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World-‐wide	  burden	  of	  malaria	  
•  Over	  50%	  of	  the	  world	  popula?on	  at	  risk	  
•  More	  than	  200	  million	  cases	  per	  year	  
•  Nearly	  500,000	  deaths	  per	  year	  

No risk

High risk
Modified	  from	  Gething	  et	  al.,	  Nature	  2010.	  	  



Malaria	  life	  cycle	  in	  humans	  and	  mosquitoes	  
InteracCon	  with	  human	  

	  immune	  response	  



Malaria	  symptoms	  and	  disease	  

•  Pathology	  occurs	  during	  the	  blood	  stage	  of	  the	  
parasite	  life	  cycle	  

•  Common	  symptoms	  
– Fever	  
– Flu-‐like	  illness	  
– Nausea	  and	  vomi?ng	  	  
– Anemia	  
– Coma	  

Malaria	  Paroxysm	  



Dual	  func?on	  of	  varying	  proteins	  
•  Allow	  for	  adhesion	  to	  host	  cells	  
–  Avoid	  clearance	  of	  parasite	  

•  Elicit	  strong	  immune	  response	  

•  Vary	  through	  the	  course	  of	  an	  infec?on	  
–  Synchronized	  switching	  of	  type	  

Bind to endotheliumBind to red blood cells 
 

Bind to immune cells

EM courtesy of D. Ferguson, Oxford Univ.



White NJ, Pukrittayakamee S, Hien TT, Faiz MA, Mokuolu OA, Dondorp AM. 2014. Malaria. Lancet 383:723-35

No sterilizing immunity to malaria infection

Naturally	  acquired	  immunity	  



Difficul?es	  with	  host	  immunity	  

•  Hindered	  by	  significant	  parasite	  diversity	  
– Varia?on	  between	  parasite	  clones	  
– Variable	  presenta?on	  of	  proteins	  in	  a	  single	  
infec?on	  

•  Lack	  of	  understanding	  on	  what	  cons?tutes	  
protec?ve	  immunity	  
–  Immune	  impairment	  
– Varia?on	  in	  an?body	  levels	  
	  



No	  consistent	  immune	  signature	  

•  Individuals	  respond	  to	  a	  
variety	  of	  proteins	  

•  Most	  individuals	  
respond	  to	  only	  a	  few	  
or	  none	  of	  the	  proteins	  

•  Final	  individual	  is	  
responsive	  to	  many	  
proteins	  

Turner et al. PLOS ONE 2012.
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No	  correlates	  of	  protec?on	  

Crompton et al. PNAS 2010 



Persistent	  an?body	  levels	  in	  	  
a	  low	  malaria	  seang	  
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Modified from Wipasa et al. PLoS Pathogens 2010.



Persistent	  an?body	  levels	  for	  those	  that	  
retain	  an?bodies	  in	  a	  low	  malaria	  seang	  
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Big	  ques?ons	  in	  malaria	  

•  Why	  do	  some	  individuals	  get	  sick	  while	  others	  
harbor	  parasites	  asymptoma?cally?	  

•  What	  cons?tutes	  immunity?	  

•  Why	  is	  immunity	  to	  malaria	  short-‐lived?	  



QuesCon:	  Why	  do	  different	  pathogens	  elicit	  
vastly	  different	  an?body-‐mediated	  immune	  
responses?	  
	  
Method:	  Analyze	  simula?ons	  from	  a	  stochas?c	  
model	  of	  an?body	  sequence	  evolu?on	  

Development	  of	  immune	  response	  
against	  malaria	  



Germinal	  center	  reac?on	  

Victora and Nussenzweig Annu Rev Immunol 2012



Germinal	  center	  reac?on	  

antigen

follicular dendritic cell
(FDC)

naive B cell

memory B cell

plasma cell

antibody

apoptotic cell

    Components of the 
Germinal Center ReactionPresentation of antigen by FDC

Entry of naive and
   memory B cells

Clonal expansion
   and mutation

Secretion of antibodies

  Binding of antigen
by high affinity B cells
 (with T cell selection)

Apoptosis of low
affinity GC B cells

Recycling of
  GC B cells

 Export of memory
 and plasma B cells
(with T cell selection)



Rela?ng	  BCR	  sequence	  to	  affinity	  

•  Stochas?c	  mapping	  of	  genotype	  to	  phenotype	  

•  Muta?ons	  able	  to	  confer	  large	  and	  small	  effect	  

•  Epistasis	  and	  constrained	  adapta?on	  

•  Every	  BCR	  has	  affinity	  to	  every	  epitope	  
–  Specificity:	  Epitope	  to	  which	  BCR	  has	  highest	  affinity	  



Modeling	  approach	  

•  Stochas?c	  model	  of	  GC	  reac?on	  
genotype	   	   	  phenotype	  

an?body	  sequence	   	  	  	  affinity	  for	  an?gen	  
– NK	  model	  

	  
•  Assume	  simple	  func?ons	  
– Model	  epistasis	  
– Omit	  some	  biological	  features	  (T	  cells)	  



NK	  model:	  
“Tunably	  rugged”	  energy	  landscape	  

N=	  length	  of	  string	  (sequence)	  
K	  =	  number	  of	  associated	  loci	  (neighbors)	  
	  
	  
	  
Value	  is	  assigned	  for	  each	  posi?on,	  based	  on	  
rela?onship	  with	  the	  K	  neighbors.	  
	  
K	  controls	  the	  amount	  of	  epistasis	  in	  the	  model.	  

Kauffman	  and	  Weinberger	  1989	  
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Simple	  example	  of	  NK	  energy	  
landscape	  (N=3,	  K=0)	  
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Simple	  example	  of	  NK	  energy	  
landscape	  (N=3,	  K=2)	  



•  Energy	  through	  the	  sum	  of	  single-‐site	  
contribu?ons:	  

•  K	  neighbors	  are	  drawn	  randomly	  

•  Transla?on	  of	  energy	  to	  affinity:	  

An?genic	  affinity	  landscape	  



NK	  model	  parameters	  
•  Sequence	  length,	  N	  =	  100	  	  

–  Length	  of	  highly	  variable	  posi?ons	  in	  an?body	  

•  Neighbors,	  K	  =	  5	  
–  FiOed	  from	  experimental	  data	  

•  Amino	  acid	  types:	  5	  
–  Group	  the	  20	  amino	  acids	  based	  on	  similari?es	  

•  Rounds	  of	  muta?on	  and	  selec?on:	  30	  	  
–  Two	  rounds	  per	  day	  for	  15	  days	  

•  Single	  primary	  infec?on	  with	  one	  or	  mul?ple	  epitopes	  



Incorpora?ng	  epitope	  masking	  by	  Abs	  

•  Reduced	  ability	  of	  B	  cells	  to	  compete	  in	  the	  
presence	  of	  high	  affinity	  Abs	  

•  Feedback	  into	  all	  GCs	  present	  

Epitope masking of antigen
 by high affinity antibodies

Secretion of antibodies



Compe??on	  between	  BCR	  and	  Abs	  

•  Abs	  compete	  with	  BCR	  for	  an?gen	  

•  Compe??on	  reduces	  BCR	  affinity:	  
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Results	  



Affinity	  matura?on	  in	  a	  single	  GC	  
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Affinity	  matura?on	  in	  a	  single	  GC	  
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Changes	  in	  response	  with	  more	  epitopes	  
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Efficacy	  of	  response	  declines	  
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No	  broadly	  neutralizing	  an?bodies	  
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