	
   to	
   the	
  

reduction	
   in	
   costimulation	
   observed	
   when	
   CD80	
   is	
   elongated	
   (Figure	
   3.7),	
   we	
  

examined	
  what	
  happened	
  when	
  MHC	
  molecules	
  were	
  extended	
  in	
  the	
  same	
  manner	
  

to	
  match	
  the	
  elongation	
  in	
  CD80	
  molecules.	
  	
  

Elongating	
  SCD	
  for	
  Mammalian	
  Cell	
  Expression	
  

	
  

	
  

	
  

	
  

	
  

	
  

Not	
  dissimilar	
  to	
  CD80,	
  SCD	
  contains	
  a	
  short	
  10	
  amino	
  acid	
  stalk	
  region	
  that	
  serves	
  as	
  

a	
  suitable	
  site	
  for	
  insertion	
  of	
  spacers	
  for	
  elongation	
  (Figure	
  3.20).	
  The	
  spacer	
  acts	
  as	
  

a	
   natural	
   separator	
   between	
   the	
   H2kb	
   heavy	
   chain	
   α3	
   domain	
   and	
   the	
   trans-­‐

membrane	
  domain	
  of	
  the	
  MHC.	
  Insertion	
  of	
  human	
  CD2	
  or	
  CD4	
  extracellular	
  domain	
  

will	
  elongate	
  SCD	
  to	
  match	
  the	
  dimensions	
  of	
  CD80CD2	
  or	
  CD80CD4	
  respectively.	
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Figure 3.20 Schematic diagram of SCD 
 
Single chain dimer (SCD) consists of H2kb heavy chain fused to β2 microglobulin 
by a flexible serine/ glycine linker. The various domains are depicted in scale. 
The 10 amino acid stalk region represents a suitable site for elongation.  
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Constructs	
   containing	
   elongated	
   SCD	
   were	
   transfected	
   into	
   CHO	
   cells	
   and	
   their	
  

expression	
   levels	
   confirmed	
   by	
   FACS	
   analysis.	
   Figure	
   3.21	
   shows	
   the	
   expression	
  

levels	
  of	
  SCD	
  on	
  transfected	
  CHO	
  cells.	
  As	
  negative	
  control,	
  CHO	
  cells	
  expressing	
  IEK	
  

molecules	
   were	
   stained	
   with	
   the	
   same	
   anti-­‐H2kb	
   antibodies	
   (clone	
   AF6-­‐88.5;	
   BD	
  

Biosciences	
  Cat.	
  No.	
  553570).	
  Staining	
  for	
  H2kb	
  and	
  CD2	
  or	
  CD4	
  correlated	
  perfectly	
  

for	
  SCDCD2	
  and	
  SCDCD4,	
  as	
  they	
  should	
  do	
  in	
  a	
  fusion	
  molecule.	
  Preservation	
  of	
  the	
  

AF6-­‐88.5	
  antibody	
  epitope	
  on	
  SCDCD2	
  and	
  SCDCD4	
  also	
  suggests	
  that	
  elongation	
  of	
  

SCD	
  molecules	
  do	
  not	
  disrupt	
  the	
  overall	
  structure	
  of	
  the	
  H2kb	
  molecules	
  as	
   it	
  was	
  

known	
  that	
  the	
  AF6-­‐88.5-­‐defined	
  epitope	
  depended	
  on	
  sequences	
  in	
  the	
  α1	
  and	
  α3	
  

heavy	
  chain	
  regions	
  (Kuhns	
  and	
  Pease,	
  1998).	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 3.21 Expression of elongated SCD in CHO cells 
 
SCD and elongated SCD (SCDCD2 or SCDCD4) were stably transfected into 
CHO cells. The cells were stained with (a) H2Kb antibodies alone or (b) H2Kb 
antibodies with CD2 or CD4 antibodies.   
      

A 

B 
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Elongation	
  of	
  SCD	
  does	
  not	
  impair	
  SIINFEKL	
  peptide	
  loading	
  

While	
   SCD	
   elongation	
  may	
   not	
   affect	
   the	
   overall	
   conformation	
   of	
   the	
  molecule,	
   it	
  

may	
  well	
   impair	
   the	
  degree	
  of	
  peptide	
   loading	
  onto	
   the	
  MHC	
  molecules.	
  To	
  probe	
  

this,	
   CHO	
   cells	
   expressing	
   SCD,	
   SCDCD2	
   or	
   SCDCD4	
   were	
   pulsed	
   with	
   titrating	
  

concentrations	
  of	
   the	
  cognate	
  SIINFEKL	
  peptide	
  and	
   the	
  degree	
  of	
  peptide	
   loading	
  

measured	
   on	
   the	
   different	
   SCD	
   molecules	
   using	
   mAb	
   25-­‐D1.16	
   specific	
   to	
   H2Kb-­‐

SIINFEKL	
  complex	
  by	
  FACS	
  analysis.	
  	
  

Figure	
   3.22	
   represents	
   the	
   presence	
   of	
   H2kb-­‐SIINFEKL	
   level	
   for	
   SCD,	
   SCDCD2	
   and	
  

SCDCD4	
  molecules	
  on	
  CHO	
  cells	
   across	
   the	
  working/	
  pulsing	
   concentrations	
  of	
   the	
  

SIINFEKL	
   peptide	
   between	
   10-­‐7	
   to	
   ~	
   10-­‐12	
   M.	
   The	
   graph	
   indicates	
   that	
   for	
   most	
  

concentrations	
  of	
  pulsed	
  SIINFEKL,	
  the	
  levels	
  of	
  peptide	
  loading	
  appear	
  to	
  be	
  similar	
  

between	
  SCD,	
  SCDCD2	
  and	
  SCDCD4.	
  Off	
  course,	
  the	
  relative	
  insensitivity	
  of	
  the	
  assay	
  

may	
  also	
  occlude	
  any	
  observable	
  differences.	
  

	
  Reduced	
  OT1	
  CD8+	
  T	
  cell	
  responses	
  to	
  elongated	
  SCD	
  

We	
  next	
  determined	
  if	
  elongation	
  of	
  SCD	
  would	
  impair	
  T	
  cell	
  activation	
  by	
  incubating	
  

pulsed	
  CHO-­‐SCD	
  or	
  CHO-­‐SCDCD4	
  with	
  mouse	
  CD8+	
  primary	
  OT1	
  T	
  cells	
  for	
  48	
  hours	
  

before	
   collecting	
   the	
   supernatant	
   for	
   IL-­‐2	
   ELISA.	
   As	
   negative	
   controls,	
   CHO	
   cells	
  

expressing	
  non-­‐cognate	
  MHC	
  (I-­‐EK)	
  were	
  used.	
  Unlike	
  CD4+	
  T	
  cells,	
  CD8+	
  T	
  cells	
  were	
  

less	
  sensitive	
  to	
  the	
  requirement	
  of	
  CD28	
  co-­‐stimulation	
  and	
  can	
  be	
  activated	
  with	
  

high	
   enough	
   levels	
   of	
   TCR	
   signals.	
   When	
   stimulated	
   with	
   CD4	
   elongated	
   SCD	
  

molecules,	
   the	
   levels	
  of	
   IL-­‐2	
  secretion	
  was	
  reduced,	
  consistent	
  with	
  published	
  data	
  

(Choudhuri	
  et	
  al.,	
  2005).	
  	
  	
  	
  

	
  



CHAPTER	
  3   
 

  88 

	
  

	
  

	
  

	
  

	
  

	
  

	
   	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

SIINFEKL peptide loading

Log [SIINFEKL]

Fl
uo

re
sc

en
t G

eo
m

et
ri

c 
M

ea
n

-20 -15 -10 -5
0

20

40

60

80

100
IEK

SCD
SCDCD2
SCDCD4

IL-2 Secretion

10-20 10-15 10-10 10-5
0

5

10

15

20

25

Log [SIINFEKL]

IL
-2

 (n
g.

m
l-1

)

IEK

SCD
SCDCD4

Figure 3.22 Peptide loading between SCD and elongated SCD 
 
CHO cells expressing SCD or elongated SCD (SCDCD2 or SCDCD4) molecules 
were pulsed with the indicated concentrations of SIINFEKL peptide and analysed 
for SIINFEKL loading using antibody specific for H2Kb-SIINFEKL complex (25-
D1.16). SIINFEKL concentrations were plotted against geometric mean values 
from flow cytometry analysis. This is a representative plot of 2 separate 
experiments. 
  

Figure 3.23 Impaired IL-2 secretion from elongated SCD molecules 
 
CHO cells expressing SCD or elongated SCD (SCDCD2 or SCDCD4) molecules 
only were pulsed with the indicated concentrations of SIINFEKL peptide and used 
to stimulate transgenic mouse primary CD8+ OT1-TCR T cells. Supernatents were 
collected after 48 hours and analysed for Il-2 secretion. Error bars represent SEM 
for 3 replicate points. This figure is a representative figure of at least 3 repeats. 
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SCD	
  elongation	
  reduces	
  IL-­‐2	
  secretion	
  by	
  OT1	
  primary	
  T	
  cells	
  in	
  a	
  length	
  dependent	
  

manner	
  

Having	
   determined	
   the	
   functionality	
   of	
   SCD	
   and	
   elongated	
   SCD	
   on	
   primary	
  OT1	
   T	
  

cells,	
  we	
   set	
   off	
   to	
   examine	
   the	
   importance	
   of	
   CD80	
   dimensions	
   in	
   a	
  MHC	
   class	
   I	
  

system.	
  WT	
  CD80,	
  CD80CD2	
  or	
  CD80CD4	
  were	
  transfected	
  into	
  CHO	
  cells	
  expressing	
  

WT	
   SCD.	
   These	
   cells	
   were	
   matched	
   for	
   CD80	
   and	
   SCD	
   expression,	
   pulsed	
   with	
  

SIINFEKL	
   and	
   presented	
   to	
   primary	
   mouse	
   CD8+	
   OT1	
   cells	
   for	
   48	
   hours.	
   The	
  

supernatants	
  were	
  then	
  harvested	
  for	
  IL-­‐2	
  ELISA.	
  Stimulation	
  with	
  pulsed	
  SCD	
  alone	
  

led	
  to	
  limited	
  IL-­‐2	
  secretion.	
  Provision	
  of	
  CD28	
  signals	
  in	
  the	
  form	
  of	
  CHO-­‐SCD,	
  CD80	
  

dramatically	
  improved	
  IL-­‐2	
  secretion	
  and,	
  as	
  observed	
  with	
  the	
  MHC	
  class	
  II	
  system	
  

(Figure	
  3.7),	
  elongation	
  of	
  CD80	
  abrogates	
  IL-­‐2	
  secretion	
  (Figure	
  3.24).	
  One	
  notable	
  

difference	
  is	
  that	
  some	
  IL-­‐2	
  secretion	
  is	
  observed	
  in	
  the	
  absence	
  of	
  CD80,	
  in	
  line	
  with	
  

the	
   observations	
   that	
   CD8	
   T	
   cells	
   are	
   less	
   dependent	
   than	
   CD4	
   cells	
   on	
   CD28	
  

engagement	
  for	
  activation.	
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No	
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   for	
   the	
   requirement	
   of	
   matched	
   CD28	
   and	
   TCR	
   ligand/	
   receptor	
  

dimensions	
  in	
  T	
  cell	
  co-­‐stimulation	
  

Finally,	
   to	
   investigate	
   the	
   importance	
   of	
   matched	
   TCR-­‐pMHC	
   and	
   CD28-­‐CD80	
  

dimensions	
  in	
  T	
  cell	
  co-­‐stimulation,	
  we	
  compared	
  the	
  effectiveness	
  of	
  normal	
  length	
  

(WT)	
  and	
  elongated	
  CD80	
  in	
  costimulation	
  when	
  the	
  TCR	
  ligand	
  SCD	
  was	
  elongated	
  

to	
   the	
   same	
   extent	
   as	
   the	
   CD80CD4.	
   If	
   matched	
   dimensions	
   are	
   critical	
   for	
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Figure 3.24 CD80 elongation reduces IL-2 secretion in primary CD8+ T cells  
 
CHO-SCD cells expressing CD80-WT or elongated CD80s were pulsed with 
titrating concentrations of SIINFEKL peptides before incubation with the CD8+ 
OT1 T cells for 48 hours. The supernatants were then harvested for IL-2 ELISA 
after 48 hours. Error bars represent SEM for three replicate data points. This is a 
representative figure from 4 repeats. 
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costimulation	
  the	
  elongated	
  CD80	
  should	
  be	
  better	
  than	
  WT	
  CD80	
  at	
  costimulating	
  

when	
  the	
  TCR	
  ligand	
  is	
  also	
  elongated.	
  	
  	
  

To	
   do	
   this,	
   CD80-­‐WT,	
   CD80CD2	
   or	
   CD80CD4	
   were	
   transfected	
   into	
   SCDCD4	
  

expressing	
  CHO	
  cells.	
  These	
  CHO	
  cells	
  were	
  then	
  pulsed	
  with	
  titrating	
  concentrations	
  

of	
   SIINFEKL	
   peptide	
   and	
   incubated	
   with	
   mouse	
   primary	
   CD8+	
   OT1	
   T	
   cells	
   for	
   48	
  

hours.	
  The	
  supernatant	
  were	
  collected	
  for	
  IL-­‐2	
  ELISA.	
   	
  For	
  comparison	
  the	
  effect	
  of	
  

different	
  forms	
  of	
  CD80	
  in	
  costimulation	
  by	
  CHO	
  expressing	
  SCD	
  was	
  examined	
  in	
  the	
  

same	
  assay	
  (Figure	
  3.25).	
  

Once	
  again,	
  expression	
  of	
  CD80	
  on	
  the	
  CHO-­‐SCD	
  cells	
  only	
  modestly	
   improved	
   IL-­‐2	
  

secretion	
   by	
   these	
   CD8	
   cells	
   and,	
   as	
   before,	
   elongated	
   forms	
   of	
   CD80	
   were	
   less	
  

effective	
  at	
  mediating	
  costimulation	
  than	
  WT	
  CD80.	
  

Peptide-­‐pulsed	
  CHO	
  cells	
  expressing	
  the	
  elongated	
  SCDCD4	
  were	
  able	
  to	
  induce	
  IL-­‐2	
  

secretion	
  from	
  the	
  T	
  cells	
   in	
  the	
  absence	
  of	
  CD80	
  expression,	
  as	
  observed	
  with	
  WT	
  

SCD,	
   and	
   expression	
   of	
  WT	
   CD80	
   improved	
   IL-­‐2	
   secretion.	
   Importantly,	
   elongated	
  

forms	
   of	
   CD80	
   remained	
   less	
   effective	
   that	
  WT	
   CD80	
   at	
   enhancing	
   IL-­‐2	
   secretion,	
  

even	
   though	
   the	
   TCR	
   ligand	
   was	
   also	
   elongated.	
   This	
   suggests	
   that	
   matching	
   the	
  

dimensions	
   of	
   the	
   TCR-­‐pMHC	
   and	
   CD28-­‐CD80	
   is	
   not	
   critical	
   for	
   effective	
  

costimulation.	
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Figure 3.25 No	
  evidence	
  for	
  the	
  requirement	
  of	
  matched	
  CD28	
  and	
  TCR	
  ligand/	
  
receptor	
  dimensions	
  in	
  T	
  cell	
  co-­‐stimulation	
  
 
Peptide pulsed (a) SCD or (b) SCDCD4- expressing CHO cells and with different 
variants of CD80 were used to stimulate mouse primary CD8+ OT1 TCR 
transgenic T cells. The supernatant were collected after 48 hours and analysed 
for IL-2 secretion. CHO-IEK cells not expressing any CD80 were used as negative 
controls. Error bars represent SEM for 3 replicate data points and this is a 
representative figure for 4 separate experiments. 
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3.4	
  Discussion	
  

CD28	
  is	
  arguably	
  the	
  best-­‐characterised	
  co-­‐stimulatory	
  receptor	
  and	
  yet,	
  despite	
  the	
  

relatively	
  well-­‐established	
  biochemical	
  pathways	
  downstream	
  of	
  CD28	
  engagement,	
  

the	
  exact	
  mechanism	
  by	
  which	
  CD28	
  triggers	
  remains	
  unclear.	
  CD28	
  cytoplasmic	
  tail	
  

has	
  no	
  intrinsic	
  enzymatic	
  activity	
  and	
  its	
  signalling	
  capability	
  is	
  dependent	
  upon	
  the	
  

recruitment	
  of	
  various	
  signalling	
  molecules	
  or	
  adaptor	
  molecules	
  to	
  specific	
  motifs.	
  

CD28	
  cytoplasmic	
  tail	
  contains	
  4	
  tyrosine	
  residues	
  and	
  2	
  out	
  of	
  4	
  of	
  which	
  are	
  known	
  

to	
   be	
   tyrosine-­‐phosphorylated.	
   This	
   classifies	
   CD28	
   as	
   a	
   non-­‐catalytic	
   tyrosine-­‐

phosphorylated	
   receptor	
   (NTR)	
   that	
   can	
   be	
   regulated	
   in	
   theory	
   by	
   changes	
   in	
   the	
  

local	
   kinase	
   and	
   phosphatase	
   concentrations	
   (Dushek	
   et	
   al.,	
   2012).	
   Originally	
  

described	
  for	
  the	
  TCR,	
  the	
  K-­‐S	
  mechanism	
  postulates	
  that	
  differences	
  in	
  ectodomain	
  

dimensions	
   between	
   the	
   TCR	
   and	
   large	
   membrane	
   phosphatases	
   with	
   would	
  

physically	
  segregate	
  large	
  membrane	
  receptor	
  phosphatase	
  away	
  from	
  the	
  engaged	
  

TCR,	
  leading	
  to	
  a	
  net	
  increase	
  local	
  kinase:	
  phosphatase	
  ratio,	
  thereby	
  leading	
  to	
  TCR	
  

triggering.	
  This	
   framework	
  was	
  further	
  extended	
  to	
   include	
  all	
  NTRs	
  (Dushek	
  et	
  al.,	
  

2012).	
  	
  

Work	
   described	
   in	
   this	
   chapter	
   attempts	
   to	
   address	
   the	
   importance	
   of	
   CD28	
  

receptor/	
   ligand	
   dimension	
   in	
   mediating	
   CD28	
   co-­‐stimulation,	
   directly	
   testing	
   the	
  

hypothesis	
   that	
   CD28	
   triggering	
   would	
   be	
   susceptible	
   to	
   regulation	
   via	
   the	
   K-­‐S	
  

mechanism.	
  To	
  do	
  this,	
  CD28	
  ligand	
  CD80	
  was	
  elongated	
  by	
  inserting	
  hCD2	
  or	
  hCD4	
  

molecules	
  in	
  its	
  stalk	
  region,	
  corresponding	
  to	
  2	
  or	
  4	
  Ig	
  domains	
  respectively.	
  	
  

The	
   findings	
   demonstrated	
   that	
   elongation	
   of	
   CD80	
   reduces	
   CD28	
   co-­‐stimulation	
  

efficiency	
  in	
  both	
  purified	
  CD4+	
  and	
  CD8+	
  T	
  cells.	
  This	
  effect	
  is	
  inversely	
  proportional	
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to	
  the	
  length	
  of	
  the	
  elongated	
  CD80	
  molecules.	
  The	
  reduced	
  co-­‐stimulation	
  was	
  not	
  

a	
  result	
  of	
  decreased	
  binding	
  to	
  CD28	
  as	
  elongated	
  CD80	
  molecules	
  bound	
  as	
  well	
  as	
  

wild-­‐type	
   CD80	
   to	
   CD28-­‐Fc-­‐Protein	
   A-­‐coated	
   fluorescent	
   beads.	
   It	
   is	
   however,	
  

necessary	
   to	
  verify	
   the	
   results	
  using	
  a	
   fixed	
  concentration	
  of	
   fluorescent	
  Protein	
  A	
  

beads	
   whilst	
   titrating	
   the	
   CD28-­‐Fc	
   proteins.	
   It	
   is	
   possible	
   that	
   elongated	
   CD80	
  

molecules	
  have	
  reduced	
  their	
  ability	
  to	
  form	
  non-­‐covalent	
  dimers	
  and	
  that	
  this	
  might	
  

reduce	
  CD28	
  triggering.	
  This	
  is	
  unlikely	
  to	
  explain	
  our	
  results,	
  for	
  two	
  reasons.	
  Firstly,	
  

CD86	
   is	
  monovalent	
  and	
   is	
  nevertheless	
  as	
  effective	
  as	
  CD80	
  at	
   inducing	
  CD28	
  co-­‐

stimulation.	
   Secondly,	
   obligate	
   disulphide-­‐linked	
   CD80	
   dimers	
   were	
   found	
   to	
   be	
  

worse	
  costimulators	
  than	
  wild	
  type	
  CD80	
  molecules	
  (Bhatia	
  et	
  al.,	
  2010).	
  	
  

As	
   noted	
   previously,	
   there	
   are	
   two	
   possible,	
   non-­‐exclusive	
   mechanisms	
   by	
   which	
  

elongation	
   of	
   CD80	
   could	
   result	
   in	
   a	
   reduced	
   costimulation.	
   Firstly,	
   an	
   increase	
   in	
  

CD80	
   ectodomain	
   membrane	
   dimension	
   could	
   reduce	
   CD28	
   triggering.	
   Secondly,	
  

elongating	
   CD80	
   would	
   lead	
   to	
   a	
   mismatch	
   between	
   the	
   dimensions	
   of	
   the	
   TCR-­‐

pMHC	
  and	
  CD28-­‐CD80	
  complexes.	
  	
  

The	
   trans-­‐costimulation	
   assay,	
   by	
   separating	
   the	
   pMHC	
   and	
   CD80	
  molecules	
   onto	
  

different	
   CHO	
   cells,	
   enabled	
   the	
   effects	
   of	
   elongated	
   CD80	
   molecules	
   to	
   be	
  

investigated	
  independently	
  of	
  any	
  effects	
  that	
  might	
  arise	
  as	
  a	
  result	
  of	
  mismatching	
  

between	
  the	
  dimensions	
  the	
  CD28-­‐CD80	
  and	
  TCR-­‐pMHC	
  complexes.	
  The	
  strength	
  of	
  

CD28	
   co-­‐stimulatory	
   signals	
   provided	
   in	
   trans	
   can	
   be	
  manipulated	
   by	
   titrating	
   the	
  

number	
   of	
   CD80	
   expressing	
   CHO	
   cells.	
   Crucially,	
   elongated	
   CD80	
   molecules	
   were	
  

unable	
   to	
   provide	
   co-­‐stimulation	
   in	
   trans,	
   as	
   measured	
   by	
   the	
   amount	
   of	
   IL-­‐2	
  

secretion,	
  consistent	
  with	
  the	
  notion	
  that	
  elongation	
  disrupts	
  CD28	
  triggering.	
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One	
  likely	
  mechanism	
  by	
  which	
  elongation	
  of	
  CD80	
  disrupts	
  triggering	
  through	
  CD28	
  

is	
  by	
  reducing	
  the	
  segregation	
  of	
  CD28	
  from	
  the	
  inhibitory	
  phosphatase	
  CD45	
  upon	
  

ligand	
  engagement.	
  	
  Indeed,	
  confocal	
  analysis	
  of	
  CHO	
  cells	
  expressing	
  CD80CD4-­‐GFP	
  

revealed	
  a	
  reduction	
   in	
   its	
  segregation	
  from	
  CD45	
  as	
  compared	
  to	
  wild-­‐type	
  CD80-­‐

GFP	
   at	
   the	
   conjugate	
   interface.	
   Both	
   elongated	
   CD80	
   molecules	
   demonstrated	
   a	
  

negative	
   Pearson’s	
   correlation	
   with	
   CD45,	
   indicating	
   segregation	
   under	
   all	
  

circumstances.	
   This	
   is	
   not	
   surprising	
   as	
   elongated	
   CD80	
  molecules	
   are	
   still	
   smaller	
  

than	
   CD45	
   (predicted	
  ~20nm	
   for	
   CD80CD4	
   versus	
  ~45nm	
   for	
   CD45).	
   Importantly,	
  

the	
   elongated	
   molecules	
   were	
   less	
   well	
   segregated	
   than	
   CD80-­‐WT	
   under	
   both	
  

stimulatory	
  and	
  non-­‐stimulatory	
  conditions.	
  

We	
  were	
  unable	
  to	
  detect	
  direct	
  phosphorylation	
  of	
  CD28	
  in	
  our	
  assays	
  and	
  so	
  were	
  

unable	
   to	
   examine	
   directly	
   whether	
   elongation	
   of	
   CD80	
   abrogated	
   CD28	
  

phosphorylation.	
  We	
  therefore	
  used	
  an	
  alternative	
  approach	
  to	
  investigate	
  the	
  role	
  

of	
  phosphorylation.	
  T	
  cells	
  from	
  mice	
  habouring	
  Y170F	
  mutations	
  within	
  the	
  YMNM	
  

motif	
   in	
   its	
   CD28	
   cytoplasmic	
   tail	
   were	
   co-­‐stimulated	
  with	
  wild-­‐type	
   or	
   elongated	
  

CD80	
   molecules.	
   If	
   regulation	
   of	
   CD28	
   tyrosine	
   phosphorylation	
   were	
   indeed	
  

mediated	
  by	
  RPTPs	
  such	
  as	
  CD45	
  in	
  a	
  size	
  dependent	
  manner	
  as	
  postulated	
  by	
  the	
  K-­‐

S	
  model,	
  CD28-­‐Y170F	
  mutant	
   should	
  be	
   less	
   sensitive	
   to	
   changes	
   in	
   the	
   lengths	
  of	
  

CD80.	
  	
  	
  

Indeed,	
  IL-­‐2	
  secretion	
  from	
  CD28-­‐Y170F	
  T	
  cells	
  were	
  less	
  sensitive	
  to	
  the	
  dimensions	
  

of	
  CD80	
  as	
  compared	
  to	
  wild-­‐type	
  T	
  cells	
  (Figure	
  3.18).	
  The	
  fact	
  that	
  IL-­‐2	
  secretion	
  by	
  

CD28-­‐Y170F	
  mutants	
  were	
  still	
  impaired	
  by	
  CD80	
  elongation	
  suggests	
  that	
  additional	
  

signalling	
  motifs	
  within	
   the	
  CD28	
  cytoplasmic	
   tail	
  were	
  also	
  affected	
  by	
  changes	
   in	
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dimensions	
   of	
   CD80	
   molecules.	
   One	
   possibility	
   is	
   that	
   one	
   or	
   more	
   of	
   the	
   other	
  

tyrosine	
  residues	
  (such	
  as	
  Y188	
  within	
  proline	
  rich	
  PYAP	
  motif)	
  is	
  still	
  susceptible	
  to	
  

regulation	
   from	
   RPTPs	
   (Sadra	
   et	
   al.,	
   1999).	
   It	
   is	
   also	
   important	
   to	
   note	
   that	
   the	
  

cytoplasmic	
   tail	
   of	
   CD28	
   also	
   contains	
   two	
   proline-­‐rich	
   motifs	
   known	
   to	
   recruit	
  

tyrosine	
  kinases	
  such	
  as	
  Itk	
  and	
  Lck	
  via	
  their	
  SH3	
  domains	
  (Holdorf	
  et	
  al.,	
  1999,	
  Raab	
  

et	
  al.,	
  1995).	
  As	
  such,	
  it	
  is	
  possible	
  that	
  improved	
  PTPRs	
  co-­‐localisation	
  as	
  a	
  result	
  of	
  

CD80	
   elongation	
   may	
   also	
   negatively	
   affect	
   phosphorylation	
   by	
   these	
   tyrosine	
  

kinases.	
  Taken	
  together,	
  these	
  results	
  suggest	
  that	
  an	
  optimal	
  CD28-­‐CD80	
  receptor/	
  

ligand	
   dimension	
   is	
   necessary	
   to	
   preserve	
   PTPRs	
   segregation	
   during	
   receptor	
  

engagement.	
  	
  

Another	
  mechanism	
  by	
  which	
  elongation	
  of	
  CD80	
  could	
  disrupt	
  costimulation	
   is	
  by	
  

generating	
   a	
   mismatch	
   in	
   the	
   dimensions	
   of	
   the	
   CD28-­‐CD80	
   and	
   TCR-­‐pMHC	
  

complexes.	
  As	
  noted	
  above,	
  such	
  a	
  mismatch	
  could	
  either	
  result	
  in	
  mutual	
  disruption	
  

of	
  binding	
  (because	
  of	
  suboptimal	
  position	
  of	
  the	
  membranes)	
  or	
  disruption	
  of	
  signal	
  

integration.	
   To	
   investigate	
   a	
   contribution	
   of	
   size	
   mismatching,	
   we	
   compared	
   the	
  

relative	
   effectiveness	
   of	
  WT	
   and	
   elongated	
   CD80	
  when	
   the	
   TCR	
   ligand	
   pMHC	
  was	
  

also	
   elongated.	
   Previously	
   we	
   have	
   used	
   a	
   similar	
   approach	
   to	
   demonstrate	
   the	
  

importance	
   of	
   size-­‐compatibility	
   in	
   signal	
   integration	
   between	
   activatory	
   and	
  

inhibitory	
  NK	
  cell	
  receptors	
  (Kohler	
  et	
  al.,	
  2010).	
  Elongated	
  CD80	
  remained	
  much	
  less	
  

effective	
   than	
   CD80-­‐WT	
   in	
   mediating	
   costimulation	
   when	
   the	
   TCR	
   ligand	
   was	
  

elongated.	
  This	
   indicates	
   that	
   size	
  matching	
   is	
  not	
   critical	
   for	
   costimulation.	
  This	
   is	
  

consistent	
   with	
   the	
   fact	
   that	
   costimulatory	
   and	
   TCR	
   ligands	
   can	
   be	
   presented	
   on	
  

different	
   cells,	
   as	
   demonstrated	
   by	
   our	
   transcostimulation	
   experiments,	
   and	
  

suggests	
  that	
  signal	
  integration	
  between	
  the	
  TCR	
  and	
  CD28	
  signalling	
  pathways	
  does	
  



                                               RECEPTOR/LIGAND	
  DIMENSIONS	
  IN	
  CD28	
  COSTIMULATION 
 

 97 

not	
   have	
   to	
   occur	
   close	
   to	
   the	
   membrane.	
   This	
   contrasts	
   with	
   signal	
   integration	
  

between	
   TCR	
   and	
   PD-­‐1	
   as	
   well	
   as	
   activatory	
   and	
   inhibitory	
   NK	
   receptors,	
   where	
  

signal	
   integration	
  occurs	
  close	
  to	
  the	
  membrane	
  and	
  therefore	
  requires	
   their	
  close	
  

colocalisation	
  (Kohler	
  et	
  al.,	
  2010,	
  Yokosuka	
  et	
  al.,	
  2012b).	
  Costimulation	
  in	
  trans	
  by	
  

CD28	
   however,	
   is	
   much	
   less	
   effective	
   than	
   cis-­‐costimulation	
   under	
   natural	
  

conditions.	
   Taken	
   together,	
   this	
   result	
   suggests	
   that	
   CD28	
   is	
   able	
   to	
   transduce	
  

independent	
   signals	
   separate	
   from	
   the	
  TCR	
   (qualitative);	
   and	
  when	
   in	
  proximity	
  of	
  

TCR,	
  able	
  to	
  integrate	
  and	
  amplify	
  the	
  antigen-­‐specific	
  signals	
  (quantitative).	
  Unlike	
  

signal	
   integration	
   between	
   CD28	
   and	
   the	
   TCR,	
   optimal	
   signal	
   integration	
   between	
  

CD28	
   and	
   CTLA-­‐4	
  may	
   depend	
   on	
   close	
   colocalisation.	
   It	
   is	
   increasingly	
   clear	
   that	
  

CTLA-­‐4	
   exists	
   to	
   regulate	
   CD28,	
   as	
   the	
   autoimmune	
  pathology	
   observed	
   in	
   CTLA-­‐4	
  

deficient	
  mice	
   can	
   be	
   reversed	
   by	
   blocking	
   CD80	
   and	
   CD86	
   (Qureshi	
   et	
   al.,	
   2011,	
  

Tivol	
   et	
   al.,	
   1997,	
  Walker	
   and	
   Sansom,	
   2011).	
  Using	
   total	
   internal	
   reflection	
   (TIRF)	
  

microscopy,	
  Saito	
  and	
  colleagues	
  showed	
  under	
  physiological	
  densities	
  of	
  CD80	
  that	
  

CTLA-­‐4	
  prevents	
  CD28	
  associated	
  IL-­‐2	
  secretion	
  and	
  PKCθ	
  microcluster	
  translocation	
  

to	
  the	
  cSMAC.	
  Segregation	
  of	
  CTLA-­‐4	
  by	
  elongation	
  reversed	
  the	
  effects	
  (Yokosuka	
  et	
  

al.,	
  2010),	
  implying	
  the	
  potential	
  importance	
  of	
  signal	
  integration	
  between	
  CD28	
  and	
  

CTLA-­‐4.	
  

Results	
  in	
  this	
  chapter	
  conclusively	
  address	
  the	
  mechanism	
  by	
  which	
  CD28	
  receptor	
  

triggers.	
   Just	
   like	
   the	
  TCR,	
  several	
  mechanisms	
  non-­‐mutually	
  exclusive	
  mechanisms	
  

can	
  be	
   considered	
   for	
  mediating	
  CD28	
   triggering:	
   conformational	
   change,	
   receptor	
  

aggregation	
  and	
  segregation.	
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Conformational	
   change	
   models	
   postulate	
   that	
   ligand	
   binding	
   induces	
   a	
  

conformational	
   change.	
   Evidence	
   for	
   such	
  a	
   change	
   in	
   the	
   case	
  of	
  CD28	
   is	
   lacking.	
  

Efforts	
  at	
   crystallising	
  CD28-­‐CD80	
  complex	
  have	
  been	
  unsuccessful	
   so	
   far;	
   the	
  best	
  

CD28	
  crystal	
   structure	
   remains	
   to	
  be	
   that	
   solved	
  by	
  Davis	
  and	
  colleagues	
  almost	
  a	
  

decade	
   ago	
   (Evans	
   et	
   al.,	
   2005).	
   In	
   the	
   absence	
   of	
   the	
   CD28-­‐CD80	
   co-­‐crystal,	
   it	
   is	
  

impossible	
  to	
  rule	
  out	
  the	
  conformational	
  change	
  as	
  a	
  means	
  of	
  CD28	
  triggering.	
  On	
  

the	
  other	
  hand,	
  useful	
  insights	
  can	
  be	
  extrapolated	
  from	
  CTLA-­‐4	
  –	
  CD80	
  co-­‐crystals:	
  

apart	
   from	
   small	
   local	
   changes	
   restricted	
   to	
   the	
   binding	
   sites,	
   no	
   major	
  

conformational	
   changes	
   were	
   observed	
   between	
   un-­‐ligated	
   and	
   ligated	
   CTLA-­‐4	
  

molecules	
  (Stamper	
  et	
  al.,	
  2001).	
  Further	
  evidence	
  against	
  a	
  specific	
  conformational	
  

change	
  as	
  a	
   triggering	
  mechanism	
   is	
   the	
  observation	
   that	
   the	
  ectodomain	
  of	
  CD28	
  

can	
  be	
  replaced	
  by	
  the	
  CTLA-­‐4	
  or	
  the	
  CD80	
  ectodomain	
  without	
  compromising	
  CD28	
  

signalling	
  (Dennehy	
  et	
  al.,	
  2006).	
  	
  

Aggregation	
  models	
  require	
  that	
  CD28	
  binding	
  to	
  its	
   ligands	
  CD80	
  or	
  CD86	
  leads	
  to	
  

aggregation.	
  Like	
  many	
  immune	
  receptors,	
  actively	
  signalling	
  CD28	
  microclusters	
  can	
  

be	
   detected	
   seconds	
   after	
   T	
   cell	
   activation	
   (Yokosuka	
   et	
   al.,	
   2008).	
   Clustering	
   of	
  

receptors	
  can	
  improve	
  trans	
  auto-­‐phosphorylation	
  of	
  CD28	
  cytoplasmic	
  domains	
  by	
  

bringing	
  associated	
  SFKs	
  such	
  as	
  Lck	
  in	
  close	
  proximity,	
  thereby	
  enhancing	
  CD28	
  co-­‐

stimulatory	
   effects.	
   This	
   relatively	
   large	
   scale	
   clustering	
   of	
   CD28	
   microclusters	
  

however,	
   does	
   not	
   necessary	
   equate	
   CD28	
   receptor	
   aggregation	
   at	
   the	
  molecular	
  

level.	
   The	
   key	
   question	
   is	
   how	
   ligand	
   binding	
   leads	
   to	
   CD28	
   aggregation.	
   Crystal	
  

structures	
  of	
  CD28	
  by	
  Evans	
  et	
  al	
  along	
  with	
  other	
  studies	
  have	
  demonstrated	
  that	
  

although	
  CD28	
  is	
  a	
  disulphide-­‐linked	
  homodimer	
  it	
  is	
  functionally	
  monomeric	
  (Evans	
  

et	
   al.,	
   2005,	
  Collins	
  et	
   al.,	
   2002).	
   The	
   fact	
   that	
  CD80	
   is	
   a	
  non-­‐covalent	
  homodimer	
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and	
  CD28	
   is	
  also	
  a	
  homodimer	
   raise	
   the	
  possibility	
   that	
  CD80	
  binding	
  alone	
  would	
  

induce	
   dimerization	
   of	
   two	
   CD28	
   homodimers.	
   Interestingly,	
   by	
   swapping	
   CD28	
  

ectodomain	
   for	
   bivalently	
   ligating	
   CTLA-­‐4	
   or	
   CD80	
   ectodomains,	
   CD28	
   fusion	
  

molecules	
   were	
   able	
   to	
   induce	
   IL-­‐2	
   secretion	
   in	
   the	
   absence	
   of	
   TCR	
   signals,	
  

supporting	
  the	
  role	
  of	
  aggregation	
  in	
  CD28	
  triggering	
  (Dennehy	
  et	
  al.,	
  2006).	
  Indeed,	
  

the	
   formation	
  of	
  bivalent	
  CD28	
  molecules	
  by	
  swapping	
  the	
  extracellular	
  domain	
  of	
  

CD28	
   for	
  CTLA-­‐4	
  or	
  CD80	
  ectodomains	
   led	
   to	
   IL-­‐2	
   secretions	
  without	
   the	
  need	
   for	
  

TCR	
   co-­‐ligation.	
   However,	
   while	
   artificial	
   receptor	
   aggregation	
   may	
   induce	
   CD28	
  

triggering	
   within	
   such	
   experimental	
   settings,	
   this	
   may	
   not	
   be	
   relevant	
   under	
  

physiological	
  conditions.	
  Moreover,	
  covalent	
  CD80	
  dimer	
   is	
   less	
  effective	
   than	
  wild	
  

type	
  CD80	
  at	
  providing	
  a	
  costimulatory	
  signal	
   (Bhatia	
  et	
  al.,	
  2010).	
  Taken	
  together,	
  

these	
  argue	
  against	
  the	
  role	
  of	
  aggregation	
  for	
  CD28	
  triggering.	
  

A	
  third	
  possible	
  mechanism	
  for	
  CD28	
  triggering	
  is	
  binding	
  induced	
  segregation	
  from	
  

inhibitory	
  RPTP	
  such	
  as	
  CD45,	
   the	
  primary	
  basis	
  and	
  motivation	
   for	
   this	
  study.	
  The	
  

results	
   described	
   in	
   this	
   chapter,	
   along	
   with	
   the	
   observation	
   the	
   activity	
   of	
   CD28	
  

superagonists	
  (Figure	
  3.2)	
  strongly	
  support	
  a	
  role	
  for	
  segregation	
  in	
  mediating	
  CD28	
  

triggering.	
  	
  

Therefore,	
  work	
  described	
  in	
  this	
  chapter	
  provides	
  conclusive	
  evidence	
  for	
  the	
  role	
  

of	
  RPTP	
  segregation	
   in	
  CD28	
  triggering,	
  as	
  postulated	
  by	
   the	
  K-­‐S	
  model.	
  While	
   this	
  

study	
   demonstrates	
   the	
   importance	
   of	
   receptor-­‐ligand	
   dimension	
   in	
   CD28	
  

costimulation,	
  we	
  find	
  no	
  evidence	
  for	
  the	
  requirement	
  of	
  TCR-­‐CD28	
  size	
  matching.	
  

Understanding	
   the	
   mechanisms	
   behind	
   NTR	
   triggering	
   will	
   be	
   important	
   for	
   the	
  

design	
  of	
  chimeric	
  antigen	
  receptors	
  for	
  therapeutic	
  use	
  (see	
  chapter	
  6).	
  Subsequent	
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verification	
   of	
   the	
   K-­‐S	
   model	
   across	
   all	
   NTR	
   systems	
   will	
   require	
   in-­‐depth	
   and	
  

systematic	
  analyses.	
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4.1.1	
  Introduction	
  

Initiation	
   and	
   propagation	
   of	
   the	
   adaptive	
   immune	
   system	
   is	
   conditional	
   on	
   TCR’s	
  

recognition	
  of	
  antigenic	
  peptides	
  presented	
  by	
  class	
  I	
  or	
  class	
  II	
  MHC	
  molecules.	
  The	
  

TCR-­‐pMHC	
   interaction	
   represents	
   a	
   unique	
   recognition	
   system	
   such	
   that	
   effector	
  

functions	
   are	
   extremely	
   dependent	
   on	
   the	
   specificity	
   of	
   the	
   pMHC	
   despite	
   an	
  

inherent	
  ‘promiscuity’	
  of	
  TCR	
  for	
  any	
  pMHC	
  (Mason,	
  1998a).	
  The	
  co-­‐existing	
  trait	
  of	
  

specificity	
   and	
   cross-­‐reactivity	
   is	
   one	
   of	
   many	
   unique	
   TCR	
   characteristics,	
   which	
  

have,	
  and	
  will	
  continue	
  to	
  puzzle	
  T	
  cell	
  biologists	
  for	
  the	
  years	
  to	
  come.	
  	
  

Insights	
  into	
  the	
  TCR-­‐pMHC	
  interactions	
  have	
  come	
  from	
  crystal	
  structures	
  of	
  various	
  

TCR	
  and	
  peptide-­‐MHC	
  molecules	
  [many	
  of	
  which	
  were	
  consolidated	
  and	
  reviewed	
  by	
  

Rudolph	
   et	
   al	
   (Rudolph	
   et	
   al.,	
   2006)],	
   careful	
   thermodynamics	
   (Armstrong	
   et	
   al.,	
  

2008),	
  and	
  mutagenesis	
  studies	
  (Manning	
  et	
  al.,	
  1998,	
  Ishizuka	
  et	
  al.,	
  2008,	
  Liu	
  et	
  al.,	
  

2012,	
   Baker	
   et	
   al.,	
   2001)	
   which	
   will	
   form	
   the	
   basis	
   for	
   this	
   chapter	
   review.	
   The	
  

important	
   question	
   of	
   MHC	
   restriction	
   will	
   also	
   be	
   addressed	
   in	
   light	
   of	
   recent	
  

evidences.	
  

4.1.2	
  Structural	
  insights	
  into	
  TCR-­‐pMHC	
  interactions	
  

T	
  cell	
  receptors	
  

T	
   cell	
   receptors	
   were	
   first	
   identified	
   using	
   monoclonal	
   antibodies	
   to	
   clonal	
   T	
   cell	
  

lines.	
   Four	
  distinct	
  TCR	
  polypeptides	
  α,	
  β,	
  δ,	
   γ	
  have	
  been	
   identified	
  and	
   they	
   form	
  

cell	
  surface	
  heterodimers	
  of	
  disulphide-­‐linked	
  α-­‐β	
  or	
  δ-­‐γ	
  molecules.	
  Early	
  sequence	
  

comparison	
   studies	
   revealed	
   a	
   striking	
   similarity	
   of	
   TCRs	
   to	
   the	
   Fab	
   fragment	
   of	
  

antibodies	
   (Davis	
   and	
   Bjorkman,	
   1988).	
   This	
   was	
   confirmed	
   by	
   subsequent	
   crystal	
  

structures	
  of	
  TCRs	
  (Figure	
  4.1a).	
  Just	
  like	
  antibodies,	
  both	
  chains	
  of	
  the	
  TCR	
  contain	
  a	
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constant	
  (C)	
  region	
  with	
  a	
  variable	
  (V)	
  region	
  and	
  a	
  short	
  stalk	
  segment	
  containing	
  a	
  

cysteine	
   residue	
   that	
   contributes	
   to	
   the	
   inter-­‐chain	
   disulphide	
   bond.	
   Binding	
   and	
  

recognition	
   of	
   pMHC	
   is	
   mediated	
   predominantly	
   by	
   three	
   complementarity	
  

determining	
  regions	
  (CDR)	
  manifested	
  as	
  flexible	
  end	
  loops	
  in	
  each	
  TCR	
  polypeptide	
  

chain.	
  TCR	
  diversity	
  arises	
  as	
  a	
  result	
  of	
  somatic	
  gene	
  rearrangement	
  of	
  different	
  V-­‐,	
  

D-­‐	
  and	
  J-­‐	
  segments	
  or	
  V-­‐	
  and	
  J-­‐	
  segments.	
  Further	
  diversity	
  results	
  from	
  the	
  random	
  

addition/removal	
   of	
   P-­‐	
   and	
   N-­‐	
   nucleotides	
   between	
   the	
   V,	
   D	
   and	
   the	
   J	
   gene	
  

segments.	
  The	
  CDR1	
  and	
  2	
  regions	
  are	
  encoded	
  within	
  germ-­‐line	
  derived	
  V-­‐segments	
  

and	
  therefore	
  show	
  limited	
  diversity.	
  In	
  contrast	
  the	
  CDR3	
  loops	
  are	
  encoded	
  by	
  the	
  

D-­‐	
  and	
  J-­‐	
  segments	
  and	
  the	
  junctions	
  between	
  V-­‐,	
  D-­‐	
  and	
  J-­‐segments,	
  and	
  therefore	
  

show	
  enormous	
  diversity.	
  These	
  loops	
  are	
  highlighted	
  in	
  colour	
  in	
  figure	
  4.1a.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 4.1 Crystal structures of TCR, Class I MHC and Class II MHC 

(a) The TCR is composed of two (α and β) polypeptide chains, the pMHC 
contacting interface is composed of the complementarity determining regions 
(CDRs), highlighted in colour. (b) A top-down view of a class I MHC molecule 
(PDB:1FZK), which typically accommodates peptides with 8-10 residues as a 
result of it’s ‘closed’ α-helices conformation. (c) Top-down view of a class II MHC 
molecule (PDB: 1ES0), which accommodates longer peptides as a result of the 
‘open’ α-helices conformation. Note the α1-helix degeneration (α subunit, dark 
grey; β	
   subunit,	
   light	
   grey)). These structures are adapted from Rudolph et al 
(Rudolph et al., 2006). 

A B C 



CHAPTER	
  4   
 

  104 

Class	
  I	
  and	
  Class	
  II	
  Major	
  Histocompatibility	
  Complexes	
  

MHC	
   molecules	
   were	
   originally	
   discovered	
   for	
   their	
   role	
   in	
   facilitating	
   transplant	
  

rejection	
  between	
  incompatible	
  individuals.	
  The	
  cluster	
  of	
  genes	
  responsible	
  for	
  the	
  

rejections	
   were	
   dubbed	
   the	
   H2	
   system	
   (histocompatibility	
   2)	
   in	
  mice	
   before	
   their	
  

discovery	
  in	
  humans,	
  where	
  they	
  are	
  known	
  as	
  Human	
  Leukocyte	
  Antigens	
  (HLA),	
  a	
  

decade	
   later	
   (P.	
   A.	
   Gorer	
   et	
   al.,	
   1948).	
   MHC	
   class	
   I	
   molecules	
   consists	
   of	
   two	
  

polypeptide	
   chains:	
   the	
  membrane	
   spanning,	
   polymorphic	
   α	
   heavy	
   chain	
   and	
   the	
  

non-­‐variant	
   β2	
   microglobulin,	
   while	
   MHC	
   class	
   II	
   molecules	
   consists	
   of	
   two	
  

membrane-­‐spanning	
  α	
  and	
  β	
  polymorphic	
  chains.	
  Both	
  MHC	
  class	
  I	
  and	
  II	
  molecules	
  

share	
   the	
   same	
   overall	
   structure	
   with	
   a	
   peptide	
   binding	
   groove	
   where	
   a	
   seven-­‐

stranded	
  β-­‐sheet	
  floor	
  is	
  flanked	
  by	
  two	
  α-­‐helices	
  (Figure	
  4.1b,c).	
  

Class	
   I	
   MHCs	
   often	
   bind	
   peptides	
   of	
   8-­‐10	
   residues	
   long	
   with	
   most	
   side	
   chains	
  

pointing	
   upward	
   towards	
   the	
   TCR	
   for	
   recognition.	
   Certain	
   residues	
   pointing	
  

downwards	
  towards	
  the	
  MHC	
  peptide	
  binding	
  groove	
  and	
  provide	
  anchor	
  points	
  for	
  

stable	
   peptide	
   loading.	
   	
   MHC	
   class	
   II	
   molecules	
   typically	
   accommodate	
   longer	
  

peptides	
  of	
  approximately	
  13	
  residues	
  as	
  a	
  result	
  of	
  the	
  open	
  groove	
  conformation	
  

and	
  the	
  α1	
  helix	
  degeneracy	
  (Figure	
  4.1c).	
   	
  

T	
  cell	
  receptors	
  and	
  pMHC	
  interactions	
  

It	
   is	
   widely	
   appreciated	
   that	
   TCRs	
   have	
   the	
   potential	
   to	
   recognise	
   virtually	
   any	
  

antigen	
  in	
  the	
  context	
  of	
  an	
  MHC-­‐like	
  molecule	
  (Godfrey	
  et	
  al.,	
  2008,	
  Wooldridge	
  et	
  

al.,	
   2012).	
   The	
   concept	
  of	
   ‘MHC	
   restriction’	
  was	
   conclusively	
   demonstrated	
  by	
   the	
  

Nobel	
  Prize-­‐winning	
   study	
  of	
   Zinkernagel	
   and	
  Doherty	
  when	
  cytotoxic	
  T	
   cells	
  were	
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only	
   effective	
   against	
   virally	
   infected	
   cells	
   with	
   the	
   ‘correct	
   variant’	
   of	
  

histocompatibility	
   antigens,	
   later	
   revealed	
   to	
   be	
  MHC	
  molecules	
   (Zinkernagel	
   and	
  

Doherty,	
  1974).	
  The	
  need	
  for	
  more	
  structural	
  information	
  was	
  warranted	
  by	
  several	
  

crucial	
  questions:	
  What	
  forms	
  the	
  molecular	
  basis	
   for	
  the	
   interaction	
  between	
  two	
  

structurally	
  diverse	
  TCR	
  and	
  MHC	
  proteins?	
  Can	
  MHC	
  restriction	
  be	
  explained	
  by	
  a	
  

universally	
  conserved	
  mode	
  of	
  binding?	
  	
  	
  

These	
  questions	
  were	
  partially	
  addressed	
  with	
  the	
  publication	
  of	
  two	
  different	
  TCR-­‐

pMHC	
   crystals	
   by	
   independent	
   laboratories	
   (Garcia	
   et	
   al.,	
   1996,	
   Garboczi	
   et	
   al.,	
  

1996).	
   Both	
   studies	
   and	
   subsequent	
   structures	
   demonstrated	
   several	
   conserved	
  

features	
  of	
  the	
  interactions	
  (Garcia	
  et	
  al.,	
  1998,	
  Ding	
  et	
  al.,	
  1999).	
  	
  

Firstly,	
  all	
  TCRs	
  bind	
  with	
  a	
  docking	
  orientation	
  that	
  is	
  roughly	
  diagonal	
  with	
  regards	
  

to	
   the	
   path	
   of	
   the	
   antigenic	
   peptide,	
   with	
   the	
   TCR	
   Vα	
   domain	
   centred	
   over	
   N	
  

terminal	
  half	
  of	
  the	
  peptide	
  and	
  vice	
  versa.	
  While	
  the	
  docking	
  angles	
  may	
  vary	
  from	
  

as	
  large	
  as	
  120°	
  (Garcia,	
  2012),	
  no	
  viable	
  structures	
  of	
  the	
  TCR	
  positioned	
  in	
  a	
  180°	
  

rotation	
   (i.e.	
   Vα	
   domain	
   over	
   C	
   terminal	
   half	
   of	
   the	
   peptide	
   and	
   vice	
   versa)	
   have	
  

been	
   observed.	
   Indeed,	
   there	
   is	
   one	
   report	
   suggesting	
   that	
   deviation	
   from	
   a	
  

conserved	
   docking	
   orientation	
   would	
   disrupt	
   TCR	
   triggering	
   (Adams	
   et	
   al.,	
   2011).	
  

Secondly,	
   the	
  germ-­‐line	
  encoded,	
   less	
  diverse	
  CDR1	
  and	
  CDR2	
   loops	
  within	
  TCR	
  Vα	
  

and	
  Vβ	
  domain	
  are	
  usually	
  positioned	
  over	
  the	
  α	
  helices	
  of	
  MHC	
  molecules	
  while	
  the	
  

somatically-­‐generated,	
   more	
   diverse	
   CDR3	
   loops	
   are	
   largely	
   positioned	
   above	
   the	
  

antigenic	
   peptide.	
   Finally,	
   the	
   buried	
   surface	
   areas	
   for	
   TCR	
   interactions	
  with	
   both	
  

class	
   I	
   and	
  class	
   II	
  MHC	
  molecules	
  are	
  very	
   similar,	
   varying	
   in	
   the	
   range	
  of	
  1600Å2	
  

(Rudolph	
   et	
   al.,	
   2006).	
   Despite	
   the	
   large	
   amounts	
   of	
   buried	
   surface	
   area,	
   the	
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seemingly	
  lack	
  of	
  optimal	
  shape	
  complementarity	
  may	
  account	
  for	
  the	
  low	
  affinity	
  of	
  

these	
  interactions,	
  as	
  opposed	
  to	
  other	
  immune	
  protein-­‐protein	
  recognition	
  system	
  

such	
  as	
  the	
  cytokine	
  receptors	
  (Garcia	
  et	
  al.,	
  2009).	
  	
  

It	
   is	
  of	
  significant	
  research	
   interest	
  to	
  understand	
  why	
  this	
  conserved	
  mode	
  of	
  TCR	
  

binding	
  exists.	
  Various	
  hypotheses	
  put	
  out	
  to	
  describe	
  this	
  phenomenon	
  have	
  been	
  

the	
  centre	
  of	
   intense	
  debate	
   in	
   recent	
  years	
  and	
  will	
  be	
   the	
   focus	
  of	
   the	
   following	
  

section.	
  

4.1.3	
  TCR	
  docking	
  orientation:	
  Germ-­‐line	
  selection	
  or	
  Thymic	
  selection?	
  

The	
  VDJ	
  gene	
  recombinant	
  process	
  can	
  yield	
  up	
  to	
  1015	
  different	
  TCR	
  variants,	
  with	
  

the	
  potential	
  to	
  bind	
  virtually	
  any	
  pMHC.	
  This,	
  coupled	
  with	
  the	
  conserved	
  docking	
  

orientation	
   of	
   TCR-­‐pMHC	
   begs	
   a	
   conceptually	
   important	
   question:	
   what	
   are	
   the	
  

mechanisms	
   driving	
   the	
   conserved	
   binding	
   mode	
   between	
   the	
   most	
   structurally	
  

diverse	
  proteins	
  encoded	
  within	
  the	
  genome?	
  	
  

The	
  germ-­‐line	
  hypothesis	
  provides	
  an	
  extremely	
  logical	
  and	
  satisfactory	
  explanation	
  

to	
   the	
   phenomenon.	
   The	
   theory	
   proposes	
   that	
   the	
   orientation	
   is	
   dictated	
   by	
  

conserved	
   amino	
   acid	
   contacts	
  within	
   the	
   germ-­‐line	
   encoded	
   regions	
   of	
  MHC	
   and	
  

TCR	
  as	
  a	
  result	
  of	
  receptor/	
  ligand	
  co-­‐evolution.	
  This	
  provides	
  a	
  clean	
  explanation	
  for	
  

the	
   MHC-­‐	
   and	
   peptide-­‐centric	
   nature	
   of	
   CDR1/2	
   and	
   CDR3	
   binding	
   respectively	
  

(Garcia	
  et	
  al.,	
  2009,	
  Garcia,	
  2012,	
  Jerne,	
  1971).	
  

The	
  alternative	
  hypothesis	
  to	
  germ-­‐line	
  selection	
  revolves	
  around	
  the	
  possibility	
  that	
  

thymic	
  selection	
  can	
  exclude	
  non-­‐MHC	
  binding	
  TCRs	
  from	
  surviving	
  via	
  co-­‐receptor	
  

imposed	
   restrictions	
   (Van	
   Laethem	
   et	
   al.,	
   2012,	
   Collins	
   and	
   Riddle,	
   2008,	
   Garcia,	
  

2012).	
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Germ-­‐line	
  selection:	
  The	
  evidences	
  	
  

Evidences	
   for	
   germ-­‐line	
   mediated	
   selection	
   have	
   been	
   informed	
   by	
   functional	
  

experiments	
   (Dai	
   et	
   al.,	
   2008,	
   Huseby	
   et	
   al.,	
   2005)	
   and	
   structural	
   analysis	
   of	
   TCR-­‐

pMHC	
  interactions	
  (Feng	
  et	
  al.,	
  2007,	
  Adams	
  et	
  al.,	
  2011).	
  If	
  TCR-­‐pMHC	
  interaction	
  is	
  

a	
   result	
   of	
   co-­‐evolution,	
   then	
   there	
   should	
   be	
   conserved	
   amino	
   acid	
   residues	
   on	
  

either	
  side	
  of	
  the	
  protein	
  mediating	
  binding	
  in	
  different	
  context.	
  To	
  this	
  end,	
  Garcia	
  

and	
   colleagues	
   focused	
   on	
   the	
   interactions	
   of	
   one	
   particular	
   germ-­‐line	
   Vβ8.2	
  

segment	
  present	
   in	
   three	
   separate	
  TCRs,	
  binding	
   to	
   the	
   same	
   I-­‐Au-­‐MBP1-­‐11	
  pMHC	
  

molecules.	
   Intriguingly,	
   the	
   authors	
   discovered	
   a	
   series	
   of	
   conserved	
   residues	
  

contacts	
   between	
   the	
   MHC	
   class	
   II-­‐alpha	
   helix	
   and	
   the	
   Vβ8.2	
   CDR1	
   and	
   2	
   loops,	
  

referred	
  to	
  as	
  the	
  ‘MHC	
  restriction	
  codons’	
  (Feng	
  et	
  al.,	
  2007).	
  Similar	
  pairwise	
  amino	
  

acid	
  contacts	
  with	
  Vβ8.2-­‐containing	
  TCRs	
  and	
  I-­‐A	
  peptide	
  complexes	
  (I-­‐Au,	
  I-­‐Ab,	
  I-­‐Ak)	
  

were	
  reported	
  elsewhere	
  (Dai	
  et	
  al.,	
  2008,	
  Stadinski	
  et	
  al.,	
  2011).	
  In	
  addition,	
  crystal	
  

structures	
  of	
  different	
  yeast	
  display-­‐generated	
   (CD4/	
  CD8	
   independent)	
  variants	
  of	
  

Vβ8.2-­‐containing	
  2C	
  TCR	
  also	
  utilise	
  conserved	
  residues	
  between	
  CDR1/2	
  and	
  H2-­‐Ld-­‐

QL9	
  contacts	
  (Colf	
  et	
  al.,	
  2007,	
  Jones	
  et	
  al.,	
  2008).	
  	
  	
  	
  	
  

As	
   the	
  many	
  of	
   the	
  Vβ8.2-­‐containing	
  TCRs	
  mentioned	
  above	
  are	
  already	
   thymically	
  

selected,	
  it	
  remains	
  possible	
  that	
  productive	
  TCR-­‐pMHC	
  bindings	
  may	
  be	
  a	
  result	
  of	
  

certain	
  thymic-­‐dependent,	
  germ-­‐line	
  independent	
  interactions.	
  To	
  address	
  this	
  issue,	
  

Marrack	
  and	
  Kappler	
  engineered	
  mice	
  that	
  express	
  only	
  a	
  single	
  pMHC	
  (I-­‐Ab-­‐3K)	
  that	
  

permits	
   the	
  escape	
  of	
  negative	
  selection	
  by	
  TCRs	
   in	
   the	
  absence	
  of	
  other	
  selecting	
  

ligands	
   (Huseby	
   et	
   al.,	
   2005).	
   The	
   resulting	
   TCR	
   repertoire	
   was	
   particularly	
   cross-­‐

reactive	
  in	
  a	
  peptide	
  independent	
  manner	
  (i.e.	
  focused	
  on	
  the	
  MHC).	
  In	
  a	
  follow	
  up	
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study,	
   the	
   authors	
   looked	
   at	
   three	
   Vβ8.2-­‐containing	
   TCRs	
   in	
   complex	
   with	
   I-­‐Ak-­‐3K	
  

pMHC	
   and	
   found	
   striking	
   similarity	
   between	
   the	
   Vβ8.2/	
   I-­‐A	
   structural	
   codons	
  

described	
   by	
   Garcia	
   and	
   colleagues	
   (Dai	
   et	
   al.,	
   2008).	
   Thus,	
   these	
   results	
  

demonstrate	
  the	
  presence	
  of	
  a	
  conserved	
  germ-­‐line	
  encoded	
  binding	
  nature	
  across	
  

several	
   TCR-­‐pMHC	
   systems	
   from	
   both	
   thymically	
   selected	
   and	
   non-­‐selected	
  

background.	
   Importantly,	
   the	
   germ-­‐line	
   theory	
   states	
   that	
   conserved	
   contacts	
   do	
  

tolerate	
  ‘wobble’	
  or	
  variations	
  that	
  maintain	
  an	
  overall	
  docking	
  convergence.	
  	
  	
  

Additional	
  evidences	
  for	
  germ-­‐line	
  selection	
  can	
  also	
  be	
  informed	
  by	
  the	
  presence	
  of	
  

immunodominant	
  TCRs	
  among	
  different	
  organisms	
  of	
  the	
  same	
  species	
  sharing	
  the	
  

same	
  MHC	
  alleles	
  (Turner	
  et	
  al.,	
  2006).	
  This	
  would	
  suggest	
  that	
  certain	
  TCRs	
  variable	
  

regions	
  are	
  preferentially	
  selected	
  when	
  presented	
  with	
  the	
  same	
  pMHC	
  molecules.	
  

The	
  use	
  of	
  particular	
  TCR	
  regions	
  is	
  particularly	
  common	
  in	
  persistent	
  infections	
  such	
  

as	
   Human	
   Immuno-­‐deficiency	
   virus	
   (HIV)(Pantaleo	
   et	
   al.,	
   1994),	
   Epstein-­‐Barr	
   Virus	
  

(EBV)(Argaet	
  et	
  al.,	
  1994)	
  and	
  Cytomegalovirus	
  (CMV)(Wills	
  et	
  al.,	
  1996,	
  Price	
  et	
  al.,	
  

2005).	
   Outcome	
   of	
   these	
   infections	
   have	
   further	
   been	
   linked	
   to	
   the	
   complex	
   of	
  

certain	
   (preferential)	
   TCR-­‐pMHC	
   pairs,	
   providing	
   a	
   pathogen-­‐driven	
   evolutionary	
  

basis	
  for	
  the	
  germ-­‐line	
  selection.	
  Off	
  course,	
  such	
  predominance	
  of	
  TCR	
  can	
  also	
  be	
  

explained	
   by	
   post-­‐thymic,	
   peripheral-­‐selection	
   pressure	
   during	
   the	
   course	
   of	
   an	
  

immune	
  reaction	
  (Turner	
  et	
  al.,	
  2006).	
  	
   	
  

Co-­‐receptor	
  imposed	
  thymic-­‐selection:	
  The	
  evidences	
  	
  

CD4	
  and	
  CD8	
  co-­‐receptors	
  bind	
  class	
  II	
  and	
  class	
  I	
  MHC	
  respectively.	
  It	
  has	
  been	
  long	
  

hypothesised	
   that	
   co-­‐receptor	
   interaction	
  with	
  MHC	
  molecules	
   serve	
   a	
   number	
   of	
  

important	
  functions:	
  to	
  enhance	
  the	
  effective	
  affinity	
  between	
  the	
  TCR	
  complex	
  and	
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the	
   pMHC	
   and	
   to	
   recruit	
   associated	
   Src-­‐family	
   kinase	
   Lck	
   to	
   engaged	
   TCRs.	
   In	
   the	
  

latter,	
   co-­‐receptor	
   mediated	
   delivery	
   of	
   Lck	
   facilitates	
   TCR-­‐CD3ζ-­‐ITAM	
   and	
   ZAP70	
  

phosphorylation	
   (Rudd	
   et	
   al.,	
   1988),	
   resulting	
   in	
   TCR	
   proximal	
   signalling,	
   which	
   is	
  

crucial	
  for	
  both	
  thymic	
  and	
  peripheral	
  functions	
  (Van	
  Laethem	
  et	
  al.,	
  2013).	
  	
  

The	
   requirement	
   of	
   co-­‐receptor	
   binding	
   during	
   thymic	
   selection	
   [reviewed	
   in	
  

(Germain,	
  2002)]	
  might	
  impose	
  a	
  steric	
  TCR-­‐docking	
  orientation.	
  Structural	
  evidence	
  

for	
   this	
   include	
   the	
   finding	
   by	
   Buslepp	
   et	
   al	
   of	
   a	
   correlation	
   between	
   TCR-­‐MHC	
  

docking	
   orientation	
   and	
   CD8	
   dependence	
   (Buslepp	
   et	
   al.,	
   2003).	
   This	
   was	
  

supplemented	
   by	
   the	
   groundbreaking	
   crystallographic	
   work	
   by	
   Yin	
   et	
   al	
   who	
  

demonstrated	
   just	
   how	
   co-­‐receptors	
  might	
   impose	
   steric	
   requirement	
   for	
   TCRs	
   to	
  

bind	
   in	
  a	
  particular	
  orientation	
  to	
  pMHC	
  for	
  productive	
  CD4	
  and	
  TCR	
  co-­‐ligation	
  of	
  

the	
  pMHC	
  (Yin	
  et	
  al.,	
  2012).	
  	
  	
  	
  	
  	
  

More	
   recently,	
   functional	
   evidences	
   for	
   the	
   co-­‐receptor-­‐imposed	
   thymic-­‐selection	
  

theory	
   come	
   from	
   the	
   elegant	
   studies	
   by	
   Singer	
   and	
   colleagues.	
   The	
   authors	
  

investigated	
   TCRs	
   resulting	
   from	
   experimental	
   mice	
   with	
   quadruple	
   knockouts,	
  

lacking	
  class	
  I	
  and	
  II	
  MHCs,	
  CD4	
  and	
  CD8	
  molecules	
  altogether	
  (Van	
  Laethem	
  et	
  al.,	
  

2007).	
  Surprisingly,	
  the	
  resulting	
  TCRs	
  (which	
  have	
  developed	
  in	
  the	
  absence	
  of	
  MHC	
  

and	
  co-­‐receptors)	
  exhibited	
  reactivity	
  to	
  non-­‐MHC	
  ligands.	
  In	
  a	
  follow	
  up	
  study,	
  they	
  

identified	
   CD155	
   as	
   a	
   high	
   affinity	
   target	
   for	
   one	
   purified	
   TCR,	
   reminiscent	
   of	
   an	
  

antibody-­‐antigen	
  reaction	
  (Tikhonova	
  et	
  al.,	
  2012).	
  Further	
  antibody-­‐like	
  properties	
  

of	
   TCRs	
   can	
   be	
   demonstrated	
   in	
   a	
   yeast	
   proteome-­‐array	
   based	
   screening	
   study	
  

where	
   a	
   thymically-­‐selected	
   TCR	
   is	
   able	
   to	
   bind	
   similar	
   numbers	
   of	
   non-­‐MHC	
  

antigens	
  as	
  an	
  antibody	
  (Bangham	
  et	
  al.,	
  2005).	
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Such	
   findings	
   suggest	
   that	
   TCR-­‐pMHC	
   recognition	
   is	
   not	
   intrinsic	
   to	
   germ-­‐line	
  

encoded	
   sequence	
   in	
   the	
   TCR	
   and/or	
   pMHC.	
   Under	
   this	
   argument,	
   TCRs,	
   like	
  

antibodies,	
  can	
  potentially	
  recognise	
  diverse	
  ligands,	
  not	
  just	
  MHC	
  molecules.	
  During	
  

normal	
   circumstances,	
   MHC-­‐ligating	
   CD4	
   or	
   CD8	
   would	
   sequester	
   Lck	
   away	
   from	
  

non-­‐MHC	
   recognising	
   TCRs	
   preventing	
   their	
   selection.	
   In	
   the	
   quadruple	
   knockout,	
  

freely	
   available	
   Lck	
   would	
   enable	
   the	
   selection	
   of	
   all	
   TCRs,	
   MHC-­‐ligating	
   or	
   not.	
  

Indeed,	
   the	
   generation	
   of	
   MHC-­‐ligating	
   TCRs	
   depended	
   only	
   on	
   two	
   cysteine	
  

residues	
   on	
   Lck	
   that	
   mediate	
   CD4	
   and	
   CD8	
   binding	
   (Van	
   Laethem	
   et	
   al.,	
   2013).	
  	
  

Mutation	
  of	
  these	
  residues	
  led	
  to	
  co-­‐receptor	
  free	
  Lck	
  that	
  preferentially	
  promoted	
  

thymic	
  selection	
  of	
  non-­‐MHC	
  ligating	
  TCRs.	
  Such	
  an	
  observation	
  argues	
  that	
  TCRs	
  are	
  

not	
  inherently	
  specific	
  for	
  MHC,	
  at	
  least	
  in	
  the	
  thymus	
  where	
  T	
  cells	
  with	
  TCR-­‐pMHC	
  

interaction	
  exist	
  only	
  because	
  CD4	
  or	
  CD8	
  compels	
  them	
  to.	
  	
  

This	
   series	
  of	
   studies	
  supports	
   the	
  notion	
   that	
  TCR’s	
   inherent	
   reactivity	
   for	
  MHC	
   is	
  

the	
  result	
  of	
  a	
  requirement	
  for	
  coreceptor-­‐associated	
  Lck	
  during	
  thymic	
  selection.	
  	
  

A	
  reconciling	
  view	
  of	
  germ-­‐line	
  and	
  thymic	
  imposed	
  selection?	
  

In	
   light	
  of	
   the	
  additional	
   evidences	
   for	
   co-­‐receptor	
  mediated	
  TCR	
   selection,	
  Garcia	
  

offered	
   a	
   reconciling	
   view	
   of	
   the	
   two	
   theories	
   which	
   he	
   argues	
   are	
   not	
   mutually	
  

exclusive,	
  stating	
  that:	
  “germ-­‐line	
  bias	
  does	
  not	
  denote	
  a	
  negative	
  bias	
  toward	
  non-­‐

MHC	
  ligands	
  but	
  rather	
  a	
  positive	
  bias	
  for	
  MHC”	
  (Garcia,	
  2012).	
  TCRs	
  would	
  develop	
  

to	
   bind	
   any	
   antigens	
   in	
   an	
   environment	
   devoid	
   of	
   MHC	
   molecules,	
   just	
   like	
   the	
  

antibodies,	
  by	
  virtue	
  of	
  the	
  VDJ	
  gene	
  rearrangement	
  process.	
  	
  

In	
  this	
  integrative	
  model,	
  the	
  requirement	
  of	
  co-­‐receptor	
  engagement	
  (or	
  any	
  other	
  

limiting	
  extrinsic	
  factors)	
  would	
  impose	
  a	
  conserved	
  TCR-­‐pMHC	
  docking	
  orientation	
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that	
   is	
   further	
   enhanced	
  over	
   the	
   years	
   by	
   co-­‐evolution	
  between	
   specific	
   TCR	
   and	
  

MHC	
  pairs.	
  That	
  coevolution	
  would	
  be	
  expected	
  to	
  exclude	
  sequences	
  that	
  preclude	
  

MHC	
  recognition,	
  creating	
  a	
  positive	
  bias	
  in	
  favour	
  of	
  MHC	
  binding.	
  As	
  recognition	
  of	
  

non-­‐MHC	
  antigens	
  are	
  mediated	
  by	
  all	
  CDR1,	
  2	
  and	
  3	
   loops,	
  the	
  presence	
  of	
  germ-­‐

line	
  residues	
  on	
   its	
  CDR	
  1	
  and	
  2	
   loops	
  will	
  not	
  prevent	
  TCRs	
  from	
  recognising	
  non-­‐

MHC	
  antigens.	
   This	
  would	
  explain	
  why	
  both	
  MHC-­‐	
   and	
  non-­‐MHC	
   ligating	
   TCRs	
   are	
  

generated	
  in	
  MHC+	
  systems	
  with	
  freely	
  available	
  Lck	
  (Van	
  Laethem	
  et	
  al.,	
  2013).	
  	
  

The	
   integrative	
   model	
   for	
   diagonal	
   TCR	
   binding	
   is	
   also	
   consistent	
   with	
   an	
   earlier	
  

proposal	
   that	
   accounts	
   for	
   the	
  effects	
  of	
   both	
   germ-­‐line	
   selection	
  and	
   co-­‐receptor	
  

binding	
   on	
   TCR	
   docking	
   orientation	
   (van	
   der	
   Merwe	
   and	
   Davis,	
   2003).	
   A	
   close	
  

examination	
  of	
   existing	
  MHC	
   class	
   I	
   structures	
   reveal	
   the	
  presence	
  of	
   a	
   conserved	
  

‘kink’	
   on	
   either	
   end	
   of	
   the	
   α-­‐helices.	
   This	
   is	
   exemplified	
   by	
   H2Kb	
   in	
   Figure	
   4.2.	
  

Through	
  their	
  effects	
  on	
  the	
  shape	
  of	
  the	
  pMHC	
  binding	
  surface,	
  these	
  bumps	
  may	
  

impose	
   a	
   diagonal	
   binding	
   requirement	
   of	
   TCRs	
   while	
   tolerating	
   large	
   variable	
  

docking	
  angles	
  of	
  up	
  to	
  120°.	
  	
  

Interestingly,	
   such	
   a	
   ‘kink’	
   is	
   only	
  present	
   in	
   the	
  α-­‐helix	
   of	
   the	
  β1	
  domain	
   in	
  MHC	
  

class	
  II	
  molecules	
  as	
  demonstrated	
  by	
  HLA-­‐DR1	
  in	
  Figure	
  4.2.,	
  and	
  is	
  absent	
  from	
  the	
  	
  

α-­‐helix	
  contributed	
  by	
  the	
  α1	
  domain.	
  This	
  is	
  in	
  line	
  with	
  observations	
  that	
  TCRs	
  can	
  

adopt	
  a	
  close-­‐to-­‐perpendicular	
  binding	
  orientation	
  to	
  MHC	
  class	
  II	
  molecules	
  (Wang	
  

and	
  Reinherz,	
   2002).	
   The	
  dual	
   requirement	
   of	
   TCR	
   and	
   co-­‐receptor	
   binding	
   during	
  

thymic	
  selection	
  on	
  the	
  other	
  hand,	
  may	
  be	
  incompatible	
  with	
  TCRs	
  binding	
  in	
  a	
  180°	
  

rotation	
  (i.e.	
  Vα	
  domain	
  over	
  C	
  terminal	
  half	
  of	
  the	
  peptide	
  and	
  vice	
  versa).	
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The	
   road	
   to	
   interrogating	
   the	
   basis	
   of	
   MHC	
   restriction	
   has	
   generated	
   a	
   series	
   of	
  

fascinating	
  and	
  cleverly	
  conducted	
  experiments.	
   It	
   is	
  probably	
   true	
   that	
  TCR-­‐pMHC	
  

recognition	
   is	
   driven	
   both	
   by	
   co-­‐receptors	
   and	
   conserved	
   germ-­‐line	
   mediated	
  

interactions.	
   	
   Perhaps	
   the	
   concept	
  of	
   germ-­‐line	
   encoded	
   interaction	
   can	
  be	
  better	
  

appreciated	
  with	
  the	
  notion	
  of	
  a	
  ‘permissive’	
  structure	
  where	
  it	
   is	
  not	
  the	
  absolute	
  

presence	
   of	
   certain	
   contacts	
   that	
   is	
   required	
   but	
   rather	
   the	
   absence	
   of	
   any	
  

potentially	
  disruptive	
  structures/residue.	
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Figure 4.2 TCR binding orientation may be imposed by structural constraints 
in the MHC molecules 

The presence of two ‘kinks’ on either end of the MHC class I α-helices may impose 
a diagonal binding requirement for TCRs (highlighted in red) in order to optimize 
surface-shape complementarity. For MHC class II molecules, the presence of only 
one ‘kink’ may permit a more perpendicular mode of binding by TCRs. MHC class I 
and class II molecules are exemplified by H2-Kb (PDB number: 2CKB) and HLA-DR 
(PDB number: 1FYT) respectively. Similar results were observed with other MHC 
class I molecules including HLA-B3, HLA-B8 and HLA-A2 [PDB numbers 2AK4, 
1MI5 and 2BNR respectively] as well as MHC class II molecules I-AK, I-Ag7, I-AU, 
HLA-DR2a, HLA-DR2b and HLA-DR4 [PDB numbers 1IAK, IES0, 1U3H, 1ZGL, 
1YMM and 1J8H respectively] (data not shown). 
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4.1.4	
  Thermodynamics	
  of	
  TCR-­‐pMHC	
  interaction	
  

Methods	
  for	
  quantifying	
  TCR-­‐pMHC	
  physical	
  parameters	
  

While	
   crystal	
   structures	
   of	
   TCR-­‐pMHC	
   interactions	
   have	
   yielded	
   invaluable	
  

information	
  on	
  the	
  structural	
  basis	
  of	
  the	
  interaction,	
  it	
  represents	
  a	
  ‘frozen’	
  shot	
  of	
  

what	
  is	
  essentially	
  a	
  dynamic	
  process	
  of	
  interaction	
  (Ding	
  et	
  al.,	
  1999).	
  Furthermore,	
  

structural	
  studies	
  do	
  not	
  reveal	
  which	
  parts	
  of	
  the	
  binding	
  interface	
  contribute	
  to	
  the	
  

binding	
   energy,	
   and	
   so	
   it	
   is	
   essential	
   to	
   combine	
   them	
   with	
   measurements	
   of	
  

thermodynamics	
  and	
  kinetics	
  parameters.	
  Two	
  techniques	
  stand	
  out	
  in	
  particular	
  as	
  

immunologists’	
  favourite	
  toolkits:	
  Surface	
  Plasmon	
  Resonance	
  (SPR)	
  and	
  Isothermal	
  

Titration	
  Calorimetry	
  (ITC).	
  

SPR	
  measures	
  the	
  changes	
  in	
  refractive	
  index	
  near	
  a	
  protein-­‐tethered	
  sensor	
  surface	
  

that	
   result	
   from	
   its	
  binding	
  of	
  an	
   injected	
  protein.	
  The	
  overwhelming	
  popularity	
  of	
  

the	
  SPR	
  technique	
  stems	
  from	
  its	
  relative	
  ease	
  of	
  affinity	
  and	
  kinetic	
  data	
  acquisition	
  

and	
  the	
  minute	
  material	
  requirement	
  for	
  proteins,	
  even	
  for	
  low	
  affinity	
  interactions.	
  

Gibbs	
  Free	
  energy	
  of	
  the	
  reaction	
  can	
  be	
  derived	
  directly	
  from	
  the	
  measurement	
  of	
  

the	
  affinity:	
  ΔG	
  =	
  -­‐RTlnKA	
  (where	
  KA	
  =	
  Affinity	
  of	
  the	
  interaction	
  =	
  1/KD	
  expressed	
  in	
  

units	
   M-­‐1).	
   Reaction	
   enthalpy	
   (ΔH)	
   and	
   entropy	
   (ΔS)	
   values	
   can	
   also	
   be	
   derived	
  

indirectly	
  using	
  the	
  van’t	
  Hoff	
  plot	
  which	
  describes	
  the	
  dependency	
  between	
  affinity	
  

and	
  temperature:	
  lnKA	
  =	
  -­‐(ΔH/RT)	
  +	
  (ΔS/R),	
  where	
  R	
  and	
  T	
  are	
  the	
  gas	
  constant	
  and	
  

temperature	
   (in	
   K),	
   respectively.	
   The	
   major	
   pitfalls	
   of	
   SPR	
   revolves	
   around	
   the	
  

possibilities	
   of	
   protein	
   aggregation,	
   mass-­‐transport	
   limits	
   and	
   protein	
   rebinding,	
  

which	
   can	
   lead	
   to	
   underestimation	
   of	
   the	
   binding	
   kinetics	
   (van	
   der	
   Merwe	
   and	
  

Barclay,	
  1996).	
  	
  



CHAPTER	
  4   
 

  114 

ITC	
   represents	
   a	
  more	
  direct	
  measurement	
  of	
   the	
   reaction	
  enthalpy	
  by	
  measuring	
  

the	
   absorption	
   or	
   release	
   of	
   heat	
   (ΔH)	
   as	
   two	
  molecules	
   interact	
   (Ladbury,	
   2004).	
  

This	
   method	
   negates	
   the	
   indirect	
   calculation	
   of	
   ΔH	
   using	
   the	
   van’t	
   Hoff-­‐based	
  

method,	
   which	
   can	
   be	
   problematic	
   over	
   large	
   temperature	
   range	
   as	
   a	
   result	
   of	
  

changes	
   in	
   heat	
   capacity	
   (ΔCp).	
   Measuring	
   the	
   differences	
   in	
   enthalpy	
   over	
   a	
  

concentration	
   of	
   protein	
   yields	
   the	
   reaction	
   affinity	
   from	
   which	
   the	
   Gibbs	
   free	
  

energy	
  can	
  be	
  derived.	
  With	
  this,	
   the	
  reaction	
  entropy	
  (ΔS)	
  can	
  be	
  calculated	
  from	
  

the	
  Gibbs-­‐Helmholtz	
   equation:	
   ΔG	
   =	
   ΔH	
   –TΔS.	
   In	
   addition,	
   the	
   change	
   in	
   constant	
  

pressure	
  heat	
  capacity	
  (ΔCp)	
  can	
  be	
  determined	
  from	
  measurement	
  of	
  the	
  ΔH	
  over	
  a	
  

range	
   of	
   temperatures	
   since	
   ΔCp	
   =	
   dΔH/dT.	
   As	
   such,	
   this	
   technique	
   provides	
   the	
  

possibility	
   to	
   acquire	
   a	
   full	
   thermodynamic	
   profile	
   of	
   the	
   interaction	
   (ΔH,	
   ΔG,	
   ΔS,	
  

ΔCp).	
   Despite	
   these	
   advantages,	
   the	
   major	
   drawback	
   for	
   ITC	
   remains	
   the	
  

unsustainably	
   high	
   requirements	
   of	
   protein	
   concentration	
   for	
   low	
   affinity	
  

interactions.	
  A	
  comprehensive	
   review	
  of	
   the	
  various	
   techniques	
  was	
  performed	
  by	
  

Piepenbrink	
  et	
  al	
  (Piepenbrink	
  et	
  al.,	
  2009).	
  

The	
  hunt	
  for	
  a	
  conserved	
  thermodynamic	
  signature	
  

The	
   affinity	
   between	
   TCRs	
   and	
   pMHC	
   are	
   low	
   compared	
   to	
   conventional	
   protein-­‐

protein	
   interactions,	
   in	
   the	
  range	
  between	
  1	
  to	
  100μM	
  (Rudolph	
  et	
  al.,	
  2006).	
  This	
  

can	
  be	
  attributed	
  to	
  both	
  a	
  fast	
  dissociation	
  rate	
  (koff)	
  and	
  slow	
  association	
  rate	
  (kon)	
  

between	
  TCRs	
  and	
  its	
  ligand	
  (Willcox	
  et	
  al.,	
  1999).	
  The	
  kon	
  between	
  TCRs	
  and	
  pMHC	
  

ranges	
  from	
  103	
  to	
  105	
  M-­‐1s-­‐1	
  and	
  this	
  is	
  slow	
  compared	
  to	
  the	
  theoretical	
  on	
  rate	
  of	
  

105	
   to	
   109	
   M-­‐1s-­‐1,	
   which	
   takes	
   into	
   account	
   random	
   collisions	
   and	
   electrostatic	
  

interactions	
   (Bridgeman	
   et	
   al.,	
   2011).	
   This	
   time	
   lag	
   suggests	
   the	
   presence	
   of	
   a	
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structural	
  rearrangement	
  or	
  conformational	
  change	
  of	
  the	
  TCR	
  or	
  pMHC	
  during	
  the	
  

association	
   process.	
  While	
   large	
   scale	
   conformational	
   changes	
   were	
   not	
   observed	
  

between	
  crystals	
  of	
  bound	
  and	
  unbound	
  TCR	
  (Garcia	
  et	
  al.,	
  1996,	
  Garcia	
  et	
  al.,	
  1998,	
  

Degano	
  et	
  al.,	
  2000),	
  there	
  are	
  many	
  examples	
  of	
  small-­‐scale,	
  local	
  rearrangements	
  

in	
  the	
  CDR3	
  loops	
  of	
  the	
  TCR	
  upon	
  binding	
  to	
  pMHC	
  (Garcia	
  et	
  al.,	
  1998,	
  Reiser	
  et	
  al.,	
  

2003,	
  Boniface	
  et	
  al.,	
  1999).	
  Local	
  rearrangement	
  of	
  TCR	
  and	
  pMHC	
  binding	
  interface	
  

would	
   provide	
   an	
   explanation	
   for	
   the	
   inherent	
   cross-­‐reactivity	
   of	
   TCRs	
   to	
   pMHC	
  

molecules.	
  	
  

van	
  der	
  Merwe	
  and	
  colleagues	
  first	
  pursued	
  this	
  hypothesis	
  from	
  a	
  thermodynamics	
  

perspective	
   using	
   both	
   SPR	
   and	
   ITC	
   techniques	
   (Willcox	
   et	
   al.,	
   1999).	
   The	
   results	
  

from	
  two	
  TCR	
  systems	
  revealed	
  that	
  the	
  interactions	
  are	
  largely	
  enthalpically	
  driven	
  

with	
   an	
   entropically	
   unfavourable	
   profile,	
   providing	
   an	
   explanation	
   to	
   the	
   low	
  

affinity	
   nature	
   of	
   TCR-­‐pMHC	
   interactions.	
   This	
   finding	
   is	
   in	
   line	
   with	
   the	
  

conformational	
  change	
  at	
  the	
  TCR-­‐pMHC	
  interface,	
  where	
  the	
  reduction	
  of	
  mobility	
  

or	
   flexibility	
   within	
   binding	
   interfaces	
   would	
   impose	
   an	
   entropic	
   penalty.	
  

Alternatively,	
   it	
  could	
  also	
  reflect	
  changes	
  in	
  the	
  solvation	
  of	
  the	
  molecules	
  such	
  as	
  

the	
   incorporation	
   of	
   ordered	
   water	
   molecules	
   that	
   serves	
   as	
   molecular	
   glue	
   in	
  

between	
  the	
  binding	
  interface	
  (Ladbury,	
  1996).	
  The	
  latter	
  was	
  unlikely	
  true	
  given	
  a	
  

net	
   expulsion	
   of	
   water	
   from	
   the	
   interacting	
   surfaces	
   (Cole	
   et	
   al.,	
   2009).	
   Similar	
  

findings	
   echoing	
   the	
   results	
   by	
   van	
   der	
  Merwe	
   and	
   colleagues	
   soon	
   piled	
   in	
   with	
  

different	
  TCR	
  systems	
  (Boniface	
  et	
  al.,	
  1999,	
  Garcia	
  et	
  al.,	
  2001,	
  Lee	
  et	
  al.,	
  2004).	
  	
  	
  	
  	
  

However,	
  just	
  as	
  the	
  concept	
  of	
  a	
  particular	
  thermodynamic	
  signature	
  (enthalpically	
  

favourable,	
   entropically	
   unfavourable)	
   was	
   gaining	
   precedence	
   within	
   the	
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community,	
   a	
   string	
   of	
   TCRs	
   with	
   entropically	
   favourable	
   interactions	
   were	
  

discovered	
   (Ding	
  et	
   al.,	
   1999,	
   Ely	
   et	
   al.,	
   2006).	
   These	
   receptors	
   also	
  demonstrated	
  

flexible	
  conformational	
  changes	
   in	
  their	
  CDR3	
  loops,	
  questioning	
  the	
  existence	
  of	
  a	
  

conserved	
  thermodynamic	
  signature	
  for	
  TCR-­‐pMHC	
  interactions.	
  	
  

An	
   overwhelming	
   number	
   of	
   thermodynamics	
   studies	
   were	
   performed	
   on	
   class	
   I	
  

MHC	
   interactions.	
   Interestingly,	
   a	
   recent	
   crystallisation	
   and	
   thermodynamics	
   study	
  

led	
  by	
  Cole	
  and	
  colleagues	
  on	
  class	
   II	
  MHC	
   interactions	
  defied	
  existing	
   trends.	
  The	
  

authors	
  described	
  an	
  entropically	
   favourable	
   interaction	
   that	
   is	
  unaccompanied	
  by	
  

significant	
  CDR	
   loop	
  movements	
   (Holland	
  et	
   al.,	
   2012).	
   This	
   appears	
   to	
  be	
  at	
  odds	
  

with	
  existing	
  explanations	
   for	
  TCR	
  cross-­‐reactivity.	
  As	
  both	
  class	
   I	
  and	
  class	
   II	
  MHC	
  

binding	
   involves	
   the	
   expulsion	
   of	
   ordered	
   solvents	
   in	
   the	
   interface	
   (entropically	
  

favourable),	
  the	
  authors	
  proposed	
  that	
  it	
  is	
  the	
  extra	
  need	
  for	
  CDR	
  loop	
  stabilisation	
  

that	
  would	
  contribute	
  to	
  the	
  negative	
  entropy	
  in	
  certain	
  class	
  I	
  MHCs.	
  	
  

These	
   discrepancies	
   question	
   the	
   need	
   for	
   CDR	
   loop	
   rearrangement	
   as	
   a	
   pre-­‐

requisite	
  for	
  TCR	
  activation,	
  and	
  indeed	
  the	
  presence	
  of	
  a	
  conserved	
  thermodynamic	
  

signature	
  at	
  all.	
  An	
   in	
  depth	
  evaluation	
  of	
   the	
  existing	
   thermodynamic	
   information	
  

by	
   Baker	
   and	
   colleagues	
   demonstrated	
   a	
   striking	
   degree	
   of	
   enthalpy/	
   entropy	
  

compensation	
  in	
  TCR-­‐pMHC	
  binding	
  data,	
  where	
  the	
  Gibbs	
  Free	
  Energy	
  spans	
  only	
  3	
  

kcal/mol	
  (Armstrong	
  et	
  al.,	
  2008).	
  Therefore,	
  it	
  is	
  safe	
  to	
  say	
  that	
  a	
  productive	
  TCR-­‐

pMHC	
  interaction	
  will	
  proceed	
  so	
  long	
  as	
  it	
  is	
  energetically	
  favourable,	
  driven	
  either	
  

by	
  the	
  enthalpy,	
  entropy,	
  or	
  both.	
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4.2.	
  Project	
  Aims	
  and	
  Justification	
  

Studies	
  determining	
  the	
  energetic	
  contribution	
  of	
  peptide	
  versus	
  MHC	
  in	
  a	
  TCR-­‐

pMHC	
  interaction	
  are	
  important	
  as	
  they	
  provide	
  insights	
  into	
  positive	
  selection	
  

and	
   autoimmunity.	
   Positive	
   selection	
   occurs	
   in	
   the	
   context	
   of	
   self-­‐pMHC	
  

molecules	
  while	
  immune	
  activation	
  in	
  the	
  periphery	
  involves	
  the	
  recognition	
  of	
  

a	
   foreign	
   pMHC.	
   If	
   the	
   MHC’s	
   energetic	
   contribution	
   to	
   the	
   TCR	
   remains	
  

constant	
   in	
  both	
  scenarios,	
  the	
  replacement	
  of	
  self-­‐	
  to	
  antigenic-­‐peptide	
  might	
  

affect	
  their	
  relative	
  energetic	
  contributions.	
  

Excessive	
   recognition	
   of	
   the	
   MHC	
   may	
   on	
   the	
   other	
   hand,	
   contribute	
   to	
  

autoimmunity.	
  This	
  is	
  exemplified	
  by	
  the	
  discovery	
  of	
  an	
  unusual	
  binding	
  bias	
  of	
  

an	
  autoimmune	
  TCR	
  over	
  the	
  MHC	
  portion	
  of	
  self-­‐pMHC	
  (Hahn	
  et	
  al.,	
  2005).	
  All	
  

three	
  CDR	
   loops	
  are	
  predominantly	
  centred	
  on	
  residues	
   from	
  the	
  MHC	
  helices	
  

for	
   the	
   autoimmune	
   TCR,	
   in	
   stark	
   contrast	
   to	
   normal	
   TCR-­‐pMHC	
   interactions	
  

where	
   it	
   is	
   usually	
   mediated	
   only	
   by	
   CDR1/2	
   loops.	
   This	
   implies	
   a	
   greater	
  

energetic	
   contribution	
   from	
   MHC	
   over	
   the	
   peptide,	
   providing	
   an	
   interesting	
  

potential	
  mechanism	
  for	
  escape	
  from	
  negative	
  selection.	
  

Structural	
   studies	
   are	
   unable	
   to	
   map	
   the	
   energy	
   footprint	
   of	
   TCR	
   antigen	
  

recognition	
   since	
   buried	
   surface	
   areas	
   do	
   not	
   always	
   correlate	
   with	
   the	
  

energetic	
  contributions	
  of	
  individual	
  residues	
  (Cunningham	
  and	
  Wells,	
  1989).	
  To	
  

do	
   so,	
   it	
   is	
   necessary	
   to	
   combine	
   them	
  with	
  mutagenesis	
   studies.	
   There	
   have	
  

been	
   relatively	
   few	
   studies	
   of	
   this	
   question	
   and	
   their	
   results	
   have	
   largely	
  

inconclusive.	
   Studies	
   with	
   mutations	
   on	
   the	
   TCR	
   residues	
   make	
   it	
   hard	
   to	
  

estimate	
   the	
   contribution	
   of	
   the	
   MHC	
   as	
   many	
   TCR	
   residues	
   contact	
   both	
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peptide	
  and	
  MHC	
  residues	
  (Lee	
  et	
  al.,	
  2000,	
  Manning	
  et	
  al.,	
  1998).	
  On	
  the	
  other	
  

hand,	
   mutagenesis	
   studies	
   of	
   peptide	
   and	
   MHC	
   molecules	
   did	
   not	
   always	
  

account	
   for	
   the	
  possibility	
   that	
  MHC	
  mutants	
  may	
  affect	
   the	
  peptide	
  structure	
  

and	
   its	
   contacts	
   to	
   the	
   TCR,	
   complicating	
   efforts	
   to	
   determine	
   the	
   exact	
  

energetic	
  contributions	
  of	
  peptide	
  and	
  the	
  MHC	
  (Liu	
  et	
  al.,	
  2012,	
  Piepenbrink	
  et	
  

al.,	
  2013).	
  

Work	
   described	
   in	
   this	
   chapter	
   is	
   built	
   upon	
   existing	
   studies	
   performed	
   by	
  

previous	
  members	
  of	
  the	
  lab,	
  where	
  the	
  energetic	
  footprints	
  of	
  four	
  TCRs	
  (1G4,	
  

JM22,	
  A6	
  and	
  G10)	
  to	
  HLA-­‐A2	
  were	
  determined	
  via	
  systematic	
  alanine	
  scanning	
  

mutagenesis	
  on	
  the	
  HLA-­‐A2	
  molecule.	
  The	
  mutagenesis	
  study	
  is	
  further	
  coupled	
  

with	
  structural	
  data	
  to	
  determine	
  exclusive	
  TCR-­‐contacting	
  HLA-­‐A2	
  residues	
  for	
  

each	
  TCR	
   to	
  conservatively	
  quantify	
   the	
   relative	
  energetics	
   contribution	
  of	
   the	
  

peptide	
  versus	
  MHC	
  in	
  TCR-­‐pMHC	
  interaction.	
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4.3.1	
   A	
   strategy	
   to	
   calculate	
   energetic	
   contribution	
   of	
   MHC	
   to	
   TCR-­‐pMHC	
  

interaction	
  

This	
  work	
   is	
  based	
  on	
  the	
  MHC	
  Class	
   I	
  HLA-­‐A2	
  system	
  and	
   its	
   interaction	
  with	
   four	
  

different	
  TCRs	
  namely:	
  1G4,	
  A6,	
   JM22	
  and	
  G10	
  TCRs.	
  All	
   residues	
  on	
   the	
  A2	
  heavy	
  

chain	
  within	
  6	
  Å	
  of	
  the	
  TCR/	
  pMHC	
  interface	
  according	
  to	
  their	
  respective	
  complex	
  

structures	
  were	
  singly	
  mutated	
  [PDB	
  IDs:	
  2BNR	
  (1G4),	
  1AO7	
  (A6),	
  1OGA	
  (JM22)	
  and	
  

2V2W	
   (G10)],	
   and	
   systematically	
   analysed	
   for	
   its	
   resultant	
   binding	
   affinity	
   and	
  

kinetics	
   to	
   all	
   four	
   TCRs.	
   This	
   mammoth	
   task	
   was	
   undertaken,	
   and	
   successfully	
  

completed	
  by	
  a	
  previous	
  member	
  of	
  the	
  laboratory	
  (Zhang,	
  2010).	
  	
  

The	
  change	
   in	
  Gibbs	
  energy	
   (ΔG)	
   can	
  be	
   calculated	
   for	
  each	
   single	
   residue	
  mutant	
  

using	
  the	
  following	
  equation:	
  

	
   	
   	
   	
   	
  

	
  

	
  

As	
   such	
   the	
   energetic	
   contribution	
   of	
   the	
   mutated	
   residue	
   can	
   be	
   calculated	
   by	
  

subtracting	
   the	
   change	
   in	
  Gibbs	
   Energy	
   for	
   the	
  mutant	
   (ΔGMutant)	
   from	
   that	
   of	
   the	
  

wild	
  type,	
  non-­‐mutated	
  HLA-­‐A2	
  molecule	
  complexed	
  to	
  the	
  relevant	
  peptide	
  (ΔGWT).	
  

	
   	
   	
   	
   	
  

	
  

	
  

In	
  principle	
   if	
  all	
   the	
  residues	
  contributed	
   independently	
  to	
  the	
  binding	
  energy	
  and	
  

the	
  mutation	
  only	
  removed	
  the	
  contribution	
  of	
  that	
  residue	
  to	
  the	
  TCR	
  binding	
  then	
  

ΔG	
  =	
  RTlnKD	
  
where	
  R	
  =	
  Gas	
  Constant,	
  

T	
  =	
  Temperature	
  (K),	
  and	
  

KD	
  =	
  Dissociation	
  Constant	
  (in	
  units	
  M)	
  

 

Difference	
  of	
  change	
  in	
  Free	
  Gibbs	
  Energy	
  

ΔΔG	
  =	
  ΔGWT	
  -­‐	
  ΔGMutant	
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ΣΔΔGMutants	
  would	
  provide	
  an	
  estimate	
  of	
  the	
  contribution	
  of	
  TCR-­‐MHC	
  interactions	
  

to	
  the	
  overall	
  binding	
  energy.	
  However,	
  this	
  would	
  include	
  not	
  only	
  HLA-­‐A2	
  residues	
  

mediating	
   contacts	
   with	
   the	
   TCR,	
   but	
   also	
   residues	
   mediating	
   contacts	
   with	
   the	
  

peptide	
   or	
   both.	
   Crystal	
   structures	
   of	
   HLA-­‐A2	
   in	
   complex	
  with	
   1G4,	
   A6	
   and	
   JM22	
  

TCRs	
  were	
  scrutinised	
  and	
  amino	
  acid	
  residues	
  within	
  6Å	
  of	
  the	
  TCR-­‐pMHC	
  interface	
  

were	
  categorised	
  into	
  four	
  groups	
  and	
  presented	
  in	
  Table	
  4.1:	
  

(i) Residues	
  contacting	
  TCR	
  residues	
  only	
  (blue	
  dots)	
  

(ii) Residues	
  contacting	
  peptide	
  residues	
  only	
  (orange	
  dots)	
  

(iii) Residues	
  contacting	
  both	
  TCR	
  and	
  peptide	
  residues	
  (green	
  dots)	
  

(iv) Residues	
  not	
  contacting	
  TCR	
  or	
  peptide	
  residues	
  (blank)	
  	
  

Contact	
  residues	
  in	
  any	
  case	
  were	
  defined	
  as	
  residues	
  lying	
  within	
  4	
  Å	
  of	
  each	
  other.	
  	
  

Only	
   HLA-­‐A2	
   residues	
   in	
   contact	
   with	
   TCRs	
   were	
   considered,	
   in	
   order	
   to	
   make	
   a	
  

conservative	
   estimation	
   of	
   the	
   contributions	
   of	
   TCR-­‐MHC	
   contacts	
   to	
   the	
   binding	
  

energy	
  of	
  the	
  TCR-­‐pMHC	
  interactions	
  (Table	
  4.1,	
  blue	
  dots).	
  As	
  the	
  HLA-­‐A2/GAG/G10	
  

TCR	
  crystal	
  is	
  unavailable	
  for	
  the	
  G10	
  TCR,	
  we	
  only	
  considered	
  HLA-­‐A2	
  residues	
  that	
  

were	
   (i)	
  not	
   in	
   contact	
  with	
   the	
  GAG	
  peptide	
  and	
   	
   (ii)	
  when	
  mutated	
   resulted	
   in	
  a	
  

more	
   than	
   2-­‐fold	
   reduction	
   in	
   affinity,	
   as	
   shown	
   in	
   Table	
   4.1	
   (red	
   dots),	
   based	
   on	
  

previous	
  data	
  generated	
  in	
  the	
  lab	
  (Zhang,	
  2010).	
  

A	
  straightforward	
  and	
  accurate	
  way	
  to	
  measure	
  the	
  energetics	
  contribution	
  of	
  all	
  the	
  

TCR	
  contacting	
  residues	
  would	
  include	
  the	
  simultaneous	
  mutations	
  and	
  subsequent	
  

analysis	
  of	
  affinity	
  for	
  the	
  resulting	
  HLA-­‐A2	
  molecule.	
  This	
  approach	
  however,	
  will	
  be	
  

limited	
  by	
  current	
  SPR’s	
  sensitivity	
  to	
  detect	
  molecular	
  interaction,	
  only	
  in	
  the	
  range	
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of	
   μM.	
   Moreover,	
   simultaneous	
   mutations	
   will	
   most	
   likely	
   lead	
   to	
   pMHC	
  

destabilisation	
  and	
  complication	
  of	
  data	
  analysis.	
  	
  

An	
  alternative	
  method	
  to	
  determine	
  MHC’s	
  energetic	
  contribution	
  can	
  be	
  described	
  

by	
  the	
  following	
  equation:	
  

	
  	
  

	
  

	
  

	
  

In	
  this	
  equation,	
  the	
  individual	
  ΔΔG	
  can	
  be	
  calculated	
  for	
  each	
  TCR	
  contacting	
  HLA-­‐

A2	
  residues	
  (blue	
  dots)	
  based	
  on	
  pre-­‐existing	
  affinity	
  data,	
  summed	
  and	
  divided	
  by	
  

the	
  ΔG	
   for	
   the	
   non-­‐mutated	
   interaction	
  with	
   the	
   respective	
   TCRs.	
   This	
  will	
   be	
   the	
  

primary	
   basis	
   for	
   investigating	
   the	
   relative	
   energetic	
   contribution	
   of	
   HLA-­‐A2	
  

molecules	
  described	
  in	
  this	
  chapter.	
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Table 4.1 Characterisation of HLA-A2 binding residues 

MHC residues within 6Å of the TCR/ pMHC interface are listed in the left column for 
each TCR. Residues are labelled “NA” if they do not fall within 6Å for that particular 
TCR. The residues are colour coded depending on the nature of their contact, blue to 
represent TCR contacts, orange for peptide contacts, green for both TCR and peptide 
contacts. Blank spaces indicate residues within 6Å of the interface with no TCR, 
peptide or MHC contacts. Due to the lack of TCR/ pMHC crystal structure for the G10 
TCR, MHC residues were selected on the basis that they did not contact the GAG 
peptide, and whose mutation led to a more than 2-fold reduction in affinity. These 
residues are represented by red dots in the table. Adjacent residues that may interfere 
with the binding energy of each other are indicated by red or black connecting lines. 
Numbers located along the red line in between the spacing of the two blue dots indicate 
the reason(s) as to why that particular residue pairs are not considered clusters. 
Residues are not considered clusters if (1) their side chains are pointing in opposite 
directions, (2) TCR contacts are mediated by the peptide backbone and (3) if the 
residue does not contribute to the binding energetics (ΔΔG = 0)  
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4.3.2	
  Energetic	
  contributions	
  between	
  independent	
  residues	
  are	
  additive	
  

The	
   strategy	
   described	
   above	
   for	
   estimation	
   to	
   total	
   contribution	
   of	
   TCR-­‐MHC	
  

contacts	
  to	
  TCR-­‐pMHC	
  binding	
  energy,	
  is	
  only	
  valid	
  if	
  the	
  single	
  mutations	
  only	
  effect	
  

the	
   contribution	
   of	
   the	
   mutated	
   residue,	
   and	
   that	
   each	
   residue	
   contributes	
  

independently	
   to	
   binding.	
   One	
   way	
   of	
   validating	
   this	
   central	
   assumption	
   is	
   to	
  

examine	
  whether	
  that	
  differences	
  in	
  change	
  in	
  Gibbs	
  Free	
  Energy	
  (ΔΔG)	
  obtained	
  for	
  

individual	
  mutants	
  are	
  indeed	
  additive.	
  	
  

To	
  test	
  if	
  this	
  is	
  true,	
  amino	
  acid	
  residues	
  were	
  distantly	
  mutated	
  in	
  pairs,	
  one	
  each	
  

in	
   the	
  α1	
  and	
  α2	
  chain	
  and	
  the	
  resulting	
  affinity	
   to	
  1G4	
  or	
  G10	
  TCR	
  complex	
  were	
  

determined	
   by	
   SPR	
   on	
   BIACore3000	
   (GE	
   Healthcare)	
   at	
   25°C.	
   Figure	
   4.2	
   depicts	
   a	
  

typical	
  association	
  and	
  dissociation	
  Biacore	
  trace	
  where	
  8	
  ascending	
  concentrations	
  

of	
   TCR	
   were	
   flowed	
   onto	
   chip-­‐immobilised	
   pMHC.	
   The	
   reaction	
   was	
   immediately	
  

repeated	
   using	
   the	
   same	
   TCR	
   but	
   in	
   reverse	
   descending	
   concentration	
   to	
  

demonstrate	
  protein	
  stability	
  and	
  robustness	
  of	
  the	
  assay.	
  As	
  negative	
  control,	
  TCRs	
  

were	
   flowed	
  over	
  anti-­‐TNFα	
  antibodies.	
   The	
  maximal	
   response	
  units	
   (RU)	
   for	
  each	
  

concentration	
  was	
  plotted	
  as	
  a	
  function	
  of	
  TCR	
  concentration	
  and	
  curve	
  fitted	
  using	
  

the	
   Langmuir	
   Isotherm	
   (Figure	
   4.2	
   inset).	
   Affinity	
   values	
   were	
   extracted	
   from	
   the	
  

curve	
  and	
  ΔG	
  and	
  ΔΔG	
  of	
  the	
  interaction	
  calculated	
  as	
  described	
  earlier.	
  	
  

The	
   tables	
   in	
   Figure	
   4.3	
   shows	
   the	
   ΔΔG	
   of	
   the	
   TCR/	
   pMHC	
   interaction	
   when	
   the	
  

residues	
  were	
  singly	
  mutated,	
  the	
  theoretical	
  ΔΔG	
  if	
  the	
  two	
  mutations	
  are	
  additive	
  

and	
  the	
  actual	
  ΔΔG	
  as	
  measured	
  by	
  the	
  resulting	
  double	
  mutants.	
  Indeed,	
  the	
  results	
  

suggest	
   that	
   residues	
  situated	
   far	
  apart	
  contribute	
   to	
   the	
  energetic	
  composition	
  of	
  

TCR/	
  pMHC	
  interaction	
  in	
  an	
  additive	
  manner.	
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Figure 4.2 Representative Biacore binding data 

(a) Eight serially diluted concentrations of TCR were flowed over pMHC-
immobilised chips at ~1200 Response Units (RU). The maximal RU for each 
concentration was determined and plotted against the TCR concentration and 
curve fitted with the Langmuir Isotherm (inset). The dissociation constant is 
highlighted for each curve in red. (b) The same TCRs were immediately flowed 
over the same pMHC to demonstrate assay robustness.   
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   Figure 4.3 Residues situated far apart contribute independently to the TCR binding energy  

Amino acids located on separate alpha strands of HLA-A2 were mutated singly or in unison (residues highlighted in purple) and their 
affinity were measured by Biacore 3000 at 25°C using a concentration series of the relevant TCR. Values in the table indicate mean 
ΔΔG (±SE) for at least three separate Biacore measurements. Calculated values indicate the theoretical ΔΔG values if mutated 
residues contribute independently to the binding energy. Residues located far apart in separate alpha chains contribute independently 
to TCR binding energy for both (A) 1G4 and (B) G10 TCR.  

ΔΔGMutant = RTln(KD-WT/KD-Mutant), where R = gas constant (1.98 x 10-3 kcal K-1mol-1), T = Temperature in Kelvin 
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4.3.3	
   Minimum	
   binding	
   energy	
   contributed	
   by	
   HLA-­‐A2	
   to	
   different	
   TCRs	
   varies,	
  

ranging	
  from	
  15-­‐77%	
  

The	
   previous	
   section	
   demonstrated	
   that	
   residues	
   located	
   sufficiently	
   far	
   apart	
  

contribute	
   independently	
   to	
   the	
   energy	
   of	
   TCR/pMHC	
   interaction,	
   as	
   might	
   be	
  

expected.	
  Residues	
  located	
  in	
  close	
  proximity,	
  in	
  clusters,	
  are	
  more	
  likely	
  to	
  interact.	
  

In	
  principle	
  they	
  	
  may	
  contribute	
  to	
  the	
  binding	
  energetics	
  in	
  the	
  following	
  manner:	
  

(i) Independently	
  

(ΔΔGDouble	
  mutant	
  =	
  ΔΔGSingle	
  mutant	
  1	
  +	
  ΔΔGSingle	
  mutant	
  2)	
  

(ii) Cooperate	
  and	
  enhance	
  interaction	
  	
  

(ΔΔGDouble	
  mutant	
  >	
  ΔΔGSingle	
  mutant	
  1	
  +	
  ΔΔGSingle	
  mutant	
  2)	
  

(iii) Antagonise	
  each	
  other	
  	
  

(ΔΔGDouble	
  mutant	
  <	
  ΔΔGSingle	
  mutant	
  1	
  +	
  ΔΔGSingle	
  mutant	
  2)	
  

Given	
  these	
  possibilities,	
   the	
  most	
  appropriate	
  way	
  to	
  measure	
  the	
  contribution	
  of	
  

clustered	
   residues	
   is	
   to	
   simultaneously	
   mutate	
   all	
   the	
   residues	
   in	
   the	
   cluster	
   and	
  

measure	
  the	
  overall	
  change	
  in	
  binding	
  energy.	
  

To	
   identify	
  potential	
  clusters	
   (Table	
  4.1,	
  blue	
  dots),	
  we	
  analysed	
  potential	
  adjacent	
  

residues	
  that	
  preliminary	
  analysis	
  had	
  suggested	
  contributed	
  to	
  TCR	
  binding	
  (Zhang,	
  

2010).	
  These	
  potential	
  adjacent	
  residue	
  pairs,	
  triplets	
  (collectively	
  known	
  as	
  clusters)	
  

are	
  highlighted	
  in	
  Table	
  4.1	
  by	
  connecting	
  lines	
  (both	
  red	
  and	
  black).	
  Residues	
  were	
  

classified	
  as	
  potential	
  clusters	
  if:	
  

(1)	
  	
  the	
  residues	
  side-­‐chains	
  were	
  adjacent	
  and	
  pointing	
  in	
  the	
  same	
  direction.	
  

(2)	
  residue	
  side	
  chains	
  made	
  contact	
  with	
  the	
  TCR	
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(3)	
  mutation	
  of	
  the	
  side	
  chains	
  resulted	
  in	
  a	
  decrease	
  in	
  binding	
  energy	
  (ΔΔG	
  <0)	
  

Based	
  on	
   these	
  criteria,	
  no	
  clusters	
  were	
   identified	
   for	
   the	
  1G4,	
   JM22	
  or	
  A6	
  TCRs.	
  

The	
  provisionally-­‐identified	
  clusters	
  are	
  depicted	
  as	
  red	
  connecting	
  lines	
  in	
  Table	
  4.1,	
  

labelled	
  by	
  numbers	
  1,2	
  or	
  3	
  for	
  the	
  reasons	
  why	
  they	
  are	
  not	
  classified	
  as	
  a	
  cluster	
  

according	
   to	
   the	
   above	
   criteria.	
   As	
   such,	
   we	
   treat	
   every	
   single	
   TCR	
   contacting	
  

residues	
  as	
  residues	
  contributing	
  independently	
  to	
  the	
  interaction.	
  	
  

Using	
   similar	
   criteria	
  we	
   identify	
   three	
   potential	
   residue	
   clusters:	
   V76,	
   T80;	
   H151,	
  

E154;	
  and	
  T163,	
  E166	
  in	
  the	
  case	
  of	
  G10	
  TCR,	
  indicated	
  by	
  black	
  connecting	
  lines	
  on	
  

the	
   same	
   table.	
   	
   These	
   residues	
  were	
  mutated	
   to	
  alanine	
   singly	
  or	
   in	
   combination	
  

and	
  their	
  affinities	
   for	
   the	
  G10	
  TCR	
  determined;	
   the	
  results	
  are	
  presented	
   in	
  Table	
  

4.5a.	
   The	
   cluster	
  mutants	
   exhibited	
   variable	
   cooperative	
   effects,	
   with	
   V76A,	
   T80A	
  

and	
  T163A,	
  E166A	
  mutants	
  demonstrating	
  independent	
  contributions	
  to	
  Gibbs	
  free	
  

energy	
  (ie	
  additive	
  effects).	
  H151A,	
  E154A	
  mutants	
  on	
  the	
  other	
  hand	
  resulted	
  in	
  a	
  

lesser,	
   non-­‐additive	
   change	
   in	
   Gibbs	
   free	
   energy	
   when	
   combined	
   indicating	
  

antagonism.	
  	
  	
  

The	
   difference	
   in	
   change	
   of	
   Gibbs	
   Free	
   Energy	
   (ΔΔG)	
   was	
   compiled	
   for	
   TCR	
  

contacting	
   HLA-­‐A2	
   residues	
   and	
   presented	
   in	
   Figure	
   4.4	
   and	
   4.5	
   for	
   the	
   different	
  

TCRs.	
  Also	
  shown	
  for	
  each	
  TCR	
  are	
  the	
  sum	
  of	
  all	
  the	
  ΔΔG	
  measured	
  for	
  each	
  mutant	
  

(ΣΔΔG)	
  and	
  estimated	
  contribution	
  of	
  TCR-­‐MHC	
  contacts	
  to	
  binding	
  energy.	
  We	
  were	
  

unable	
  to	
  determine	
  the	
  affinity	
  between	
  A6	
  TCR	
  and	
  R65A	
  mutant.	
  To	
  this	
  end,	
  we	
  

assume	
   the	
   affinity	
   of	
   the	
   interaction	
   to	
   be	
   lower	
   than	
   the	
   lowest	
   measurable	
  

affinities	
   within	
   our	
   experimental	
   system	
   (KD	
   >	
   180μM),	
   and	
   the	
   calculated	
   ΔΔG	
  

value	
   comes	
   up	
   to	
   >	
   3.2	
   kcal/mol.	
   This	
   is	
   in	
   agreement	
   with	
   a	
   recent	
   study	
   by	
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Piepenbrink	
   et	
   al	
   who	
   reported	
   a	
   similar	
   value	
   (3.3	
   kcal/mol)	
   for	
   the	
   same	
  

interaction	
  at	
  25°C	
  (Piepenbrink	
  et	
  al.,	
  2013).	
  	
  	
  

Despite	
  binding	
  to	
  the	
  same	
  HLA-­‐A2	
  MHC,	
  the	
  minimum	
  energetic	
  contribution	
  from	
  

MHC	
  varies	
  from	
  one	
  TCR	
  to	
  another,	
  ranging	
  from	
  15%	
  (for	
  JM22)	
  to	
  over	
  70%	
  (for	
  

1G4,	
  A6	
  and	
  G10).	
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HLA-­‐A2/	
  1G4	
  TCR	
  Interaction:	
  
Energetic	
  contribution	
  of	
  HLA-­‐A2	
  =	
  71%	
  

HLA-­‐A2/	
  A6	
  TCR	
  Interaction:	
  
Energetic	
  contribution	
  of	
  HLA-­‐A2	
  =	
  >77%	
  

HLA-­‐A2/	
  JM22	
  TCR	
  Interaction:	
  
Energetic	
  contribution	
  of	
  HLA-­‐A2	
  =	
  15%	
  

Figure 4.4 MHC contributes 15% to 71% of the TCR binding energy 

TCR contacting amino acids on HLA-A2 were mutated singly and their affinity, free energy and change in free energy relative to WT 
presented in table format. Mutated residues are presented for each HLA-A2 molecules and they are colour coded depending on the change 
in affinity; Red > 10 fold reduction in affinity; Orange 2-10 fold reduction in affinity; Green < 2 fold reduction in affinity. The energetic 
contribution of HLA-A2 for the respective TCR is presented in percentages under each table. Standard deviations (SD) for the ΔG and ΔΔG 
values lie within 10% for at least 3 separate Biacore measurements. Energetic contribution of MHC = [(ΣΔΔGMutants) / ΔGWT] x 100 

* / ** Values were derived from Zhang H (Zhang, 2010). 
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HLA-­‐A2/	
  G10	
  TCR	
  Interaction:	
  
Energetic	
  contribution	
  of	
  HLA-­‐A2	
  =	
  77%	
  

Figure 4.5 Energetic contributions of HLA-A2 for G10 TCR interaction 

TCR contacting amino acids on HLA-A2 were mutated singly or in unison and their affinity, Free energy and change in Free Energy 
presented in table format. Mutated residues are presented for each HLA-A2 molecules and they are colour coded depending on the change 
in affinity; Red > 10 fold reduction in affinity; Orange 2-10 fold reduction in affinity. Change in Free Energy for singly and doubly mutated 
residues are presented in (A). The sum of change of Free Energy is calculated and presented in table (B). Standard deviations (SD) for all 
ΔG and ΔΔG values lie within 10% for at least 3 separate Biacore measurements. 

Energetic contribution of MHC = [(ΣΔΔGMutants) / ΔGWT] x 100 

 

A B 
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4.4	
  Discussion	
  

The	
  primary	
  focus	
  of	
  the	
  work	
  presented	
  in	
  this	
  chapter	
  was	
  to	
  obtain	
  estimates	
  for	
  

the	
   contribution	
   of	
   TCR/MHC	
   contacts	
   to	
   the	
   binding	
   energy	
   of	
   the	
   TCR/pMHC	
  

interaction.	
   While	
   there	
   have	
   been	
   numerous	
   studies	
   delineating	
   the	
   structural	
  

footprint	
  of	
  the	
  TCR	
  on	
  pMHC,	
  only	
  a	
  handful	
  of	
  studies	
  have	
  attempted	
  the	
  more	
  

difficult	
   task	
  of	
  defining	
  the	
  energetic	
   footprint.	
  These	
   involved	
  performing	
  alanine	
  

scanning	
   mutagenesis	
   of	
   the	
   TCR	
   (Lee	
   et	
   al.,	
   2000,	
   Manning	
   et	
   al.,	
   1998),	
   the	
  

peptide-­‐MHC	
  residues	
  (Wu	
  et	
  al.,	
  2002,	
  Baker	
  et	
  al.,	
  2001)	
  or	
  a	
  combination	
  of	
  the	
  

two	
   (Liu	
  et	
  al.,	
   2012,	
  Piepenbrink	
  et	
  al.,	
   2013).	
  A	
  drawback	
  of	
  mutating	
   the	
  TCR	
   is	
  

that	
  many	
   TCR	
   residues	
   contact	
   both	
   the	
   peptide	
   and	
  MHC,	
  making	
   it	
   difficult	
   to	
  

estimate	
   the	
   contribution	
  of	
   the	
  MHC.	
   Previous	
   studies	
   did	
   not	
   always	
   control	
   for	
  

the	
   possibility	
   that	
   MHC	
   mutations	
   could	
   have	
   long	
   range	
   effects,	
   making	
  

interpretation	
   difficult.	
  Moreover,	
   they	
   did	
   not	
   account	
   for	
   the	
   possibility	
   that	
   for	
  

MHC	
  residue	
  mutants	
  may	
  affect	
  the	
  peptide	
  structure	
  and	
  its	
  contacts	
  with	
  the	
  TCR,	
  

making	
   it	
  difficult	
   to	
  decipher	
  the	
  exact	
  energetic	
  contributions	
  of	
  peptide	
  and	
  the	
  

MHC.	
  	
  

This	
  study	
  attempts	
  to	
  address	
  these	
  shortfalls	
  by	
  performing	
  a	
  thorough	
  analysis	
  of	
  

the	
   contribution	
  of	
   the	
  HLA-­‐A2	
   class	
   I	
  molecule	
   to	
   the	
  affinity	
  of	
   4	
  different	
   TCRs:	
  

1G4,	
  A6,	
   JM22	
  and	
  G10,	
   informed	
  by	
  existing	
  crystal	
  structures	
  of	
  the	
   interactions.	
  

MHC	
  residues	
  within	
  6Å	
  of	
  the	
  TCR	
  interface	
  were	
  systematically	
  mutated	
  to	
  alanine	
  

residues	
  (or	
  glycine	
  if	
  they	
  were	
  alanine	
  to	
  begin	
  with)	
  and	
  their	
  affinities	
  measured	
  

by	
   a	
   previous	
   member	
   of	
   the	
   lab	
   (Zhang,	
   2010).	
   Such	
   mutation	
   deletes	
   all	
  

interactions	
  made	
  by	
  atoms	
  beyond	
   the	
  β	
  carbon	
  and	
  provides	
  an	
  estimate	
  of	
   the	
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contribution	
   to	
   binding	
   energy	
   made	
   by	
   the	
   missing	
   portion	
   of	
   the	
   side	
   chain.	
  

Importantly,	
  all	
  of	
  the	
  mutants	
  studied	
  were	
  able	
  to	
  bind	
  with	
  wild-­‐type	
  affinity	
  to	
  at	
  

least	
  one	
  of	
  the	
  4	
  TCRs,	
  ruling	
  out	
  the	
  possibility	
  that	
  the	
  mutation	
  introduced	
  long-­‐

range	
  conformation	
  changes	
  in	
  the	
  pMHC	
  binding	
  surface.	
  

Each	
  single	
  amino	
  acid	
  mutation	
  may	
  impact	
  the	
  TCR-­‐pMHC	
  binding	
  affinity	
  by	
  three	
  

possible	
   mechanisms:	
   disrupting	
   pre-­‐existing	
   contacts	
   with	
   TCR	
   CDR	
   loops	
  

exclusively,	
  affecting	
  peptide	
  structure	
  thereby	
  influencing	
  TCR	
  binding	
  indirectly,	
  or	
  

a	
   combination	
   of	
   both.	
   The	
   TCR-­‐pMHC	
   crystal	
   for	
   the	
   various	
   TCRs	
   were	
   further	
  

scrutinised	
  and	
  residues	
  were	
  categorised	
  according	
  to	
  their	
  contact	
  patterns	
  (Table	
  

4.1).	
   Contact	
   residues	
  were	
  defined	
  as	
   residues	
  within	
  4Å	
  or	
  each	
  other;	
   such	
   is	
   a	
  

conservative	
  estimate	
  as	
  most	
  non-­‐covalent	
  interactions	
  fall	
  within	
  4Å	
  distance:	
  

	
  

	
  

	
  

	
  

To	
  determine	
  the	
  energetic	
  contribution	
  of	
  MHC,	
  only	
  residues	
  in	
  contact	
  with	
  TCR	
  

only	
   were	
   selected.	
   Since	
   mutating	
   peptide-­‐contacting	
   MHC	
   residues	
   may	
   affect	
  

TCR-­‐peptide	
  contacts,	
  observed	
  changes	
   in	
  binding	
  energy	
  could	
  be	
  attributable	
   to	
  

TCR-­‐peptide	
   rather	
   than	
   TCR-­‐MHC	
   contacts.	
   As	
   such,	
   this	
   approach	
   allows	
   a	
  

conservative,	
   lower	
   boundary	
   estimation	
   of	
   the	
  MHC’s	
   contribution	
   to	
   TCR-­‐pMHC	
  

interaction,	
  independent	
  of	
  the	
  peptide’s	
  involvement.	
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To	
   estimate	
   the	
   total	
   contribution	
   of	
  MHC	
   residues	
   to	
   the	
   TCR-­‐pMHC	
   affinity	
   we	
  

took	
  advantage	
  of	
  the	
  fact	
  that	
  within	
  a	
  protein/protein	
  interface	
  changes	
  in	
  binding	
  

energy	
   observed	
   following	
   point	
   mutation	
   to	
   Alanine	
   are	
   additive	
   (Wells,	
   1990).	
  

However	
  we	
  first	
  confimed	
  that	
  this	
  additivity	
  also	
  applied	
  to	
  the	
  pMHC	
  complex	
  by	
  

demonstrating	
   that	
   changes	
   in	
   free	
   energies	
   of	
   binding	
   following	
   simulateous	
  

mutation	
  of	
  two	
  residues	
  not	
  in	
  contact	
  was	
  equal	
  to	
  the	
  sum	
  of	
  change	
  in	
  binding	
  

energies	
  observed	
  when	
  they	
  were	
  mutated	
  individually.	
  	
  	
  

Mutational	
  effects	
  of	
  adjacent	
  or	
  'clustered'	
  residues	
  may	
  not	
  be	
  additive	
  as	
  they	
  can	
  

influence	
   each	
   other.	
   To	
   investigate	
   such	
   effects,	
   we	
   reviewed	
   potential	
   clusters.	
  

Based	
  on	
  three	
  criteria,	
  we	
  were	
  able	
  to	
  rule	
  out	
  such	
  effects	
  for	
  the	
  1G4,	
  A6	
  and	
  the	
  

JM22	
  TCRs.	
  The	
  first	
  criteria,	
  that	
  residue	
  side	
  chains	
  need	
  to	
  be	
  truly	
  adjacent	
  and	
  

pointing	
   in	
   the	
   same	
   direction,	
   assumes	
   that	
   the	
   adjacent	
   residue	
   side	
   chains	
   are	
  

likely	
  not	
  going	
   to	
   influence	
  each	
  other	
   if	
   they	
  are	
  pointing	
   in	
  opposite	
  directions.	
  

This	
   is	
   reasonable	
   as	
   the	
   length	
   of	
   an	
   amino	
   acid	
   (and	
   by	
   extension,	
   distance	
  

between	
  the	
  side	
  chains)	
  is	
  approximately	
  8-­‐12Å	
  long	
  and	
  this	
  will	
  most	
  probably	
  fall	
  

out	
  of	
  the	
  reasonable	
  length	
  for	
  any	
  meaningful	
  non-­‐covalent	
  interactions	
  if	
  the	
  side	
  

chains	
  are	
  pointing	
  away	
  from	
  each	
  other.	
  The	
  rationale	
  for	
  the	
  second	
  criteria,	
  that	
  

residues	
   must	
   contact	
   the	
   TCR	
   via	
   their	
   side-­‐chain	
   rather	
   than	
   backbone	
   atoms,	
  

follows	
  that	
  if	
  a	
  residue	
  contacts	
  the	
  TCR	
  exclusively	
  via	
  its	
  peptide	
  backbone,	
  then	
  

side-­‐chain	
   interactions	
   are	
   unlikely	
   to	
   be	
   relevant.	
   Finally,	
   if	
   a	
   residue,	
   when	
  

mutated,	
  does	
  not	
  alter	
  the	
  binding	
  energy	
  (ΔΔG	
  =	
  0),	
  the	
  residue	
  is	
  unlikely	
  going	
  to	
  

affect	
  the	
  contribution	
  of	
  neighbouring	
  residues.	
  Indeed,	
  mutation	
  of	
  residues	
  H151	
  

(ΔΔG	
  =	
  0.5	
  kcal.mol-­‐1)	
  and	
  E154	
  (ΔΔG	
  =	
  0	
  kcal.mol-­‐1)	
   in	
  unison	
  for	
  the	
  HLA-­‐A2/	
  1G4	
  



CHAPTER	
  4   
 

  134 

complex	
  yielded	
  a	
  molecule	
  whose	
  contribution	
  to	
  binding	
  energy	
  roughly	
  equates	
  

that	
  of	
  H151	
  alone,	
  ΔΔG	
  =	
  0.4	
  kcal.mol-­‐1	
  (data	
  not	
  shown).	
  	
  

Whereas	
  we	
  were	
  able	
  to	
  exclude	
  any	
  potentially	
  non-­‐additive	
  mutants	
  for	
  1G4,	
  A6	
  

or	
  JM22	
  TCR	
  interactions,	
  several	
  were	
  identified	
  for	
  the	
  G10	
  TCR	
  interaction.	
  In	
  the	
  

absence	
   of	
  HLA-­‐A2/	
  GAG/	
  G10	
   crystal	
   structure,	
  we	
   chose	
   non-­‐peptide	
   contacting	
  

residues	
   in	
  the	
  HLA-­‐A2	
  heavy	
  chain	
  that	
  when	
  mutated,	
  had	
  a	
  >2	
  fold	
  reduction	
   in	
  

affinity.	
   These	
   clusters	
   were	
   investigated	
   by	
   examining	
   the	
   effect	
   of	
   single	
   and	
  

double	
  mutations	
  on	
  the	
  binding	
  energy.	
  Of	
  the	
  three	
  clusters	
  two	
  had	
  residues	
  that	
  

contributed	
   independently	
  of	
  each	
  other	
   to	
   the	
  energetics	
  of	
   the	
   interaction	
   (ΔΔG	
  

were	
  additive).	
  The	
  third	
  cluster	
  pair	
  (H151,	
  E154)	
  when	
  mutated	
  together,	
  resulted	
  

in	
  a	
  lesser,	
  non-­‐additive	
  change	
  in	
  Gibbs	
  free	
  energy.	
  Being	
  oppositely	
  charged	
  these	
  

residues	
   may	
   screen	
   each	
   other	
   such	
   that	
   mutation	
   of	
   H151	
   may	
   increase	
   an	
  

unfavourable	
  negative	
  potential	
  associated	
  with	
  E154,	
  and	
  vice	
  versa.	
  Thus	
  double	
  

mutation	
  could	
  remove	
  an	
  unfavourable	
  electrostatic	
   interaction	
  introduced	
  by	
  the	
  

single	
   mutation.	
   Alternatively	
   double	
   mutation	
   could	
   induce	
   local	
   conformational	
  

changes	
  that	
  introduce	
  additional	
  TCR	
  contacts.	
  	
  

	
  

	
  

	
  

	
  

	
  

Figure 4.6 Close proximity between charged residues H151 and E154 

The positively charged aromatic ring of H151 is situated in close proximity to the 
negative COO- side chain of E154 (both highlighted in purple), providing the basis 
for potential residue interactions towards the same TCR contact.  
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The	
   results	
   suggest	
   that	
   the	
   relative	
  energetic	
  contribution	
  of	
  MHC	
  to	
  TCR	
  binding	
  

varies	
   from	
   one	
   TCR	
   to	
   the	
   other,	
   ranging	
   from	
   15%	
   to	
   over	
   70%.	
   This	
   range	
   is	
  

consistent	
   with	
   studies	
   performed	
   on	
   the	
   2C	
   TCR	
   systems	
   using	
   both	
   alanine	
  

scanning	
  mutagenesis	
  for	
  allogeneic	
  2C/	
  QL9/	
  LD	
  interactions	
  (Manning	
  et	
  al.,	
  1998)	
  

and	
   tetramer	
   studies	
   for	
   syngeneic	
   2C/	
   SIYR/	
   Kb	
   systems	
   (Lee	
   et	
   al.,	
   2000).	
   Both	
  

studies	
   reported	
   an	
   approximately	
   two-­‐thirds	
   of	
   the	
   energy	
   attributable	
   to	
  

interactions	
   with	
   MHC	
   helices.	
   In	
   addition,	
   comprehensive	
   recent	
   work	
   by	
  

Piepenbrink	
  et	
  al	
  also	
  described	
  a	
  striking	
  dominance	
  of	
   interaction	
  (~60%	
  of	
  total	
  

binding	
   energy)	
   between	
   A6	
   hypervariable	
   CDR3α	
   loop	
   and	
   the	
   HLA-­‐A2	
   α1	
   helix	
  

alone	
   (Piepenbrink	
   et	
   al.,	
   2013).	
   Both	
   our	
   study	
   and	
   that	
   by	
   Pipenbrink	
   et	
   al	
  

identified	
  R65	
  as	
  the	
  residue	
  with	
  the	
  largest	
  energetic	
  contribution	
  within	
  the	
  A6/	
  

HLA-­‐A2/	
  Tax	
  interface.	
  	
  

Overall	
   MHC	
   contacts	
   contributed	
   ~70%	
   of	
   the	
   binding	
   energy.	
   A	
   similar	
  

contribution	
  of	
  MHC	
   residues	
   can	
  be	
  deduced	
   from	
  analysis	
  of	
   the	
   single	
  previous	
  

mutagenesis	
  of	
  a	
  TCR/pMHC	
  class	
  II	
  interaction	
  (Wu	
  et	
  al.,	
  2002).	
  In	
  this	
  study	
  of	
  the	
  

cumulative	
   energetic	
   contribution	
   of	
   MHC	
   II	
   residues	
   was	
   between	
   55	
   and	
   75%.	
  

Substantial	
   binding	
   energy	
   as	
   a	
   result	
   of	
  MHC	
   contact	
   has	
   been	
   interpreted	
   as	
   an	
  

evidence	
   for	
   MHC	
   germ-­‐line	
   recognition	
   where	
   these	
   contacts	
   mediate	
   inherent	
  

MHC	
   reactivity	
  by	
   germ-­‐line	
   coded	
  portions	
  of	
   the	
  TCR	
   (Manning	
  et	
   al.,	
   1998).	
  No	
  

such	
  consistency	
  was	
  observed	
  for	
  the	
  HLA-­‐A2	
  system	
  in	
  study	
  here,	
  where	
  the	
  same	
  

MHC	
  molecule	
  was	
   recognised	
   to	
  different	
  extend	
  by	
  different	
  TCRs.	
  Although	
  this	
  

does	
  not	
  preclude	
  the	
  fact	
  that	
  HLA-­‐A2	
  molecules	
  may	
  have	
  co-­‐evolved	
  with	
  certain	
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TCR	
  variable	
  segment,	
  as	
  the	
  TCRs	
  investigated	
  here	
  were	
  assembled	
  from	
  different	
  

germ-­‐line	
   encoded	
   gene	
   segments.	
   The	
   only	
   shared	
   segments	
   are	
   the	
   TCR	
   Vβ	
  

segments	
  from	
  the	
  A6	
  and	
  1B4	
  TCR.	
  

Variability	
   of	
   energetic	
   contribution	
   for	
   the	
   peptide	
   or	
   MHC	
   can	
   arise	
   from	
   two	
  

factors:	
  length	
  and	
  flexibility	
  of	
  the	
  associated	
  CDR3	
  loops	
  and	
  the	
  degree	
  of	
  peptide	
  

protrusion	
   into	
   the	
  TCR	
  CDR3	
  region	
  or	
  peptide	
  “flamboyancy”.	
   	
  TCRs	
  with	
  shorter	
  

CDR3	
  loops	
  may	
  be	
  less	
  able	
  to	
  contact	
  the	
  predominantly	
  central	
  peptide	
  residues,	
  

leaving	
   a	
   higher	
   proportion	
   of	
   interaction	
   to	
   CDR1/2	
   interaction	
   with	
   MHC	
   alpha	
  

helices;	
  such	
  is	
  the	
  case	
  for	
  2C	
  TCR	
  (Manning	
  et	
  al.,	
  1998).	
  On	
  the	
  other	
  hand,	
  TCR	
  

with	
  longer	
  CDR3	
  loops	
  like	
  LC13	
  span	
  a	
  larger	
  surface	
  area	
  for	
  contact	
  with	
  centrally	
  

located	
  peptide	
  residues	
  (Borg	
  et	
  al.,	
  2005).	
  	
  Likewise,	
  the	
  presence	
  of	
  a	
  flamboyant	
  

peptide	
   should	
   encourage	
   an	
   increased	
   role	
   of	
   peptide	
   to	
   the	
   interaction.	
   This	
   is	
  

evident	
  in	
  a	
  recent	
  study	
  involving	
  HLA-­‐B35	
  in	
  complex	
  with	
  a	
  ‘super-­‐bulged’	
  peptide	
  

where	
  approximately	
  55%	
  of	
  the	
  energetic	
  contributions	
  can	
  be	
  traced	
  back	
  to	
  the	
  

peptide	
  molecule	
   as	
   a	
   result	
   of	
   the	
   lengthy,	
   protruding	
   peptide	
   (Liu	
   et	
   al.,	
   2012).	
  

Interestingly	
  however,	
  TCR-­‐pMHC	
  pair	
  with	
   the	
   lowest	
  MHC	
  energetic	
  contribution	
  

in	
   this	
   study	
  came	
   from	
  JM22	
  TCR	
  and	
   its	
   interaction	
  with	
   the	
  virtually	
   featureless	
  

MP	
   peptide	
   (Figure	
   4.7a).	
   Not	
   only	
   was	
   there	
   a	
   lack	
   of	
   prominent,	
   protruding	
  

peptide,	
  JM22	
  CDR3	
  loops	
  are	
  also	
  the	
  shortest	
  among	
  the	
  TCRs	
  under	
  investigation,	
  

21	
  residues	
  for	
  both	
  CDR3	
  α	
  and	
  β	
  as	
  compared	
  to	
  25	
  residues	
  for	
  both	
  A6	
  and	
  1G4	
  

TCR.	
  Despite	
  these	
  features,	
  MHC’s	
  energetic	
  contribution	
  remained	
  low	
  at	
  15%.	
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This	
  is	
   in	
  stark	
  contrast	
  to	
  the	
  flamboyant	
  peptide	
  in	
  display	
  by	
  the	
  OVA	
  peptide	
  in	
  

the	
  case	
  of	
  1G4	
  TCR	
  (Figure	
  4.7b)	
  where	
  over	
  70%	
  of	
  its	
  energetic	
  contribution	
  can	
  

be	
   attributed	
   to	
   the	
   MHC	
   alone.	
   In	
   fact,	
   approximately	
   50%	
   of	
   the	
   energetic	
  

footprint	
  can	
  be	
  assigned	
  to	
  just	
  two	
  residues	
  R65	
  and	
  A69	
  on	
  the	
  MHC	
  (Figure	
  4.4).	
  

This	
   is	
  reminiscent	
  of	
  a	
  previous	
  study	
   identifying	
  the	
  same	
  amino	
  acid	
  residues	
  as	
  

hotspots	
   for	
   A6	
   TCR	
   recognition	
   (Baker	
   et	
   al.,	
   2001).	
   	
   This	
   shows	
   that	
   it	
   is	
   not	
  

possible	
   to	
  generalise	
   the	
   contribution	
  of	
  prominent	
  peptide	
   residues.	
  One	
   reason	
  

large	
  peptide	
   residues	
  may	
  not	
   contribute	
   to	
   the	
  binding	
   energy	
   is	
   that	
   there	
   is	
   a	
  

large	
   entropic	
   penalty	
   associated	
   with	
   them	
   binding	
   as	
   they	
   lose	
   flexibility.	
  

Nevertheless	
   they	
   can	
  make	
   an	
   important	
   contribution	
   to	
   specificity	
   because	
   they	
  

need	
  to	
  be	
  accommodated	
  by	
  the	
  TCR,	
  even	
  if	
  they	
  do	
  not	
  bind.	
  

While	
  alanine/	
  glycine	
  scanning	
  mutagenesis	
  and	
  double	
  mutant	
  cycles	
  remain	
  by	
  far	
  

the	
   most	
   popular	
   way	
   to	
   analyse	
   protein	
   energetics,	
   a	
   number	
   of	
   caveats	
   exist.	
  

Firstly	
   and	
  perhaps	
  most	
   importantly,	
   such	
   techniques	
  are	
  often	
   coupled	
  with	
  and	
  

advised	
   by	
   pre-­‐existing	
   crystallographic	
   data	
   that	
   bears	
   no	
   representation	
   of	
   the	
  

A B 

Figure 4.7 Featureless MP peptide versus the ‘flamboyant’ OVA peptide 

A side-on view of the peptide chain loaded onto HLA-A2 molecule. (A) The 
featureless MP peptide is derived from influenza virus matrix protein. (B) The 
ovalbumin peptide features a dominant methionine and tryptophan residue in its 
4th and 5th position.     
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dynamic	
  and	
  plastic	
  nature	
  of	
  the	
  interacting	
  surface.	
  The	
  cut	
  off	
  distance	
  of	
  4Å	
  for	
  

contacting	
   residues	
   may	
   just	
   be	
   acceptable	
   when	
   it’s	
   based	
   on	
   crystal	
   structures	
  

between	
   1.4-­‐2.6Å	
   resolutions	
   in	
   this	
   study.	
   Secondly,	
   this	
   method	
   is	
   unable	
   to	
  

resolve	
   energetic	
   contributions	
   for	
   residues	
   whose	
   contacts	
   are	
   mediated	
   by	
   the	
  

peptide	
   backbone	
   and	
   these	
   may	
   not	
   be	
   represented	
   in	
   the	
   overall	
   energy	
  

landscape.	
   Thirdly,	
   such	
   approach	
   may	
   also	
   lead	
   to	
   local	
   or	
   large-­‐scale	
  

conformational	
   change	
   that	
   would	
   seriously	
   impede	
   binding	
   and	
   recognition.	
   This	
  

was	
   apparent	
   for	
   a	
   triple	
   HLA-­‐A2	
   A149G,	
   A150G,	
   H151A	
  mutation	
   that	
   abolished	
  

recognition	
   by	
   all	
   the	
   TCRs	
   including	
   a	
  monoclonal	
   anti	
   HLA-­‐class	
   I	
   (clone	
  W6/32)	
  

antibody	
  (data	
  not	
  shown).	
  	
  

Work	
   described	
   in	
   this	
   chapter	
   featured	
   the	
   energetic	
   contribution	
   of	
   HLA-­‐A2	
  

molecule	
   to	
  4	
  different	
  TCR	
  systems.	
  MHC’s	
   contribution	
  can	
  vary	
   from	
  as	
   little	
  as	
  

15%	
   for	
   JM22	
  TCR	
   to	
  over	
  77%	
   for	
  A6	
  TCR,	
   representing	
   the	
   range	
  of	
  percentages	
  

reported	
   in	
  other	
   TCR	
   systems	
   including	
   SB27,	
   2C	
  and	
   LC13	
  TCRs.	
  While	
   increased	
  

CDR3	
  lengths	
  and	
  protruding	
  peptides	
   in	
  other	
  receptor	
  systems	
  accounted	
  for	
  the	
  

improved	
   relative	
   peptide	
   contribution;	
   the	
   reciprocal	
   lack	
   of	
   lengthy	
   CDR3	
   loops	
  

and	
  protruding	
  peptide	
  did	
  not	
  result	
  in	
  an	
  increased	
  MHC	
  contribution	
  in	
  the	
  HLA-­‐

A2/	
  MP/	
  JM22	
  interaction.	
  This	
  suggests	
  either	
  that	
  peptide	
  contacts	
  can	
  sometimes	
  

play	
   a	
   dominant	
   role	
   in	
   positive	
   selection	
   and/or	
   that	
   the	
   contribution	
   of	
  MHC	
   to	
  

TCR	
   binding	
   may	
   be	
   different	
   for	
   the	
   positively	
   selecting	
   versus	
   the	
   antigenic	
  

peptide.	
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5.1.1	
  Introduction	
  

Unlike	
   its	
   jawless	
   counterparts,	
   jawed	
   vertebrates	
   have	
   evolved	
   an	
   elaborate	
  

adaptive	
   immune	
   system	
   utilising	
   T	
   cell	
   and	
   B	
   cell	
   antigen	
   receptors	
   to	
   provide	
  

durable	
   protection	
   against	
   most	
   pathogens.	
   Conventional	
   T	
   cells	
   are	
   activated	
  

following	
  the	
  recognition	
  of	
  foreign	
  peptide	
  antigens	
  by	
  αβ	
  T	
  cell	
  receptors	
  (TCRs)	
  in	
  

the	
   context	
   of	
   cognate	
   MHC	
   molecules.	
   Both	
   self	
   and	
   foreign	
   peptides	
   are	
  

indiscriminately	
   processed,	
   loaded	
   onto	
  MHC	
  molecules	
   and	
   presented	
   to	
   T	
   cells,	
  

thereby	
   'delegating'	
   the	
   responsibility	
   of	
   ligand	
   discrimination	
   to	
   T	
   cells.	
  

Understanding	
   the	
   exact	
   conditions	
   leading	
   to	
   TCR	
   triggering	
   and	
   activation	
   have	
  

been	
  an	
  active	
  field	
  of	
  research,	
  the	
  success	
  of	
  which	
  would	
  have	
  implications	
  to	
  the	
  

design	
  of	
  therapies	
  in	
  diseases	
  of	
  autoimmune,	
  infectious	
  and	
  cancerous	
  origins.	
  	
  

The	
   initial	
   studies	
   of	
   this	
   process	
   focused	
   on	
   identifying	
   and	
   characterising	
   the	
  

various	
   molecules	
   involved,	
   including	
   the	
   signalling	
   networks	
   downstream	
   of	
   the	
  

TCR.	
  Subsequent	
  studies	
  focused	
  on	
  using	
  biophysical	
  techniques	
  to	
  quantifying	
  their	
  

interactions.	
   Whilst	
   these	
   studies	
   have	
   provided	
   crucial	
   insights,	
   a	
   conceptual	
  

understanding	
  of	
  how	
  and	
  when	
   the	
  TCR	
  would	
   trigger	
   remains	
  unavailable.	
  More	
  

recently	
   mathematical	
   modelling	
   techniques	
   have	
   been	
   introduced	
   to	
   provide	
   a	
  

unifying	
   framework	
   for	
   understanding	
   existing	
   biochemical	
   and	
   biophysical	
  

observations.	
   To	
   this	
  end,	
  accurately	
  predicting	
  how	
  a	
  T	
   cell	
  would	
   respond	
  under	
  

any	
  stimulating	
  conditions	
  would	
  be	
  the	
  goal	
  for	
  any	
  T	
  cell	
  biologists.	
  	
  

This	
   introduction	
  outlines	
   the	
  unique	
  challenges	
  of	
  antigen	
   recognition	
  by	
   the	
  TCR	
  

and	
  reviews	
  the	
  studies	
  that	
  have	
  been	
  performed	
  to	
  date	
  trying	
  to	
  understand	
  the	
  

relationship	
   between	
   TCR-­‐pMHC	
   binding	
   properties	
   and	
   T	
   cell	
   activation.	
   It	
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concludes	
   with	
   a	
   discussion	
   of	
   the	
   use	
   of	
   TCRs	
   with	
   supra-­‐physiological	
   affinities,	
  

both	
  as	
  a	
  tool	
  to	
  understand	
  TCR	
  recognition	
  and	
  for	
  therapeutic	
  purposes.	
  	
  

5.1.2	
  Modelling	
  TCR-­‐	
  pMHC	
  Interactions:	
  How	
  hard	
  can	
  this	
  be?	
  

The	
  long	
  lasting	
  arms	
  race	
  against	
  infectious	
  organisms	
  has	
  warranted	
  the	
  evolution	
  

of	
   a	
   system	
   in	
  which	
   a	
   large,	
   somatically-­‐generated	
   repertoire	
   of	
   TCRs	
   is	
   available	
  

that	
   can	
   recognize	
   any	
   potential	
   pathogen,	
   contributing	
   to	
   the	
   clearance	
   of	
  most	
  

infections,	
  as	
  well	
  as	
  protection	
  from	
  a	
  repeat	
  infection.	
  An	
  important	
  consequence	
  

of	
  the	
  way	
  this	
  TCR	
  repertoire	
  is	
  generated	
  is	
  that	
  all	
  TCRs	
  are	
  able	
  to	
  bind,	
  albeit	
  at	
  

low	
  affinity,	
  to	
  self	
  peptides	
  presented	
  on	
  MHC	
  molecules.	
  	
  Features	
  unique	
  to	
  TCR-­‐

pMHC	
   interactions,	
   exist	
   to	
   maximise	
   efficiency	
   of	
   infection	
   clearance	
   while	
  

minimising	
  any	
  unnecessary	
  collateral	
  damage	
  to	
  self	
  (Feinerman	
  et	
  al.,	
  2008).	
  	
  

Specificity	
  

Arguably	
   the	
   most	
   important	
   and	
   intriguing	
   aspect	
   of	
   TCR-­‐pMHC	
   interaction,	
   the	
  

ability	
  of	
  TCRs	
  to	
  distinguish	
  between	
  foreign	
  and	
  self-­‐peptide	
  is	
  a	
  key	
  feature	
  of	
  the	
  

adaptive	
   immune	
  system.	
   Inappropriate	
  activation	
  of	
   the	
  TCR	
  by	
   self	
  pMHC	
  would	
  

lead	
  to	
  widespread	
  and	
  frequent	
  events	
  of	
  autoimmunity,	
  which	
  is	
  a	
  relatively	
  rare	
  

disease.	
   Naturally,	
   deciphering	
   the	
   mechanisms	
   behind	
   effective	
   ligand	
  

discrimination	
   has	
   been	
   the	
   focus	
   of	
  many	
   theoretical	
   studies.	
   The	
   extent	
   of	
   TCR	
  

specificity	
   can	
   be	
   appreciated	
   in	
   early	
   studies	
   and	
   work	
   described	
   in	
   this	
   chapter	
  

where	
   a	
   single	
   amino	
   acid	
   change	
   on	
   the	
   pMHC	
   is	
   often	
   sufficient	
   to	
   abolish	
   TCR	
  

recognition	
  (Sloan-­‐Lancaster	
  et	
  al.,	
  1993).	
  	
  	
  

Sensitivity	
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Sensitivity	
  to	
  pathogen	
  can	
  be	
  considered	
  at	
  a	
  cellular/organismal	
  or	
  molecular	
  level.	
  

T	
  cells	
  expressing	
  TCRs	
  specific	
  for	
  a	
  novel	
  pathogen	
  are	
  relatively	
  rare	
  in	
  the	
  primary	
  

T	
   cell	
   repertoire.	
   In	
   the	
   event	
   of	
   an	
   infection,	
   foreign	
   proteins	
   are	
   processed	
   by	
  

resident	
   professional	
   antigen	
   presenting	
   cells	
   such	
   as	
   dendritic	
   cells	
   and	
   specially	
  

delivered	
  to	
  local	
  lymph	
  nodes	
  via	
  an	
  efficient	
  lymphatic	
  system.	
  This,	
  together	
  with	
  

continuous	
   recirculation	
   of	
   naive	
   T	
   cells	
   between	
   lymph	
   nodes,	
   dramatically	
  

increases	
   the	
   likelihood	
   of	
   T	
   cells	
   coming	
   into	
   contact	
   with	
   their	
   cognate	
   pMHC.	
  

There,	
   T	
   cells	
   would	
   scan	
   the	
   surface	
   of	
   these	
   APCs	
   for	
   the	
   presence	
   of	
   any	
   rare	
  

foreign	
  peptides	
  (in	
  the	
  range	
  of	
  tens	
  to	
  hundreds)	
  in	
  a	
  'sea'	
  of	
   irrelevant	
  pMHC	
  (~	
  

105-­‐106).	
   T	
   cells	
   with	
   the	
   cognate	
   TCR	
   would	
   need	
   to	
   exercise	
   great	
   molecular	
  

sensitivity	
  not	
  only	
  to	
  ‘sniff	
  out’	
  the	
  low	
  number	
  of	
  foreign	
  pMHC,	
  but	
  also	
  be	
  fully	
  

activated	
  when	
  engaged.	
  Indeed,	
  calcium	
  signals	
  can	
  be	
  detected	
  in	
  the	
  presence	
  of	
  

only	
  1	
  cognate	
  pMHC	
  and	
  this	
  would	
  scale	
  linearly	
  with	
  calcium	
  signals	
  saturated	
  at	
  

approximately	
   20	
   cognate	
   pMHCs	
   (Irvine	
   et	
   al.,	
   2002,	
   Purbhoo	
   et	
   al.,	
   2004).	
  

Moreover,	
  full	
  cytotoxic	
  functions	
  were	
  observed	
  in	
  the	
  mere	
  presence	
  of	
  3	
  pMHCs	
  

(Purbhoo	
  et	
  al.,	
  2004).	
  	
  	
  

Speed	
  

Speed	
   is	
  of	
   the	
  essence	
  and	
  can	
   sometimes	
  mean	
   the	
  difference	
  between	
   life	
  and	
  

death	
   in	
   certain	
   infections.	
   Calcium	
   signals	
   are	
   among	
   the	
   first	
   measurable	
  

manifestations	
   of	
   a	
   successful	
   TCR	
   signalling	
   event,	
   typically	
   initiated	
  between	
  0-­‐5	
  

minutes	
   following	
   APC	
   –	
   T	
   cell	
   contact	
   (Wulfing	
   et	
   al.,	
   1997).	
   CD3ζ	
   clustering	
  

followed	
  shortly	
  within	
  1	
  minute	
  of	
  calcium	
  signalling	
  with	
  stable	
  synapse	
  formation	
  

established	
   over	
   the	
   next	
   3-­‐10	
   minutes	
   (Krummel	
   et	
   al.,	
   2000).	
   Studies	
   with	
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photoactivatable	
  pMHC	
  agonists	
  revealed	
  that	
  an	
  increase	
  in	
  Ca2+	
  is	
  detected	
  within	
  

6s	
  of	
  TCR	
  engagement	
  (Huse	
  et	
  al.,	
  2007).	
  

Versatility	
  

Another	
  unique	
  feature	
  of	
  TCR	
  recognition	
  is	
  its	
  ability	
  to	
  recognise	
  different	
  ligands	
  

and	
  produce	
  qualitatively	
  distinct	
  signals	
  according	
  to	
  the	
  affinity	
  of	
  the	
  interaction	
  

(van	
   der	
   Merwe	
   and	
   Dushek,	
   2011).	
   This	
   is	
   best	
   demonstrated	
   in	
   the	
   thymic	
  

selection	
  of	
  T	
  cells	
  during	
  development	
  where	
  cells	
  with	
  TCRs	
  that	
  bind	
  endogenous	
  

pMHC	
  with	
  a	
  low	
  affinity	
  undergo	
  positive	
  selection.	
  On	
  the	
  other	
  hand,	
  high	
  affinity	
  

interactions	
   with	
   endogenous	
   pMHC	
   in	
   the	
   same	
   environment	
   will	
   lead	
   to	
   T	
   cell	
  

death	
   by	
   negative	
   selection.	
   How	
   can	
   the	
   TCR	
   differentiate	
   between	
   these	
   two	
  

binding	
  events?	
  

Antagonism	
  

A	
  seemingly	
  counterintuitive	
  discovery	
  about	
  TCR-­‐pMHC	
  interaction	
  is	
  the	
  fact	
  that	
  

they	
   can	
   sometimes	
   exhibit	
   antagonistic	
   behaviours	
   where	
   co-­‐presentation	
   of	
   a	
  

second	
   pMHC	
   inhibits	
   the	
   activation	
   of	
   a	
   T	
   cell	
   by	
   a	
   previously	
   known	
   agonistic	
  

pMHC.	
   In	
   one	
   study	
   as	
   many	
   as	
   40%	
   of	
   variants	
   tested	
   on	
   an	
   index	
   peptide	
  

antagonized	
   the	
   response	
   to	
   the	
   index	
  peptide	
   for	
   certain	
  TCR	
  clones	
   (Jameson	
  et	
  

al.,	
  1993).	
  Early	
  biochemical	
  studies	
  revealed	
  the	
   impairment	
  of	
  both	
  proximal	
  and	
  

downstream	
   signalling	
   pathways	
   such	
   as	
   ZAP70	
   recruitment,	
   inositol	
   phospholipid	
  

hydrolysis	
   and	
   Erk	
   phosphorylation	
   as	
   the	
   molecular	
   basis	
   for	
   ligand	
   antagonism	
  

(Racioppi	
   et	
   al.,	
   1996,	
   Sloan-­‐Lancaster	
   et	
   al.,	
   1994).	
   	
   Two	
   models	
   have	
   been	
   put	
  

forward	
  in	
  an	
  attempt	
  to	
  describe	
  antagonism.	
  Firstly,	
  ‘quantitative	
  models’	
  propose	
  

that	
  antagonistic	
   ligands	
  out-­‐compete	
  agonistic	
   ligands	
  for	
  TCR	
  occupancy	
  (Stotz	
  et	
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al.,	
   1999).	
   On	
   the	
   other	
   hand,	
   ‘qualitative	
   models’	
   suggest	
   the	
   transduction	
   of	
  

negative	
  signals	
  by	
  antagonistic	
  ligands	
  into	
  T	
  cells	
  (Racioppi	
  et	
  al.,	
  1996).	
  One	
  study	
  

suggested	
  failure	
  of	
  an	
  induced	
  conformational	
  change	
  in	
  the	
  TCRα	
  constant	
  region	
  

when	
  engaging	
  an	
  antagonistic	
  pMHC	
  (Beddoe	
  et	
  al.,	
  2009).	
  	
  	
  

Any	
  satisfactory	
  model	
  relating	
  TCR	
  engagement	
  of	
  pMHC	
  to	
  signalling	
  would	
  need	
  

to	
  account	
   for	
   the	
  observed	
   features	
  of	
   specificity,	
   sensitivity,	
   speed,	
   versatility	
   as	
  

well	
  as	
  antagonism.	
  These	
  unique	
  requirements	
  would	
  indeed	
  pose	
  huge	
  challenges	
  

in	
  the	
  attempt	
  to	
  model	
  TCR-­‐pMHC	
  interactions.	
  	
  

5.1.3	
  Activation	
  versus	
  triggering	
  models	
  	
  

A	
  large	
  number	
  of	
  different	
  models	
  have	
  been	
  described	
  in	
  relation	
  to	
  T	
  cell	
  antigen	
  

recognition.	
   The	
   focus	
   in	
   this	
   section	
   is	
   to	
   discuss	
   models	
   that	
   try	
   to	
   explain	
   the	
  

relationship	
   between	
   TCR-­‐pMHC	
   binding	
   properties	
   to	
   T	
   cell	
   functional	
   responses,	
  

hereafter	
   termed	
   T	
   cell	
   activation	
   models.	
   Arguably	
   the	
   most	
   demanding	
  

requirement	
  of	
   these	
  models	
   is	
   to	
  account	
   for	
   the	
  ability	
  of	
   the	
  TCRs	
   to	
   recognise	
  

low	
  densities	
  of	
  high	
  affinity	
  agonist	
  or	
  foreign	
  pMHC	
  in	
  the	
  ‘sea’	
  of	
   irrelevant	
  self-­‐

pMHC	
  in	
  events	
  that	
  happen	
  in	
  the	
  range	
  of	
  seconds.	
  T	
  cell	
  triggering	
  models	
  on	
  the	
  

other	
  hand	
  (described	
   in	
  chapter	
  1)	
  attempt	
  to	
  explain	
  how	
  signals	
  are	
  transduced	
  

across	
  the	
  cell	
  membrane	
  after	
  a	
  successful	
  TCR-­‐pMHC	
  ligation	
  event.	
  	
  

The	
   oft-­‐cited	
   serial	
   triggering	
   model	
   was	
   first	
   proposed	
   to	
   account	
   for	
   the	
  

observation	
  that	
  a	
  relatively	
  small	
  number	
  of	
  agonist	
  pMHC	
  on	
  an	
  APC	
  could	
  lead	
  to	
  

down-­‐regulation	
  of	
  a	
  far	
  greater	
  number	
  of	
  TCRs	
  on	
  the	
  responding	
  T	
  cells	
  (Valitutti	
  

et	
   al.,	
   1995,	
   Valitutti	
   and	
   Lanzavecchia,	
   1997).	
   The	
   model	
   proposes	
   that	
   a	
   single	
  

pMHC	
   can	
   engage	
   and	
   trigger	
   many	
   TCRs	
   in	
   sequence,	
   hence	
   the	
   term	
   serial	
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engagement.	
   This	
   process	
   is	
   an	
   inevitable	
   consequence	
   of	
   the	
   reversibility	
   of	
   the	
  

TCR-­‐pMHC	
  interactions	
  and	
  is	
  implicit	
  in	
  all	
  models	
  described	
  below.	
  

5.1.4	
  T	
  cell	
  activation	
  models	
  

These	
   models	
   attempt	
   to	
   explain	
   the	
   relationship	
   between	
   TCR-­‐pMHC	
   binding	
  

properties	
   and	
   T	
   cell	
   response.	
   The	
   characterisations	
   of	
   TCR-­‐pMHC	
   binding	
  

parameters	
   have	
   largely	
   been	
   elucidated	
   using	
   the	
   SPR	
   technique	
   using	
   purified	
  

pMHC	
   and	
   TCR	
  molecules.	
   Since	
   these	
   are	
  measured	
  with	
   one	
   binding	
   partner	
   in	
  

solution	
  they	
  are	
  often	
  referred	
  to	
  a	
  solution	
  or	
  3D	
  binding	
  properties.	
  Functionally	
  

relevant	
   TCR-­‐pMHC	
   interactions	
   however	
   happen	
   within	
   a	
   2D	
   contact	
   interface.	
  

Direct	
   measurements	
   of	
   2D	
   affinities	
   reported	
   large	
   variations	
   from	
   the	
   3D	
  

measurements	
  largely	
  as	
  a	
  result	
  of	
  improved	
  kon,	
  possibly	
  due	
  to	
  signalling-­‐induced	
  

receptor	
   clustering	
   (Huang	
   et	
   al.,	
   2010,	
   Huppa	
   et	
   al.,	
   2010,	
   Dushek	
   and	
   van	
   der	
  

Merwe,	
  2014).	
  Therefore,	
  extra	
  care	
  is	
  needed	
  when	
  correlating	
  3D	
  to	
  describe	
  T	
  cell	
  

functions.	
  	
  	
  

Various	
   reports	
   have	
   pointed	
   to	
   the	
   importance	
   of	
   binding	
   parameters,	
   namely	
  

affinity	
  and	
  kinetics,	
   in	
   the	
   ligand	
  discrimination	
  process	
   [reviewed	
   in	
   (Stone	
  et	
  al.,	
  

2009)].	
  In	
  its	
  simplest	
  format,	
  the	
  interaction	
  can	
  be	
  described	
  as:	
  

TCR	
  +	
  pMHC	
  ⇌	
  TCR-­‐pMHC	
  	
  

Where	
  kon	
  and	
  koff	
  denotes	
   the	
  association	
  and	
  dissociation	
   rates	
   respectively.	
  The	
  

Dissociation	
   constant	
  KD,	
  which	
   is	
   also	
   the	
   reciprocal	
  of	
   the	
  affinity	
  KA	
   can	
  derived	
  

from	
  its	
  rate	
  constant	
  in	
  the	
  following	
  relationship:	
  KD	
  =	
  koff/kon	
  =	
  1/KA.	
  One	
  key	
  way	
  

to	
  test	
  a	
  T	
  cell	
  activation	
  model	
  is	
  to	
  examine	
  whether	
  it	
  can	
  explain	
  the	
  relationship	
  

between	
   solution	
   TCR-­‐pMHC	
   binding	
   properties	
   and	
   T	
   cell	
   activation.	
  While	
  many	
  

kon 

koff 
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studies	
   have	
   examined	
   this	
   relationship	
   their	
   findings	
   have	
   been	
   somewhat	
  

contradictory	
  (Tian	
  et	
  al.,	
  2007,	
  Holler	
  and	
  Kranz,	
  2003,	
  Kalergis	
  et	
  al.,	
  2001,	
  Coombs	
  

et	
  al.,	
  2002).	
  In	
  some	
  cases	
  correlations	
  are	
  observed	
  with	
  koff	
  and	
  in	
  others	
  with	
  KD,	
  

and	
  there	
  have	
  been	
  attempts	
  to	
  resolve	
  these	
  discrepancies	
  (Aleksic	
  et	
  al.,	
  2010).	
  	
  

Affinity	
  model	
  

The	
  affinity	
  model	
  states	
  that	
  the	
  number	
  of	
  TCR-­‐pMHC	
  bonds	
  at	
  equilibrium	
  would	
  

determine	
  the	
  functional	
  output	
  of	
  the	
  interaction.	
  In	
  other	
  words,	
  T	
  cell	
  activation	
  

is	
   related	
   to	
   the	
   number	
   of	
   engaged	
   TCR.	
   This	
  model	
   predicts	
   that	
   ligands	
  with	
   a	
  

greater	
  half-­‐life	
  will	
   lead	
  to	
  greater	
  number	
  of	
  TCR-­‐pMHC	
  bond	
  formation	
  and	
  as	
  a	
  

result,	
   a	
  greater	
  degree	
  of	
  T	
   cell	
   activation	
   (Figure	
  5.1a).	
  However,	
   the	
  model	
  also	
  

predicts	
   that	
   low	
  affinity	
   ligands	
   (such	
  as	
   self	
   pMHCs)	
  would	
  eventually	
  produce	
  T	
  

cell	
   responses	
  at	
  high	
  enough	
  concentrations.	
   	
  Most	
  studies	
  supporting	
  the	
  affinity	
  

model	
   typically	
   do	
   so	
   by	
   demonstrating	
   a	
   correlation	
   between	
   KD	
   and	
   the	
   EC50	
  

(potency)	
   of	
   the	
   interaction	
   (Andersen	
   et	
   al.,	
   2001b,	
   Tian	
   et	
   al.,	
   2007,	
   Holler	
   and	
  

Kranz,	
  2003).	
  However	
  such	
  a	
  correlation	
  is	
  also	
  consistent	
  with	
  many	
  other	
  models	
  

(see	
  below).	
  One	
   key	
  prediction	
  of	
   the	
   affinity	
  model	
   is	
   the	
  maximum	
   response	
   is	
  

independent	
  of	
  the	
  koff.	
  Dushek	
  et	
  al	
  showed	
  that	
  this	
  is	
  not	
  the	
  case,	
  and	
  that	
  the	
  

maximum	
   response	
   instead	
   correlated	
   with	
   the	
   koff	
   ruling	
   out	
   the	
   affinity	
   model	
  

(Dushek	
  et	
  al.,	
  2011).	
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Figure 5.1 T cell activation as a function of pMHC half-life (t1/2) 

Mathematical predictions of T cell activation for different models with different 
values of half-life t1/2 (and by extension koff, since t1/2 = ln2/ koff). (a) The affinity 
model predicts greater T cell activation with extended half-life (or lower koff) for all 
concentrations of surface ligands. T cell activation will therefore proceed for 
ligands with any half-life given sufficient surface concentrations (b) The basic 
kinetic proofreading model also predicts greater T cell activation with increasing 
half-life. Unlike the affinity model however, no T cell activation is observed below 
a critical half-life value even at high ligand concentrations. (c) The kinetic 
proofreading model with limited signalling [also known as the productive hit rate 
model in (Dushek et al., 2011)] extends McKeithan’s kinetic proofreading model 
by postulating that an active TCR signals for a limited period even when TCR 
remains engaged to pMHC. The resulting model predicts an optimal half-life for 
maximal T cell activation at all concentrations of ligands. (d) The kinetic 
proofreading model with sustained signalling is based on Coombs et al (Coombs 
et al., 2002), where TCRs can remain in the signalling active state after pMHC 
dissociation. In this model, optimal half-life is only apparent at low concentrations 
of ligands.The modelling work described in this figure was performed by Melissa 
Lever (Dushek Group).  
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Basic	
  Kinetic	
  Proof	
  reading	
  model	
  

The	
  concept	
  of	
   kinetic	
  proofreading	
   to	
  describe	
  TCR	
   specificity	
  was	
   first	
   applied	
   in	
  

1995	
  by	
  McKeithan	
  (McKeithan,	
  1995).	
  According	
  to	
  the	
  model,	
  ligation	
  of	
  a	
  cognate	
  

pMHC	
   to	
   TCR	
   would	
   lead	
   to	
   an	
   obligatory	
   series	
   of	
   modifications,	
   and	
   signalling	
  

would	
   only	
   occur	
   if	
   the	
   sequence	
   of	
   modification	
   were	
   complete.	
   If	
   the	
   ligand	
  

dissociates	
  at	
  any	
  time	
  in	
  the	
  interval,	
  the	
  complex	
  reverts	
  to	
  its	
  original	
  unmodified	
  

step	
   (Figure	
   5.2).	
   The	
   kinetic	
   proofreading	
  model	
   therefore	
   provides	
   a	
   reasonable	
  

mechanism	
   for	
   a	
   time	
   lag	
   separating	
   ligand	
   binding	
   from	
   receptor	
   signalling	
   and	
  

hence	
  allowing	
  a	
  receptor	
  to	
  discriminate	
  between	
  ligands	
  with	
  small	
  differences	
  in	
  

off-­‐rate	
  (i.e.	
  Specificity).	
  This	
  can	
  also	
  be	
  visualized	
  in	
  Figure	
  5.1b	
  where	
  no	
  amount	
  

of	
  pMHC	
  concentrations	
  can	
  induce	
  TCR	
  signaling	
  for	
  interactions	
  with	
  very	
  high	
  koff.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

In	
   addition,	
   the	
  model	
   proposes	
   that	
   TCR	
   specificity	
  would	
   amplify	
   in	
   a	
   non-­‐linear	
  

way	
   according	
   to	
   the	
   number	
   of	
   proofreading	
   steps	
   involved.	
   Our	
   current	
  

Figure 5.2 Schematic descriptions of the kinetic proofreading model 

The original kinetic proofreading model as postulated by Mckeithan in 1995 
(McKeithan, 1995). TCR binds pMHC with an association (kon) rate of k1 and a 
dissociation rate (koff) of k-1. Nascent complexes C0 must undergo N modifications 
with a forward rate of kp before a signaling competent complex CN is generated. 
At every step, the TCR-pMHC complex may dissociate with rate k-1 where the 
reaction is completely aborted. In this way, the model provides a significant time 
lag with every step to allow discrimination between ligands with differences in 
their koff. Figure adapted from Mckeithan (McKeithan, 1995).  
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understanding	
   of	
   TCR	
   signalling	
   suggests	
   multiple	
   proofreading	
   steps	
   that	
   could	
  

account	
   for	
   the	
   delay.	
   These	
   include,	
   for	
   example,	
   a	
   need	
   for	
   sequential	
  

phosphorylation	
   of	
   TCR/CD3	
   ITAMs,	
   ZAP-­‐70	
   recruitment,	
   ZAP-­‐70	
   activation,	
  

phosphorylation	
  of	
   LAT	
  by	
   ZAP-­‐70,	
   and	
   recruitment	
  of	
   effect	
   enzymes	
   (e.g.	
   PLCγ1)	
  

and	
   adaptor	
   proteins	
   to	
   LAT.	
   	
   Why	
   do	
   longer	
   TCR-­‐pMHC	
   engagements	
   (before	
   a	
  

productive	
  signal)	
  improve	
  specificity?	
  This	
  can	
  be	
  better	
  understood	
  in	
  the	
  context	
  

of	
  bound	
  TCR-­‐pMHC	
  fractions.	
  The	
  fraction	
  of	
  bound	
  TCR-­‐pMHC	
  decreases	
  with	
  time	
  

but	
  this	
  decreases	
  more	
  rapidly	
  for	
  TCR-­‐pMHC	
  interactions	
  with	
  lower	
  half-­‐life	
  (t1/2).	
  

As	
  a	
  result,	
  an	
  increase	
  in	
  threshold	
  binding	
  time	
  for	
  productive	
  signalling	
  magnifies	
  

small	
  differences	
  in	
  dissociation	
  times	
  [see	
  figure	
  1b	
  in	
  (Dushek	
  and	
  van	
  der	
  Merwe,	
  

2014)].	
  	
  	
  

Kinetic	
  Proofreading	
  with	
  limited	
  signalling	
  

While	
   the	
   basic	
   kinetic	
   proofreading	
   model	
   offers	
   an	
   explanation	
   for	
   TCR	
  

discrimination,	
   it	
   alone	
   is	
   insufficient	
   to	
   describe	
   some	
   published	
   findings.	
   	
   Most	
  

importantly	
  the	
  model	
  cannot	
  account	
  for	
  observations	
  that	
  in	
  some	
  systems	
  there	
  

is	
  an	
  optimal	
   ligand	
  half-­‐life,	
  with	
   increased	
  half-­‐life	
  above	
  the	
  optimum	
  leading	
  to	
  

decreased	
  T	
  cell	
  activation	
   (Figure	
  5.1c)	
   (Kalergis	
  et	
  al.,	
  2001).	
  One	
  modification	
  of	
  

the	
   basic	
   kinetic	
   proofreading	
   model	
   was	
   inspired	
   by	
   the	
   aforementioned	
   serial	
  

triggering	
  model	
   (Valitutti	
   et	
   al.,	
   1995,	
   Valitutti	
   and	
   Lanzavecchia,	
   1997).	
   The	
   key	
  

modification	
   was	
   to	
   propose	
   that	
   the	
   engaged	
   TCR	
   was	
   only	
   able	
   to	
   signal	
   for	
   a	
  

limited	
   period,	
   even	
   if	
   it	
   remained	
   engaged.	
   This	
   produced	
   an	
   optimal	
   half-­‐life	
  

because	
   if	
   the	
   pMHC	
   remained	
   bound	
   to	
   TCR	
   beyond	
   this	
   limited	
   period	
   it	
   was	
  

unavailable	
  to	
  engage	
  and	
  serially	
  trigger	
  additional	
  TCRs.	
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Kinetic	
  Proofreading	
  with	
  sustained	
  signalling	
  

Another	
   variation	
   of	
   this	
  model	
   by	
   Coombs	
   et	
   al	
   incorporates	
   an	
   additional	
   state	
  

whereby	
  the	
  TCR	
  continues	
  to	
  signal	
  for	
  an	
  extended	
  period	
  of	
  time	
  even	
  after	
  ligand	
  

dissociation,	
   before	
   returning	
   to	
   its	
   basal	
   state	
   via	
   recycling	
   of	
   internalised	
   TCRs	
  

(Coombs	
  et	
  al.,	
  2002).	
  Simulation	
  of	
  this	
  model	
  too	
  predicts	
  an	
  optimum	
  dwell	
  time	
  

but	
  only	
  for	
  low	
  levels	
  of	
  ligand	
  presentation	
  (Figure	
  5.1d).	
  At	
  low	
  or	
  physiologically	
  

relevant	
   concentrations	
  of	
   cognate	
  pMHC,	
   the	
   requirements	
  of	
   serial	
   triggering	
  by	
  

the	
  scarce	
   ligands	
  become	
  a	
  necessity,	
  placing	
  constraints	
  on	
   interactions	
  with	
   low	
  

koff	
  or	
   long	
  half-­‐life	
  (Valitutti	
  et	
  al.,	
  1995,	
  Valitutti	
  and	
  Lanzavecchia,	
  1997).	
  At	
  high	
  

cognate	
  pMHC	
  densities	
  on	
  the	
  other	
  hand,	
  TCRs	
  can	
  be	
  simultaneously	
  engaged	
  by	
  

abundant	
   ligands,	
   thus	
   removing	
   the	
   need	
   for	
   serial	
   triggering.	
   Indeed,	
   no	
  

impairment	
  of	
  T	
  cell	
  activation	
  was	
  observed	
  experimentally	
  at	
  high	
  concentrations	
  

of	
  ligands	
  with	
  extended	
  TCR-­‐pMHC	
  dwell	
  times	
  (Gonzalez	
  et	
  al.,	
  2005).	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 5.3 Schematic description of the kinetic proofreading model with 
sustained signalling 

Initially proposed by Coombs et al (Coombs et al., 2002), the model suggests that 
productive signalling following TCR-pMHC binding necessitate the series of 
proofreading steps as described in the basic kinetic proofreading model described 
in Figure 5.1. Upon ligand dissociation, TCRs remain in the active signalling state 
T* before internalisation and recycled back onto the T cell surface at rate λ. This 
model predicts an optimal koff for T cell activation but only at low concentrations 
of cell surface ligands.   
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Additional	
  modifications	
  to	
  the	
  Kinetic	
  Proofreading	
  Model	
  

More	
   complex	
   modifications	
   to	
   the	
   kinetic	
   proofreading	
   model	
   invoke	
   additional	
  

mechanisms	
  such	
  as	
  TCR	
  signal	
  integration	
  as	
  well	
  as	
  positive	
  and	
  negative	
  feedback	
  

mechanisms.	
   TCR	
   signal	
   integration	
   can	
   also	
   cause	
   neighbouring	
   TCRs	
   to	
   be	
  

‘inhibited’	
   or	
   ‘protected	
   from	
   ligand	
   antagonism’.	
   Such	
   modification	
   dramatically	
  

improves	
  specificity	
  of	
  TCR	
  responses	
  at	
  high	
   ligand	
  concentration	
  albeit	
  at	
  a	
  slight	
  

expense	
  of	
  receptor	
  sensitivity	
  (Chan	
  et	
  al.,	
  2001).	
  	
  

Altan-­‐Bonnet	
  and	
  Germain	
  integrated	
  receptor	
  feedbacks	
  mediated	
  by	
  Erk	
  and	
  SHP-­‐

1	
  within	
   the	
  kinetic	
  proofreading	
   framework.	
  According	
   to	
   their	
  model,	
  TCR-­‐pMHC	
  

ligation	
  triggers	
  Lck	
  mediated	
  ITAM	
  phosphorylation	
  as	
  well	
  as	
  SHP-­‐1	
  recruitment	
  to	
  

Lck.	
  SHP-­‐1	
  would	
  initiate	
  negative	
  feedback	
  by	
  dephosphorylating	
  both	
  Lck	
  and	
  ITAM	
  

residues.	
  Positive	
  feedback	
  mechanism	
  will	
  only	
  be	
  initiated	
  after	
  digital	
  activation	
  of	
  

the	
   MAPK	
   pathway	
   where	
   Erk	
   phosphorylates	
   and	
   prevents	
   Lck	
   from	
   SHP-­‐1	
  

inhibition.	
   This	
   has	
   been	
   tested	
   and	
   verified	
   in	
   detailed	
   experimental	
   work	
  

(Stefanova	
  et	
  al.,	
  2003).	
  	
  	
  

More	
   recently,	
  Dushek	
  and	
  van	
  der	
  Merwe	
   incorporated	
   the	
  concept	
  of	
  pMHC	
   re-­‐

binding	
  within	
  the	
  kinetic	
  proofreading	
  framework.	
  pMHCs	
  are	
  likely	
  to	
  re-­‐bind	
  TCRs	
  

upon	
   dissociation	
   and	
   the	
   rate	
   of	
   re-­‐binding	
   increases	
   with	
   the	
   formation	
   and	
  

growth	
  of	
  TCR	
  clusters.	
  Induced	
  rebinding	
  was	
  modeled	
  by	
  increasing	
  the	
  re-­‐binding	
  

rate	
  with	
   each	
  modification	
   (step)	
   in	
   the	
   proofreading	
   scheme.	
   Such	
  modification	
  

greatly	
   improves	
   ligand	
   specificity	
   and	
   sensitivity	
   over	
   the	
   kinetic	
   proofreading	
  

model	
  (Dushek	
  and	
  van	
  der	
  Merwe,	
  2014).	
  	
  

Conclusion	
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The	
   journey	
   to	
   describe	
   the	
   many	
   unique	
   characteristics	
   of	
   TCR	
   signalling	
   is	
  

challenging.	
  T	
  cell	
  biologists	
  have	
  come	
  a	
  long	
  way	
  since	
  the	
  introduction	
  of	
  various	
  

models	
  such	
  as	
  kinetic	
  proofreading	
  and	
  serial	
  triggering	
  as	
  a	
  viable	
  explanation	
  for	
  

each	
   of	
   the	
   unique	
   TCR	
   characteristics	
   of	
   specificity,	
   sensitivity,	
   speed	
   and	
  

antagonism.	
  In	
  some	
  cases	
  very	
  detailed	
  models	
  have	
  been	
  proposed	
  with	
  multiple	
  

parameters	
  which	
  produce	
  a	
  good	
  description	
  of	
  the	
  existing	
  data.	
  However,	
  many	
  

such	
  models	
   could	
   be	
   compatible	
  with	
   the	
   data	
   and	
  discriminating	
   between	
   them	
  

impossible	
  but	
  these	
  are	
  almost	
  impossible	
  to	
  test.	
  Powerful	
  models	
  instead	
  rely	
  on	
  

the	
  integration	
  of	
  mathematical	
  modelling	
  and	
  detailed	
  experimentation.	
  	
  

5.1.5	
  Supra-­‐physiological	
  TCRs	
  

An	
  accurate	
  model	
  of	
  how	
  TCR-­‐pMHC	
  binding	
  translates	
  into	
  T	
  cell	
  effector	
  function	
  

will	
  be	
  invaluable	
  in	
  the	
  rational	
  design	
  of	
  therapeutic	
  TCRs.	
  While	
  a	
  fully	
  functional	
  

model	
   remains	
   unavailable	
   at	
   present,	
   there	
   are	
   some	
   indications	
   to	
   suggest	
   that	
  

TCR-­‐pMHC	
  interaction	
  parameters	
  can	
  dictate	
  the	
  degree	
  and	
  extend	
  to	
  which	
  T	
  cell	
  

activates	
  (Matsui	
  et	
  al.,	
  1994).	
  Moreover,	
  TCRs	
  with	
  higher	
  avidities*	
  appears	
  more	
  

efficient	
   at	
   clearing	
   in	
   vivo	
   tumour	
   and	
   virally	
   infected	
   cells	
   (Zeh	
   et	
   al.,	
   1999,	
  

Alexander-­‐Miller	
  et	
  al.,	
  1996a,	
  Soto	
  et	
  al.,	
  2013).	
  It	
  is	
  therefore	
  of	
  significant	
  interest	
  

to	
  generate	
  TCRs	
  with	
  supra-­‐physiological	
  affinities	
  beyond	
   the	
  normal	
   range	
  of	
  1-­‐

100μM	
   as	
   constrained	
   by	
   the	
   requirements	
   of	
   thymic	
   selection,	
   and	
   to	
   study	
   the	
  

tumorigenic	
  or	
  pathogenic	
  effects	
  of	
  these	
  TCRs	
  in	
  the	
  context	
  of	
  T	
  cell	
  function	
  and	
  

disease	
  clearance.	
  	
  	
  

*As	
  it	
  is	
  not	
   always	
   possible	
   to	
   measure	
   affinities	
   for	
   many	
   TCR-­‐pMHC	
   interactions,	
   the	
   term	
   avidity	
   is	
   used	
   to	
  
describe	
   the	
   degree	
   of	
   TCR-­‐pMHC	
   association	
   instead.	
   Avidity	
   described	
   here	
   is	
   dependent	
   on	
   a	
   number	
   of	
  
variable	
  parameters	
  including	
  affinity,	
  receptor	
  clustering	
  and	
  ligation	
  of	
  additional	
  co-­‐receptors	
  or	
  co-­‐stimulatory	
  
receptors.	
   	
  



                                  FUNCTIONAL	
  CHARACTERISATION	
  OF	
  A	
  SUPRA-­‐PHYSIOLOGICAL	
  TCR	
   
 

 153 

Generating	
  Supra-­‐Physiological	
  TCRs	
  

Stabilising	
   TCRs	
   for	
   ‘display’	
   represents	
   the	
   major	
   obstacle	
   to	
   generating	
   supra-­‐

physiological	
  TCRs.	
  This	
  is	
  due	
  to	
  the	
  reduced	
  ability	
  of	
  TCRα	
  and	
  β	
  chain	
  to	
  associate	
  

in	
  the	
  absence	
  of	
  mammalian	
  chaperones.	
  TCRs	
  with	
  enhanced	
  affinities	
  were	
  first	
  

generated	
   by	
   Kranz	
   and	
   colleagues	
   using	
   yeast	
   display	
   techniques	
   (Holler	
   et	
   al.,	
  

2000).	
  This	
  was	
  done	
  by	
  expressing	
  stabilised	
  single-­‐chain	
  (Vβ-­‐linker-­‐Vα)	
  TCRs	
  on	
  the	
  

yeast	
  surface	
  as	
  Aga-­‐2-­‐TCR	
  fusion	
  protein.	
  The	
  TCRs	
  were	
  first	
  subjected	
  to	
  random	
  

mutations	
   in	
   the	
   CDR3α	
   chain	
   using	
   degenerate	
   primers.	
   Resulting	
   PCR	
   products	
  

were	
  ligated	
  into	
  plasmid	
  DNA	
  and	
  transformed	
  into	
  yeast,	
  giving	
  rise	
  to	
  a	
  library	
  of	
  

up	
  to	
  105	
  or	
  more	
  clones.	
  The	
  TCR	
  clones	
  were	
  then	
  assessed	
  and	
  selected	
  for	
  their	
  

abilities	
   to	
  bind	
   their	
   respective	
   ligands	
  using	
   flow	
  cytometry.	
  TCRs	
  engineered	
   for	
  

higher	
  affinity	
  using	
   the	
  yeast	
  display	
  system	
   include	
  the	
  mouse	
  2C	
  and	
  3.L2	
  TCRs,	
  

which	
  represent	
  class	
  I-­‐	
  and	
  class	
  II-­‐	
  restricted	
  TCRs	
  respectively	
  (Holler	
  et	
  al.,	
  2000,	
  

Chlewicki	
  et	
  al.,	
  2005,	
  Holler	
  et	
  al.,	
  2003).	
  	
  

An	
  alternative	
   system	
   involves	
   the	
  use	
  of	
  phage	
  display	
  as	
   a	
  platform	
   for	
  directed	
  

evolution.	
  TCRs	
  of	
   interests	
   can	
  be	
  expressed	
  on	
  viral	
   surfaces	
  by	
   fusion	
   to	
   the	
  N-­‐

terminus	
  of	
  the	
  viral	
  coat	
  protein.	
  TCRs	
  expressed	
  this	
  way	
  were	
  stabilised	
  by	
  a	
  non-­‐

native	
  disulphide	
  bond	
  between	
  the	
  α	
  and	
  β	
  chain	
  of	
  the	
  TCR	
  (Boulter	
  et	
  al.,	
  2003).	
  

Mutations	
   were	
   introduced	
   using	
   degenerate	
   primers	
   specific	
   to	
   CDR3α	
   and	
   β	
  

sequences.	
   Enhanced-­‐affinity	
   TCRs	
   were	
   isolated	
   by	
   panning	
   the	
   phages	
   through	
  

pMHC	
   immobilised	
  columns.	
  Using	
   this	
  method,	
  Boulter	
  and	
   Jakobsen	
  managed	
  to	
  

improve	
   the	
   affinity	
   of	
   a	
   TCR	
   specific	
   for	
   the	
   tumour-­‐associated	
   NYESO-­‐1-­‐HLA-­‐A2	
  

pMHC	
  by	
  more	
  than	
  a	
  million	
  fold	
  (Li	
  et	
  al.,	
  2005).	
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A	
   third	
   display	
   system	
   was	
   developed	
   in	
   mammalian	
   cells,	
   which	
   involves	
   the	
  

retroviral	
  transduction	
  of	
  TCR	
  α	
  and	
  β	
  chains	
  into	
  TCR	
  null	
  hybridomas	
  (Kessels	
  et	
  al.,	
  

2000).	
   This	
   system	
   avoids	
   the	
   need	
   for	
   TCR	
   stabilisation	
   as	
   the	
   TCRs	
   are	
   fully	
  

refolded	
  in	
  their	
  natural	
  environment	
  and	
  assembled	
  in	
  their	
  native	
  conformation	
  on	
  

the	
  T	
  cell	
   surfaces.	
  Mutations	
  were	
  again	
  generated	
  using	
  degenerate	
  PCR	
  primers	
  

specific	
   CDR3α,	
   and	
   affinity	
   enhanced	
   cells	
   selected	
   using	
   FACS.	
   	
   Successful	
   TCR	
  

maturation	
  was	
  described	
  for	
  the	
  mouse	
  2C	
  TCR	
  in	
  complex	
  with	
  the	
  Kb/	
  SIY	
  pMHC	
  

which	
  saw	
  a	
  15-­‐fold	
  improvement	
  in	
  affinity	
  (Chervin	
  et	
  al.,	
  2008).	
  	
  

Clinical	
  Applications	
  of	
  Supra-­‐Physiological	
  TCRs	
  	
  

Generating	
  TCRs	
  with	
  enhanced	
  affinities	
  represent	
  a	
  particularly	
  attractive	
  solution	
  

to	
   the	
  problem	
  of	
   cancer	
  clearance	
  where	
   self-­‐antigen	
  affinities	
   for	
   cancer-­‐specific	
  

TCRs	
   are	
   often	
   too	
   low.	
   An	
   advantage	
   of	
   this	
   approach	
   is	
   that	
   TCRs	
   are	
   able	
   to	
  

recognize	
   peptides	
   derived	
   from	
   intracellular	
   antigens,	
   such	
   as	
   telomerase	
  

(Vonderheide,	
  2002)	
  and	
  survivin	
  (Andersen	
  et	
  al.,	
  2001a).	
  	
  

Supra-­‐physiological	
  TCRs	
  can	
  be	
   introduced	
  as	
   therapeutic	
  agents	
   in	
  several	
   forms,	
  

the	
  most	
   promising	
   of	
  which	
   involves	
   the	
   adoptive	
   transfer	
   of	
   engineered	
   T	
   cells.	
  

Under	
  such	
  circumstances,	
  T	
  cells	
  from	
  a	
  patient	
  are	
  isolated,	
  retrovirally-­‐transduced	
  

with	
  the	
  TCR	
  of	
   interest,	
  and	
  re-­‐infused	
   into	
  the	
  body.	
  Early	
  versions	
  of	
  adoptive	
  T	
  

cell	
  transfer	
  only	
  involved	
  the	
  re-­‐introduction	
  of	
  non-­‐transduced,	
  ex	
  vivo	
  stimulated	
  

polyclonal	
  lymphocytes	
  (Rapoport	
  et	
  al.,	
  2005).	
  This	
  generates	
  a	
  population	
  of	
  T	
  cells	
  

with	
  reduced	
  activation	
  threshold,	
  facilitating	
  the	
  restoration	
  of	
  lymphocytes	
  in	
  the	
  

event	
  of	
  lymphopenia	
  (e.g.	
  leukaemia	
  patients).	
  Next	
  came	
  the	
  selective	
  infusion	
  of	
  

autologous	
   tumour-­‐infiltrating	
   lymphocytes	
   (TILs	
   –	
   lymphocytes	
   with	
   anti-­‐tumour	
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responses)	
  with	
   variable	
  degrees	
   (13%	
   to	
  72%)	
  of	
   responsive	
   rates	
   (Morgan	
  et	
   al.,	
  

2006,	
  Morgan	
   et	
   al.,	
   2010).	
   	
   However,	
   TILs	
   may	
   not	
   always	
   be	
   available	
   in	
   every	
  

patient	
   for	
   every	
   cancer.	
   Such	
   problems	
   can	
   be	
   circumvented	
   with	
   the	
   advent	
   of	
  

genetics	
  techniques	
  that	
  permitted	
  the	
  introduction	
  of	
  rationally	
  designed	
  TCRs	
  that	
  

would	
   represent	
  effective	
  TIL	
  clones	
   into	
  autologous	
  T	
  cells	
   isolated	
   from	
  patients.	
  

Such	
  possibilities	
  propel	
  the	
  realisation	
  of	
  the	
  ultimate	
  objectives	
  of	
  adoptive	
  T	
  cell	
  

therapy,	
  which	
  has	
  been	
  to	
  recapitulate	
  the	
  end	
  result	
  of	
  a	
  successful	
  T	
  cell	
  vaccine.	
  

This	
   includes	
   the	
   robust	
   maintenance	
   of	
   antigen-­‐specific	
   T	
   cell	
   functions	
   and	
  

numbers	
  in	
  the	
  event	
  of	
  a	
  challenge	
  (Kalos	
  and	
  June,	
  2013).	
  	
  	
  

There	
  has	
  been	
  extensive	
  research	
  into	
  the	
  use	
  of	
  supra-­‐physiological	
  TCRs	
  in	
  several	
  

human	
  cancers	
  targeting	
  antigens	
  such	
  as	
  MART-­‐1	
  (melanoma),	
  NYESO-­‐1,	
  MAGE-­‐A3	
  

(cancer	
  testis)	
  and	
  WT1	
  (leukaemias)	
  [reviewed	
  in	
  (Stone	
  and	
  Kranz,	
  2013)].	
  As	
  TCRs	
  

are	
  inherently	
  restricted	
  by	
  MHC	
  presentation,	
  much	
  attention	
  has	
  been	
  focused	
  on	
  

cancer	
  antigens	
  presented	
  on	
  HLA-­‐A2,	
  an	
  allele	
  expressed	
  by	
  ~40%	
  of	
  the	
  Caucasian	
  

population.	
  Indeed,	
  all	
  examples	
  mentioned	
  in	
  this	
  review	
  and	
  chapter	
  study	
  involve	
  

the	
  HLA-­‐A2	
  system.	
  

MART-­‐1,	
  an	
  antigen	
  specific	
  for	
  the	
  melanocyte	
  lineage,	
  exemplifies	
   initial	
  research	
  

attempts	
   at	
   improving	
   efficacies	
   of	
   adoptive	
   T	
   cell	
   transfers.	
   The	
   first	
   T	
   cell	
   clone	
  

DMF4	
  with	
  an	
  affinity	
   (KD)	
  of	
  170μM	
  for	
   the	
  MART-­‐1	
  antigen/HLA-­‐A2	
  complex	
  was	
  

isolated	
   from	
  a	
  melanoma	
  patient	
   (Hughes	
  et	
  al.,	
  2005).	
  DMF4	
  achieved	
  a	
  modest	
  

13%	
   response	
   rate	
   following	
   adoptive	
   T	
   cell	
   transfer	
   in	
   lymphopenic	
   metastatic	
  

melanoma	
  patients	
  (Morgan	
  et	
  al.,	
  2006).	
  A	
  second	
  generation	
  T	
  cell	
  clone	
  referred	
  

to	
   as	
   DMF5	
  with	
   an	
   improved	
   affinity	
   of	
   KD	
   40	
   μM	
   achieved	
   a	
  more	
   encouraging	
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response	
   rate	
   of	
   30%.	
   However,	
   patients	
   infused	
   with	
   DMF5	
   also	
   exhibited	
  

destruction	
  of	
  normal	
  melanocytes	
   in	
   the	
  eye,	
   skin	
  and	
  ear	
   (Johnson	
  et	
   al.,	
   2009).	
  

These	
   studies	
   underscore	
   the	
   feasibility	
   of	
   adoptive	
   T	
   cell	
   transfers	
   as	
   treatment	
  

therapies	
  and	
  also	
  the	
  importance	
  of	
  assessing	
  valid	
  T	
  cell	
  targets	
  to	
  avoid	
  collateral	
  

on	
  target/	
  off	
  tumour	
  effects.	
  

Other	
   potential	
   consequences	
   of	
   in	
   vivo	
   use	
   of	
   affinity-­‐enhanced	
   TCRs	
   can	
   be	
  

highlighted	
  by	
  a	
  recent	
  MAGE-­‐A3	
  cancer	
  testis	
  antigen	
  study.	
  High-­‐avidity	
  MAGE-­‐A3	
  

A118	
  TCR	
  used	
  in	
  the	
  adoptive	
  T	
  cell	
  transfer	
  study	
  was	
  generated	
  by	
  rational	
  CDR3	
  

loop	
   mutations	
   of	
   TCRs	
   derived	
   from	
  MAGE-­‐A3	
   vaccination	
   of	
   HLA-­‐A2	
   transgenic	
  

mice	
  (Chinnasamy	
  et	
  al.,	
  2011).	
  While	
  clinical	
  regression	
  was	
  recorded	
  in	
  5	
  of	
  the	
  9	
  

patients,	
  unexpected	
  neurological	
  toxicities	
  were	
  observed	
  in	
  3	
  patients,	
  including	
  2	
  

deaths.	
   Subsequent	
   autopsies	
   revealed	
   high	
   levels	
   of	
   CD8+	
   T	
   cell	
   infiltration	
   with	
  

extensive	
  gliosis	
  and	
  microglia	
  activation	
  (Morgan	
  et	
  al.,	
  2013).	
  Explanation	
  for	
  the	
  

phenomenon	
  was	
  pinned	
  down	
  to	
  the	
  cross-­‐reactivity	
  of	
  A118	
  TCR	
  with	
  MAGE-­‐A12	
  

antigen,	
  whose	
  expression	
  in	
  human	
  brain	
  was	
  unidentified	
  until	
  then	
  (Morgan	
  et	
  al.,	
  

2013).	
  	
  

Despite	
   the	
   setbacks,	
   studies	
   on	
   the	
   adoptive	
   transfer	
   of	
   supra-­‐physiological	
   1G4-­‐

α95LY	
  TCR	
  (730nM)	
  against	
  testis	
  cancer	
  antigen	
  NYESO-­‐1	
  painted	
  a	
  positive	
  outlook	
  

with	
   low	
   toxicities	
   and	
   high	
   response	
   rate	
   of	
   45%	
   and	
   67%	
   in	
   patients	
   with	
  

metastatic	
  synovial	
  cell	
  sarcoma	
  and	
  melanoma	
  respectively	
  (Robbins	
  et	
  al.,	
  2011).	
  	
  

Nevertheless,	
   cross-­‐	
   and	
   auto-­‐reactivity	
   issues	
   for	
   supra-­‐physiological	
   TCRs	
   still	
  

demand	
   important	
   considerations	
   to	
  be	
  addressed	
   for	
   any	
  adoptive	
  T	
   cell	
   transfer	
  

therapies.	
  Multiple	
  studies	
  have	
  led	
  to	
  the	
  appreciation	
  of	
  co-­‐receptor	
  involvement	
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in	
  mediating	
   supra-­‐physiological	
   TCR	
  cross-­‐reactivity	
  prevalence	
   (Zhao	
  et	
   al.,	
   2007,	
  

Zhong	
   et	
   al.,	
   2013,	
   Holler	
   and	
   Kranz,	
   2003,	
   Holler	
   et	
   al.,	
   2003,	
   Soto	
   et	
   al.,	
   2013).	
  

Supra-­‐physiological	
  TCR	
  cross-­‐reactivity	
  especially	
  with	
  self-­‐pMHC,	
  seems	
  to	
  depend	
  

on	
  CD8	
  expression	
  (Holler	
  and	
  Kranz,	
  2003,	
  Holler	
  et	
  al.,	
  2003,	
  Zhao	
  et	
  al.,	
  2007).	
  This	
  

is	
   probably	
   a	
   biased	
   observation	
   due	
   to	
   lack	
   of	
   sampling	
   where	
   almost	
   all	
  

investigated	
  supra-­‐physiological	
  TCRs	
  are	
  MHC	
  class-­‐I	
  restricted.	
  On	
  the	
  other	
  hand,	
  

there	
   is	
  evidence	
  that	
  suggest	
  a	
  fundamental	
  difference	
   in	
  the	
  activation	
  threshold	
  

of	
  CD4+	
  (~10	
  μM)	
  T	
  cells	
  and	
  CD8+	
  (~300	
  μM)	
  T	
  cells	
  for	
  self-­‐pMHCs	
  as	
  a	
  result	
  of	
  co-­‐

receptor	
   synergies	
   (Stone	
   and	
   Kranz,	
   2013).	
   Indeed,	
   CD8	
   participation	
   have	
   been	
  

shown	
  to	
  further	
  enhance	
  the	
  sensitivity	
  of	
  a	
  TCR	
  to	
  its	
  class-­‐I	
  MHC	
  ligand	
  by	
  up	
  to	
  a	
  

million-­‐fold	
  (Holler	
  and	
  Kranz,	
  2003).	
  

As	
   such,	
   there	
   is	
   a	
   general	
   consensus	
   to	
   preferentially	
   transduce	
   class-­‐I	
   specific	
  

supra-­‐physiological	
  TCRs	
  into	
  CD4+	
  T	
  cell.	
  Apart	
  from	
  the	
  higher	
  affinity	
  threshold	
  for	
  

self-­‐pMHC	
  in	
  CD4+	
  T	
  cells,	
  CD4+	
  T	
  cells	
  also	
  regulate	
  cytokines	
  that	
  elicit	
  anti-­‐tumour	
  

activities	
  that	
  can	
  also	
  promote	
  the	
  survival,	
  proliferation	
  and	
  effector	
  functions	
  of	
  

CD8+	
  cytotoxic	
   T	
   cells	
   (Quezada	
   et	
   al.,	
   2010,	
   Antony	
   et	
   al.,	
   2005).	
   The	
   heightened	
  

affinities	
  of	
  supra-­‐physiological	
  TCR	
  would	
  also	
  relinquish	
  any	
  requirement	
   for	
  CD8	
  

co-­‐receptor	
  binding,	
  permitting	
  CD4-­‐specific	
  T	
  cell	
  activities	
  in	
  vivo.	
  Indeed,	
  the	
  only	
  

study	
  resulting	
  in	
  the	
  long	
  term	
  control	
  of	
  established	
  tumours	
  was	
  performed	
  with	
  

CD4+	
   T	
   cells	
   transduced	
   with	
   a	
   class-­‐I	
   specific	
   supra-­‐physiological	
   (KD)	
   30nM	
   TCR	
  

(Soto	
  et	
  al.,	
  2013).	
  CD8+	
  T	
  cells	
  transduced	
  with	
  this	
  receptor	
  were	
  rapidly	
  deleted	
  in	
  

vivo,	
   while	
   CD4+	
   T	
   cells	
   transduced	
   with	
   the	
   high-­‐affinity	
   TCR	
   exhibited	
   superior	
  

tumour-­‐control	
   properties	
   as	
   compared	
   to	
   the	
  WT	
  TCR	
   (KD	
   =	
   30μM).	
   Interestingly,	
  

supra-­‐physiological	
   CD8+	
   T	
   cells	
  were	
   eventually	
   deleted	
   in	
   vivo.	
   It	
   is	
   important	
   to	
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ensure	
  that	
  such	
  effects	
  are	
  not	
  an	
  artefact	
  of	
  the	
  experimental	
  systems	
  and	
  can	
  be	
  

reproducible	
  in	
  multiple	
  systems.	
  

To	
  summarise,	
  despite	
  the	
  successful	
  anti-­‐tumour	
  effects	
  of	
  supra-­‐physiological	
  TCRs	
  

in	
  vivo	
  there	
  are	
  a	
  number	
  of	
  serious	
  caveats,	
  particularly	
  with	
  TCR	
  cross-­‐reactivity	
  

and	
   off-­‐target	
   activities.	
   While	
   limited	
   successes	
   were	
   observed	
   in	
   certain	
   TCR	
  

systems,	
  there	
  are	
  increasing	
  attempts	
  to	
  focus	
  on	
  adoptive	
  T	
  cell	
  transfers	
  of	
  CD4+	
  T	
  

cells	
   alone.	
   More	
   work	
   is	
   necessary	
   to	
   decipher	
   the	
   value	
   of	
   synergistic	
   or	
  

antagonistic	
  receptor	
  cross-­‐talk	
  between	
  the	
  supra-­‐physiological	
  TCR	
  and	
  various	
  co-­‐

receptors	
  and	
  co-­‐stimulatory	
  receptors.	
  	
  

5.2	
  Project	
  aims	
  and	
  objectives	
  

An	
  accurate	
  understanding	
  of	
   the	
  TCR-­‐pMHC	
   interaction	
   is	
   crucial,	
  not	
   just	
   for	
   the	
  

satisfaction	
   of	
   solving	
   an	
   age-­‐old	
   problem,	
   but	
   also	
   for	
   the	
   rational	
   design	
   of	
  

effective	
  therapeutic	
  TCRs.	
  	
  

While	
  a	
  number	
  of	
  mathematical	
  models	
  have	
  been	
  formulated	
  for	
  the	
  interaction,	
  

constraints	
   on	
   the	
   availability	
   of	
   experimental	
   tools	
   have	
   hindered	
   the	
   systematic	
  

analysis	
  of	
  the	
  various	
  mathematical	
  models.	
  For	
  example,	
  the	
  limited	
  affinity	
  range	
  

of	
  physiological	
  TCRs	
  (1-­‐100μM)	
  is	
   insufficient	
  for	
  testing	
  the	
  validity	
  of	
  the	
  various	
  

mathematical	
   models.	
   As	
   represented	
   in	
   figure	
   5.2,	
   clear	
   discrimination	
   between	
  

different	
  models	
  may	
   require	
  TCR-­‐pMHC	
   interactions	
  whose	
   t1/2	
   ranges	
  between	
  6	
  

log	
  values	
  or	
  a	
  million-­‐fold.	
  	
  

In	
   addition,	
   many	
   published	
   data	
   that	
   were	
   suggestive	
   of	
   the	
   mentioned	
   T	
   cell	
  

activation	
  models	
  were	
  really	
  only	
  based	
  on	
  a	
  limited	
  number	
  of	
  data	
  points	
  for	
  each	
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TCR	
   that	
   were	
   not	
   representative	
   of	
   a	
   full	
   stimulation	
   curve	
   [e.g. 3-­‐5	
   pMHC	
  

concentrations	
  in	
  (Francois	
  et	
  al.,	
  2013,	
  Gonzalez	
  et	
  al.,	
  2005)].	
  

In	
  order	
  to	
  resolve	
  the	
  difference	
  between	
  the	
  various	
  T	
  cell	
  activation	
  models,	
  we	
  

generate	
   a	
   panel	
   of	
   supra-­‐physiological	
   TCR-­‐pMHC	
   interactions	
  with	
   affinities	
   that	
  

varies	
  105-­‐fold	
  by	
  mutating	
  key	
  residues	
  within	
  the	
  cognate	
  pMHC.	
  These	
  reagents	
  

were	
   tested	
   for	
   their	
   ability	
   to	
   activate	
   T	
   cells	
   transduced	
   with	
   the	
   supra-­‐

physiological	
  TCRs	
  across	
  a	
  large	
  range	
  of	
  concentrations.	
  Results	
  from	
  these	
  studies	
  

will	
   help	
   inform	
   the	
   validity	
   of	
   the	
   various	
   mathematical	
   models	
   presented	
   in	
  

introduction.	
  

5.3.1.	
  Comprehensive	
  Analysis	
  of	
  1G4hi	
  TCR	
  and	
  HLA-­‐A2/NYESO-­‐1	
  contact	
  

In	
  this	
  study,	
  we	
  utilise	
  the	
  1G4	
  c58/c61	
  supra-­‐physiologic	
  TCR	
  (hereby	
  referred	
  to	
  as	
  

the	
   1G4hi	
   TCR)	
   as	
   a	
   uniquely	
   useful	
   tool	
   in	
   the	
   analysis	
   and	
   validation	
   of	
   TCR	
  

signalling	
  models,	
   since	
   it	
   is	
  much	
  easier	
   to	
   identify	
   ligand	
  variants	
  with	
  a	
   reduced	
  

affinity	
   than	
   vica	
   versa.	
   Since	
   1G4hi	
   TCR	
   has	
   affinity	
   of	
   70pM	
   for	
   the	
   NYESO-­‐1/9V	
  

index	
  peptide	
  (hereby	
  referred	
  to	
  as	
  9V	
  peptide;	
  peptide	
  residue	
  number	
  9	
  +	
  altered	
  

residue	
  Valine),	
  it	
  is	
  theoretically	
  possible	
  to	
  generate	
  a	
  panel	
  of	
  pMHC	
  ligands	
  with	
  

a	
   wide	
   range	
   of	
   affinities,	
   ranging	
   from	
   well	
   above	
   to	
   below	
   the	
   usual	
   affinities.	
  

Choice	
   of	
   the	
   9V	
   peptide	
   instead	
   of	
   the	
   natural	
   9C	
   ligand	
   was	
   informed	
   by	
   the	
  

improved	
   stability	
   and	
   the	
   stimulatory	
   capacity	
   of	
   the	
   9V	
   peptide	
   (Bownds	
   et	
   al.,	
  

2001,	
  Chen	
  et	
  al.,	
  2000).	
  Conserved	
  mutations	
  affecting	
  MHC	
  residues	
  with	
   limited	
  

contact	
   with	
   TCR	
   residues	
   would	
   generate	
   TCR-­‐pMHC	
   complexes	
   with	
   modest	
  

changes	
  in	
  the	
  affinity.	
  Changes	
  to	
  pMHC	
  residues	
  mediating	
  close	
  contacts	
  with	
  TCR	
  

residues	
  on	
  the	
  other	
  hand,	
  would	
  lead	
  to	
  a	
  more	
  drastic	
  reduction	
  in	
  affinity.	
  	
  



CHAPTER	
  5   
 

  160 

The	
  1G4hi	
  TCR	
  described	
  in	
  this	
  work	
  was	
  first	
  generated	
  via	
  phage	
  display	
  methods	
  

by	
  Boulter	
  and	
  colleagues	
  (Li	
  et	
  al.,	
  2005).	
  	
  The	
  co-­‐crystal	
  of	
  the	
  TCR	
  and	
  its	
  cognate	
  

pMHC,	
   HLA-­‐A*0201/	
   SLLMWITQC	
   was	
   later	
   crystallised	
   (Sami	
   et	
   al.,	
   2007)	
   and	
  

unsurprisingly,	
   differences	
   between	
   the	
   wild	
   type	
   1G4	
   TCR	
   and	
   the	
   high	
   affinity	
  

variant	
  are	
  largely	
  centred	
  on	
  the	
  CDR	
  2	
  and	
  3	
  region	
  of	
  the	
  TCR	
  (Figure	
  5.4).	
  	
  

The	
  availability	
  of	
  the	
  co-­‐crystal	
  offers	
  a	
  great	
  vantage	
  point	
  for	
  examining	
  residues	
  

mediating	
   close	
   contacts	
   between	
   the	
   1G4hi	
   TCR	
   and	
  HLA-­‐A2/9C.	
   HLA-­‐A2	
   residues	
  

within	
  6Å	
  from	
  the	
  plane	
  of	
  the	
  TCR-­‐pMHC	
  interface	
  (based	
  on	
  the	
  1G4-­‐WT	
  crystal)	
  

were	
   examined	
   and	
   their	
   close	
   contact	
   residues	
   on	
   the	
   1G4hi	
   TCR	
   molecules	
  

identified	
   (Table	
  5.1).	
  Close	
  contacts	
   in	
   this	
  case	
  were	
  defined	
  as	
  any	
  TCR	
  residues	
  

with	
   atoms	
   within	
   4Å	
   of	
   the	
   selected	
   1G4hi	
   TCR	
   residues.	
   For	
   comparison,	
   the	
  

analysis	
  was	
  also	
  performed	
  on	
  1G4-­‐WT	
  TCRs,	
  based	
  on	
  the	
  structure	
  described	
  by	
  

Cerundolo	
   and	
   colleagues	
   (Chen	
   et	
   al.,	
   2005).	
   	
   Contact	
   residues	
   and	
   distances	
  

between	
   HLA-­‐A2	
   and	
   both	
   the	
   1G4-­‐WT	
   or	
   1G4hi	
   TCR	
   are	
   largely	
   similar.	
   Similar	
  

proximity	
  analysis	
  of	
  the	
  peptides	
  to	
  the	
  TCR	
  was	
  also	
  performed	
  and	
  is	
  presented	
  in	
  

Table	
  5.2.	
  Note	
  the	
  extensive	
  TCR	
  residue	
  contacts	
  by	
  peptide	
  residues	
  4M	
  and	
  5W	
  

for	
  both	
  1G4-­‐WT	
  and	
  1G4hi	
  TCR.	
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Figure 5.4 Comparison of mutated residues between 1G4-WT and 1G4hi TCRs 

Difference in residues between (a) Wild-type 1G4 TCR and (b) 1G4hi TCR are 
highlighted in purple. TCR alpha chain is denoted in light green while the beta chain 
is presented in a darker shade of green. (c) A list of the 14 amino acid residue 
changes is presented in table form. Residues in the table are colour coded 
depending on their respective CDR loop positions. Light green = CDR2α; Darker 
green = CDR3α; Light blue = CDR2β; Darker blue = CDR3β. The crystal structures 
are derived from Sammi et al for 1G4hi [PDB:2P5E; (Sami et al., 2007)] and Chen et 
al for 1G4-WT [PDB: 2BNR (Chen et al., 2005)].  

A	
  

B	
  

C	
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Table 5.1 Comprehensive analysis of distances between HLA-A2 residues and 1G4hi or 1G4-WT TCR 

HLA-A2 residues within 6Å of from the plane of the TCR-pMHC interface were examined and their close contact residues on the 1G4hi 
TCR molecules were identified using the Pymol analysis software. Close contact resides were defined as residues within 4Å of each 
other. Black residues denote TCRα chain contact while red residues depict TCRβ chain contact.  Residues are underlined if they 
represent altered residues between 1G4-WT and 1G4hi TCR. 
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Table 5.2 Comprehensive analysis of distances between NYESO-1157-165 peptide SLLMWITQC and 1G4hi or 1G4-WT TCR 

TCR residues closest to individual peptide residues were systematically analysed using Pymol software and the closest distance recorded. Residues 
in black denote TCR α chain contact while red residues depict TCRβ chain contact.  Residues are underlined if they represent altered residues 
between 1G4-WT and 1G4hi TCR. A crystallographic structure shows the 1G4hi TCR in contact with peptide (with HLA-A2 not shown). The crystal 
structures are derived from Sammi et al for 1G4hi [PDB:2P5E; (Sami et al., 2007)].   
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5.3.2	
  Generating	
  pMHC	
  variants	
  with	
  105-­‐fold	
  affinity	
  range	
  for	
  1G4hi	
  TCR	
  

Three	
   strategies	
   were	
   used	
   in	
   an	
   attempt	
   to	
   reduce	
   the	
   affinity	
   of	
   pMHC	
   for	
   the	
  

1G4hi	
  TCR	
  back	
  to	
  the	
  physiological	
  range,	
  based	
  on	
  the	
  analysis	
  from	
  Tables	
  5.1	
  and	
  

5.2.:	
  	
  

(i)	
  Mutating	
  residues	
  on	
  HLA-­‐A2	
  α1	
  and	
  α2	
  strands	
  mediating	
  TCR	
  contacts;	
  	
  

(ii)	
  Utilising	
  altered	
  peptide	
  ligands;	
  	
  

(iii)	
  Utilising	
  altered	
  peptide	
  ligands	
  in	
  combination	
  with	
  mutated	
  HLA-­‐A2	
  molecules.	
  

To	
  disrupt	
  1G4hi	
  TCR	
  binding,	
  selected	
  HLA-­‐A2	
  residues	
  were	
  mutated	
  to	
  alanine	
  (or	
  

glycine	
  if	
  they	
  were	
  alanine	
  to	
  begin	
  with)	
  and	
  complexed	
  with	
  either	
  the	
  9V	
  index	
  

peptide	
  or	
  any	
  other	
  altered	
  peptide	
   ligands.	
  HLA-­‐A2	
  molecules	
  were	
  annotated	
   in	
  

this	
   study	
   by	
   their	
  mutated	
   residue	
  numbers;	
   followed	
  by	
   the	
   position	
   and	
   amino	
  

acid	
   of	
   the	
   altered	
   peptide	
   ligand	
   (e.g.	
   72,75/	
   5P	
   denotes	
   HLA-­‐A2	
  molecules	
  with	
  

alanine	
   mutations	
   in	
   its	
   72th	
   and	
   75th	
   residue	
   in	
   complex	
   with	
   the	
   SLLMPITQV	
  

peptide;	
   while	
  WT/5P	
   denotes	
   a	
   wild	
   type	
   HLA-­‐A2	
   molecule	
   in	
   complex	
   with	
   the	
  

SLLMPITQV	
  peptide).	
  

Soluble	
  pMHC	
  variants	
  were	
  generated	
  via	
  in-­‐vitro	
  refolding	
  of	
  bacterially	
  produced	
  

HLA-­‐A2	
  heavy	
   chains,	
  β2-­‐microglobulin	
  and	
   the	
  altered	
  peptide	
   ligands.	
   The	
  heavy	
  

chains	
  also	
  contain	
  a	
  BirA-­‐tag	
  for	
  biotinylation	
  using	
  BirA	
  enzymes	
  and	
  biotinylated	
  

pMHC	
  variants	
  were	
  purified	
  by	
  gel-­‐filtration.	
  	
  

Binding	
  of	
   the	
  1G4hi	
  TCR	
  to	
  pMHC	
  variants	
  were	
  analysed	
  by	
  SPR	
  on	
  BIAcore	
  3000	
  

(GE	
   Healthcare)	
   at	
   37°C.	
   The	
   association	
   and	
   dissociation	
   phase	
  were	
   curve-­‐fitted	
  

and	
   their	
   respective	
   kinetic	
   parameters	
   (kon	
   and	
   koff)	
   extracted.	
   Figure	
   5.5a	
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demonstrates	
  a	
  typical	
  association	
  and	
  dissociation	
  curve	
  from	
  a	
  single-­‐cycle	
  kinetics	
  

analysis	
   between	
  a	
  high	
   affinity	
   TCR-­‐pMHC	
   interaction	
   (WT/9V,	
   KD	
   =	
   88	
  pM).	
  Only	
  

one	
   single	
   concentration	
   of	
   TCR	
   was	
   used	
   in	
   this	
   case	
   as	
   a	
   result	
   of	
   the	
   long	
  

experimental	
  time	
  where	
  TCR	
  dissociation	
  occurs	
  in	
  the	
  range	
  of	
  hours.	
  Figure	
  5.5b	
  

depicts	
   typical	
   association	
  and	
  dissociation	
  phases	
   for	
  multiple	
  TCR	
  concentrations	
  

with	
  interaction	
  towards	
  the	
  physiological	
  range	
  (WT/8K,	
  KD	
  =	
  0.13	
  μM).	
  The	
  binding	
  

parameters	
  are	
  presented	
  in	
  orders	
  of	
  decreasing	
  affinity	
  in	
  Table	
  5.3.	
  	
  

A	
   five-­‐order	
   range	
   of	
   affinities	
   was	
   achieved	
   for	
   the	
   various	
   pMHC	
   mutants.	
  

Reduction	
   in	
   affinity	
   is	
   mostly	
   brought	
   about	
   by	
   the	
   increase	
   in	
   off	
   rate,	
   as	
   kon	
  

remains	
   largely	
  similar	
  (ranging	
  between	
  2	
  x	
  105/s	
  to	
  1.88	
  x	
  106/s).	
  Consistent	
  with	
  

the	
  data	
  presented	
  in	
  the	
  previous	
  section,	
  changes	
  in	
  peptide	
  (using	
  altered	
  peptide	
  

ligands)	
   generally	
   resulted	
   in	
   a	
  more	
   drastic	
   reduction	
   of	
   affinity,	
   as	
   compared	
   to	
  

changes	
  in	
  HLA-­‐A2	
  residues.	
  As	
  such,	
  the	
  use	
  of	
  certain	
  altered	
  peptide	
  ligands	
  (e.g.	
  

4D,	
   5P)	
   can	
   function	
   as	
   a	
   ‘coarse	
   tune’	
   and	
   the	
   mutation	
   of	
   residues	
   on	
   HLA-­‐A2	
  

functioning	
  as	
  the	
  ‘fine	
  tune’	
  for	
  changes	
  in	
  affinity.	
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Figure 5.5 Kinetics measurements of pMHC variants to 1G4hi or 1G4-WT TCRs 

Representative SPR measurements of (a) a single injection of 1G4hi TCR over an 
immobilized, high affinity ligand (~120 RU) represented by HLA-A2/ 9V complex in 
this case. (b) Multiple 1G4hi concentration injections over immobilized, lower affinity 
ligands (~120 RU) represented by HLA-A2/ 8K. Note the difference in dissociation 
time between the high affinity interaction (~ hours) and the low affinity interaction (~ 
minutes). Both association and dissociation of 1G4hi and the immobilized ligands 
were curve fitted for the derivation of kon and koff values (see Methods and 
Materials).  

A	
  

B	
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Table 5.3 Kinetics and affinity values of pMHC variants for 1G4hi TCR 

kon, koff and KD values (in units M-1s-1, s-1, and M, respectively) were determined  by 
SPR and are arranged by ascending KD. The values shown are the means of at 
least 3 separate measurements at 37°C. The SEMs were less than 2% of the 
respective koff or kon mean values with the following exceptions: SEMs for kon 
determinations for 69,154/5F; WT/5Y; 69,154/8K and WT/8E were 3.51%, 2.14%, 
4.04% and 2.28% of their means, respectively. The KD measurements for 72,75/ 5P 
was derived from both kinetic and equilibrium binding analysis. 
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5.3.3	
  Jurkat	
  T	
  cell	
  activations	
  by	
  pMHC	
  variants	
  

To	
  investigate	
  the	
  relationship	
  between	
  the	
  various	
  binding	
  parameters	
  (koff,	
  KD)	
  and	
  

T	
  cell	
  activation,	
  1G4hi	
  TCR	
  were	
  stably	
  transduced	
  into	
  Jurkat	
  T	
  cells	
  expressing	
  the	
  

CD8a	
  co-­‐receptors	
  (Figure	
  5.6).	
  These	
  Jurkat	
  T	
  cells	
  were	
  also	
  stably	
  transfected	
  with	
  

an	
   NFAT-­‐Luciferase	
   reporter	
   system,	
   which	
   allows	
   effective	
   monitoring	
   of	
   TCR	
  

signalling	
  pathways	
  associated	
  with	
  the	
  activation	
  of	
  the	
  NFAT	
  transcription	
  factor,	
  

notably	
  increases	
  in	
  cytosolic	
  calcium.	
  	
  

Biotinylated	
  pMHC	
  variants	
  were	
   titrated	
  at	
   a	
  1.5-­‐fold	
  dilution	
  across	
   streptavidin-­‐

coated	
   96	
   well	
   plates.	
   To	
   control	
   for	
   the	
   level	
   of	
   pMHC	
   immobilisation	
   onto	
   the	
  

streptavidin-­‐coated	
  plates	
  in	
  every	
  experiment,	
  a	
  control	
  replica	
  plate	
  was	
  prepared	
  

using	
   the	
   same	
   batch	
   of	
   pMHC	
   and	
   the	
   level	
   of	
   immobilisation	
   verified	
   using	
   a	
  

conformationally	
   sensitive	
   anti-­‐HLA-­‐Class	
   I	
   monoclonal	
   antibody	
   W6/32	
   (Figure	
  

5.7a).	
  The	
  immobilised	
  levels	
  were	
  normalised	
  against	
  an	
  index	
  pMHC.	
  

For	
  stimulation,	
  1G4hi-­‐expressing	
  hCD8a+	
  NFAT-­‐Luciferase	
  Jurkat	
  T	
  cells	
  were	
  added	
  

onto	
  the	
  test	
  plates	
  overnight	
  and	
  the	
   levels	
  of	
   luciferase	
  production	
  as	
  a	
  result	
  of	
  

downstream	
  NFAT	
  activation	
  were	
  assayed	
  after	
  coelentarazine-­‐H	
  substrate	
  addition	
  

using	
  a	
  plate	
  reader	
  (PherastarPlus,	
  BMG	
  Lab	
  Tech).	
  The	
  results	
  are	
  plotted	
  on	
  Figure	
  

5.7b,	
   where	
   the	
   normalised	
   pMHC	
   concentrations	
   were	
   plotted	
   against	
   the	
  

bioluminescence	
  as	
  a	
  result	
  of	
  NFAT-­‐Luciferase	
  activity.	
  The	
  data	
  were	
  fitted	
  using	
  a	
  

standard	
  Gaussian	
  function	
  on	
  a	
  log	
  scale.	
  	
  

Unexpectedly,	
   almost	
   all	
   pMHC	
   variants	
   tested	
   displayed	
   an	
   optimal	
   pMHC	
  

concentration	
  with	
  respect	
  to	
  NFAT-­‐Luciferase	
  expression.	
  A	
  Gaussian	
  function	
  was	
  

used	
   to	
   fit	
   the	
   data.	
   pMHC	
   concentrations	
   inducing	
   maximal	
   luciferase	
   activities	
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correlated	
  with	
  increasing	
  affinities	
  (lower	
  KD	
  and	
  koff)	
  of	
  the	
  TCR-­‐pMHC	
  interaction	
  

(Figure	
  5.11).	
  

	
  

	
  

	
  

	
   	
  

Figure 5.6 Lentiviral transduction of 1G4hi into Jurkat T cells 

Untransduced (red), 1G4-WT (black) or 1G4hi (green) TCR transduced T cells were 
stained for surface TCR expression using HLA-A2 tetramers conjugated with 
Phycoerythrin (PE) and analysed using FACS. The HLA-A2-PE tetramers were 
provided by Dr Annika Bruger and Professor Oreste Acuto, University of Oxford) 

Untransduced	
  Jurkat 
Jurkat-­‐1G4 
Jurkat-­‐1G4hi 

HLA-­‐A2	
  tetramer 
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To	
   verify	
   these	
   results,	
   the	
   assay	
   was	
   repeated	
   in	
   using	
   IL-­‐8	
   as	
   an	
   alternative	
  

readout.	
  Barely	
  detectable	
   in	
  resting	
  condition,	
   IL-­‐8	
   is	
  the	
  founding	
  member	
  of	
  the	
  

chemokine	
  superfamily	
  and	
  is	
  rapidly	
  inducible	
  in	
  response	
  to	
  cellular	
  stress	
  factors	
  

induced	
  by	
  bacterial,	
  viral	
  or	
  other	
  pro-­‐inflammatory	
  cytokines	
  such	
  as	
  IL-­‐1	
  and	
  TNF.	
  

IL-­‐8	
  is	
  regulated	
  by	
  the	
  recruitment	
  of	
  transcription	
  factors	
  including	
  NFκB	
  and	
  AP-­‐1	
  

to	
  its	
  promoter	
  region	
  (Hoffmann	
  et	
  al.,	
  2002)	
  and	
  is	
  hence	
  a	
  justifiable	
  downstream	
  

readout	
  for	
  T	
  cell	
  activation.	
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Figure 5.7 NFAT activation in Jurkat T cells  

(a) Levels of biotinylated pMHC immobilisation were assessed on streptavidin-
coated plates using mouse anti-HLA class-I antibody (clone W6/32) and an anti-
mouse IRDye 800CW secondary antibody (LI-COR; Cat no. 926-32210). 
Immobilisation levels were analysed using the LI-COR Odyssey® Sa system and 
normalised against an index pMHC (WT/4A). (b) 5 x 104 Jurkat T cells were added 
per well and incubated for 16 hours before lysis and measurement of 
bioluminescence. NFAT luciferase expression were plotted as a function of the 
normalised pMHC levels in (a) and fitted using a Gaussian function. This is a 
representative figure of 3 separate experiments. 

A	
   B	
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T	
  cells	
  were	
  subjected	
  to	
   identical	
  stimulation	
  conditions	
  as	
  described	
  in	
  Figure	
  5.7	
  

but,	
   instead	
   of	
   lysing	
   the	
   cell	
   for	
   assaying	
   luciferase	
   activity,	
   the	
   supernatant	
  was	
  

isolated	
  and	
  assayed	
  for	
  IL-­‐8	
  using	
  ELISA.	
  Just	
  as	
  the	
  NFAT-­‐Luciferase	
  readout,	
  pMHC	
  

concentration	
  optimums	
  were	
  observed	
  for	
  almost	
  every	
  pMHC	
  variants	
  tested.	
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Figure 5.8 Measurement of IL-8 secretion from Jurkat T cells 

Jurkat T cells expressing 1G4hi TCR were subjected to identical experimental 
conditions to that described in Figure 5.8. Cell supernatant were harvested after 
16 hours and analysed for IL-8 secretion by ELISA. As with figure 5.8, IL-8 
secretions were plotted as a function of normalised pMHC levels and curve fitted 
using a Gaussian function. This is a representative figure of 2 separate 
experiments. 
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5.3.4	
  Primary	
  T	
  cell	
  activations	
  by	
  pMHC	
  variants	
  

All	
   results	
   obtained	
   thus	
   far	
   were	
   derived	
   from	
   Jurkat	
   T	
   cell	
   lines;	
   to	
   see	
   if	
   such	
  

trends	
   are	
   reproducible	
   in	
   a	
   more	
   physiological	
   system,	
   we	
   sought	
   to	
   verify	
   our	
  

results	
   in	
   primary	
   T	
   cells.	
   To	
   this	
   end,	
   CD8+	
   T	
   cells	
   were	
   isolated	
   from	
   HLA-­‐A2	
  

negative	
   donors	
   and	
   the	
   1G4hi	
   TCRs	
  were	
   introduced	
   into	
   the	
   cells	
   using	
   lentiviral	
  

transduction.	
   Transduction	
   efficiencies	
   ranged	
   between	
   50-­‐60%	
   and	
   cell	
  

proliferation	
   persists	
   for	
   up	
   to	
   4	
   weeks	
   in	
   IL-­‐2	
   supplemented	
   media	
   following	
  

transduction	
  (Figure	
  5.9).	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

To	
   determine	
   if	
   the	
   observed	
   optimal	
   pMHC	
   concentrations	
   were	
   also	
   present	
   in	
  

primary	
  T	
  cells,	
  1G4hi	
  TCR-­‐expressing	
  primary	
  CD8+	
  T	
  cells	
  were	
  stimulated	
  with	
  36	
  

titrations	
  of	
  the	
  index	
  pMHC	
  (WT/	
  9V)	
  for	
  4	
  or	
  48	
  hours,	
  after	
  which	
  the	
  IFNγ	
  or	
  IL-­‐2	
  

concentrations	
  were	
  measured	
  respectively	
  using	
  ELISA.	
  Unlike	
  the	
  Jurkat	
  T	
  cells,	
  no	
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Figure 5.9 Lentiviral transduction and proliferation of primary human CD8+ T 
cells 

CD8+ T cells were isolated from HLA-A2 negative PBMCs and transduced with 
concentrated 1G4hi TCR lentiviral constructs. (a) Transduced T cells were verified 
by FACs using PE-conjugated HLA-A2/NYESO-9V tetramers. (b) Live cell count 
of 1G4hi- transduced primary T cells. 
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optimal	
   pMHC	
   concentration	
   for	
   T	
   cell	
   activation	
   was	
   observed	
   (Figure	
   5.10).	
  

Interestingly,	
   IL-­‐2	
   secretion	
  exhibited	
   a	
   ‘switch-­‐like’	
   response	
  whilst	
   IFNγ	
   secretion	
  

followed	
  a	
  more	
  gradual	
  pattern.	
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Figure 5.10 No optimum pMHC concentration observed for primary T cells 

Transduced T cells were stimulated with the indicated concentrations of HLA-A2/ 
9V pMHC and the supernatant were harvested after 4 and 48 hours for IFNγ and 
IL-2 analysis via ELISA respectively.  
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5.3.5	
  koff	
  and	
  KD	
  correlates	
  with	
  EC50	
  	
  

The	
  kinetic	
  proofreading	
  model	
  with	
  limited	
  signalling	
  (also	
  known	
  as	
  the	
  productive	
  

hit	
   rate	
   model)	
   predicts	
   a	
   correlation	
   between	
   KD	
   values	
   and	
   EC50	
   as	
   well	
   as	
   a	
  

correlation	
  between	
  koff	
  and	
  the	
  Emax.	
  Such	
  predictions	
  would	
  not	
  hold	
  true	
  for	
  the	
  

affinity	
  model,	
  which	
  only	
  predicts	
  only	
  the	
  former	
  (Dushek	
  et	
  al.,	
  2011).	
  	
  

To	
   verify	
   this	
  within	
   the	
  high	
   affinity	
   TCR	
   system,	
   koff	
   and	
  KD	
  were	
  plotted	
   against	
  

pMHC	
   concentration	
   and	
  maximum	
   amplitude	
  values	
   extracted	
   from	
   the	
  Gaussian	
  

curve	
   (Figure	
   5.11).	
   The	
   concentration	
   producing	
  maximal	
   activation,	
   also	
   derived	
  

from	
   the	
   Gaussian	
   fit,	
   was	
   used	
   as	
   a	
   proxy	
   for	
   EC50.	
   A	
   linear	
   regression	
   was	
  

performed	
  on	
  the	
  data	
  to	
  test	
  the	
  degree	
  of	
  correlation.	
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Figure 5.11 koff values correlates with EC50 

koff or KD values were plotted against EC50 or amplitude values extracted from the 
Gaussian fit as described in Figures 5.9 and 5.10. A linear regression was 
performed to determine the degree of correlation.  
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Consistent	
  with	
  previous	
  reports,	
   there	
   is	
  a	
  significant	
  correlation	
  between	
  koff	
  and	
  

KD	
  with	
  EC50	
   for	
  both	
   IL-­‐8	
  secretion	
  and	
  NFAT	
  expression.	
  Although	
  not	
  statistically	
  

significant,	
  KD	
  and	
  koff	
  also	
  correlated	
  inversely	
  with	
  amplitude	
  for	
  NFAT	
  expression.	
  

Maximal	
  secretion	
  of	
  IL-­‐8	
  however,	
  appears	
  to	
  be	
  similar	
  across	
  pMHC	
  with	
  differing	
  

kinetics.	
  The	
  tight	
  correlation	
  between	
  KD	
  and	
  koff	
  would	
  explain	
  their	
  near-­‐identical	
  

correlation	
   pattern	
   for	
   EC50	
   and	
   amplitude	
   (Figure	
   5.12).	
   These	
   results	
   echo	
   the	
  

findings	
  by	
  Dushek	
  et	
  al	
  and	
  provide	
  additional	
  evidence	
  against	
  the	
  affinity	
  model	
  

and	
  in	
  favour	
  of	
  kinetic	
  proofreading	
  models	
  (Dushek	
  et	
  al.,	
  2011).	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 5.12 Near perfect correlation between koff and KD for pMHC variants  

The koff values for pMHC variants used in this study were plotted as a function of 
their respective KD. There is a strong correlation between the two parameters, 
consistent with the data presented in Table 5.3. 
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5.3.6	
  An	
  optimal	
  dwell	
  time	
  is	
  observed	
  for	
  low	
  pMHC	
  concentrations	
  

Models	
   of	
   T	
   cell	
   activation	
   that	
   have	
   been	
   proposed	
   (see	
   introduction)	
   can	
   be	
  

distinguished	
  on	
  the	
  basis	
  of	
  whether	
  they	
  do	
  or	
  do	
  not	
  predict	
  an	
  optimal	
  koff	
  for	
  T	
  

cell	
   activation.	
   Of	
   the	
   latter	
   some	
   models	
   predict	
   an	
   optimal	
   koff	
   at	
   all	
   pMHC	
  

concentrations	
  whereas	
  others	
  predict	
  that	
  an	
  optimal	
  koff	
  will	
  only	
  be	
  observed	
  at	
  

low	
  pMHC	
  concentrations.	
  To	
  determine	
   if	
   there	
   is	
  an	
  optimum	
  kinetic	
  exists	
   for	
  T	
  

cell	
  activation	
  within	
  the	
  1G4hi	
  TCR	
  system,	
  koff	
  was	
  plotted	
  against	
  NFAT	
  expression	
  

or	
  IL-­‐8	
  secretion	
  (data	
  derived	
  from	
  Figures	
  5.7	
  and	
  5.8).	
  The	
  plot	
  described	
  in	
  Figure	
  

5.13	
   represents	
   four	
   separate	
   concentrations	
  of	
  pMHC	
  within	
  a	
   single	
  experiment.	
  

An	
  optimal	
  koff	
  was	
  observed	
  for	
  low	
  pMHC	
  concentrations,	
  while	
  no	
  such	
  optimum	
  

was	
   observed	
   for	
   Jurkat	
   T	
   cells	
   at	
   higher	
   pMHC	
   concentration.	
   The	
   increased	
  

stimulatory	
   capacity	
   of	
   lower-­‐concentration	
   peptides	
   in	
   Figure	
   5.13a	
   is	
   due	
   to	
   the	
  

presence	
   of	
   a	
   pMHC	
   optimum.	
   Apart	
   from	
   the	
   presence	
   of	
   an	
   optimum	
   pMHC	
  

concentration	
   for	
  T	
  cell	
   activation,	
   the	
   results	
  described	
  here	
   is	
   in	
  agreement	
  with	
  

existing	
  mathematical	
  studies	
  (Gonzalez	
  et	
  al.,	
  2005).	
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Figure 5.13 Exhibition of optimal koff is dependent on pMHC concentrations 

T cell activation in the form of (a) IL-8 secretion and (b) NFAT expression were 
plotted as a function of koff for the indicated concentrations of immobilized pMHC. 
Optimum koff values were only observed at low pMHC concentrations, in 
agreement with previous studies. The disparity between high/ low concentration in 
(a) and (b) is a result of two independent data sets from two separate 
experiments, and they are not intended for direct comparisons.  
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5.4	
  Discussion	
  

Affinities	
  of	
  normal	
  TCR-­‐pMHC	
  interactions	
  typically	
  vary	
  from	
  1-­‐100μM,	
  spanning	
  a	
  

100-­‐fold	
   range	
   (Rudolph	
   et	
   al.,	
   2006).	
   Here	
  we	
   have	
   generated	
   and	
   characterised	
  

TCR-­‐pMHC	
  interactions	
  with	
  up	
  to	
  100,000-­‐fold	
  differences	
  in	
  range.	
  This	
  was	
  made	
  

possible	
  by	
  the	
  systematic	
  mutation	
  of	
  both	
  peptide	
  and	
  MHC	
  residues	
  that	
  binds	
  to	
  

the	
  high	
  affinity	
  1G4hi	
  (1G4	
  c58/c61)	
  TCR	
  with	
  a	
  70pM	
  affinity	
  for	
  the	
  non-­‐mutated	
  

index	
  9V	
  peptide.	
  	
  

Mutations	
   to	
   the	
   peptide	
   residues	
   by	
   using	
   altered	
   peptide	
   ligands	
   had	
   a	
   larger	
  

impact	
  on	
  the	
  affinity	
  of	
  the	
   interaction	
   in	
  general.	
  This	
  was	
  especially	
  true	
  for	
  the	
  

5th	
  residue	
  of	
  the	
  peptide,	
  a	
  bulky	
  tryptophan,	
  described	
  in	
  the	
  previous	
  chapter	
  as	
  

the	
   ‘flamboyant’	
   or	
   prominent	
   structural	
   feature	
   of	
   the	
   peptide.	
   Decreases	
   in	
  

affinities	
  were	
  mostly	
  due	
  to	
  reductions	
  in	
  the	
  koff	
  as	
  opposed	
  to	
  differences	
  in	
  kon.	
  	
  

The	
  panel	
  of	
  pMHC	
  ligands	
  represent	
  an	
  excellent	
  tool	
  for	
  the	
  study	
  of	
  how	
  affinities	
  

and	
   rates	
   may	
   affect	
   the	
   output	
   of	
   TCR	
   signalling.	
   Representative	
   pMHCs	
   with	
   a	
  

100,000-­‐fold	
  range	
  of	
  affinities	
  and	
  rates	
  were	
  selected	
  and	
  used	
  to	
  stimulate	
  T	
  cell	
  

responses	
  on	
  a	
  high	
  throughput,	
  plate-­‐based	
  assay.	
  	
  

A	
   real	
   surprise	
   from	
   this	
   study	
   came	
   from	
   the	
   discovery	
   of	
   an	
   optimum	
   pMHC	
  

concentration	
   for	
   T	
   cell	
   activation	
   as	
   measured	
   by	
   NFAT	
   expression	
   and	
   IL-­‐8	
  

secretion	
   in	
   Jurkat	
   T	
   cells	
   (Figure	
   5.6,	
   5.7).	
   This	
   is	
  may	
   be	
   a	
   result	
   of	
   induced	
   cell	
  

apoptosis	
   under	
   hyper-­‐stimulatory	
   conditions.	
   The	
   best-­‐known	
   example	
   for	
   this	
   is	
  

negative	
  selection	
  of	
   thymocytes	
  displaying	
  strong	
  affinities	
   to	
  selecting	
  self-­‐pMHC	
  

molecules.	
  Outside	
  the	
  thymus,	
  apoptosis	
  has	
  been	
  observed	
  for	
  mature	
  peripheral	
  

CD8+	
   T	
   cells	
   at	
   high	
   antigen	
   doses	
   (Alexander-­‐Miller	
   et	
   al.,	
   1996b).	
   Indeed,	
   work	
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performed	
   in	
   the	
   lab	
   has	
   identified	
   increased	
   level	
   of	
   cell	
   apoptosis	
   by	
   annexin	
   V	
  

staining	
  at	
  higher	
  pMHC	
  concentrations	
  (personal	
  communication,	
  Melissa	
  Lever).	
  

In	
   a	
   non-­‐mutually	
   exclusive	
   way,	
   hyper-­‐stimulation	
   can	
   also	
   lead	
   to	
   gradual	
  

impairment	
   of	
   T	
   cell	
   responsiveness,	
   also	
   known	
   as	
   anergy,	
  which	
   can	
  be	
   induced	
  

depending	
  on	
  both	
  the	
  duration	
  and	
  strength	
  of	
  the	
  ligand	
  (Yamamoto	
  et	
  al.,	
  2007).	
  

A	
   third	
   possibility	
   includes	
   the	
   induction	
   of	
   T	
   cell	
   exhaustion,	
   which	
   involves	
   a	
  

gradual	
   reduction	
   of	
   T	
   cell	
   effector	
   function	
   under	
   hyper-­‐stimulatory	
   conditions.	
  

Chiu	
   et	
   al,	
   who	
   also	
   noted	
   the	
   presence	
   of	
   an	
   optimum	
   pMHC	
   concentration,	
  

recently	
   elucidated	
   the	
   molecular	
   basis	
   by	
   demonstrating	
   increased	
   levels	
   of	
  

sprouty-­‐2	
   (SPRY2)	
   under	
   hyper-­‐stimulatory	
   conditions	
   (Chiu	
   et	
   al.,	
   2014).	
   SPRY2	
  

functions	
  as	
  the	
  negative	
  regulator	
  of	
  MAPK/	
  Erk	
  pathway.	
  Unlike	
  hyper-­‐stimulation	
  

induced	
   apoptosis	
   or	
   anergy	
   however,	
   T	
   cell	
   exhaustion	
   is	
   largely	
   restricted	
   to	
  

primary	
  T	
  cells.	
  Nevertheless,	
  the	
  level	
  of	
  apoptosis,	
  anergy	
  or	
  exhaustion	
  (unlikely)	
  

is	
   still	
   a	
   functional	
   result	
   of	
   hyper-­‐stimulation	
   and	
   therefore	
  may	
   be	
   a	
   reasonable	
  

readout	
  of	
  T	
  cell	
  activation.	
  	
  

It	
  also	
  remains	
  possible	
  that	
  the	
  observed	
  pMHC	
  optimum	
  is	
  an	
  artefact	
  of	
  using	
  cell	
  

lines	
  even	
  though	
  it	
  was	
  verified	
  using	
  two	
  independent	
  IL-­‐8	
  and	
  NFAT	
  readouts.	
  To	
  

rule	
   out	
   the	
   possibility	
   conclusively,	
   the	
   experiment	
   was	
   repeated	
   in	
   transduced	
  

primary	
   human	
   HLA-­‐A2	
   negative,	
   CD8+	
   T	
   cells.	
   HLA-­‐A2	
   negative	
   donors	
   were	
  

recruited	
  over	
  the	
  concern	
  that	
  transduction	
  of	
  1G4hi	
  TCR	
  into	
  HLA-­‐A2	
  positive	
  T	
  cell	
  

would	
   lead	
   to	
   fratricidal	
   killing	
  as	
  a	
   result	
  of	
   cross-­‐reactivity	
  of	
   the	
  1G4hi	
   TCR	
  with	
  

self-­‐peptide-­‐HLA-­‐A2	
  complexes	
  (Holler	
  et	
  al.,	
  2003,	
  Zhao	
  et	
  al.,	
  2007).	
   	
   Intriguingly,	
  

no	
  pMHC	
  optimum	
  was	
  observed	
  for	
  1G4hi	
  expressing	
  primary	
  CD8+	
  T	
  cells,	
  at	
  least	
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for	
  IL-­‐2	
  and	
  IFNγ	
  responses	
  (Figure	
  5.10).	
  While	
  it	
  will	
  be	
  important	
  to	
  confirm	
  these	
  

results	
  using	
  the	
  same	
  functional	
  assays	
  in	
  primary	
  T	
  cells	
  and	
  Jurkat	
  cells,	
  this	
  result	
  

raise	
  doubts	
   about	
   the	
  physiological	
   relevance	
  of	
   the	
  pMHC	
  optimum	
  observed	
   in	
  

Jurkat	
  T	
  cell	
   cells.	
  These	
  differences	
  could	
  be	
  a	
   reflection	
  of	
   the	
  near	
  homogenous	
  

expression	
  of	
  1G4hi	
   in	
  Jurkat	
  T	
  cells,	
  as	
  opposed	
  to	
  the	
  50-­‐60%	
  expression	
   levels	
   in	
  

primary	
  T	
  cells	
  (Figures	
  5.6	
  and	
  5.9).	
  	
  

If	
  it	
  is	
  assumed	
  that	
  events	
  leading	
  up	
  to	
  the	
  optimum	
  are	
  independent	
  of	
  the	
  events	
  

that	
  led	
  to	
  the	
  reduction	
  of	
  T	
  cell	
  activation	
  after	
  the	
  optimum	
  then	
  parameters	
  such	
  

as	
  the	
  ascending	
  EC50	
  and	
  amplitude	
  remain	
  valid	
  for	
  subsequent	
  correlation	
  studies.	
  

However	
  it	
  would	
  be	
  better	
  to	
  repeat	
  these	
  experiments	
  under	
  conditions	
  in	
  which	
  

additional	
   process	
   such	
   as	
   activation-­‐induced	
   apoptosis	
   are	
   not	
   occurring.	
   Our	
  

preliminary	
  results	
  with	
  1G4hi	
  TCR	
  expressing	
  primary	
  T	
  cells	
  suggest	
  that	
  they	
  would	
  

be	
  suitable.	
  

Experiments	
  in	
  primary	
  T	
  cells	
  also	
  revealed	
  either	
  switch-­‐like	
  or	
  analogue	
  responses	
  

of	
   IL-­‐2	
  and	
   IFNγ	
  secretion	
  respectively,	
  at	
  the	
  same	
  peptide	
  concentration	
  (~2μM),	
  

consistent	
  with	
  findings	
  reported	
  by	
  several	
  groups	
  (Itoh	
  and	
  Germain,	
  1997,	
  Dushek	
  

et	
  al.,	
  2011).	
  Early	
  T	
  cell	
  antigen	
  recognition	
  is	
  largely	
  believed	
  to	
  involve	
  a	
  digital	
  or	
  

switch-­‐like	
  response	
  upon	
  ligand	
  engagement,	
  as	
  demonstrated	
  by	
  the	
  all-­‐or-­‐nothing	
  

phosphorylation	
  status	
  of	
  MAP	
  kinase	
  Erk	
  (Altan-­‐Bonnet	
  and	
  Germain,	
  2005,	
  Das	
  et	
  

al.,	
  2009).	
  How	
  exactly	
  can	
  this	
  be	
  translated	
  into	
  an	
  analogue	
  response	
  for	
  certain	
  

cytokines	
  (such	
  as	
  IFNγ)	
  remains	
  a	
  mystery.	
  It	
  is	
  also	
  unclear	
  if	
  the	
  epigenetical	
  status	
  

of	
   cytokine	
   gene	
   locus	
   might	
   have	
   any	
   bearing	
   on	
   the	
   perception	
   of	
   intracellular	
  

signalling	
  cascade	
  to	
  effect	
  on	
  subsequent	
  gene	
  transcription.	
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Work	
  described	
  in	
  this	
  chapter	
  is	
  in	
  agreement	
  with	
  kinetic	
  models	
  of	
  T	
  cell	
  signalling	
  

in	
   general.	
   A	
   positive	
   correlation	
  between	
  KD	
   and	
   EC50	
  was	
  observed	
   for	
   both	
   IL-­‐8	
  

secretion	
  and	
  NFAT	
  expression	
  in	
  Jurkat	
  cells.	
  Such	
  correlations	
  are	
  mathematically	
  

predicted	
   for	
   both	
   the	
   affinity	
   and	
   kinetic	
   models,	
   and	
   the	
   distinguishing	
   factor	
  

between	
   the	
   two	
   models	
   rest	
   on	
   the	
   correlation	
   between	
   koff	
   and	
   the	
   maximal	
  

response	
   or	
   Emax	
   of	
   the	
   interaction.	
   	
   The	
   amplitude	
   values	
   of	
   the	
   fitted	
   Gaussian	
  

curve	
  was	
  extracted	
  and	
  used	
  as	
  a	
  proxy	
  for	
  EC50	
  described	
  in	
  Dushek	
  et	
  al	
  (Dushek	
  

et	
   al.,	
   2011).	
  Under	
   this	
   framework,	
   a	
   correlation	
  between	
  koff	
   and	
  amplitude	
  was	
  

observed	
   for	
   NFAT	
   expression.	
   Maximal	
   IL-­‐8	
   secretion	
   however,	
   seemed	
   to	
   be	
  

constant	
   across	
   the	
   panel	
   of	
   ligands	
   tested.	
   This	
   may	
   stem	
   from	
   the	
   additional	
  

dependency	
  of	
  IL-­‐8	
  transcription	
  and	
  mRNA	
  stabilisation	
  on	
  other	
  cytokines	
  such	
  as	
  

IL-­‐1	
   and	
   TNF	
   (Hoffmann	
   et	
   al.,	
   2002).	
   As	
   such,	
  maximal	
   IL-­‐8	
   secretion	
  may	
   not	
   be	
  

entirely	
   dependent	
   on	
   the	
   rate	
   of	
   TCR-­‐pMHC	
   interaction.	
   Nevertheless,	
   the	
  

convergence	
   of	
   trends	
   for	
   multiple	
   readout	
   of	
   TCR	
   activation	
   in	
   different	
   T	
   cell	
  

systems	
   provide	
   compelling	
   evidence	
   in	
   support	
   of	
   	
   kinetic	
   models	
   and	
   against	
  

simple	
  affinity	
  models.	
  The	
  natural	
  step	
  forward	
  would	
  be	
  to	
  repeat	
  and	
  confirm	
  the	
  

results	
  in	
  transduced	
  primary	
  T	
  cells.	
  

Further	
   insights	
   from	
   this	
   study	
   came	
   from	
   the	
   analysis	
   of	
   how	
   koff	
   impacts	
   T	
   cell	
  

activation	
   under	
   different	
   pMHC	
   concentrations.	
   As	
   described	
   in	
   the	
   introduction,	
  

some	
   kinetic	
  models	
   predict	
   an	
   optimal	
   dwell	
   time	
   (1/koff)	
   for	
   T	
   cell	
   activation.	
   In	
  

these	
  models	
  (kinetic	
  proof-­‐reading	
  with	
  limited	
  signalling,	
  and	
  kinetic	
  proof	
  reading	
  

with	
  sustained	
  signalling)	
  a	
  long	
  enough	
  dwell	
  time	
  is	
  necessary	
  for	
  the	
  completion	
  

of	
  signalling	
  cascade	
  for	
  productive	
  signalling	
  while	
  too	
  long	
  a	
  dwell	
  time,	
  however,	
  

would	
   result	
   in	
   insufficient	
   serial	
   engagement	
   of	
   multiple	
   TCRs	
   by	
   a	
   few	
   cognate	
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pMHC.	
  The	
  presence	
  of	
  an	
  optimal	
  dwell	
   time	
  was	
  reported	
  by	
  several	
  groups	
  and	
  

has	
  also	
  been	
  the	
  focus	
  of	
  this	
  study	
  (Kalergis	
  et	
  al.,	
  2001,	
  Coombs	
  et	
  al.,	
  2002).	
  	
  

By	
   varying	
   biotinylated-­‐pMHC	
   concentrations	
   on	
   streptavidin-­‐coated	
   plates,	
   we	
  

observed	
  an	
  optimal	
  koff	
  with	
  Jurkat	
  T	
  cells	
  but	
  only	
  at	
  low	
  concentrations	
  of	
  pMHC	
  

(Figure	
   5.13),	
   consistent	
  with	
   the	
   report	
   by	
   Gonzalez	
   et	
   al	
   (Gonzalez	
   et	
   al.,	
   2005)	
  

which	
  is	
   in	
  turn	
  based	
  on	
  the	
  model	
  by	
  Coombs	
  et	
  al	
  (Coombs	
  et	
  al.,	
  2002)	
  (kinetic	
  

model	
   with	
   sustained	
   signalling,	
   Figure	
   5.1d)	
  While	
   it	
   is	
   tempting	
   to	
   rule	
   out	
   the	
  

kinetic	
   proofreading	
   model	
   with	
   limited	
   signalling	
   (or	
   productive	
   hit	
   rate	
   model,	
  

Figure	
  5.1c)	
  in	
  favour	
  of	
  the	
  sustained	
  signalling	
  model	
  because	
  of	
  the	
  absence	
  of	
  an	
  

optimal	
  koff	
  at	
  high	
  pMHC	
  concentrations,	
  we	
  cannot	
  be	
  sure	
  if	
  such	
  observations	
  are	
  

secondary	
  to	
  the	
  effects	
  of	
  cell	
  death	
  at	
  high	
  peptide	
  concentrations.	
  Therefore,	
  the	
  

outcome	
   of	
   this	
   study	
   only	
   allows	
   the	
   definitive	
   rejection	
   of	
   models	
   that	
   do	
   not	
  

describe	
  an	
  optimum	
  koff	
  with	
  T	
   cell	
   activation	
   (such	
  as	
   the	
  affinity	
  model	
  and	
   the	
  

basic	
  kinetic	
  proofreading	
  model	
  Figure	
  5.1a,b).	
  Indeed,	
  this	
  finding	
  was	
  also	
  verified	
  

by	
  Allison	
  and	
  colleagues	
  for	
  in	
  vivo	
  T	
  cell	
  responses	
  (Corse	
  et	
  al.,	
  2010).	
  	
  Recently	
  we	
  

have	
   been	
   able	
   to	
   identify	
   more	
   dramatic	
   T	
   cell	
   responses	
   from	
   pMHCs	
   with	
  

intermediate	
  koff	
  values	
  that	
  would	
  better	
  demonstrate	
  the	
  presence	
  of	
  an	
  optimal	
  

koff	
   (personal	
   communication,	
   Melissa	
   Lever).	
   As	
   with	
   the	
   correlation	
   studies,	
  

repeating	
  the	
  experiments	
  in	
  primary	
  T	
  cells	
  represents	
  the	
  way	
  forward	
  to	
  address	
  

the	
  validity	
  of	
  each	
  models	
  for	
  once	
  and	
  for	
  all.	
  	
  	
  	
  

All	
  experiments	
  described	
  here	
  were	
  performed	
  on	
  CD8+	
  Jurkat	
  and	
  primary	
  T	
  cells.	
  

The	
   presence	
   of	
   CD8	
   in	
   particular	
   has	
   been	
   shown	
   to	
   improve	
   and	
   facilitate	
   high	
  

affinity	
  TCR	
  cross-­‐reactivity,	
  leading	
  to	
  a	
  loss	
  of	
  antigen	
  specificity	
  (Zhao	
  et	
  al.,	
  2007).	
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We	
  have	
  observed	
  a	
  similar	
  phenomenon	
  where	
  TCR	
  signalling	
  as	
  measured	
  by	
  NFAT	
  

activation	
  was	
  detected	
  in	
  1G4hi	
  TCR	
  expressing	
  cells	
  exposed	
  to	
  high	
  concentrations	
  

of	
   a	
   HLA-­‐A2	
   complexed	
  with	
   a	
   peptide	
   comprising	
   only	
   glycine	
   residues	
   (data	
   not	
  

shown).	
  It	
  would	
  be	
  interesting	
  to	
  extend	
  the	
  experiments	
  into	
  CD4+	
  primary	
  T	
  cells	
  

for	
  comparison,	
  where	
   the	
  potential	
  effect	
  of	
  co-­‐receptor	
  enhanced	
  avidity	
  can	
  be	
  

eliminated.	
  	
  

In	
  summary,	
  work	
  described	
  in	
  this	
  chapter	
  represents	
  a	
  systematic	
  investigation	
  of	
  

the	
   effect	
   of	
   TCR-­‐pMHC	
   binding	
   koff	
   and	
   KD	
   across	
   a	
   10,000-­‐fold	
   range	
   on	
   T	
   cell	
  

activation.	
   Such	
   investigation	
   represents	
   the	
   first	
   of	
   its	
   kind	
  where	
   earlier	
   studies	
  

only	
  characterised	
  TCR-­‐pMHC	
  affinities	
  with	
  a	
  range	
  of	
  ~100	
  fold.	
  These	
  results	
  re-­‐

affirmed	
  evidence	
   that	
   it	
   is	
   the	
  kinetics,	
   and	
  not	
   the	
  affinity	
  of	
   TCR-­‐pMHC	
  binding	
  

that	
  determines	
  outcome	
  of	
  the	
  interaction.	
  The	
  data	
  also	
  demonstrated	
  an	
  optimal	
  

dwell	
  time	
  for	
  TCR-­‐pMHC	
  interactions	
  in	
  the	
  Jurkat	
  T	
  cell	
  system	
  only	
  at	
  low	
  pMHC	
  

concentrations,	
  in	
  agreement	
  with	
  previous	
  studies.	
  As	
  a	
  series	
  of	
  caveats	
  may	
  exist	
  

in	
  the	
  Jurkat	
  T	
  cell	
  system	
  (such	
  as	
  the	
  discovery	
  of	
  an	
  unexpected	
  pMHC	
  optimum),	
  

the	
  data	
  will	
  have	
  to	
  be	
  verified	
  in	
  primary	
  T	
  cell	
  systems.	
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6.1	
  Summary	
  of	
  Experimental	
  Findings	
  

We	
  have	
  discussed	
   the	
  mechanism	
  by	
  which	
   costimulatory	
   receptor	
   CD28	
   triggers	
  

and	
  properties	
  of	
  TCR-­‐pMHC	
  binding	
  in	
  the	
  previous	
  three	
  chapters.	
  	
  

In	
   chapter	
   3,	
   the	
   importance	
   of	
   receptor-­‐ligand	
   dimension	
   in	
   CD28	
   costimulation	
  

was	
   investigated	
   by	
   elongating	
   its	
   ligand.	
   Artificial	
   elongation	
   of	
   CD80	
   led	
   to	
  

impaired	
  CD28	
  costimulation.	
  Control	
  experiments	
  and	
  imaging	
  were	
  consistent	
  with	
  

the	
  hypothesis	
  that	
  this	
  was	
  the	
  result	
  of	
  reduced	
  CD45	
  segregation.	
  Consistent	
  with	
  

predictions	
   from	
   the	
  K-­‐S	
  model,	
  CD28	
   tyrosine	
  mutants	
  were	
  also	
   less	
   sensitive	
   to	
  

changes	
  in	
  CD80	
  dimensions.	
  These	
  illustrate	
  the	
  importance	
  of	
  RPTP	
  segregation	
  as	
  

a	
  prerequisite	
  for	
  CD28	
  triggering.	
  The	
  natural	
  step	
  forward	
  with	
  this	
  investigation	
  is	
  

to	
   test	
   the	
   validity	
   of	
   the	
   K-­‐S	
  model	
   across	
   all	
   NTR	
   in	
   a	
   high	
   throughput	
  manner	
  

(Dushek	
  et	
  al.,	
  2012).	
   Interestingly,	
  we	
   found	
   that	
   size	
  matching	
  between	
  TCR	
  and	
  

CD28	
   ligand	
   complexes	
   was	
   not	
   critical	
   for	
   CD28	
   costimulation.	
   This	
   is	
   consistent	
  

with	
   the	
   effectiveness	
   of	
   CD28	
   trans-­‐costimulation,	
   and	
   suggests	
   that	
   close	
  

colocalisation	
   of	
   engaged	
   CD28	
   and	
   TCR	
   is	
   not	
   critical	
   for	
   costimulation.	
   These	
  

finding	
   contrast	
  with	
   studies	
   of	
   the	
   inhibitory	
   receptors	
   PD-­‐1	
   and	
   KIR2DL1,	
  where	
  

close	
  colocalisation	
  with	
  their	
  respective	
  activatory	
  receptors,	
  TCR	
  and	
  NKG2D,	
  was	
  

necessary	
  for	
  their	
  inhibitory	
  effect	
  (Kohler	
  et	
  al.,	
  2010,	
  Yokosuka	
  et	
  al.,	
  2012a).	
  This	
  

is	
   consistent	
  with	
   the	
   fact	
   that	
  CD28	
  and	
  TCR	
   signalling	
  pathways	
   integrate	
  within	
  

the	
  cytoplasm	
  and	
  nucleus	
  (Diehn	
  et	
  al.,	
  2002).	
  	
  

In	
  chapter	
  4,	
  we	
  obtained	
  estimates	
  for	
  the	
  contribution	
  of	
  TCR-­‐MHC	
  contacts	
  to	
  the	
  

binding	
  energy	
  of	
  the	
  TCR-­‐pMHC	
  interaction.	
  By	
  analysing	
  the	
  TCR	
  contacts	
  between	
  

HLA-­‐A2	
  to	
  four	
  different	
  TCRs,	
  we	
  showed	
  that	
  MHC	
  contributes	
  ~70%	
  of	
  the	
  TCR-­‐
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pMHC	
   energetics	
   with	
   the	
   exception	
   of	
   the	
   JM22	
   TCR.	
   This	
   figure	
   is	
   similar	
   to	
  

previous	
  studies	
  on	
  both	
  MHC	
  class	
  I	
  and	
  II	
  molecules	
  (Wu	
  et	
  al.,	
  2002,	
  Piepenbrink	
  

et	
  al.,	
  2013).	
  This	
  highlights	
  the	
  importance	
  of	
  MHC	
  residues	
  in	
  mediating	
  TCR-­‐pMHC	
  

interactions,	
  which	
  may	
  be	
  particularly	
  relevant	
  during	
  thymic	
  selection.	
  Presence	
  of	
  

a	
   basal	
   affinity	
   for	
   the	
   TCR	
   that	
   is	
   contributed	
   by	
   the	
   MHC	
   alone	
   may	
   facilitate	
  

detection	
   of	
   a	
   wide	
   repertoire	
   of	
   foreign	
   peptides	
   by	
   enabling	
   the	
   TCR	
   to	
   be	
  

promiscuous	
  with	
   respect	
   to	
  peptides.	
  Given	
   that	
   the	
  number	
  of	
  possible	
  peptides	
  

presented	
  on	
  MHC	
  molecules	
  is	
  several	
  orders	
  of	
  magnitude	
  larger	
  than	
  the	
  number	
  

of	
  unique	
  TCRs	
  in	
  an	
  individual,	
  this	
   is	
  critical	
  for	
  ensuring	
  that	
  there	
  are	
  few	
  or	
  no	
  

'holes'	
  in	
  the	
  TCR	
  repertoire	
  (Mason,	
  1998b).	
  

In	
  chapter	
  5,	
  we	
  generated	
  a	
  panel	
  of	
  pMHC	
  molecules	
  with	
  up	
  to	
  105-­‐fold	
  variation	
  

in	
  affinity	
  for	
  the	
  1G4hi	
  supra-­‐physiological	
  TCR.	
  Eight	
  pMHCs	
  with	
  varying	
  affinities	
  

for	
  the	
  TCRs	
  were	
  titrated	
  and	
  tested	
  for	
  their	
  ability	
  to	
  stimulate	
  1G4hi-­‐transduced	
  

Jurkat	
  T	
  cells.	
  Our	
  results	
  demonstrated	
  the	
  presence	
  of	
  an	
  optimal	
  koff	
  or	
  dwell	
  time	
  

for	
  T	
  cell	
  activation	
  at	
  low	
  concentrations	
  of	
  pMHC.	
  While	
  there	
  is	
  a	
  need	
  to	
  repeat	
  

the	
   experiments	
   using	
   primary	
   T	
   cells,	
   the	
   experimental	
   finding	
   allows	
   us	
   to	
  

definitively	
  reject	
  mathematical	
  models	
  of	
  T	
  cell	
  activation	
  that	
  do	
  not	
  predict	
  a	
  koff	
  

optimum.	
  	
  

6.2	
  Therapeutic	
  implications	
  

Chimeric	
  Antigen	
  Receptor	
  Design	
  

Chimeric	
   antigen	
   receptors	
   (CAR)	
   are	
   recombinant	
   receptors	
   with	
   the	
   ability	
   to	
  

redirect	
   customised	
   T	
   cell	
   responses	
   to	
   any	
   targets.	
   CAR	
   typically	
   consists	
   of	
   an	
  

extracellular	
   single-­‐chain	
   variable	
   fragment	
   (scFv)	
   derived	
   from	
   antibodies,	
   a	
  



                   GENERAL	
  DISCUSSION	
   
 

 187 

transmembrane	
  domain,	
  and	
  an	
   intracellular	
   signalling	
  chain	
  derived	
   from	
  the	
  TCR	
  

and/or	
   T	
   cell	
   co-­‐stimulatory	
   receptors	
   (Chicaybam	
  et	
   al.,	
   2011).	
  As	
   such,	
   signalling	
  

events	
  mediated	
  by	
  CARs	
  will	
  also	
  be	
  susceptible	
  to	
  regulations	
  by	
  the	
  local	
  kinase:	
  

phosphatase	
   balance	
   and	
   can	
   be	
   classified	
   as	
   NTRs	
   according	
   to	
   Dushek	
   et	
   al	
  

(Dushek	
  et	
   al.,	
   2012).	
  Our	
   studies	
  with	
   the	
  TCR	
   (Choudhuri	
   et	
   al.,	
   2005)	
   and	
  CD28	
  

demonstrated	
  the	
   importance	
  of	
   receptor-­‐ligand	
  dimensions	
   in	
  mediating	
  effective	
  

signal	
  transduction.	
  This	
  has	
  implications	
  on	
  the	
  design	
  of	
  CAR	
  target	
  epitope.	
  CARs	
  

specific	
   to	
   membrane	
   proximal	
   region	
   of	
   the	
   target	
   antigen	
   would	
   draw	
   the	
   two	
  

membrane	
   on	
   opposing	
   cells	
   closer	
   together;	
   thereby	
   increasing	
   the	
   efficiently	
   of	
  

signal	
   transduction	
  by	
   the	
  CAR	
   in	
   scenarios	
   analogous	
   to	
   Figure	
  3.2.	
   Indeed,	
   there	
  

have	
  been	
  reports	
  to	
  suggest	
  that	
  this	
  is	
  the	
  case	
  (Hombach	
  et	
  al.,	
  2007).	
  Choosing	
  

the	
   right	
   target	
  epitope	
   for	
  CARs	
  may	
   therefore	
  offer	
   improvement	
  on	
  CAR-­‐T	
   cells	
  

efficiency	
   and	
   survival.	
   Conversely,	
   extracellular	
   dimensions	
   of	
   CARs	
   are	
   also	
  

important,	
  and	
  adjustment	
  thereof	
  could	
  be	
  used	
  to	
  modulate	
  CAR	
  signal	
  strength.	
  

This	
  could	
  be	
  useful	
  to	
  minimize	
  cross-­‐reactivity	
  to	
  tumour	
  antigen	
  expresses	
  at	
  low	
  

level	
  on	
  normal	
  cells.	
  	
  	
  

Studies	
   from	
  chapter	
   3	
  highlights	
   the	
  dispensability	
   of	
   size	
  matching	
  between	
  TCR	
  

and	
   CD28,	
   which	
   has	
   direct	
   implications	
   on	
   the	
   design	
   of	
   chimeric	
   costimulatory	
  

receptors	
   (CCR).	
   CCRs	
   are	
   a	
   distinct	
   type	
   of	
   receptor	
   designed	
   to	
   provide	
  

costimulatory	
   signals	
   in	
   CAR-­‐expressing	
   T	
   cells.	
  Under	
   this	
   scenario,	
   stimulation	
   of	
  

the	
  CAR	
  alone	
  would	
  not	
  be	
  sufficient	
  to	
  induce	
  T	
  cell	
  activation,	
  and	
  co-­‐ligation	
  of	
  a	
  

second	
  CCR	
  to	
  another	
  distinct	
  epitope	
  would	
  be	
  required	
  for	
   full	
  T	
  cell	
  activation.	
  

This	
   setup	
   requires	
   the	
   co-­‐ligation	
   of	
   two	
   distinct	
   epitopes	
   and	
   was	
   designed	
   to	
  

avoid	
   ‘on-­‐target,	
   off-­‐tumour’	
   effects	
   of	
   CARs	
   (Hanada	
   and	
   Restifo,	
   2013).	
   The	
   fact	
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that	
  CD28	
  can	
  signal	
  in	
  trans	
  meant	
  that	
  target	
  epitope	
  of	
  CCR/	
  CAR	
  containing	
  CD28	
  

cytoplasmic	
  motifs	
  do	
  not	
  have	
  to	
  be	
  restricted	
  on	
  the	
  same	
  target	
  cell,	
  potentially	
  

limiting	
  the	
  usefulness	
  of	
  this	
  approach.	
  	
  	
  

CARs	
  offer	
  a	
  great	
  deal	
  of	
  flexibility	
   in	
  that	
   it	
   is	
  possible	
  to	
  design	
  CARs	
  specific	
  for	
  

any	
  target	
  and	
  alter	
  the	
  receptor	
  affinity	
  for	
  it.	
  Yet,	
  there	
  has	
  been	
  little	
  information	
  

on	
   the	
   effects	
   of	
   CAR	
   affinities	
   and	
   functional	
   outcome	
   of	
   the	
   T	
   cells.	
  We	
   expect	
  

affinities	
   of	
   existing	
   CARs	
   for	
   its	
   targets	
   to	
   be	
   very	
   similar	
   to	
   the	
   corresponding	
  

antibody-­‐antigen	
   interaction	
   (~nM).	
   Hence,	
  we	
  may	
   be	
   able	
   to	
   infer	
   the	
   potential	
  

implications	
  of	
  changing	
  CAR	
  affinities	
  on	
  T	
  cell	
  activation	
  from	
  our	
  findings	
  with	
  the	
  

supra-­‐physiological	
  TCR	
  described	
  in	
  chapter	
  5:	
  the	
  observation	
  of	
  an	
  optimal	
  affinity	
  

for	
  T	
  cell	
  activation	
  at	
   low	
   ligand	
  concentrations	
   that	
  may	
  also	
  hold	
   true	
   for	
  CARs.	
  

This	
  suggests	
  that	
  CARs	
  with	
  intermediate	
  affinities	
  may	
  be	
  most	
  effective	
  when	
  its	
  

target	
   epitope	
   levels	
   are	
   low;	
   although	
   this	
  may	
   not	
   be	
   the	
   case	
   for	
   existing	
   CAR	
  

targets,	
  as	
   they	
  tend	
  to	
  consist	
  of	
  overexpressed	
  cancer-­‐specific	
  antigens	
   (Sadelain	
  

et	
  al.,	
  2013).	
  Nonetheless,	
  this	
  highlights	
  the	
  importance	
  of	
  considering	
  the	
  potential	
  

effects	
  of	
  epitope	
  density	
  when	
  designing	
  CARs	
  (Sadelain	
  et	
  al.,	
  2013).	
  Adjusting	
  CAR	
  

affinities	
  may	
  also	
  help	
   to	
  minimize	
   the	
   risk	
  of	
   cytokine	
  storms	
   in	
   some	
  CAR-­‐T	
  cell	
  

therapies	
  (Xu	
  and	
  Tang,	
  2014).	
  

Caution	
   is	
   needed	
  when	
   extrapolating	
   our	
   data	
   with	
   a	
   supra-­‐physiological	
   affinity	
  

TCR	
   to	
   CARs.	
   The	
   experiments	
   described	
   in	
   chapter	
   5	
   were	
   performed	
   in	
   the	
  

presence	
   of	
   CD8	
   co-­‐receptor,	
   which	
   may	
   confound	
   the	
   observations	
   described.	
  

Secondly,	
  signalling	
  domains	
  of	
  TCRs	
  and	
  CARs	
  can	
  be	
  quite	
  different,	
  with	
  the	
  latter	
  

often	
  containing	
  multiple	
  signalling	
  chains	
  from	
  different	
  receptors	
   in	
  tandem.	
  This	
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makes	
   it	
   difficult	
   to	
   make	
   direct	
   comparisons.	
   Nevertheless,	
   studies	
   on	
   T	
   cell	
  

activation	
  models	
  will	
  continue	
  to	
  provide	
  invaluable	
  insight	
  into	
  CAR	
  design.	
  	
  

Engineering	
  Therapeutic	
  T	
  Cell	
  Receptors	
  	
  

The	
   finding	
   of	
   an	
   optimal	
   TCR	
   affinity	
   at	
   low	
   ligand	
   concentration	
  will	
   impact	
   the	
  

design	
   of	
   therapeutic	
   TCRs	
   as	
   just	
   described	
   for	
   CARs.	
   Unlike	
   the	
   CARs	
   however,	
  

there	
  have	
  been	
  a	
  wealth	
  of	
  information	
  on	
  how	
  TCR	
  affinities	
  could	
  impact	
  in	
  vivo	
  T	
  

cell	
   responses.	
  As	
  mention	
   in	
   the	
   introduction	
  of	
   chapter	
  5,	
   TCRs	
  with	
  heightened	
  

affinities	
  are	
  generally	
  better	
  at	
  controlling	
  tumours	
  in	
  vivo.	
  While	
  informative,	
  such	
  

studies	
  only	
  compared	
  a	
  limited	
  number	
  of	
  affinities	
  (Soto	
  et	
  al.,	
  2013,	
  Morgan	
  et	
  al.,	
  

2006,	
  Robbins	
  et	
   al.,	
   2011).	
   Studies	
  utilising	
  greater	
  numbers	
  of	
   TCRs	
  with	
   varying	
  

affinities	
  have	
  noted	
  the	
  presence	
  of	
  an	
  optimal	
  T	
  cell	
  affinities	
  with	
  regards	
  to	
  T	
  cell	
  

responses	
   in	
   vivo	
   (Corse	
   et	
   al.,	
   2010)	
   and	
   tumour	
   infiltration	
   capabilities	
   of	
  

transduced	
  T	
  cells	
  (Chervin	
  et	
  al.,	
  2013).	
  	
  

Our	
   preliminary	
   findings	
   with	
   8	
   different	
   TCR-­‐pMHC	
   affinities	
   suggest	
   that	
   an	
  

optimum	
  T	
  cell	
  affinity	
  may	
  only	
  apply	
  at	
   low	
   ligand	
  concentrations.	
  As	
  mentioned	
  

above	
   for	
   CARs,	
   ligand	
   densities	
   of	
   the	
   target	
   antigen	
  may	
   need	
   to	
   be	
   taken	
   into	
  

considerations	
  when	
  designing	
  therapeutic	
  TCRs.	
  This	
  may	
  be	
  especially	
  relevant	
  for	
  

designing	
  TCRs	
  against	
  highly	
  abundant	
  cancer	
  antigens	
  or	
  dominant	
  viral	
  epitopes	
  

during	
  chronic	
  viral	
  infections.	
  A	
  complication	
  is	
  the	
  fact	
  that	
  the	
  abundance	
  of	
  the	
  

antigen	
  may	
  drop	
  during	
  the	
  disease	
  process,	
  either	
  spontaneously	
  or	
  in	
  response	
  to	
  

immune	
  responses	
  targeting	
  the	
  antigen.	
  

Work	
  described	
   in	
  chapter	
  4	
  demonstrated	
   that	
   relative	
  energetic	
   contributions	
  of	
  

MHC	
   to	
   TCR-­‐pMHC	
   interaction	
   ranges	
   from	
   15%	
   to	
  more	
   than	
   70%.	
   This	
   cautions	
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against	
  stabilising	
  mutations	
  within	
  MHC-­‐contacting	
  CDR1/2	
  as	
  means	
  of	
  enhancing	
  

TCR	
   affinities	
   for	
   certain	
   TCR-­‐pMHC	
   interactions.	
   For	
   example,	
   enhancing	
   MHC	
  

contacts	
   in	
   an	
   interaction	
   where	
   the	
   MHC	
   already	
   contributes	
   to	
   >70%	
   of	
   the	
  

energetic	
  interaction	
  may	
  lead	
  to	
  indiscriminate	
  recognition	
  (auto-­‐reactivity)	
  of	
  MHC	
  

regardless	
  of	
  the	
  antigenic	
  peptide.	
  On	
  the	
  other	
  hand,	
  auto-­‐reactivity	
  may	
  not	
  be	
  a	
  

problem	
   for	
   MHC-­‐stabilising	
   mutations	
   in	
   interactions	
   where	
   the	
   MHCs	
   have	
   a	
  

reduced	
  contribution	
  to	
  the	
  energetics.	
  	
  	
  

6.3	
  Closing	
  Remark:	
  The	
  Danger	
  of	
  Generalisation	
  

Studies	
   into	
  TCR-­‐pMHC	
  biology	
  have	
  often	
  been	
  guided,	
  and	
  perhaps	
   restricted	
  by	
  

measurable	
  and	
  quantifiable	
  parameters	
  of	
  the	
  interaction.	
  These	
  include	
  structural	
  

information,	
   thermodynamics	
   data,	
   as	
   well	
   as	
   the	
   affinity	
   and	
   kinetics	
   of	
   the	
  

interaction.	
  It	
  is	
  tempting,	
  when	
  reporting	
  such	
  features,	
  to	
  explain	
  TCR	
  activation	
  as	
  

a	
   function	
   of	
   the	
   unique	
   structural	
   binding	
   footprint,	
   thermodynamics	
   footprint	
  

and/or	
   the	
   affinity	
   and	
   kinetic	
   parameters	
   of	
   the	
   interaction.	
   This	
   has	
   frequently	
  

been	
   the	
   case	
   with	
   studies	
   of	
   TCR-­‐pMHC	
   system,	
   However,	
   in	
   several	
   cases	
  

subsequent	
  studies	
  of	
  other	
  TCRs	
  revealed	
  that	
  these	
  conclusions	
  were	
  premature.	
  

As	
  described	
  in	
  chapter	
  5,	
  it	
  follows	
  that	
  there	
  is	
  no	
  consistent	
  structural	
  binding	
  and	
  

thermodynamics	
   footprint	
   in	
   TCR-­‐pMHC	
   interactions.	
   Quoting	
   Brian	
   Baker	
   in	
   his	
  

2008	
   review,	
   “Energetically,	
   biology	
  does	
  not	
   care	
  how	
  you	
   form	
   the	
   complex,	
   just	
  

that	
  you	
  do”	
  in	
  a	
  response	
  to	
  whether	
  TCR-­‐pMHC	
  interaction	
  is	
  driven	
  by	
  enthalpy	
  or	
  

entropy	
  (Armstrong	
  et	
  al.,	
  2008).	
  	
  

Our	
  findings	
  in	
  chapter	
  4	
  provide	
  examples	
  to	
  the	
  danger	
  of	
  generalising	
  TCR-­‐pMHC	
  

interaction	
  based	
  on	
  limited	
  studies.	
  While	
  length	
  of	
  TCR	
  CDR3	
  loops	
  and	
  the	
  degree	
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of	
   peptide	
   protrusion	
   towards	
   the	
   TCR	
   may	
   explain	
   the	
   energetic	
   dominance	
   of	
  

peptide	
  or	
  MHC	
  in	
  several	
  scenarios	
  (Manning	
  et	
  al.,	
  1998,	
  Liu	
  et	
  al.,	
  2012,	
  Borg	
  et	
  

al.,	
  2005),	
  it	
  wasn’t	
  the	
  case	
  for	
  JM22	
  and	
  1G4	
  TCR	
  in	
  our	
  studies.	
  	
  

The	
   only	
   universal	
   features	
   of	
   TCR-­‐pMHC	
   interaction	
   that	
   have	
  withstood	
   scrutiny	
  

are	
  the	
  roughly	
  diagonal	
  binding	
  mode	
  of	
  TCRs	
  on	
  pMHCs	
  and	
  the	
  fact	
  that	
  binding	
  

kinetics	
   correlates	
  with	
   T	
   cell	
   activation.	
   It	
   has	
   become	
   increasingly	
   apparent	
   that	
  

many	
  models	
   described	
   for	
   T	
   cell	
   triggering	
   and	
   T	
   cell	
   activation	
   are	
   in	
   fact	
   non-­‐

mutually	
   exclusive	
   and	
   the	
   formulation	
   of	
   integrative	
   models	
   may	
   be	
   the	
   way	
  

forward.	
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