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Summary	  
	  
Malaria	  is	  a	  disease	  of	  global	  concern,	  which	  causes	  over	  800,000	  deaths	  every	  year.	  Due	  

to	  the	  rapid	  emergence	  of	  parasite	  drug	  resistance,	  ongoing	  control	  of	  malaria	  requires	  

the	   urgent	   development	   of	   new	   anti-‐malarials	   that	   will	   have	   a	   prolonged	   life	   span.	  

Genetic	   polymorphisms	   that	   provide	   natural	   resistance	   to	   malaria	   have	   existed	   in	  

human	  populations	  for	  thousands	  of	  years	  without	  losing	  their	  efficacy.	  This	  suggests	  a	  

possible	  new	   treatment	   strategy;	  drugs	   can	  be	  used	   to	  mimic	   the	  protective	   effects	  of	  

such	  polymorphisms,	  in	  what	  is	  known	  as	  host-‐directed	  therapy	  (HDT).	  It	  is	  hoped	  that	  

HDT	  will	  be	  able	  to	  effectively	  treat	  malaria	  without	  driving	  drug	  resistance.	  	  

	  

An	  ENU	  mutagenesis	  screen	  was	  established	  in	  mice	  to	   identify	  novel	  genes	  mediating	  

host	   resistance	   to	  malaria,	   and	   to	   thereby	   uncover	   potential	   drug	   targets	   for	   an	   anti-‐

malarial	  HDT.	  Two	  mutant	  mouse	  lines	  were	  investigated:	  MRI49372,	  in	  which	  an	  over-‐

activation	  of	  the	  enzyme	  AMPD3	  causes	  striking	  resistance	  to	  P.	  chabaudi	  parasitaemia	  

through	  high	  RBC	  turnover;	  and	  RBC10,	   in	  which	  an	  over-‐activation	  of	  the	  transporter	  

KCC1	  causes	   resistance	   to	   the	  development	  of	   cerebral	  malaria	  and	  modulation	  of	   the	  

inflammatory	  response	  during	  P.	  berghei	  infection.	  

	  

Through	  the	  work	  in	  this	  thesis,	  novel	  insight	  has	  been	  gained	  into	  the	  role	  of	  AMPD3	  in	  

determining	   red	   blood	   cell	   half-‐life,	   the	   effect	   of	   altered	   purine	   balance	   on	   intra-‐

erythrocytic	   parasite	   growth,	   and	   the	   host	   factors	   affecting	   the	   immune	   response	   to	  

malaria	   infection.	  Moreover,	  potential	  novel	  drug	  targets	  have	  been	   identified	  both	  for	  

lengthening	   the	   life	   span	   of	   blood	   stored	   for	   transfusion,	   and	   for	   treating	   cerebral	  

malaria.	  
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General	  Introduction	  to	  Malaria	  
	  

Malaria	  is	  a	  lethal	  disease	  caused	  by	  the	  parasites	  of	  the	  genus	  Plasmodium.	  It	  is	  one	  of	  

the	   largest	   public	   healthcare	   burdens	   worldwide,	   affecting	   some	   of	   the	   poorest	  

countries	   and	   areas	   where	   access	   to	   adequate	   healthcare	   is	   limited.	   In	   2013	   an	  

estimated	   855,	  000	   deaths	   were	   caused	   by	   the	   disease,	   the	   majority	   of	   which	   were	  

pregnant	  women	  and	  children	  under	  the	  age	  of	  5	  1.	   In	  recent	  years	  the	  combination	  of	  

artemisinin	   based	   drugs,	   insecticide	   treated	   bed	   nets	   and	   indoor	   residual	   spraying	   of	  

insecticides	   has	   led	   to	   substantial	   reductions	   in	   the	   burden	   of	   malaria;	   43	   malaria	  

endemic	   countries	   have	   reported	   a	   50%	   reduction	   in	   cases	   in	   the	   last	   10	   years	   2.	  

However,	   the	  ongoing	  control	  of	   the	  disease	   faces	  a	  number	  of	  problems.	  First	  among	  

these	  is	  the	  development	  of	  parasite	  resistance	  to	  anti-‐malarials,	  a	  problem	  observed	  for	  

all	   drugs	   in	   use	   today	   2.	   Exacerbating	   this	   problem	   is	   the	   development	   of	   mosquito	  

resistance	   to	   insecticides,	   especially	   pyrethroids.	   The	   development	   of	   an	   effective	  

vaccine	  for	  malaria	  has	  been	  difficult	  due	  to	  the	  fact	  that	  the	  parasite	  is	  adept	  at	  avoiding	  

immune	  mechanisms,	  and	  the	  ways	  it	  does	  this	  are	  not	  completely	  understood.	  Lasting	  

control	   of	   malaria	   will	   require	   both	   increased	   access	   to	   healthcare	   in	   developing	  

countries,	  and	  the	  development	  of	  new	  treatment	  strategies	  that	  are	  better	  able	  to	  avoid	  

the	  development	  of	  parasite	  resistance.	  This	  will	  require	  deeper	  knowledge	  of	  the	  genes	  

influencing	  host	   resistance	   to	   the	  disease,	  and	   the	  biological	  processes	   involved	   in	   the	  

pathology	  of	  malaria.	  

	  

Areas	  of	  stable	  malaria	  transmission	  cover	  almost	  100	  countries	  and	  40	  million	  square	  

kilometres	  across	  the	  northern	  part	  of	  South	  America,	  Africa,	  the	  Middle	  East	  and	  South	  

East	   Asia	   3.	   Approximately	   3.4	   billion	   people	   are	   exposed	   annually	   2.	   Transmission	   of	  

malaria	   is	  dependent	  on	  the	  Anopheles	  mosquito,	  and	  so	   is	   limited	  to	  regions	   in	  which	  

temperature,	   rainfall	   and	   humidity	   are	   suitable	   for	   Anopheles	   survival,	   as	   well	   as	  

Plasmodium	   survival	   within	   the	   mosquito.	   Transmission	   follows	   seasonal	   changes	   in	  

rainfall,	  as	  sufficient	  water	  bodies	  are	  necessary	  for	  the	  larval	  stage	  of	  Anopheles	  growth	  
3.	  There	  are	  currently	  six	  species	  of	  Plasmodium	  known	  to	   infect	  humans;	  Plasmodium	  

falciparum,	   Plasmodium	   vivax,	   Plasmodium	   ovale	   curtisi,	   Plasmodium	   ovale	   wallikeri,	  

Plasmodium	  malariae,	  and	  Plasmodium	  knowlesi.	  Infection	  with	  P.	  falciparum	  causes	  the	  

most	  lethal	  disease,	  and	  is	  most	  prevalent	  in	  Africa	  3.	  In	  other	  areas	  P.	  vivax	  accounts	  for	  

roughly	  50%	  of	  cases	  with	  most	   infection	  occurring	  in	  the	  Middle	  East,	  south	  Asia	  and	  

the	  south	  America	  4,5.	  	  

	  



	   3	  

Lifecycle	  and	  Pathogenesis	  	  

The	   Plasmodium	   lifecycle	   has	   several	   stages,	   including	   sexual	   replication	   within	   the	  

female	   Anopheles	   mosquito,	   and	   asexual	   replication	   within	   the	   human	   liver	   and	  

bloodstream.	   Sporozoites,	   residing	   in	   the	   salivary	   glands	   of	   infected	   Anopheles,	   are	  

injected	   into	   the	   subcutaneous	   tissue	   of	   the	   human	   host	   when	   the	   mosquito	   takes	   a	  

blood	   meal.	   Approximately	   50%	   of	   these	   sporozoites	   will	   then	   migrate	   to	   the	   liver,	  

where	   they	   invade	   hepatocytes	   6.	   Here,	   each	   sporozoite	   undergoes	   a	   cycle	   of	   asexual	  

schizogeny	   to	   produce	   several	   thousand	  merozoites,	  which	   are	   released	   into	   the	   host	  

blood	   stream.	   This	   liver	   stage	   is	   clinically	   silent.	   Sporozoites	   that	   remain	   in	   the	  

subcutaneous	   tissue	   are	   still	   capable	   of	   producing	   infective	  merozoites	   7.	   Once	   in	   the	  

bloodstream	   merozoites	   invade	   red	   blood	   cells	   (RBCs)	   and	   begin	   another	   cycle	   of	  

asexual	  replication.	  Parasites	  progress	  through	  a	  number	  of	  growth	  stages	  –	  from	  ring,	  

to	  trophozoite,	  to	  schizont	  stage	  –	  before	  finally	  rupturing	  the	  RBC	  and	  releasing	  30-‐40	  

merozoites	  8.	  These	  merozoites	  then	  invade	  new	  RBCs,	  where	  replication	  begins	  again.	  It	  

is	   this	   blood	   stage	   of	   malaria	   that	   causes	   all	   clinical	   symptoms	   of	   the	   disease	   9;	  

importantly,	   during	   this	   stage	   the	   parasite	   is	   surrounded	   by	   two	   membranes,	   and	   is	  

therefore	  relatively	  isolated	  from	  the	  host.	  This	  makes	  it	  challenging	  both	  for	  the	  host	  to	  

recognise	  and	  attack	  the	  parasite,	  and	  for	  anti-‐malarial	  treatments	  to	  kill	  the	  parasite.	  To	  

complete	   its	   lifecycle,	   Plasmodium	   differentiates	   proportion	   of	   bloods	   stage	   parasites	  

from	  asexual	   forms	   into	  either	  male	  or	   female	  gametocytes.	  Gametocyte-‐bearing	  RBCs	  

are	  taken	  up	  by	  the	  feeding	  Anopheles	  mosquito,	  complete	  sexual	  replication	  within	  her,	  

and	  can	  then	  be	  transferred	  to	  a	  new	  human	  host	  (Figure	  1.1).	  	  

	  

	  

	  

	  

	  

	  



	  4	  

	  
Figure	   1.1	   –	   Plasmodium	   lifecycle.	   The	   lifecycle	   of	   Plasmodium	   in	   humans	   begins	   when	   parasites	  

residing	  in	  the	  salivary	  gland	  of	  the	  female	  anopheles	  mosquito	  are	  injected	  into	  the	  subcutaneous	  tissue.	  

These	  sporozoites	  migrate	   to	   the	   liver,	  where	   they	   invade	  hepatocytes	  and	  undergo	  a	   cycle	  of	   clinically	  

silent	   asexual	   replication.	   The	   parasites	   egress	   from	   hepatocytes	   as	   merozoites,	   and	   migrate	   to	   the	  

bloodstream	  where	   they	   undergo	   further	   cycles	   of	   asexual	   replication	  within	   erythrocytes.	   	   This	   blood	  

stage	   causes	   all	   the	   clinical	   symptoms	  of	  disease.	  A	  proportion	  of	   these	  blood	   stage	  parasites	  will	   form	  

gametocytes,	  which	   are	   taken	  up	  by	  mosquitoes	   and	   transmitted	   to	   other	  human	  hosts.	   	   (Illustrated	  by	  

A.	  Greth,	  ASAM,	  2013).	  

	  

	   	  



	   5	  

The	  severity	  of	  disease	  symptoms	  depends	  on	  the	  species	  of	  Plasmodium	  as	  well	  as	  the	  

age,	  genetics	  and	  acquired	   immunity	  of	   the	   infected	   individual.	  Uncomplicated	  malaria	  

can	   cause	   fever,	   chills,	   nausea,	   vomiting,	   dizziness	   and	   headaches.	   Severe	   malaria	   is	  

characterised	   by	   severe	   anemia,	   acute	   renal	   failure,	   and	   respiratory	   distress.	  

Plasmodium	   falciparum	   is	  widely	   regarded	   as	   the	  most	   clinically	   important	   species	   of	  

Plasmodium,	   because	   it	   has	   a	  much	  higher	   incidence	   of	   severe	   disease,	   and	   can	   cause	  

both	   cerebral	   and	   placental	   malaria.	   Cerebral	   malaria	   (CM)	   is	   defined	   as	   the	   sudden	  

onset	   of	   seizure	   and/or	   coma	  where	   the	   patient	   has	   peripheral	   asexual	  P.	   falciparum	  

parasitaemia,	  and	  no	  other	  cause	  of	  encephalitis	  can	  be	   identified.	  Placental	  malaria	   is	  

associated	  with	  increased	  risk	  of	  maternal	  anemia,	  maternal	  mortality,	  low	  birth	  weight,	  

preterm	  delivery,	  intrauterine	  growth	  retardation,	  and	  perinatal	  mortality	  10.	  

	  

Malaria	  Treatment	  and	  Drug	  Resistance	  

There	  are	  many	  anti-‐malarial	  drugs	  currently	  available	  that	  target	  a	  range	  of	  biological	  

processes	   specific	   to	   the	  Plasmodium	   parasite.	   However,	   it	   is	   unknown	   how	   long	   this	  

arsenal	  will	  remain	  effective,	  due	  to	  the	  development	  of	  parasite	  resistance.	  For	  example	  

chloroquine	  (CQ),	  which	  was	  the	  anti-‐malarial	  of	  choice	  during	  the	  1950s,	  deteriorated	  

rapidly	   from	   the	   first	   signs	   of	   resistance	   in	   Thailand	   in	   1957,	   to	   almost	   complete	  

ineffectiveness	   in	   sub-‐Saharan	  Africa	  by	  1988	   11.	  Resistance	  arose	   independently	   in	  at	  

least	   six	   locations12,	   and	   today	   CQ	   is	   ineffective	   against	  most	   strains	   of	   P.	   falciparum	  

across	  Asia,	  Oceania,	  Africa	  and	  South	  America.	  Unfortunately	  the	  problem	  of	  resistance	  

is	   common	   to	   all	   current	   anti-‐malarials.	   Resistance	   to	   artemisinin-‐based	   drugs	   –	  

currently	   the	   best	   acting	   anti-‐malarials	   –	   has	   been	   observed	   in	   Myanmar,	   Thailand,	  

Cambodia	   and	   Vietnam	   13,14.	   	   The	   rapid	   spread	   of	   anti-‐malarial	   resistance	   has	   been	  

attributed	  to	  several	  factors,	  including	  the	  rapid	  lifecycle	  and	  high	  DNA	  mutation	  rate	  of	  

the	   parasite	   15;	   the	   heavy	   use	   of	   anti-‐malarial	   mono-‐therapies	   and	   problems	   with	  

inadequate	   dosing16,17;	   and	   the	   fact	   that	   anti-‐malarial	   treatment	   can	   increase	   rates	   of	  

gametocytogenesis,	   which	   in	   turn	   leads	   to	   the	   preferential	   transmission	   of	   drug	  

resistant	  parasite	  strains	  14,18-‐23.	  	  

	  

Adding	   to	   the	   problems	   outlined	   above	   is	   the	   fact	   that	   the	   current	   arsenal	   of	   anti-‐

malarials	  consists	  of	  a	  relatively	  small	  number	  of	  chemically	  related	  compounds.	  These	  

fall	   into	  four	  groups:	  aminoquinolines	  (chloroquine,	  quinine,	  mefloquine,	  amodiaquine,	  

halofantrine,	   primaquine);	   anti-‐folate	   compounds	   (pyrimethamine,	   proguanil,	  

chlorcycloguanil,	   dapsone,	   sulfadoxine);	   artemisinin	   and	   derivatives	   (artemisinin,	  
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artesunate,	   artemether,	   arteether,	   dihydroartemisinin);	   and	   atovaquone.	   It	   has	   been	  

suggested	  that	  the	  lack	  of	  structural	  diversity	  of	  these	  compounds	  has	  primed	  new	  drug	  

candidates	  for	  the	  rapid	  development	  of	  drug	  resistance,	  as	  new	  compounds	  are	  simply	  

modifications	  of	  the	  same	  basic	  template	  17.	  Indeed	  there	  is	  evidence	  that	  development	  

of	   resistance	   to	   one	   anti-‐malarial,	   can	   affect	   the	   efficacy	   of	   others	   24,25.	   Therefore,	   the	  

World	   Health	   Organisation	   now	   recommends	   the	   use	   of	   therapies	   that	   contain	  

compounds	   of	   two	   different	   classes,	   with	   the	   preferred	   choice	   being	   an	   artemesinin	  

derivative	   combined	   with	   lumefantrine,	   amodiaquine,	   mefloquine	   or	   sulfadoxine-‐

pyrimethamine.	   It	   is	   thought	   that	   because	   these	   so-‐called	   artemesinin-‐based	  

combination	   therapies	   (ACTs)	   contain	   two	  drugs,	   each	  with	  different	  modes	  of	   action,	  

parasite	  resistance	  will	  develop	  less	  quickly	  than	  it	  has	  with	  the	  use	  of	  mono-‐therapies	  
26.	  Examples	  of	   the	  mode	  of	  action	  and	  resistance	  of	  each	  anti-‐malarial	   type	  are	   listed	  

below.	  

	  

Aminoquinolines	  (Chloroquine)	  

The	  first	  effective	  Western	  treatment	  for	  malaria,	  was	  quinine,	  which	  occurs	  naturally	  in	  

the	  bark	  of	  cinchona	  trees	  in	  South	  America.	  	  It	  was	  replaced	  by	  chloroquine	  as	  the	  anti-‐

malarial	   of	   choice	   in	   the	   1940s,	   as	   the	   latter	  was	   found	   to	   have	   fewer	   side	   effects	   27.	  

During	   development	   within	   the	   RBC,	   Plasmodium	   parasites	   digest	   haemoglobin.	   This	  

produces	  free	  haem,	  which	  can	  catalyse	  the	  production	  of	  free	  radicals.	  To	  protect	  itself	  

from	  oxidative	  damage,	  the	  parasite	  converts	  free	  haem	  to	  inert	  hemozoin	  crystals	  28-‐30;	  

chloroquine	   is	   thought	   to	   prevent	   the	   formation	   of	   hemozoin,	   and	   thereby	   kill	   the	  

parasite	   through	   the	   build	   up	   of	   oxidative	   stress	   31.	   There	   is	   also	   some	   evidence	   that	  

cholroquine	  may	   increase	   oxidative	   stress	  within	   the	  RBC	  by	  binding	   to	  host	   quinone	  

reductase	   2	   32.	   Resistance	   to	   chloroquine	   occurs	   through	   alterations	   in	   the	  molecular	  

pumps	   controlling	   the	   import	   and	   efflux	   of	   the	   drug	   from	   its	   site	   of	   action	   in	   the	  

parasite’s	   digestive	   vaculole	   (DV).	   These	   pumps	   are	   the	   P.	  falciparum	   chloroquine	  

resistance	   transporter	   (PfCRT),	   and	   multidrug	   resistance	   analogue	   (pfmdr1)	   33-‐35.	  	  

Mutations	  to	  PfCRT1	  allow	  the	  protein	  to	  export	  CQ	  out	  of	  the	  parasite’s	  DV.	  At	  least	  30	  

variant	  residues	  have	  been	  identified	   in	  CQ	  resistant	  P.	  falciparum	   isolates	  across	  Asia,	  

Africa,	  and	  South	  America.	  For	  most,	  resistance	  appears	  to	  be	  associated	  with	  the	  single	  

amino	  acid	   substitution	  K76T12.	   	   	   Conversely,	  PfMDR1	   is	   involved	   in	   the	   import	  of	  CQ	  

into	  the	  DV.	  Five	  point	  mutations	  (N86Y,	  Y184F,	  S1034C,	  N1042D,	  and	  D1246Y)	  which	  

decrease	  the	  ability	  of	   the	  protein	  to	  transport	  CQ	   into	  the	  DV,	  as	  well	  as	  decreases	   in	  

PfMDR	  copy	  number,	  have	  been	  linked	  to	  CQ	  resistance	  36.	  
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Anti-‐folates	  (sulfadoxine-‐pyrimethamine)	  

The	   anti-‐folate	   drug	   sulfadoxine-‐pyrimethamine	   (SP)	   entered	   widespread	   use	   as	   the	  

front-‐line	  treatment	   for	  malaria	   in	  areas	  where	  CQ	  resistance	  had	  become	  widespread	  
17,27,37.	  Folate	  is	  an	  essential	  molecule	  that	  can	  be	  synthesised	  de	  novo	  by	  the	  parasite,	  or	  

scavenged	   from	   its	   environment.	   It	   is	   used	   in	   the	   subsequent	   biosynthesis	   of	   purine,	  

pyrimidine	  and	  amino	  acids	   38.	  SP	  combines	   two	  compounds	   that	  act	  within	   the	   folate	  

synthesis	  pathway	  of	  Plasmodium.	  Sulfadoxine	  is	  a	  substrate	  analogue	  of	  PABA,	  which	  is	  

metabolised	   by	   dihydropteroate	   synthetase	   (DHPS);	   and	   pyrimethamine	   is	   a	   specific	  

inhibitor	  of	  Plasmodium	  dihydrofolate	  reductase	  (PfDHFR).	  Resistance	  develops	  due	  to	  

point	  mutations	  in	  the	  genes	  of	  these	  enzymes.	  For	  example,	  a	  single	  amino	  acid	  change,	  

from	   serine	   to	   asparagine,	   at	   residue	   108	   of	   PfDHFR	   can	   cause	   pyrimethamine	  

resistance	  39.	  Several	  similar	  point	  mutations	  have	  been	  identified;	  6	  in	  PfDHFR,	  and	  7	  in	  

PfDHPS	  37	  

	  

Artemisinin	  

The	  plant	  Artemesia	  annua	   has	  been	  used	   in	   traditional	   Chinese	  medicine	   for	   treating	  

fever	   and	  malaria	   for	   hundreds	   of	   years.	   The	   active	   ingredient,	   artemesinin,	  was	   first	  

isolated	   in	   1971,	   and	   began	   to	   be	  widely	   used	   in	   the	   1980s40.	   It	   has	   advantages	   over	  

other	  anti-‐malarials,	  in	  that	  it	  is	  fast	  acting,	  and	  is	  active	  against	  all	  stages	  of	  the	  parasite,	  

including	   gametocytes	   41,42.	   Unfortunately,	   it	   has	   a	   short	   half-‐life,	   and	   therefore	  

artemesinin	  is	  often	  combined	  with	  other,	  longer	  acting	  drugs	  17.	  Although	  it	  is	  generally	  

understood	  that	  artemisinin	  kills	  parasites	  by	  increasing	  oxidative	  stress	  within	  the	  RBC	  
43,44,	   the	   exact	   mechanism	   of	   action	   and	   resistance	   is	   still	   unclear,	   and	   contradictory	  

evidence	   is	   available	   for	   a	   number	   of	   hypotheses.	   For	   example,	   there	   is	   evidence	   that	  

artemisinin	  targets	  the	  parasite	  ATPase	  PfATP6	  45,46,	  and	  mutations	  in	  PfATP6	  have	  been	  

associated	  with	   artemisinin	   resistance	   in	   some	   field	   isolates	   47.	   However,	   it	   has	   been	  

shown	   in	  vitro	   that	  polymorphisms	   in	  PfATP6	  do	  not	  effect	  P.	  falciparum	   sensitivity	   to	  

artemisinins	   48.	   More	   recent	   evidence	   suggests	   that	   resistance	   may	   be	   caused	   by	  

polymorphisms	   in	   the	   K13	   gene.	   	   K13	   belongs	   to	   the	   kelch	   superfamily	   of	   proteins;	  

resistance	  mutations	  fall	  within	  its	  propeller	  domain,	  which	  mediates	  a	  range	  of	  cellular	  

functions	  including	  ubiquitin	  based	  protein	  degradation	  and	  cell	  adaptation	  to	  oxidative	  

stress	   49,50.	   	   Mutations	   in	   K13	   have	   been	   associated	   with	   artemesinin	   resistance	   in	  

Cambodia,	  Thailand,	  Myanmar,	  Laos,	  and	  Vietnam	  14,49,51.	  
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Atovaquone	  

Atovaquone-‐proguanil	  (AP)	  –	  initially	  licensed	  as	  Malarone	  –	  is	  commonly	  prescribed	  as	  

a	  prophylactic	  drug	  for	  travellers	  visiting	  malaria	  endemic	  regions.	  It	  also	  has	  efficacy	  in	  

treating	  uncomplicated	  malaria	  infections,	  but	  so	  far	  its	  high	  cost	  has	  prevented	  it	  from	  

entering	  widespread	  use.	  As	  the	  patent	  for	  AP	  expired	  in	  2013,	  it	  has	  been	  considered	  as	  

a	  possible	  replacement	  for	  artemesinin	  in	  areas	  where	  parasite	  resistance	  to	  that	  drug	  is	  

common.	   Atovaquone	   is	   a	   competitive	   inhibitor	   of	   the	  mitochondrial	   cytochrome	   bc1	  

complex.	  This	   complex	  plays	   an	   integral	   role	   in	  maintaining	  mitochondrial	  membrane	  

potential,	  and	  is	  also	  necessary	  for	  pyrimidine	  synthesis.	  Atovaquone	  kills	  Plasmodium	  

by	  collapsing	  mitochondrial	  membrane	  potential	  in	  the	  parasite	  52.	  Resistance	  can	  arise	  

through	  a	   single	  point	  mutation	   in	   the	  quinol	   oxidation	  pocket	  of	   cytochrome	  b	   53.	  As	  

such,	   there	  are	  concerns	   that	   the	  advantages	  gained	  by	  replacing	  artemesinin	  with	  AP	  

would	  be	  short	  lived	  54-‐56	  

	  

	  

Malaria	  Vaccine	  

There	  has	  been	  considerable	  effort	  over	  the	  last	  30	  years	  to	  develop	  a	  malaria	  vaccine.	  It	  

is	   thought	   that	   this	   is	   possible	   because	   individuals	   do	  develop	   acquired	   immunity	   to	  

Plasmodium,	   although	   this	   appears	   to	   be	   due	  mainly	   to	   protection	   against	   the	   clinical	  

symptoms	   of	   blood	   stage,	   rather	   than	   a	   sterilising	   immunity	   57.	   Naturally	   acquired	  

immunity	   also	   depends	   on	   repeated	   and	   persistent	   infection	   and	   is	   often	   lost	   by	  

individuals	  that	  leave	  endemic	  areas	  58.	  Potential	  vaccine	  targets	  include	  both	  liver	  and	  

blood	  stage	  parasites.	  Of	  the	  numerous	  vaccine	  candidates	  under	  investigation,	  the	  most	  

promising	   is	   RTS,	   S,	   which	   entered	   phase	   3	   trials	   in	  May	   2009.	   This	   vaccine	   aims	   to	  

induce	   immunity	   to	   the	   pre-‐erythrocytic	   form	   of	   the	   parasite,	   and	   thereby	   prevent	   it	  

from	   invading	   RBCs	   and	   causing	   clinical	   symptoms.	   To	   this	   end,	   RTS,	   S	   targets	   the	  

circumsporozoite	   protein,	   which	   is	   the	   most	   prominent	   surface	   antigen	   of	   the	  

P.	  falciparum	  sporozoite.	  Results	  to	  date	  show	  that	  the	  efficacy	  of	  the	  vaccine	  varies	  with	  

Plasmodium	   transmission	   intensity,	   from	   60%	   in	   areas	   of	   low	   transmission,	   to	   4%	   in	  

areas	  of	  high	  transmission.	  	  Vaccine	  efficacy	  also	  varies	  with	  time,	  waning	  within	  a	  few	  

years	  of	  administration	  59,60.	  For	  these	  reasons,	  RTS,S	  is	  unlikely	  to	  remain	  effective	  long	  

term,	  and	  although	  many	  other	  candidate	  vaccines	  are	  in	  development,	  they	  may	  suffer	  

similar	  problems.	  	  
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A	  New	  Approach	  is	  Needed	  for	  Anti-‐malarial	  Therapy	  

With	   limited	   success	   in	   vaccine	   development,	   the	   burden	   of	   malaria	   treatment	   rests	  

heavily	   on	   conventional	   anti-‐malarials,	   which	   suffer	   from	   the	   rapid	   development	   of	  

parasite	  resistance.	  The	  common	  feature	  of	  all	  currently	  available	  drugs	  is	  that	  they	  are	  

parasite-‐directed.	  They	   target	  biochemical	  pathways	  within	  Plasmodium,	  which	  means	  

the	  parasite	  has	  genetic	  control	  not	  only	  over	  the	  molecule	  targeted	  by	  the	  drug,	  but	  also	  

the	  metabolism,	  uptake	  and	  secretion	  of	   the	  drug.	   In	  order	   to	  overcome	   this	  problem,	  

researchers	  have	  begun	  to	  look	  towards	  the	  host,	  to	  consider	  if	  it	  is	  possible	  to	  kill	  the	  

Plasmodium	  by	  manipulating	  the	  host	  environment	  in	  which	  the	  parasite	  resides,	  rather	  

than	  by	  targeting	   it	  directly.	  Fortunately	   there	  are	  many	  natural	  examples	  where	  such	  

alterations	   to	   the	   host	   result	   in	   anti-‐malarial	   effects.	   These	   examples	   are	   host	   genetic	  

polymorphisms,	  and	  are	  discussed	  below.	  

	  

	  

Host	  Genetic	  Polymorphisms	  and	  Their	  Prevalence	  

	  

It	  has	  long	  been	  observed	  that	  in	  malaria	  endemic	  regions,	  genetic	  blood	  disorders	  exist	  

in	   higher	   than	   predicted	   frequencies.	   In	   1949	   observations	   of	   the	   high	   rate	   of	  

thalassemia	   in	   the	  Mediterranean	   caused	  Haldane	   to	   propose	   the	  malaria	   hypothesis:	  

that	   such	   deleterious	   traits	   exist	   in	   high	   frequencies	   because	   they	   provide	   a	   selective	  

advantage	  by	  rendering	  individuals	  resistant	  to	  malaria	  61.	  Further	  evidence	  in	  support	  

of	  this	  hypothesis	  comes	  from	  recent	  observation	  that	  some	  traits	  are	  now	  disappearing	  

from	  areas	  where	  malaria	  has	  been	  eradicated	  62.	  The	  polymorphisms	  providing	  malaria	  

resistance	   affect	   a	   wide	   range	   of	   host	   cells,	   molecules	   and	   processes,	   including	   RBC	  

shape	   and	   structure,	   RBC	   membrane	   proteins,	   haemoglobin	   and	   enzymes,	   and	  

components	  of	  the	  immune	  system.	  	  

	  

Haemoglobin	  Mutations	  

Haemoglobin	   is	  a	   tetramer	  made	  up	  of	   two	  α-‐	  and	   two	  β-‐globin	  chains,	   surrounding	  a	  

haem	  molecule.	  It	  makes	  up	  96%	  of	  the	  dry	  weight	  of	  the	  RBC,	  and	  is	  responsible	  for	  the	  

oxygen	   and	   carbon	   dioxide	   carrying	   capacity	   of	   blood.	   Five	   major	   polymorphisms	  

affecting	   haemoglobin	   have	   been	   associated	   with	   malaria	   resistance;	   three	   occurring	  

from	  simple	  point	  mutations	  within	  the	  β-‐globin	  chain	  (haemoglobinopathies),	  and	  two	  

affecting	  the	  production	  and	  hence	  total	  amount	  of	  the	  α-‐	  and	  	  β-‐	  chains	  (thalassaemias).	  
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Haemoglobin	  S	  

HbS	  results	  from	  a	  glutamate	  to	  valine	  substitution	  in	  position	  6	  of	  the	  β	  globin	  molecule.	  

In	  homozygous	   individuals	  HbS	   causes	   sickle	   cell	   disease	   (SCD)	   –	   a	  disorder	   in	  which	  

RBCs	  distort	  into	  damaging	  sickle	  shapes	  under	  low	  oxygen	  concentration.	  SCD	  is	  fatal	  in	  

the	   absence	   of	   adequate	   treatment,	   and	   individuals	   often	   die	   before	   the	   age	   of	   five.	  

Under	   neutral	   selection,	   such	   an	   allele	   would	   not	   be	   expected	   to	   be	   present.	   But	   in	  

populations	   residing	   in	   malaria	   endemic	   areas,	   especially	   Africa,	   the	   HbS	   allele	  

frequency	   is	   as	   high	   as	   20%	   63.	   It	   is	   generally	   believed	   that	   this	   is	   because	   the	  

heterozygous	  allele,	  HbAS,	  provides	  significant	  resistance	  to	  P.	  falciparum.	  Studies	  have	  

shown	  that	  HbAS	  individuals	  are	  protected	  from	  severe	  malarial	  anaemia,	  high-‐density	  

parasitaemia,	  and	  cerebral	  malaria	  64-‐66.	  

	  

Haemoglobins	  E	  and	  C	  

HbE	  results	   from	  a	  glutamine	  to	   lysine	  substitution,	  which	  causes	  an	  alternate	  splicing	  

site	   at	   codons	  25-‐27	  of	   the	  β-‐globin	   gene.	  This	   in	   turn	   causes	   reduced	   synthesis	   of	   β-‐

globin	   and	   a	  mild	   thalasaemic	   phenotype	   in	   homozygotes.	  HbE	   is	   commonly	   found	   in	  

Southeast	  Asia.	  HbC	  results	  from	  a	  glutamate	  to	  lysine	  substitution	  at	  position	  6	  of	  the	  

β-‐globin	   gene.	   Homozygotes	   suffer	   from	   haemolytic	   anaemia.	   HbC	   is	   found	   most	  

commonly	  in	  West	  Africa.	  Neither	  HbE	  nor	  HbC	  provide	  protection	  from	  uncomplicated	  

P.	   falciparum	   infection,	   but	   they	   do	   provide	   protection	   from	   severe	   anaemia,	   high	  

parasite	  densities	  and	  cerebral	  malaria	  66-‐69.	  

	  

Thalassaemias	  

α-‐	  and	  β-‐	  thalassaemia	  are	  disorders	  caused	  by	  the	  underproduction	  of	  α-‐	  and	  β-‐globin	  

chains	   respectively.	  They	  are	  widely	  prevalent	   in	   areas	  where	  malaria	   is	   currently,	   or	  

has	  been	  historically	  endemic	  70.	  Case	  control	  studies	  have	  shown	  60%	  protection	  from	  

severe	  malaria	  in	  	  	  α-‐	  and	  β-‐	  thalassaemia	  homozygotes,	  and	  34%	  for	  heterozygotes	  71-‐73.	  

Interestingly,	  there	  is	  evidence	  of	  interaction	  between	  α-‐thalassemia	  and	  HbS.	  Although	  

both	  of	   these	  polymorphisms	  provide	  resistance	  against	  P.	  falciparum	  when	  carried	   in	  

isolation,	  individuals	  with	  both	  mutations	  are	  almost	  as	  susceptible	  to	  clinical	  malaria	  as	  

individuals	  with	  neither	  74.	  
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Mutation	  Affecting	  RBC	  Membrane	  Proteins	  

The	  Duffy	  antigen	  receptor	  for	  chemokines	  (DARC),	  is	  a	  glycosylated	  membrane	  protein	  

expressed	   on	   the	   RBC	   surface,	   which	   acts	   as	   a	   non-‐specific	   receptor	   for	   several	  

chemokines.	   Individuals	  with	   one	  of	   two	  point	  mutations	   in	   the	  DARC	  promoter	  have	  

reduced	   or	   absent	   Duffy	   expression	   on	   the	   erythrocyte	   surface;	   this	   polymorphism	   is	  

most	  prevalent	  in	  Africa,	  although	  a	  Duffy	  null	  allele	  has	  arisen	  independently	  in	  Papua	  

New	   Guinea	   75.	   	   P.	   vivax	   binds	   to	   DARC	   as	   it	   invades	   the	   RBC,	   and	   therefore	   Duffy	  

negative	  individuals	  are	  resistant	  to	  infection	  by	  that	  parasite.	  In	  some	  African	  regions,	  

100%	  of	   individuals	  are	  Duffy	  negative76,	  and	  the	  polymorphism	  is	  thought	  to	  account	  

for	  the	  striking	  lack	  of	  P.	  vivax	   transmission	  over	  much	  of	  the	  continent	  77,78.	  For	  many	  

years	   it	  was	   believed	   that	   Duffy	   negative	   individuals	   are	   completely	   impervious	   to	  P.	  

vivax	  infection	  79,	  however,	  this	  paradigm	  has	  been	  challenged	  by	  recent	  reports	  of	  Duffy	  

negative	  individuals	  infected	  with	  P.	  vivax	  in	  Madagascar,	  West	  Africa,	  Kenya	  and	  South	  

America	  80-‐84.	  This	  may	  mean	  either	  that	  P.	  vivax	  is	  evolving	  to	  use	  receptors	  other	  than	  

Duffy	  for	  invasion,	  or	  that	  the	  parasites	  observed	  are	  merely	  ‘vivax-‐like’	  82,84,85.	  

	  

The	   erythrocyte	   cytoskeleton	   is	   composed	   of	   several	   proteins,	   including	   α-‐	   and	   β-‐	  

spectrin,	  ankyrin,	  band	  3	  and	  protein	  4.1,	  that	  interact	  and	  form	  complex	  intermolecular	  

structures	  that	  give	  the	  RBC	  its	  form	  and	  physical	  properties.	  Hereditary	  spherocytosis	  

(HS)	   and	   hereditary	   elliptocytsis	   (HE)	   are	   conditions	   caused	   by	   polymorphisms	   that	  

disrupt	   the	   interactions	   between	   these	   proteins,	   resulting	   in	   abnormally	   shaped	  

erythrocytes.	   These	   polymorphisms	   are	   highly	   prevalent	   in	   malaria	   endemic	  

populations,	  but	  little	  is	  known	  about	  their	  impact	  on	  malaria	  susceptibility	  in	  humans	  
86-‐88.	  Southeast	  Asian	  Ovalocytosis	  (SAO)	  –	  a	  type	  of	  HE	  caused	  by	  deletion	  of	  band	  3	  –	  

has	   been	   associated	   with	   protection	   from	   cerebral	   malaria,	   but	   not	   uncomplicated	   P.	  

falciparum	  infection	  89-‐91.	  	  

	  

The	   ABO	   antigen	   is	   a	   carbohydrate	   molecule	   on	   the	   RBC	   surface	   with	   roles	   in	   cell	  

adhesion	   and	   hemostasis.	   ABO	   blood	   group	   has	   been	   associated	   with	   the	   severity	   of	  

malaria	  outcome;	  A,	  B	  and	  AB	  individuals	  are	  more	  susceptible	  than	  those	  with	  O	  blood	  

groups,	   and	   are	   more	   likely	   to	   suffer	   from	   coma	   due	   to	   cerebral	   malaria,	   and	   from	  

severe	  malarial	  anaemia	  66,92,93.	  There	  is	  also	  some	  evidence	  that	  blood	  group	  O	  provides	  

protection	  from	  placental	  malaria,	  although	  appears	  to	  be	  restricted	  to	  primiparae	  94.	  
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Complement	   receptor	   1	   (CR1)	   is	   a	   glycoprotein	   expressed	   on	   the	   RBC	   surface,	  which	  

binds	   to	  particles	  and	   immune	  complexes	  with	  activated	  complement.	  Polymorphisms	  

in	  CR1	  can	  affect	  the	  size	  of	  the	  protein,	   the	   level	  of	  expression	  on	  the	  RBC	  surface,	  or	  

Knops	  blood	  group	  antigens.	  Both	  of	   the	   latter	  have	  been	  associated	  with	  malaria.	  For	  

example,	   Moulds	   et	   al	   compared	   the	   prevalence	   of	   different	   CR1	   polymorphisms	   in	  

African-‐Americans,	   European-‐Americans	   and	   Malians.	   They	   found	   the	   greatest	  

association	  between	  ethnicity	   and	   the	  Knops	  blood	  group	  polymorphism	  Sl(a-‐),	  which	  

was	   observed	   in	   <1%	   of	   Europeans,	   39%	   of	   African-‐Americans,	   and	   68-‐72%	   of	  

Malians	  95.	   	   In	   another	   study,	   it	   was	   shown	   that	   up	   to	   80%	   of	   healthy	   individuals	   in	  

malaria	  endemic	  regions	  of	  Papua-‐New	  Guinea	  express	  very	  low	  levels	  of	  CR1	  on	  their	  

RBCs,	  and	  that	  this	  correlates	  with	  resistance	  to	  severe	  malaria	  96.	  	  However,	  in	  a	  case-‐

control	   study	   across	  12	   locations	   in	  Africa,	  Asia	   and	  Oceania,	   only	   a	  weak	   association	  

could	  be	  found	  between	  CR1	  polymorphisms	  and	  severe	  malaria	  66.	  

	  

Other	  RBC	  surface	  polymorphisms	  common	  in	  malaria	  endemic	  regions	  include	  those	  in	  

Glycophorins	   B	   and	   C	   97,98.	   Although	   their	   association	  with	  malaria	   endemicity	  might	  

suggest	  a	  role	  in	  resistance,	  the	  evidence	  for	  this	  is	  unclear.	  For	  example,	  although	  null	  

polymorphism	  in	  glycophirin	  C	  has	  been	  associated	  with	  protection	  from	  P.	  falciparum	  

in	   vitro,	   studies	   in	   Papua	   New	   Guinea,	   were	   the	   mutation	   is	   commonly	   found,	   have	  

shown	  no	  association	  with	  malaria	  incidence	  or	  severe	  anaemia	  99-‐101	  

	  

Enzyme	  Mutations	  	  

Glucose	  6	  phosphate	  dehydrogenase	  (G6PD)	  

G6PD	  maintains	  cellular	  levels	  of	  NADPH,	  which	  in	  turn,	  maintains	  the	  levels	  of	  reduced	  

glutathione.	   The	   latter	   is	   an	   essential	   part	   of	   the	   anti-‐oxidant	   defence	   of	   the	   RBC;	  

insufficient	  amounts	  of	  reduced	  glutathione	  result	  in	  hemolyis	  of	  RBCs	  due	  to	  a	  build-‐up	  

of	   reactive	   oxygen	   species.	   G6PD	  deficiency,	   also	   known	  as	   favism,	   is	   one	   of	   the	  most	  

common	   erythrocyte	   enzyme	  mutations	   worldwide	   102.	   The	   X	   linked	   disorder	   can	   be	  

caused	  by	  several	  mutations;	  the	  most	  common	  variant,	  G6PD	  A-‐,	  results	  in	  amino	  acid	  

substitutions	   at	   positions	   68	   and	   126	   of	   the	   protein.	   	   Some	   debate	   exists	   about	   the	  

protective	  role	  of	  G6PD	  deficiency	  in	  Plasmodium	  infection.	  Ruwende	  et	  al.	  reported	  that	  

in	  two	  large	  case	  control	  studies	  of	  over	  2000	  African	  children	  G6PD	  A-‐	  was	  associated	  

with	   a	   46-‐58%	   reduction	   in	   risk	   of	   both	   mild	   and	   severe	   malaria	   for	   both	   female	  

heterozygotes	  and	  male	  hemizygotes	  103.	   	  In	  contrast,	  Guindo	  et	  al.	  reported	  that	  G6PD	  

A-‐	   provided	   protection	   for	   hemizygous	   males,	   but	   not	   heterozygous	   females.	   In	   this	  
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study	  no	  difference	  in	  parasite	  density	  with	  G6PD	  status	  was	  observed	  in	  either	  sex,	  and	  

protection	   in	  males	  was	   largely	  against	   cerebral	  malaria	   104.	  Other	   results	   support	   the	  

protective	   role	   of	   the	   heterozygous	   condition,	   but	   suggest	   that	   homozygousity	   may	  

make	  individuals	  more	  susceptible	  to	  severe	  malaria	  66,105.	  

	  

Pyruvate	  Kinase	  (PK)	  

PK	  catalyses	  the	  final	  step	  of	  glycolysis,	  converting	  Phosphoenolpyruvic	  acid to	  pyruvate,	  

and	  generating	  ATP.	  PK	  deficiency	  -‐	  caused	  by	  any	  one	  of	  over	  150	  different	  mutations	  -‐	  

is	  the	  second	  most	  common	  cause	  of	  haemolytic	  anaemia,	  behind	  G6PD	  deficiency,	  and	  

results	  in	  lowered	  ATP	  concentration,	  cell	  shrinkage	  and	  haemolysis	  106.	  Various	  studies	  

have	  estimated	   the	  occurrence	  of	   loss	  of	   function	  variants	  between	  1:25	  and	  1:20,000	  
107-‐109	   depending	   on	   the	   population	   surveyed.	   Evidence	   of	   positive	   selection	   for	   PK	  

deficiency	   in	   sub-‐Saharan	   Africa	   and	   Pakistan	   is	   consistent	   with	   the	   possibility	   of	  

malarial	   selection	   107,	   and	   individuals	   with	   PK	   deficiency	   have	   been	   associated	   with	  

higher	  rates	  of	  uncomplicated	  malaria	  109. 

	  

Nitric	  Oxide	  Synthase	  2	  (NOS2)	  

Phagocytes	  generate	  nitric	  oxide	  as	  part	  of	  the	  innate	  immune	  response	  to	  infection.	  The	  

compound	   is	   also	   a	   potent	   vasodilator.	   Polymorphisms	   in	   the	   NOS2	   promoter	   region	  

have	  been	  found	  in	  malaria	  endemic	  regions,	  and	  have	  been	  associated	  with	  protection	  

from	  severe	  malarial	  anaemia	  and	  cerebral	  malaria	  110,111.	  However,	  a	  study	  by	  Levesque	  

et	   al,	   investigating	   the	   effects	   of	   these	   polymorphisms,	   found	   no	   difference	   in	   NOS2	  

promoter	   function	   between	   WT	   and	   mutant	   alleles,	   suggesting	   that	   the	   association	  

between	  NOS2	  polymorphisms	   and	  malaria	   resistance	  may	  be	  more	   complicated	   than	  

previously	  described	  112.	  

	  

Plasma	  membrane	  calcium-‐transporting	  ATPase	  4	  (ATP2B4)	  

The	   ATP2B4	   gene	   encodes	   a	   calcium	   transporter	   found	   in	   the	   plasma	   membrane	   of	  

erythrocytes.	  It	  was	  originally	  identified	  by	  genome	  wide	  association	  study	  (GWAS)	  as	  a	  

malaria	  resistance	  locus	  113.	  A	  subsequent	  case-‐control	  study	  has	  shown	  that	  individuals	  

carrying	   the	   derived	   allele	   at	   rs10900585	   have	   a	   significantly	   higher	   risk	   of	   severe	  

malaria,	  and	  those	  homozygous	  for	  the	  derived	  allele	  at	  rs4951074	  had	  a	  decreased	  risk	  

of	  severe	  malaria	  66.	  
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Immune	  System	  Mutations	  

There	   are	   many	   immune	   system	   mutations	   that	   have	   been	   identified	   as	   providing	  

resistance	   to	   malaria.	   These	   mutations	   are	   usually	   non-‐deleterious,	   and	   affect	   both	  

antigen	  presentation,	  and	  immune	  cytokines.	  

	  

	  HLA-‐B	  and	  HLA-‐DR	   are	   polymorphic	   genes	   that	   encode	  MHC	   class	   I	   and	   II	  molecules	  

involved	  in	  the	  antigen	  presentation	  necessary	  for	  parasite	  recognition	  by	  the	  immune	  

system.	   Various	  mutations	   in	   these	   genes	   have	   been	   linked	   to	   fewer	  malarial	   attacks,	  

lower	  parasitaemia	  and	  reduced	  fever	  114,115.	  	  

	  

Cytokine	   polymorphisms	   associated	  with	  malaria	   resistance	   include	  mutations	   to	   IL4,	  

IL-‐13	   and	   IFNG.	   IL4	   encodes	   interleukin-‐4,	   which	   stimulates	   the	   differentiation	   of	  

antibody	  producing	  B	   cells.	   Various	   alleles	   have	   been	   associated	  with	   higher	   levels	   of	  

antibodies	   against	   malarial	   antigens,	   fewer	   malarial	   attacks	   and	   lower	   parasitaemia	  
114,116.	  IL-‐13	  has	  been	  associated	  with	  increased	  risk	  of	  severe	  malarial	  anaemia	  (SMA)	  
117	  IFNG	  encodes	  the	  pro-‐inflammatory	  cytokine	  interferon	  gamma	  (IFN-‐γ),	  mutations	  in	  

which	  have	  been	  shown	  to	  protect	  against	  the	  development	  of	  cerebral	  malaria	  118.	  

	  

CD40	  ligand	  (CD40L)	  is	  a	  glycoprotein	  important	   in	  the	  immune	  response	  to	  infection.	  	  

It	  is	  primarily	  expressed	  by	  activated	  CD4+T	  cells,	  and	  is	  involved	  in	  B	  cell	  proliferation	  

and	  Ig	  class	  switching.	  In	  a	  case	  control	  study	  of	  Gambian	  individuals,	  a	  polymorphism	  

in	   the	   promoter	   region	   of	   the	   gene	   -‐	   	   CD40L-‐726C	   -‐	  was	   associated	  with	   significantly	  

reduced	   risk	   of	   severe	   malaria,	   cerebral	   malaria	   and	   severe	   malarial	   anaemia,	   in	  

hemizygous	  males	  119.	  However,	  in	  a	  later	  study,	  it	  was	  found	  that	  although	  the	  derived	  

allele	  associated	  with	  reduced	  risk	  in	  The	  Gambia,	  it	  is	  associated	  with	  increased	  risk	  in	  

Kenyan	  individuals	  66.	  

	  

Summary	  

The	  naturally	   occurring	  polymorphisms	  outlined	   above	  underscore	   the	   significance	  of	  

host	   cell	   properties	   and	   functions	   in	   determining	   the	   course	   of	  Plasmodium	   infection.	  	  

Even	  small	  changes	  to	  the	  host	  environment	  can	  provide	  significant	  protection	  from	  the	  

worst	  symptoms	  of	  disease;	  and	  perhaps	  more	  strikingly,	  can	  provide	  protection	   from	  

malaria	   on	   a	   scale	   that	   has	   not	   been	   achieved	   by	   conventional	   anti-‐malarials.	   	   For	  

example,	   the	   Duffy	   negative	   mutation	   has	   prevented	   the	   establishment	   of	   P.	   vivax	   in	  

Africa,	   and	   has	   continued	   to	   provide	   protection	   from	   infection	   for	   several	   thousand	  
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years	  77,120.	  This	  thesis	  is	  based	  on	  the	  hypothesis	  that	  host	  genetics	  may	  hold	  the	  key	  to	  

developing	   a	   more	   lasting	   control	   of	   malaria.	   That	   is,	   by	   using	   pharmaceuticals	   that	  

target	   host	   products	   essential	   for	   parasite	   survival,	   it	  may	  be	  possible	   to	  minimise	   or	  

even	   avoid	   parasite	   drug	   resistance	   from	  developing,	   as	  well	   as	   providing	   completely	  

new	  classes	  of	  anti-‐malarials.	   It	   is	   therefore	  of	  considerable	   importance	  to	  understand	  

the	  mechanisms	  by	  which	  host	  polymorphisms	  confer	  resistance.	  

	  

	  

Biological	  Mechanism	  of	  Resistance	  
	  
	  
During	   its	   lifecycle	  within	   the	   erythrocyte,	  Plasmodium	   interacts	  with	   a	  wide	   range	  of	  

host	   products,	   as	  well	   as	   substantially	   remodelling	   the	   RBC,	   and	   influencing	   the	   host	  

response	  to	  infection.	  The	  following	  section	  outlines	  the	  current	  understanding	  of	  some	  

of	  these	  interactions,	  and	  the	  ways	  in	  which	  host	  polymorphisms	  disrupt	  them.	  

	  

Invasion	  

The	   invasion	   of	   erythrocytes	   by	   the	   merozoite	   has	   been	   well	   characterised,	   and	   is	  

summarised	  in	  Figure	  1.2.	  It	  is	  a	  dynamic	  process	  that	  can	  be	  separated	  into	  four	  stages,	  

involving	  a	  reversible	  attachment,	  reorientation,	  formation	  of	  a	  tight	  junction	  and	  finally	  

internalisation.	  	  	  

	  

For	   invasion	   to	   proceed,	   binding	   has	   to	   occur	   between	   several	   parasite	   proteins	   and	  

their	  respective	  receptors	  on	  the	  erythrocyte	  surface.	  For	  P.	  vivax,	  Duffy	  binding	  protein	  

(DBP)	   facilitates	   invasion,	   by	   binding	   DARC121.	   In	   P.	  falciparum	   the	   parasite	   proteins	  

EBA-‐175	   and	   EBL-‐1	   bind	   to	   host	   glycophorin	   A	   (GYPA)	   and	   glycophorin	   B	   (GYPB)	  

respectively	  122,123;	  both	  STEVOR	  and	  PfEBP-‐2	  bind	  glycophorin	  C	  (GYPC)	  124,125;	  PfRh4	  

and	   PfRh5	   bind	   complement	   receptor	   1	   and	   basigin	   126,127;	   and	   the	  merozoite	   surface	  

protein	  MSP1	  binds	   to	  band	  3	   128.	  Disruptions	   to	   the	   expression	  of	   each	  of	   these	  host	  

proteins	   have	   been	   shown	   to	   decrease	   the	   parasite’s	   ability	   to	   invade	   RBCs.	   The	  

importance	  of	  each	  of	  these	  interactions	  has	  been	  shown	  in	  vitro.	  By	  using	  antibodies	  or	  

peptides	   to	   block	   GYPB123,	   STEVOR125,	   PfRh4126,	   basigin127,	   MSP-‐1128	   or	   CR1129,	  

P.	  falciparum	   merozoite	   invasion	   can	   be	   reduced.	   The	   same	   is	   true	   for	   DARC	   and	  

P.	  vivax130.	  Perhaps	  unsurprisingly,	  a	  number	  of	  the	  erythrocyte	  polymorphisms	  known	  

to	   be	   involved	   in	   malaria	   resistance	   disrupt	   the	   expression	   of	   receptors	   used	   by	  

Plasmodium	  for	  invasion.	  Through	  ex	  vivo	  studies	  conducted	  with	  blood	  from	  individuals	  
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carrying	   these	   polymorphisms,	   it	   has	   been	   shown	   that	   Duffy	   negative	   RBCs	   resist	  

P.	  vivax	   invasion131;	   and	   that	   reduced	   or	   absent	   expression	   of	   CR1126,	   GYPB132,	  

GYPC133,134,	  4.1134	  or	  band	  3135	   results	   in	   reduced	  rates	  of	  P.	  falciparum	  invasion.	  Cells	  

which	  express	  a	  variant	  form	  of	  basigin,	  which	  has	  a	  weak	  affinity	  for	  PfRh5,	  also	  show	  

reduced	  rates	  of	  invasion	  127.	  

	  

	  

	  

	  
Figure	  1.2.	  Invasion	  of	  erythrocytes	  by	  Plasmodium.	  (1)	  The	  merozoite	  forms	  a	  reversible	  attachment	  

to	   the	   RBC.	   (2)	   It	   then	   reorients	   so	   that	   its	   apical	   end	   is	   facing	   the	   erythrocyte	   surface,	   and	   binds	   to	  

various	  host	   ligands.	  These	  include	  Duffy	  antigen	  for	  P.	  vivax,	  and	  the	  glycophorins	  for	  P.	  falciparum.	   (3)	  

Proteins	   are	   secreted	   by	   the	   merozoite	   and	   embedded	   in	   the	   erythrocyte	   surface.	   A	   tight	   junction	   is	  

formed	  and	  an	  actin	  myosin	  motor	  is	  initiated.	  	  (4)	  This	  allows	  the	  parasite	  to	  become	  engulfed	  and	  enter	  

the	  erythrocyte	  by	  endocytosis.	  Finally,	  the	  erythrocyte	  cytoskeleton	  is	  returned	  to	  its	  normal	  state.	  

	  

	  

	  

	  

One	  aspect	  of	  invasion	  that	  is	  less	  well	  understood,	  is	  how	  the	  parasite	  ‘chooses’	  which	  

cells	  to	  enter.	  Although	  P.	  falciparum	  invades	  erythrocytes	  of	  all	  ages,	  other	  species	  such	  

as	  P.	  vivax	   (and	   its	   rodent	   equivalent	  P.	  berghei)	   show	  a	   clear	  preference	   for	   invading	  

reticulocytes.	   Some	   of	   this	   selectivity	   is	   mediated	   by	   erythrocyte	   and	   reticulocyte	  

binding	  proteins	   (EBL	  and	  RBL	  respectively)136,	  however,	   there	   is	   increasing	  evidence	  
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that	  the	  energy	  status	  of	  the	  RBC	  may	  have	  important	  implications	  for	  invasion.	  As	  early	  

as	   1969,	   it	   was	   noted	   that	   parasitaemia	   was	   positively	   correlated	   with	   the	   ATP	  

concentration	   of	   RBCs	   137.	   More	   recently,	   it	   has	   been	   shown	   that	   P.	   berghei	   needs	   a	  

functional	  TCA	  cycle	  to	  generate	  enough	  ATP	  to	  live	  within	  mature	  cells.	  In	  the	  absence	  

of	  BCKDH	   -‐	   the	  P.	  berghei	   equivalent	   of	   pyruvate	   dehydrogenase	   -‐	   it	   can	   only	   survive	  

within	  reticulocytes	  138.	  	  

	  

Levano-‐Garcia	  et	  al	  showed	  that	  extracellular	  ATP	  released	  from	  the	  RBC	  is	  an	  essential	  

signal	   for	   invasion	   139.	   Hypothesising	   that	   ATP	  might	   have	   an	   effect	   on	   the	   parasite’s	  

ability	   to	   bind	   to	   RBCs,	   Ramalingam	   et	   al.	   interrogated	   known	   Plasmodium	   invasion	  

proteins	  for	  nucleotide	  binding	  motifs.	  They	  found	  putative	  domains	  within	  all	  members	  

of	   the	   RBL	   protein	   family.	   Further	   experiments	   determined	   that	   these	   domains	  were	  

able	  to	  bind	  ATP,	  and	  that	  this	  binding	  produced	  conformational	  changes	  that	  exposed	  

the	   erythrocyte-‐binding	   domain	   of	   the	   protein	   140.	   	   As	   it	   has	   been	   observed	   that	   the	  

initial,	   reversible,	   contact	   between	  merozoite	   and	   RBC	   causes	   a	   wave	   of	   deformation	  

across	   the	   erythrocyte	   surface	   141,	   and	   it	   is	   known	   that	   membrane	   deformation	   can	  

cause	  ATP	  release	   from	  the	  RBC,	   it	  has	  been	  postulated	  that	   this	  may	  form	  part	  of	   the	  

parasites	  ability	  to	  ‘sense’	  healthy	  cells	  to	  invade	  136.	  Although	  this	  part	  of	  the	  invasion	  

process	   is	   still	   largely	   speculative,	   it	   may	   provide	   insight	   into	   the	   malaria	   resistance	  

observed	  in	  pyruvate	  kinase	  deficient	  individuals.	  PK	  deficiency	  results	  in	  low	  levels	  of	  

cellular	  ATP,	  and	  has	  been	  consistently	  associated	  with	  impaired	  merozoite	  invasion	  142.	  

	  

Growth	  

Once	   inside	  the	  red	  cell,	   the	  parasite	  occupies	   the	  unusual	  position	  of	   inhabiting	  a	  cell	  

that	   is	   relatively	   resource	   scarce,	   separated	   from	   the	   nutrient	   rich	   plasma	   by	   three	  

membranes.	   Therefore,	   Plasmodium	   must	   remodel	   the	   erythrocyte	   to	   facilitate	   the	  

import	   of	   nutrients,	   and	   to	   export	   metabolic	   waste	   products	   during	   its	   rapid	   growth	  

phase.	  

	  

The	  parasite	  acquires	  most	  of	   the	  amino	  acids	  needed	  for	  protein	  synthesis,	  as	  well	  as	  

clearing	   space	   for	   further	   growth,	   by	   digesting	   host	   haemoglobin	   (HGB).	   This	   occurs	  

within	   an	   acidic	   organelle	   termed	   the	   digestive	   vacuole;	   other	   essential	   nutrients	  

required	  by	   the	  growing	  parasite	  are	   imported	   from	  outside	   the	  host	  RBC,	  and	   to	   this	  

purpose	   the	   infected	   erythrocyte	   undergoes	   a	   large	   increase	   in	   permeability	   to	   low	  

molecular	   weight	   solutes.	   This	   is	   facilitated	   by	   a	   number	   of	   transport	   pathways,	  
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collectively	  termed	  the	  NPP	  (new	  permeability	  pathways)	  143.	  	  The	  NPP	  allows	  uptake	  of	  

essential	  nutrients,	  including	  pantothenic	  acid	  144,	  and	  isoleucine	  145,	  as	  well	  as	  the	  efflux	  

of	  metabolic	   by-‐products	   such	   as	   lactate	   146.	   Other	   essential	   nutrients	   such	   as	   purine	  

nucleosides	   and	   nucleobases	   are	   imported	   from	   the	   plasma,	   using	   the	   hosts	   cell’s	  

endogenous	  transporters,	  hENT1	  and	  hFNT1	  147.	  

	  

One	  of	   the	  problems	   faced	  by	   the	  parasite	  during	   this	  growth	  phase	   is	   the	  build-‐up	  of	  

oxidative	  stress.	  The	  main	   function	  of	  RBCs	   is	  oxygen	   transport,	   and	  as	   such,	   they	  are	  

constantly	  exposed	   to	  high	   levels	  of	  potential	   reactive	  oxygen	   species	   (ROS),	   to	  which	  

the	   parasite	   adds	   by	   its	   high	   metabolic	   rate.	   Furthermore,	   haemoglobin	   digestion	  

produces	  methaemoglobin	  and	  free	  haem,	  both	  of	  which	  can	  catalyse	  the	  production	  of	  

free	   radicals.	   To	  protect	   itself	   from	  oxidative	  damage,	   the	  parasite	   converts	  most	   free	  

heme	  into	  inert	  hemozoin	  crystals	  28-‐30,	  but	  even	  a	  small	  amount	  of	  free	  haem	  can	  cause	  

RBC	  lysis.	  	  

	  

Although	  Plasmodium	  spp.	  have	  well	  developed	  redox	  systems	  (reviewed	  in	  148,149),	  they	  

don’t	   have	   catalase	   or	   glutathione	   peroxidase	   150.	   Therefore,	   to	   maintain	   redox	  

equilibrium	  they	  rely	  heavily	  on	  reduced	  glutathione,	  thioredoxin,	  superoxide	  dismutase	  

and	  peroxiredoxin	   151-‐153.	   It	   is	   therefore	  unsurprising	   that	   in	  G6PD	  deficiency	   -‐	  where	  

levels	   of	   reduced	   glutathione	   are	   low	   -‐	   oxidative	   stress	   is	   postulated	   as	   the	   main	  

mechanism	   of	   resistance	   154.	   However,	   this	   is	   not	   the	   only	   host	   polymorphism	  with	   a	  

postulated	  link	  between	  oxidative	  stress	  and	  malaria	  resistance.	  Both	  HbS	  and	  HbC	  are	  

unstable,	   and	   readily	   oxidise	   to	   methaemoglobin.	   The	   increased	   oxidative	   stress	   that	  

this	   causes	   may	   impair	   the	   parasite’s	   ability	   to	   remodel	   the	   host	   erythrocyte,	   and	  

effectively	  transport	  virulence	  factors	  to	  the	  RBC	  surface,	  thereby	  providing	  protection	  

to	  the	  host	  155.	  

	  

The	  oxidative	  stress	  that	  occurs	  with	  Plasmodium	  infection	  also	  causes	  changes	  in	  the	  

RBC	  membrane	  akin	  to	  accelerated	  ageing	  and	  senescence,	  which	  can	  increase	  

phagocytosis	  of	  infected	  RBCs	  by	  monocytes	  156.	  These	  changes	  are	  even	  more	  

pronounced	  in	  RBCs	  from	  individuals	  with	  haemoglobin	  polymorphisms.	  Investigating	  

this	  phenomenon	  in	  vitro,	  Ayi	  et	  al	  found	  that	  even	  though	  parasites	  developed	  normally	  

in	  cells	  with	  HbS	  and	  β-‐thalassaemia,	  membrane	  bound	  hemichromes,	  aggregated	  band	  

3,	  autologous	  IgG	  binding	  and	  phagocytosis	  by	  monocytes	  were	  significantly	  elevated	  in	  

both	  mutants,	  suggesting	  that	  they	  may	  share	  a	  common	  mechanism	  of	  resistance	  157.
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Table	  1.1:	  Mechanisms	  of	  resistance	  in	  common	  erythrocyte	  polymorphisms	  

Erythrocyte	  
polymorphisms	   Invasion	   Growth	   Cytoadherence/	  

rosetting	  
Phagocytosis/	  
IgG	  binding	  

Oxidative	  
stress	   References	  

Sickle	  cell	  trait	  
(HbAS)	   ↓	   ↓	  or	  

normal	   ↓	  or	  normal	   ↑	   ↑	   157-‐163	  

Sickle	  cell	  
disease	  (HbSS)	   Unknown	   ↓	   ↓	  (low	  oxygen)	   ↑	   ↑	   162-‐165	  

HbAC	   Normal	   ↓	   ↓	  or	  normal	   ↑	   ↑	   158,162,163,166,167	  

HbCC	   Normal	   ↓	   ↓	   ↑	   ↑	   162,163,166-‐169	  

HbAE	   ↓	   ↓	   Unknown	   ↑	   ↑	   68,170,171	  

HbEE	   Normal	   ↓	   Unknown	   ↑	   ↑	   68,170,171	  

α	  thalassemia	   Normal	  
↓	  or	  
normal	   ↓	  or	  normal	   ↑	   ↑	   172-‐174	  

β	  thalassemia	   ↓	  
↓	  or	  
normal	   ↓	   ↑	   ↑	   157,174-‐176	  

G6PD	  
deficiency	  

Normal	   Normal	   Unknown	   ↑	   ↑	   154,177	  

PK	  deficiency	   ↓	   Normal	   Unknown	   ↑	   Unknown	   142	  
Duffy	  

negativity	   ↓	  #	   Unknown	   Unknown	   Unknown	   Unknown	   79,131	  

Blood	  group	  O	   Normal	   Normal	   ↓	  	   Normal	   Unknown	   161,178,179	  

CR1	  deficiency	   ↓	   Unknown	   ↓	   Unknown	   Unknown	   129,180	  
GYPA	  

deficiency	   ↓	   Unknown	   Unknown	   Unknown	   Unknown	   181	  

GYPB	  
deficiency	  

↓	  or	  
normal	  

Unknown	   Unknown	   Unknown	   Unknown	   132	  

GYPC	  
deficiency	   ↓	   Normal	   Unknown	   Unknown	   Unknown	   133,134	  

Basigin	  
deficiency	  

↓	   Unknown	   Unknown	   Unknown	   Unknown	   127	  

Southeast	  
Asian	  

ovalocytosis	  
(band3)	  

↓	  or	  
normal	   Normal	   ↓	   Unknown	   Unknown	   135,182,183	  

Hereditary	  
elliptocytosis	  	  	  	  	  	  	  
(α	  spectrin)	  

Normal	   ↓	   Unknown	   Unknown	   Normal	   182,184	  

Hereditary	  
elliptocytosis	  

(4.1)	  
Normal	   ↓	   Normal	   Unknown	   Normal	   182,185	  

Hereditary	  
spherocytosis	  
(ankyrin)	  

↓*	  or	  
normal	  

↓*	  or	  
normal	  	   Unknown	   Unknown	   Unknown	   182,186	  

	  
↓	  decreased,	  ↑	  increased.	  All	  experiments	  are	  with	  P.	  falciparum,	  except	  where	  indicated	  as	  #	  P.	  vivax,	  or	  *	  P.	  

chabaudi.	  Growth	  refers	  only	  to	  the	  ability	  of	  the	  parasite	  to	  undergo	  replication	  within	  the	  cell.	  
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Spleen	  Clearance	  and	  Cytoadherence	  

In	  healthy	  individuals,	  abnormal	  or	  senescent	  erythrocytes	  are	  cleared	  from	  circulation	  

by	   the	   spleen	   (Groom,	   Schmidt	   et	   al.	   1991).	   Every	   100-‐200	   minutes,	   the	   entire	   RBC	  

population	  passes	  through	  the	  splenic	  sinusoids	  187,	  where	  the	  cells	  are	  forced	  through	  

narrow	   inter-‐endothelial	   slits.	   Those	   erythrocytes	   that	   are	   not	   sufficently	   deformable,	  

cannot	  pass	  through	  188-‐191,	  and	  are	  retained	  in	  the	  red	  pulp,	  where	  they	  are	  expoed	  to	  

macrophages	  for	  phagocytosis	  and	  recyclying.	  Erythrocytes	  with	  exposed	  phosphatidyl	  

serine,	  or	  other	  stress	  markers	  will	  also	  be	  retained	  192-‐194.	  	  

	  

During	   malaria	   infection,	   the	   spleen	   plays	   a	   crucial	   role	   in	   removing	   parasitised	  

erythrocytes	   from	   circulation;	   therefore	   Plasmodium	   species	   have	   developed	   various	  

methods	   to	  escape	  splenic	  entrapment.	  P.	  vivax	  infected	  erythrocytes	  almost	  double	   in	  

deformability	   and	   therefore	   pass	   easily	   through	   the	   spleen	   195,196.	   Conversely	  

P.	  falciparum	  progressively	  increases	  RBC	  rigidity	  as	  it	  matures	  197-‐200,	  and	  even	  the	  mild	  

alterations	  of	  early	  ring	  forms	  can	  cause	  increased	  splenic	  retention	  190,198.	  Therefore,	  to	  

avoid	  clearance,	  P.	  falciparum	  alters	  the	  adhesive	  properties	  of	  its	  host	  RBC,	  allowing	  it	  

to	   bind	   to	   the	   endothelium	   of	   the	   microvasculature	   and	   avoid	   passing	   through	   the	  

spleen	  during	  vulnerable	  stages	  of	  maturation	  197.	  	  The	  same	  alterations	  in	  adhesiveness	  

also	  cause	   iRBC	  to	  bind	  to	  uninfected	  RBC	   in	  a	  process	  known	  as	  rosetting.	  Numerous	  

host	   polymorphisms	   have	   been	   postulated	   to	   provide	   P.	   falciparum	   resistance	   by	  

interrupting	   cytoadherence	   and	   rosetting,	   and	   therefore	   increasing	   splenic	   clearance.	  

These	  include	  CR1	  expression,	  blood	  group	  A,	  α-‐thalassaemia,	  HbS	  and	  HbC.	  

	  

	  P.	   falciparum	   cytoadherence	   and	   rosetting	   (reviewed	   in	   201)	   are	   mediated	   largely	  

through	  the	  parasite	  virulence	   factor	  PfEMP1,	  which	   localises	   to	  knob-‐like	  protrusions	  

on	  the	  RBC	  surface	  202.	  The	  protein	  is	  encoded	  by	  a	  family	  of	  roughly	  60	  var	  genes	  203;	  

through	   its	   variant	   forms,	   it	   is	   able	   to	   bind	   at	   least	   12	   different	   host	   endothelial	  

receptors,	  although	  most	  research	  has	  focused	  on	  ICAM1	  and	  CD36	  201.	  Recent	  research	  

has	   shown	   that	   the	   parasite	   proteins	   STEVOR	   and	   RIFIN	   can	   also	   contribute	   to	  

cytoadherence	   independent	   of	   PfEMP1	   125.	   These	   proteins	   are	   trafficked	   to	   the	  

erythrocyte	   surface	   via	  Maurer’s	   clefts;	   unilamellar	  membrane	   profiles	   located	  within	  

the	   RBC	   cytosol,	   and	   anchored	   to	   the	   erythrocyte	   cytoskeleton	   204.	   Localisation	   and	  

attachment	  of	  Maurer’s	  clefts	  occurs	  through	  a	  network	  of	  host-‐derived	  actin	  filaments,	  

which	  have	  also	  been	  associated	  with	  protein	  containing	  vesicles	  155,205,206.	  
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To	   form	   rosettes,	   PfEMP1	   binds	   to	   CR1	   and	   Blood	   group	   A	   on	   uninfected	   cells.	  	  

Therefore,	   polymorphisms	   resulting	   in	   reduced	   expression	   of	   CR1	   or	   blood	   group	   A	  

result	   in	   decreased	   rosetting	   96,180,207,208.	  Similarly,	   α	   thalassaemia	   has	   been	   shown	   to	  

decrease	  rosetting	  through	  low	  expression	  of	  CR1	  96,209.	  There	  is	  also	  evidence	  that	  HbS	  

and	   HbC	   provide	   protection	   against	   malaria	   by	   disrupting	   the	   formation	   of	   actin	  

filaments	  necessary	  for	  correct	  expression	  of	  virulence	  factors	  on	  the	  RBC	  surface	  155,205	  	  

	  

Cerebral	  Malaria	  

A	  further	  complication	  of	  iRBC	  cytoadherence	  and	  rosetting	  in	  P.	  falciparum	  infections	  is	  

the	  development	  of	  cerebral	  malaria	  (CM).	  CM	  has	  a	  mortality	  rate	  of	  up	  to	  18%	  66,	  and	  a	  

great	   deal	   of	   research	   into	   its	   cause	   has	   been	   conducted	   (reviewed	   in	   210).	   Early	  

post-‐mortem	   studies	   of	   CM	   patients	   noted	   an	   accumulation	   of	   P.	   falciparum	   infected	  

RBCs	  within	   the	  microvasculature	  of	   the	  brain,	   therefore	   the	  cause	  of	  CM	  was	   initially	  

postulated	   to	   be	   mechanical	   obstruction	   of	   the	   vessels	   by	   sequestered	   iRBCs	   211.	  

Increasingly	  however,	  research	  suggests	  that	  CM	  is	  caused	  by	  a	  dynamic	  interaction	  of	  

host	   and	   parasite	   factors,	   including	   iRBC	   sequestration,	   endothelial	   activation,	  

breakdown	  of	  the	  blood	  brain	  barrier,	  and	  inflammation	  212	  (Figure	  1.3).	  	  

	  

Binding	   of	   iRBCs	   to	   the	   endothelium	   not	   only	   causes	   mechanical	   obstruction	   of	   the	  

microvasculature,	   but	   is	   also	   able	   to	   contribute	   to	   pathogenic	   inflammation	   and	  

endothelial	  activation.	  For	  example,	   some	  PfEMP1	  variants	  can	  bind	   to	   the	  endothelial	  

protein	   C	   receptor	   (EPCR).	   This	   receptor	   normally	   binds	   activated	   protein	   C	   (APC),	  

which	   in	   turn,	   exerts	   a	   cytoprotective	   role	   on	   the	   endothelium.	   By	   binding	   to	   EPCR,	  

PfEMP1	   can	   outcompete	   APC,	   causing	   inflammation	   and	   the	   upregulation	   of	   several	  

adhesion	   molecules	   including	   ICAM1	   213.	   Although	   there	   are	   likely	   to	   be	   several	  

mechanisms	  by	  which	  iRBC	  binding	  can	  cause	  endothelial	  activation,	  expression	  of	  the	  

subset	  of	  PfEMP1	  molecules	  able	  to	  bind	  EPCR,	  has	  been	  associated	  with	  severe	  malaria	  

in	  children	  214.	  Sequestration	  of	  iRBCs	  is	  also	  thought	  to	  be	  the	  major	  cause	  of	  placental	  

malaria.	  Through	  specific	  PfEMP1	  variants,	  iRBCs	  adhere	  to	  Chondroitin	  sulfate	  A215	  and	  

hyularonic	   acid	   expressed	   on	   placental	   syncytiotrophoblasts216.	   This	   results	   in	   the	  

accumulation	   of	   parasitized	   red	   cells	   in	   the	   placenta,	   increased	   inflammation,	   and	  

reduced	  blood	  flow	  to	  the	  foetus	  217,218.	  	  

	  

Alongside	   iRBCs,	  human	  studies	  have	   found	  platelets	  accumulated	   in	   the	  brains	  of	  CM	  

patients,	   suggesting	   they	   also	   contribute	   to	   pathology	   219.	   In	  vitro	   studies	   have	   shown	  
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that	   platelets	   help	   mediate	   iRBC	   clumping	   220,	   and	   in	   mice	   it	   has	   been	   shown	   that	  

inhibition	   of	   platelet	   binding	   to	   the	   brain	   endothelium	   protects	   against	   experimental	  

cerebral	  malaria	  (ECM)	  221.	  Platelets	  also	  contribute	  to	  pathogenic	  inflammation	  during	  

malaria	  infection	  222.	  However,	  it	  has	  been	  shown	  that	  platelets	  are	  able	  to	  bind	  to	  iRBCs	  

and	  kill	  the	  parasites	  within	  them	  during	  the	  early	  stages	  of	  uncomplicated	  malaria	  223,	  

suggesting	   that	   they	  may	   have	   both	   beneficial	   and	   pathogenic	   roles	   during	   infection.	  

This	  hypothesis	   is	   further	  supported	  by	  mouse	  studies	  showing	  that	  platelet	  depletion	  

24	  hrs	  prior	  to	  infection	  leads	  to	  higher	  parasitaemia	  and	  is	  not	  survival	  protective,	  but	  

depletion	  24hrs	  after	  infection	  reduces	  ECM	  224.	  

	  

One	   of	   the	  major	   host	   processes	   known	   to	   contribute	   to	   the	   development	   of	   cerebral	  

malaria	   is	   an	   over-‐active	   inflammatory	   response.	   Much	   of	   what	   is	   known	   about	   this	  

comes	  from	  studies	  in	  mice	  using	  P.	  berghei	  ANKA	  (PbA),	  although	  there	  is	  some	  debate	  

about	   the	   relevance	   of	   this	  model	   to	   human	   CM	   225.	   Studies	  with	   knock-‐out	  mice	   and	  

in	  vivo	   neutralisation	   of	   host	   molecules	   have	   shown	   that	   cerebral	   malaria	   can	   be	  

prevented	  by	  depletion	  of	  IFN-‐γ	  226,227,	  TNFα	  228,	   lymphotoxin	  229,	  CD4+	  T	  cells	  230,	  and	  

CD8+	  T	   cells	   230.	   	   CM	   resistance	   is	   also	  observed	   in	  mice	  with	  ENU	  mutations	   in	   Jak3,	  

which	  causes	   impairment	   in	   thymic	  development	  of	  CD8+	  T	  cells,	  B	  cells	  and	  NK	  cells,	  

and	   defective	   T	   cell	   dependent	   IFN-‐γ	   production	   231.	   Claser	   et	   al	   used	  

luciferase-‐expressing	  PbA	  to	  narrow	  this	  even	  further;	  they	  showed	  that	  time	  dependent	  

accumulation	  of	  iRBCs	  in	  the	  brain	  is	  mediated	  almost	  entirely	  by	  CD8+T	  cells	  and	  IFN-‐γ	  
232.	  	  

	  

All	   of	   the	   mechanisms	   outlined	   above	   can	   result	   in	   endothelial	   damage,	   and	   may	  

contribute	  to	  the	  eventual	  breakdown	  of	  the	  blood	  brain	  barrier	  (reviewed	  in	  233).	  Both	  

adhesion	  of	   platelets234	   and	   iRBCs	  has	  been	   shown	   to	   trigger	   apoptosis	   of	   endothelial	  

cells;	   it	   can	   also	   lead	   to	   endothelial	   activation,	  which	   reduces	   the	   expression	   of	   tight-‐

junction	  proteins.	  Reduced	  blood	   flow	  caused	  by	  sequestration	  of	   leukocytes,	  platelets	  

and	   RBCs	   can	   create	   an	   environment	   where	   glucose	   and	   oxygen	   are	   low,	   and	   toxins	  

secreted	  from	  metabolically	  active	  parasites	  build-‐up,	  causing	  increased	  permeability	  of	  

endothelial	  cells.	  	  It	  has	  also	  been	  hypothesised	  that	  IFN-‐γ	  activation	  of	  endothelial	  cells	  

causes	  them	  to	  phagocytose	  parasite	  products,	  and	  express	  parasite	  derived	  epitopes	  on	  

major	  histocompatibility	  complex	  I	  and	  II	  (MHC-‐I,	  and	  MHC-‐II)	  235.	  On	  recognising	  these	  

epitopes,	  activated	  malaria-‐specific	  CD8+T	  cells	  attack	  and	  destroy	  the	  cells	  presenting	  

them	  236.	  
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Figure	   1.3:	   Processes	   involved	   in	   the	   development	   of	   cerebral	   malaria.	   (1)	   Infected	   RBCs	   form	  

rosettes	  and	  clumps	  by	  binding	  to	  uninfected	  RBCs	  and	  platelets	  respectively.	  Adherence	  of	  rosettes	  and	  

clumps	   to	   the	  vascular	   endothelium	  can	   cause	  mechanical	   obstruction	  of	  blood	   flow,	   resulting	   in	   tissue	  

hypoxia.	  (2)	  Binding	  of	  iRBCs	  also	  causes	  endothelial	  activation	  and	  up-‐regulation	  of	  adhesion	  molecules,	  

including	   ICAM-‐1.	   (3)	  Platelets	   are	  activated	  on	  binding	   iRBCs	  and	   release	   factors	   including	  PF4,	  which	  

participates	   in	   parasite	   killing,	   inflammation,	   and	   T	   cell	   recruitment;	   and	   TGF-‐beta1,	  which	   can	   induce	  

apoptosis	  of	   endothelial	   cells.	   (4)	  Lymphocytes	  are	   recruited	   to	   the	  brain	  microvasculature	  and	   release	  

inflammatory	   cytokines,	   which	   contribute	   to	   endothelial	   activation	   and	   the	   up-‐regulation	   of	   adhesion	  

molecules.	  Of	  particular	  importance	  are	  both	  CD8+	  T	  cells,	  and	  IFN-‐γ.	  (5)	  Presentation	  of	  parasite-‐derived	  

epitopes	  on	  MHC-‐I	  and	  MHC-‐II	  of	  activated	  endothelial	  cells	  marks	  these	  cells	  for	  destruction	  by	  malaria-‐

specific	  CD8+	  T	  cells.	  This	  leads	  to	  breakdown	  of	  the	  blood	  brain	  barrier.	  

	  

	  

	  

It	  is	  well	  established	  that	  several	  host	  polymorphisms	  provide	  protection	  from	  cerebral	  

malaria.	  For	  those	  affecting	  the	  production	  of	  IFN-‐γ,	  IL-‐4	  and	  IL-‐13,	  resistance	  is	  easily	  

attributed	   to	   an	   altered	   inflammatory	   response.	   For	   others	   -‐	   such	   as	   the	  

haemoglobinopathies	   -‐	   the	   mechanism	   of	   resistance	   is	   less	   clear,	   and	  may	   be	   due	   to	  

multiple	   factors.	   For	   example,	   the	   protection	   afforded	   by	   HbS	   has	   been	   variously	  

attributed	   to	   lower	   levels	   of	   iRBC	   cytoadherence	   159,	   impaired	   parasite	   invasion	   and	  

growth	  237,	   improved	  host	  adaptive	   immunity	  161,	   improved	  host	  antioxidant	  response,	  

and	   reduced	   CD8+T	   cell	   expansion	   160.	   Contradictions	   also	   occur	   when	   comparing	  

in	  vitro	   results	   with	   those	   obtained	   from	   patients.	   For	   example	   several	   studies	   have	  
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shown	   that	   parasites	   cultured	   in	   cells	   from	   HbS	   and	   HbC	   individuals	   have	   impaired	  

expression	   of	   PfEMP1	   on	   the	   erythrocyte	   surface	   and	   therefore	   lower	   levels	   of	  

cytoadherance	   159,167.	   	   However,	   a	   recent	   ex	  vivo	   study	   of	   Malian	   children	   found	   no	  

difference	   in	   cytoadherence	   between	   parasites	   from	   HbA,	   HbS	   or	   HbC	   individuals,	  

prompting	   the	   hypothesis	   that	   in	   vivo,	   parasites	   expressing	   more	   adhesive	   PfEMP1	  

variants	  are	  selected	  for	  to	  compensate	  for	  lower	  levels	  of	  expression	  158.	  	  

	  

Gametocytogenesis	  	  

It has been estimated that any long-term control of malaria will depend, not only on treating 

infections, but also in blocking transmission to the mosquito. As such considerable effort has 

been made to understand the mechanism behind commitment to gametocytogenesis.  

 

In vitro experiments with P. falciparum have shown that parasites are able to increase 

gametocytogenesis in response to the addition of several factors, including reticulocytes, red 

cell lysate, and lymphocytes 238-242. This suggested that the parasite is able to adapt to changes 

in the host environment, and led to the general hypothesis that the conditions associated with 

late infection – high parasitaemia, dyserythropoiesis, cell lysis and anaemia – are the trigger 

for gametocytogenesis, and that the parasite invests in transmission as a way to escape from a 

hostile host environment 243.  More recent experiments have suggested that parasites default to 

sexual replication, and that a basal level of gametocytogenesis will occur without any specific 

stress signal, and even before the onset of symptoms or high parasitaemia 244-246. The	  role	  of	  

host	  genetic	  polymorphisms	  in	  gametocytogenesis	  is	  less	  well	  understood,	  but	  both	  HbS	  

and	  HbC	  have	  been	  associated	  with	  increased	  gametocytogenesis	  and	  transmission	  in	  a	  

crossectional	   study	   in	   Burkina	   Faso	   247,	   and	   HbS	   has	   been	   associated	   with	   increased	  

gametocyte	  density	  in	  asymptomatic	  infection	  248.	   

	  

Summary	  

During	  its	  lifecycle	  within	  humans,	  Plasmodium	  interacts	  with	  numerous	  host	  products	  

and	  processes.	  Given	  the	  complexity	  of	  these	  interactions	  it	  is	  perhaps	  unsurprising	  that	  

we	   still	   do	   not	   clearly	   understand	   how	   host	   polymorphisms	   provide	   resistance	   to	  

infection.	   Even	   for	   those	   like	   HbS,	   which	   have	   been	   recognised	   for	   decades	   as	   host	  

malaria	   resistance	   factors,	   are	   not	   fully	   explained.	   Indeed,	   in	   this	   case	   several	  

hypotheses	  exist,	  which	  are	  not	  necessarily	  mutually	  exclusive.	  Greater	  understanding	  
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of	   the	   biological	   processes	   involved	   in	   the	   host	   response	   to	   infection	   may	   provide	  

insights	  into	  host	  products	  that	  could	  be	  targeted	  as	  potential	  new	  therapies	  for	  malaria.	  

	  

	  

Host-‐Directed	  Therapy	  
	  

Host	  directed	   therapy	  (HDT)	   is	  an	  approach	   to	   treating	  disease	   that	  aims	   to	  avoid	   the	  

problem	  of	   drug	   resistance.	  Rather	   than	   attacking	   the	  pathogen	  directly,	  HDT	  aims	   to	  

render	  the	  host	  environment	  inhospitable.	  This	   is	  achieved	  by	  targeting	  a	  specific	  host	  

protein	   necessary	   for	   the	   pathogen’s	   survival.	   Because	   conventional	   therapies	   target	  

processes	  within	  the	  pathogen,	  resistance	  can	  arise	  relatively	  quickly	  with	  mutations	  to	  

the	   drug	   target	   itself,	   or	   the	   targeted	   process.	   HDT	   aims	   to	   avoid	   this,	   by	   acting	   on	  

factors	  outside	  the	  pathogen’s	  genetic	  control.	  The	  disadvantage	  of	  this	  strategy	  is	  that	  

by	  acting	  on	  the	  host,	  HDTs	  have	  the	  potential	  to	  cause	  serious	  side	  effects.	  Nevertheless,	  

HDT	  has	  been	   investigated	   for	   a	   variety	   of	   pathogens.	  Of	   particular	   interest	   are	   those	  

that	  readily	  develop	  drug	  resistance,	  especially	  viruses	  249.	  Recent	  developments	  in	  HDT	  

for	  some	  of	  these	  pathogens	  are	  detailed	  below.	  

	  

Current	  Developments	  in	  Host-‐directed	  Therapy	  

Tuberculosis	  (TB)	  

There	  have	  been	  multiple	  efforts	  to	  treat	  tuberculosis	  with	  HDT.	  These	  include	  therapies	  

against	  multi-‐	  and	  extensively	  drug	  resistant	  tuberculosis,	  known	  as	  MDR-‐TB	  and	  XDR-‐

TB	  respectively.	  	  Targets	  have	  included	  the	  host	  kinase	  AKT1,	  which	  is	  necessary	  for	  the	  

growth	  of	  M.	  tuberculosis	  within	  human	  macrophages	   250,	   host	  proteases	   called	  MMPs,	  

which	  contribute	  to	  the	  transmission	  of	  tuberculosis	  251,	  and	  the	  host	  phosphodiesterase	  

Pde3	   252.	   Inhibitors	   of	   each	   of	   these	   targets	   have	   had	   success	   in	   preventing	   bacterial	  

growth,	   and	   shortening	   the	   time	   taken	   to	   clear	   infection.	  More	   recently,	   Stanley	   et	  al,	  

used	  a	  screen	  of	  small	  molecules	  to	  identify	  host	  products	  important	  for	  M.	  tuberculosis	  

growth.	  Through	   this	   screen	   they	   identified	  host	  EGFR	  as	  a	  potential	   target,	   and	  were	  

able	   to	   use	   the	   inhibitor	   gefitinib	   to	   prevent	   bacterial	   replication	   in	  mice	   253.	   Mayer-‐

barber	   et	   al.	   showed	   that	   IL-‐1	   is	   able	   to	   confer	   host	   resistance	   to	   TB,	   through	   the	  

induction	  of	  eicosanoids.	  By	  using	  drugs	  to	  augment	  host	  prostaglandin	  E2	  levels,	  they	  

were	  able	  to	  increase	  the	  survival	  of	  infected	  mice	  254.	  	  
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Human	  immunodeficiency	  virus	  (HIV)	  

HIV	   binds	   to	   two	   receptors	   to	   invade	   host	   cells;	   CD4	   and	   as	  well	   as	   either	   CXCR4	   or	  

CCR5.	  The	  virus	  that	  uses	  the	  CCR5	  receptor	   is	  more	  common,	  and	   is	   found	   in	  80%	  of	  

patients	   255.	   Efforts	   to	   develop	   an	   HIV	   HDT	   have	   focused	   on	   the	   CCR5	   receptor,	   and	  

several	   antagonists	   have	   been	   developed.	   The	   most	   successful	   of	   these	   has	   been	  

Maraviroc,	  which	  was	  approved	  for	  use	  by	  the	  US	  food	  and	  drug	  administration	  in	  2007	  
256.	   Despite	   its	   success	   as	   an	   HDT	   255,	   in	   some	   patients	   HIV	   has	   rapidly	   acquired	  

resistance	  to	  Maraviroc.	  Although	  this	  process	  is	  not	  completely	  understood,	  it	  appears	  

to	   have	   occurred	   through	   two	   mechanisms.	   The	   first	   is	   due	   to	   the	   fact	   that	   in	   vivo,	  

infections	  will	   often	   contain	   both	   CCR5	   and	   CXCR4	   tropic	   viruses;	   resistance	   in	   these	  

instances	  results	  from	  selection	  of	  the	  CXCR4	  virus.	  The	  second	  mechanism	  relies	  on	  the	  

virus	  evolving	  the	  ability	  to	  use	  inhibitor-‐bound	  CCR5	  for	  invasion	  256-‐258.	  	  

	  

Myxoviruses	  

The	   myxoviruses	   are	   a	   group	   of	   enveloped,	   negative-‐strand	   RNA	   viruses	   that	   are	  

transmitted	   through	   the	   respiratory	   route;	   they	   include	   influenza,	   mumps	   virus	   and	  

measles	   virus	   259.	   In	   recent	   years	   a	   number	   of	   bioinformatics	   studies	   have	   identified	  

several	   host	   factors	   essential	   for	   the	   replication	  of	   influenza	  within	   the	  host,	  with	   the	  

aim	   of	   developing	   effective	  HDT	   for	   the	   virus	   260,261.	   Krumm	   et	   al.	  mined	   data	   from	   a	  

large	   scale	  high-‐throughput	   chemical	   screen	   to	   find	  potential	  host-‐directed	  candidates	  

for	   the	   treatment	   of	  Myxoviruses.	   The	   lead	   compound	   they	   identified,	   JMN3-‐003,	  was	  

able	   to	  prevent	   the	  growth	  of	  measles	  virus	   in	   a	  manner	   consistent	  with	  a	   compound	  

acting	   on	   the	   host,	   rather	   than	   the	   virus.	   They	   then	   tested	   the	   ability	   of	   the	   virus	   to	  

develop	   resistance	   to	   JMN3-‐003.	   In	   their	   study,	   conventional	   therapies	   showed	  

development	  of	  resistance	  within	  20	  days;	  JMN3-‐003	  was	  still	  effective	  after	  90	  days	  259,	  

supporting	   the	   hypothesis	   that	   HDTs	   are	   able	   to	   avoid	   the	   development	   of	   pathogen	  

resistance.	  

	  

Malaria	  

Host	   directed	   therapies	   for	   malaria	   have	   also	   been	   tried	   by	   targeting	   two	   pathways	  

within	   the	   RBC	   that	   are	   used	   by	   the	   parasite.	   Sicard	   et	   al	   found	   that	   P.	  falciparum	  

activates	   the	   PAK-‐MEK	   kinase	   pathway	   of	   erythrocytes.	   The	   parasite	   does	   not	   have	  

orthologues	  of	   either	  PAK	  or	  MEK,	  but	   rather	  activates	   the	  host	   enzymes	  even	  during	  

ring	   stage	   development.	   Pharmacological	   inhibition	   of	   these	   two	  proteins	  was	   able	   to	  

kill	   blood	   stage	   parasites	   both	   in	   vitro	   and	   in	   vivo,	   as	   well	   as	   liver	   stage	   parasites	   in	  
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vitro	  262.	  Similarly,	  Smith	  et	  al.	  discovered	  that	  host	  ferrochelatase	  (FECH)	  is	  required	  for	  

P.	  falciparum	   growth;	   significant	   growth	   inhibition	   was	   seen	   when	   parasites	   were	  

cultured	   in	   the	   cells	   of	   FECH	   deficient	   individuals.	   Pharmacological	   inhibition	   of	   host	  

FECH	  was	  also	  able	  to	  kill	  parasites	  in	  vitro	  263.	  

	  

ENU	  Mutagenesis	  and	  the	  Identification	  of	  New	  Host-‐directed	  Therapy	  Targets	  

In	   order	   to	   design	   an	   effective	   host-‐directed	   therapy	   for	   malaria,	   a	   greater	  

understanding	   of	   the	   genes	   involved	   in	   the	   host	   response	   to	  malaria	   will	   be	   needed.	  

Most	  of	  the	  polymorphisms	  outlined	  above	  were	  discovered	  because	  they	  are	  associated	  

with	  a	  disease	  state;	  an	  ideal	  HDT	  would	  not	  target	  products	  that	  are	  going	  to	  cause	  such	  

deleterious	  side	  effects.	  It	  has	  been	  estimated	  that	  our	  current	  understanding	  accounts	  

for	  only	  a	  fraction	  of	  the	  total	  number	  of	  polymorphisms	  involved	  in	  malarial	  resistance	  
264.	  	  Therefore,	  a	  number	  of	  strategies	  have	  been	  employed	  to	  identify	  more.	  

	  

One	   such	   strategy	   has	   been	   to	   conduct	   genome	   wide	   linkage	   (GWL)	   and	   association	  

studies	   (GWAS)	   in	   African	   populations.	   Unfortunately,	   these	   studies	   have	   had	   limited	  

success	   due	   to	   high	   levels	   of	   genetic	   diversity	   between	   ethnic	   groups	   -‐	   even	   those	  

inhabiting	   the	   same	  geographical	   location	   265.	   Such	   genetic	   stratification	   increases	   the	  

risk	   of	   false	   positive	   associations,	   and	   necessitates	   the	   use	   of	   vastly	  more	   SNPs	   than	  

comparable	  European	  studies	  264.	  Nevertheless,	  GWAS	  have	  found	  associations	  between	  

malaria	   susceptibility	   and	  ATP2B4,	   an	   erythrocyte	   calcium	  pump;	  MARVELD3,	   a	   tight	  

junction	   protein;	   and	   the	   transcription	   factor	   FOXO3A	   113,266.	   GWL	   have	   uncovered	  

associations	   between	   several	   loci	   and	   clinical	   outcome.	   	   These	   include	  malarial	   fever	  

episodes	   (10p15.3–10p14),	   clinical	   P.	   falciparum	   attacks	   (5p15-‐p13	   and	   13q13-‐q2),	  

maximum	  parasite	  density	  (12q21-‐q23),	  and	  asymptomatic	  infection	  (5q31)	  (Timmann,	  

Evans	  et	  al.	  2007,	  Sakuntabhai,	  Ndiaye	  et	  al.	  2008).	  However,	  due	  to	  the	  large	  number	  of	  

genes	  within	  these	  loci,	  polymorphisms	  responsible	  for	  the	  associated	  phenotypes	  have	  

not	  yet	  been	  identified.	  

	  

Another	  method	  that	  has	  been	  used	  to	  identify	  genes	  associated	  with	  malaria	  resistance	  

is	  to	  investigate	  the	  host	  response	  to	  infection	  in	  mice.	  The	  rodent	  parasites	  P.	  chabaudi	  

and	   P.	   berghei	   are	   commonly	   used,	   and	   provide	   reasonable	   models	   for	   blood	   stage	  

P.	  falciparum	   and	   cerebral	   malaria	   respectively.	   Through	   the	   creation	   of	   various	  

congenic	   lines	   (crosses	   between	   naturally	   resistant	   and	   naturally	   susceptible	   mouse	  

strains)	  several	  loci	  involved	  in	  resistance	  to	  both	  P.	  chabaudi	  267-‐271	  and	  P.	  berghei	  272-‐275	  
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have	   been	   discovered.	   However,	   these	   crosses	   are	   restricted	   by	   the	   small	   number	   of	  

strains	   available,	   and	   the	   low	   spontaneous	   mutation	   rate	   of	   mice	   276.	   This	   has	   lead	  

mouse	  geneticists	  to	  search	  for	  mutagens	  that	  can	  efficiently	  generate	  novel	  mutations.	  

One	   of	   these	   is	   N-‐ethyl-‐N-‐nitrosurea,	   commonly	   known	   as	   ENU.	   It	   was	   initially	  

discovered	  in	  1951	  by	  William	  Russel	  at	  the	  Oak	  Ridge	  National	  laboratory	  in	  Tennessee,	  

and	  has	  been	  widely	  used	  in	  genetic	  studies	  since	  1970	  276.	  	  

	  

ENU	  mutagenesis	  

ENU	   is	   an	   alkylating	   agent;	   it	   transfers	   its	   ethyl	   group	   to	   nucleic	   acids.	   During	   DNA	  

replication,	   these	   changes	   cause	   mispairing	   of	   bases,	   most	   commonly	   A	   to	   T	  

transversions	   and	   A	   to	   G	   transitions	   277,278.	   These	   point	  mutations	  may	   cause	   gain	   of	  

function,	  or	  loss	  of	  function	  of	  a	  gene.	  The	  majority	  of	  ENU	  induced	  mutations	  that	  cause	  

a	  detectable	  phenotype	  are	  missense	  mutations,	  but	  they	  may	  also	  introduce	  premature	  

termination	  codons,	  splicing	  errors	  or	  perturb	  gene	  expression	  control	  elements	  278.	  The	  

number	  of	  mutations	  will	  depend	  on	  the	  dose	  of	  ENU,	  but	  typically	  they	  occur	  randomly	  

every	  2	  megabases,	  resulting	  in	  approximately	  one	  exonic	  mutation	  per	  chromosome	  277.	  	  

	  

In	   a	   standard	   ENU	   screen,	   male	   mice	   are	   treated	   with	   ENU,	   which	   targets	   the	  

spermatogonial	   stem	   cells	   279.	   Mutagenized	  mice	  will	   then	   be	   crossed	  with	   untreated	  

females,	  and	  the	  progeny	  screened	  for	  the	  phenotype	  of	  interest.	  ENU	  screens	  have	  been	  

structured	  to	  identify	  both	  dominant	  mutations	  and	  recessive	  mutations.	  They	  have	  also	  

been	  established	  to	  identify	  genes	  that	  predispose	  individuals	  for	  particular	  conditions	  
280.	  To	  date,	  ENU	  has	  been	  used	  to	  investigate	  processes	  as	  varied	  as	  male	  infertility	  281,	  

craniofacial	   development	   282,	   skeletal	   morphology	   283,	   lung	   disease	   284,	   and	   the	   host	  

response	  to	  infection	  285-‐288.	  The	  advantage	  of	  ENU	  mutagenesis	  is	  that	  it	  does	  not	  rely	  

on	  a	  priori	  knowledge	  of	  mechanisms	  and	  genes	  controlling	  a	  given	  phenotype.	  Rather,	  

it	  enables	  an	  unbiased	  interrogation	  of	  the	  entire	  genome	  for	  genes	  affecting	  the	  trait	  of	  

interest	   276,277.	   Moreover,	   by	   disrupting	   gene	   function,	   ENU	   creates	   a	   phenotype	   that	  

could	  be	  recreated	  with	  a	  small	  compound	  or	  drug.	  Currently,	  the	  Foote	  lab	  is	  using	  ENU	  

mutagenesis	  to	  find	  targets	  for	  malaria	  host	  directed	  therapy.	  	  

	  

The	  ENU	  Mutagenesis	  Screen	  for	  Malaria	  Resistance	  Mutations	  in	  Mice	  

This	   project	   is	   derived	   from	   an	   ENU	   screen	   established	   by	   Pr	   Simon	   Foote,	   A/Pr	  

Brendan	   McMorran,	   and	   Dr	   Gaetan	   Burgio,	   to	   search	   for	   novel	   genes	   involved	   in	  

resistance	  to	  malaria.	  In	  this	  screen,	  male	  P.	  chabaudi	  susceptible	  SJL/J	  mice	  are	  treated	  
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with	  ENU	  and	  crossed	  with	  untreated	  SJL/J.	  The	  resulting	  G1	  are	  then	  screened	  for	  RBC	  

abnormalities	   and	   increased	   survival	   to	   P.	  chabaudi	   infection.	   Screening	   for	   RBC	  

abnormalities	   is	   relatively	   simple	   and	  utilised	   a	  haematological	   analyser	   to	  determine	  

red	   cell	   measures	   such	   as	   cell	   number,	   cell	   size	   and	   haemoglobin	   content.	   Since	   the	  

blood	  stage	  replication	  of	  Plasmodium	  occurs	  within	  the	  erythrocyte,	  it	  was	  reasonable	  

to	   assume	   that	   mutations	   affecting	   the	   RBC	   may	   also	   impact	   on	   the	   susceptibility.	  

Screening	  for	  survival	  to	  P.	  chabaudi	  infection,	  while	  more	  time	  consuming,	  can	  identify	  

mutations	   that	   are	   completely	   unrelated	   to	   the	   RBC,	   which	   may	   implicate	   pathways	  

previously	  unknown	  to	  affect	  the	  host	  response	  to	  infection.	  G1	  mice	  displaying	  either	  a	  

blood	   or	   survival	   phenotype	   of	   interest	   are	   crossed	   again	   to	   SJL/J,	   and	   the	   resulting	  

progeny	  (G2)	  are	  tested	  to	  determine	  the	  presence	  of	  a	  true	  heritable	  mutation	  (Figure	  

1.4).	  To	  date,	   the	  screen	  has	   identified	  over	  90	   lines	  –	  both	  RBC	  mutants	  and	  survival	  

mutants	  –	  that	  show	  positive	  progeny	  testing	  of	  G2.	  	  

	  

ENU	  mutagenesis	  screens	  using	  RBC	  parameters,	  and	  screens	  using	  malaria	  survival	  as	  

their	   phenotype	   of	   interest,	   have	   previously	   had	   success	   in	   identifying	   novel	   genes	  

involved	  in	  malaria	  resistance.	  Some	  examples	  are	  detailed	  below.	  

	  
RBC	  screen	  

Investigating	  the	  host	  response	  to	  Plasmodium	  chabaudi,	  the	  Foote	  lab	  set	  up	  a	  dominant	  

ENU	   screen	   in	   order	   to	   identify	  mutations	   that	   affect	   the	  RBC.	  The	  mutant	  MRI23420	  

was	  identified	  due	  to	  an	  MCV	  over	  two	  standard	  deviations	  below	  average.	  The	  cause	  of	  

this	  microcytosis	  was	  found	  to	  be	  an	  A-‐T	  transversion	  causing	  a	  premature	  stop	  codon	  

within	   exon	   11	   of	   Ank-‐1.	   When	   infected	   with	   P.	   chabaudi,	   mice	   heterozygous	   for	   the	  

MRI23420	  mutation	  were	   found	  to	  be	  significantly	  resistant	   to	   infection,	  with	  survival	  

rates	  increased	  from	  10%	  in	  WT	  females	  to	  94%	  in	  mutant	  females.	  This	  mutation	  was	  

found	  to	  affect	  not	  only	  the	  ability	  of	  the	  parasite	  to	  invade	  RBCs,	  but	  also	  to	  grow	  within	  

them	  186.	  
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Figure	  1.4:	  Breeding	  scheme	  for	  dominant	  ENU	  RBC	  screen	  (1)	  Male	  SJL/J	  mice	  are	  treated	  with	  ENU	  

and	  crossed	  to	  untreated	  female	  SJL/J.	  (2)	  Resulting	  G1s	  are	  screened	  for	  abnormal	  blood	  parameters.	  (3)	  

G1s	  displaying	  a	  blood	  parameter	  of	  interest	  are	  crossed	  again	  to	  SJl/J.	  (4)	  Resulting	  G2s	  are	  screened	  for	  

abnormal	   blood	   parameters;	   if	   the	   parental	   G1	   phenotype	   is	   caused	   by	   a	   heritable	  mutation,	   ~50%	   of	  

these	  mice	  should	  display	  the	  same	  blood	  phenotype.	  A	  colony	  is	  then	  maintained	  by	  crossing	  G2xG2	  or	  

G2xSJL/J.	  

	  

	  
	  
	  
	  
	  

	  

	  

	  



	   31	  

Malaria	  survival	  screen	  

Investigating	  the	  host	  response	  to	  cerebral	  malaria	  (CM),	  the	  Phillippe	  Gros	  lab	  at	  McGill	  

University	   set	  up	  an	  ENU	  screen	   in	  order	   to	   identify	   recessive	  mutations	  affecting	   the	  

response	   to	   P.	  berghei.	   By	   infecting	   the	   progeny	   of	   mutagenized	   C57BL/6J	   and	  

C56BL/10J	   mice	   with	   a	   lethal	   dose	   of	   the	   parasite,	   and	   selecting	   those	   mutants	   that	  

failed	   to	   develop	   cerebral	   symptoms,	   they	   have	   identified	   genes	   involved	   in	   the	  

pathogenesis	  of	  CM.	  For	  example,	  they	  showed	  that	  a	  mutation	  in	  Jak3	  prevented	  35%	  of	  

mice	  from	  developing	  cerebral	  symptoms.	  The	  W81R	  amino	  acid	  substitution	  at	  the	  N-‐

terminus	  of	  the	  protein	  disrupts	  the	  interaction	  of	  Jak3	  with	  various	  cytokine	  receptors	  

on	  immune	  cells,	  and	  therefore	  impairs	  the	  CD8+	  T	  cell	  response	  to	  P.	  berghei	  infection	  
231.	  Mutation	   in	  a	   second	  gene,	  Ccdc88b,	  was	  also	   found	   to	   increase	  survival.	  A	  cryptic	  

splice	   site,	   resulting	   in	   a	   frame-‐shift	   and	   therefore	   premature	   stop-‐codon,	   increased	  

survival	   to	   40%	   in	   heterozygotes	   and	   80%	   homozygotes.	   Resistance	   was	   caused	   by	  

defective	   T	   cell	   maturation	   and	   activation,	   and	   impaired	   production	   of	   IFN-‐γ	   and	  

TNF-‐α	  289.	  

	  

Previous	  Work	  on	  ENU	  Mutagenesis	  	  

This	  project	  was	   conducted	  as	  part	  of	   the	  ongoing	  ENU	  mutagenesis	   screen	  described	  

above.	   The	   mutant	   MRI49372	   was	   investigated;	   it	   was	   initially	   identified	   because	   it	  

displayed	   the	   abnormal	   blood	  phenotype	   of	  MCV	  over	   two	   standard	  deviations	   above	  

WT	   SJL/J.	   This	   project	   also	   investigated	   a	   mutant	   line	   RBC10,	   which	   was	   identified	  

through	  a	  dominant	  ENU	  mutagenesis	  screen	  conducted	  by	  Pr	  Benjamin	  Kile,	  Pr	  Stephen	  

Jane	  and	  A/Pr	  David	  Curtis.	  In	  this	  screen,	  male	  C57BL/6	  mice	  are	  treated	  with	  ENU	  and	  

crossed	  with	   untreated	   C57BL/6.	   The	   resulting	   G1	   are	   examined	   for	   abnormal	   blood	  

phenotype,	  and	  phenodeviants	  crossed	  again	  to	  C57BL/6	  to	  determine	  the	  presence	  of	  a	  

true	  heritable	  mutation.	  The	  mutant	  RBC10	  was	  initially	  identified	  because	  it	  displayed	  

MCV	  over	  three	  standard	  deviations	  below	  WT	  C57BL/6.	  The	  two	  mutants	  investigated	  

in	  this	  thesis	  are	  summarised	  in	  Table	  2.	  

	  

	  

	  
	  

	  

	  

	  

	  



	  32	  

Table	  1.2:	  Mutant	  strains	  investigated	  in	  this	  thesis	  

	  
MCV=mean	  corpuscular	  volume.	  	  

	  

Major	  Goals	  of	  the	  Thesis	  

The	  aim	  of	  this	  work	  was	  to	  investigate	  the	  host	  response	  to	  malaria	  infection,	  with	  the	  

view	  to	  finding	  potential	  new	  targets	  for	  host	  directed	  therapy.	  The	  major	  goals	  were	  as	  

follows:	  

	  

1:	  Identify	  novel	  genes	  associated	  with	  malaria	  resistance	  

Mice	   with	   abnormal	   blood	   parameters	   that	   had	   been	   identified	   in	   the	   ENU	   screens	  

described	  above,	  were	  challenged	  with	  Plasmodium	  chabaudi	  to	  identify	  lines	  that	  were	  

resistant	  to	  malaria.	  A	  combination	  of	  linkage	  analysis	  and	  next	  generation	  sequencing,	  

was	   used	   to	   discover	   the	   ENU	   induced	   mutation	   responsible	   for	   that	   resistance,	   and	  

therefore	  the	  gene	  mediating	  an	  altered	  response	  to	  malaria.	  

	  

2.	  Determine	  the	  biological	  mechanism	  of	  malaria	  resistance	  	  

Once	   a	   gene	  was	   identified,	   the	  way	   that	   gene	   (and	   the	   ENU	  mutation)	  mediated	   the	  

observed	   blood	   phenotype	   and	   resistance	   to	   malaria	   was	   identified.	   In	   uninfected	  

animals,	  protein	  expression,	  erythroblast	  production,	  and	  other	   indices	  relevant	  to	  the	  

particular	   ENU	   mutation	   were	   investigated,	   to	   determine	   the	   cause	   of	   the	   blood	  

phenotype.	   In	   infected	   animals	   the	  kinetics	   of	   infection	  were	   investigated	   to	   elucidate	  

the	  mechanism	  of	  resistance.	  
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CHAPTER	  2	  -‐	  EXPERIMENTAL	  PROCEDURES	  



	  34	  

Mouse	  Husbandry	  and	  Ethics	  

Mouse	   husbandry	   was	   conducted	   under	   a	   continuously	   controlled	   specific	   pathogen-‐

free	  (SPF)	  hygiene	  standard	  according	  the	  NHMRC	  guidelines.	  Mice	  were	  housed	  under	  

controlled	   temerature	   (21°C)	  with	   a	   12:12hr	   light-‐dark	   cycle.	   All	   animal	   experiments	  

were	   conducted	  with	   the	   authorisation	   of,	   and	   in	   accordance	  with	   the	   policies	   of,	   the	  

University	   of	   Tasmania	   Animal	   ethics	   committee	   (A0010470),	   and	   the	   Macquarie	  

University	  animal	  ethics	  committee	  (ARA2012/019).	  

	  

ENU	  Mutagenesis	  

Seven-‐week-‐old	   SJL/J	   male	   mice	   were	   injected	   IP	   with	   150	  mg/kg	   of	   ENU	   at	   1	  week	  

intervals.	  Mutagenized	  G0	  mice	  were	  then	  crossed	  with	  the	  background	  SJL/J.	  G1s	  were	  

bled	  at	   seven	  weeks,	   for	  haematological	   analysis.	  The	  G1	  49372	  was	   identified	  due	   to	  

MCV	  three	  standard	  deviations	  higher	  than	  average.	  49372	  was	  then	  crossed	  with	  SJL/J	  

and	   the	   resulting	  G2s	   used	   for	   further	   experiments.	   	  N2	  mice	  were	   generated	  by	   first	  

crossing	  49372	  with	  C57BL/6	  to	  create	  F1.	  Haematological	  analysis	  was	  then	  conducted	  

on	   the	   F1	  mice,	   and	   those	  with	   high	  MCV	   (>56fL)	  were	   selected	   for	   further	   breeding.	  	  

High	  MCV	  F1	  were	  crossed	  again	  to	  C57BL/6	  to	  produce	  N2s.	  Haematological	  analysis	  

was	  also	  conducted	  on	  the	  N2	  mice,	  and	  those	  with	  high	  MCV	  were	  selected	  for	  use	  in	  

genotyping	  experiments.	  

	  

Breeding	  RBC10	  

RBC10	  mice	  were	  on	  a	  mixed	  BALB/c	  C57BL/6	  background.	  For	  experiments,	  WT	  x	  WT	  

and	   Kcc1M935K/M935K	  x	   Kcc1M935K/M935K	  breeding	   pairs	   were	  maintained.	   To	   exclude	   the	  

possibility	  that	  the	  resistance	  phenotype	  was	  due	  to	  the	  mixed	  background,	  and	  carried	  

by	  chance	  in	  mutant	  breeding	  pairs,	  Kcc1M935K	  was	  periodically	  crossed	  back	  to	  WT,	  and	  

new	  WT	  x	  WT	  and	  Kcc1M935K/M935K	  x	  Kcc1M935K/M935K	  pairs	  established	  from	  the	  progeny.	  

	  

	  

Whole-‐exome	  Sequencing	  

DNA	  was	  extracted	  from	  the	  ear	  tissue	  of	  2	  phenodeviant	  MRI49372.	  DNA	  was	  extracted	  

using	   a	   Qiagen	   DNeasy	   extraction	   kit	   following	   the	   manufacturer’s	   protocol.	   10µg	   of	  

DNA	  was	  prepared	  for	  paired-‐end	  genomic	  libraries	  using	  a	  paired-‐end	  preparation	  kit	  

from	   Illumina,	   following	   the	   manufacturer’s	   instructions.	   Exome	   enrichment	   was	  
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performed	   using	   an	   Agilent	   Sure	   select	   mouse	   exome	   kit	   according	   to	   the	  

manufacturer’s	   protocol.	   Enriched	   libraries	   were	   tested	   for	   enrichment	   using	  

quantitative	  PCR.	  The	  samples	  were	  then	  sequenced	  on	  an	  Illumina	  Hiseq	  2000	  platform,	  

which	   generated	   paired-‐end	   reads	   of	   100	   nucleotides.	   The	   libraries	  were	  multiplexed	  

and	  barcoded.	  The	  exome	  coverage	  was	  50x	  on	  target.	  

	  

Sequencing	  alignment	  and	  variant	  detection	  pipeline	  	  

Sequencing	  alignment	  and	  variant	  detection	  was	  performed	  by	  Dr	  Denis	  Bauer	  (CSIRO).	  

Genomes	  of	  offspring	  were	  grouped	  by	  founder,	  and	  the	  identified	  mutations	  compared	  

to	  those	  from	  other	  founder-‐groups	  previously	  sequenced.	  Only	  investigating	  mutations	  

that	   occur	   in	   all	   offspring	   from	   one	   founder	   (complete)	   and	   not	   in	   those	   from	   other	  

founders	   (exclusive)	  will	   robustly	   separate	   segregating	  ENU-‐triggered	  mutations	   from	  

strain-‐specific	   variants	   or	   sequencing	   errors.	   The	   subsequent	   section	   describes	   the	  

mapping,	  variant-‐calling,	  and	  filtering	  process.	  Where	  not	  stated	  otherwise,	  the	  default	  

settings	  were	  used.	  	  

	  

Calling	   mutations	   from	   raw	   sequencing	   data	   (fastq)	   combines	   the	   result	   from	   four	  

separate	   mapping	   and	   variant	   calling	   pipelines	   (P1-‐P4),	   which	   make	   use	   of	   different	  

combinations	   of	   mappers	   and	   variant	   callers	   to	   avoid	   the	   loss	   of	   variants	   due	   to	  

algorithm	  bias	   and	  were	   triggered	  with	  NGSANE	   290.	   P1	   and	  P2	  uses	  Burrow-‐Wheeler	  

Aligner	   (BWA	   V0.6.1)	   291	   and	   BOWTIE2	   V2.1.0	   292	   to	   the	   mouse	   genome	   reference	  

sequence	  (GRCm38	  or	  mm10)	  in	  conjunction	  with	  SAMTOOLS	  V0.1.19	  293	  to	  call	  variants	  

(mpileup	  -‐q1	  -‐D)	  in	  each	  of	  the	  offspring	  groups	  individually	  after	  removal	  of	  duplicates	  

(rmdup)	   and	   subsequent	   filtering.	   P3	   and	  P4	   also	  map	  with	  BWA,	  but	   in	   addition	  use	  

GATK	   2.5	   294	   to	   realign	   reads	   and	   recalibrate	   the	   quality	   score	   to	   improve	   the	   read	  

location	   and	  base-‐pair	   call-‐accuracy.	  While	   P3	   again	  uses	   SAMTOOLS,	   P4	  uses	  GATK’s	  

UnifiedGenotyper	   with	   subsequent	   hard	   filtering	   of	   variants	   to	   call	   variants	   over	   all	  

mouse	   genomes	   in	   the	   study	   simultaneously.	   In	   all	   cases,	   reads	  were	  mapped	   against	  

Genome	  Reference	  Consortium	  Mouse	  Build	  38	  (equivalent	  to	  UCSC	  mm10).	  The	  known	  

mouse	   variants	   used	  during	   realignment,	   recalibration	   and	  GATK	  variant	   calling	  were	  

downloaded	   from	  UCSC	  (dbSNPv128,	  mm9)	  and	   lifted	  over	   to	  mm10.	  Only	  variants	   in	  

the	  targeted	  regions	  as	  provided	  by	  Agilent	  (lifted	  over	  from	  mm9)	  were	  considered.	  	  	  

	  

After	   variants	   are	   available	   from	   P1-‐P4	   the	   information	   from	   all	   founder-‐groups	   is	  

combined	  using	  GATK	   and	   annotated	   using	  GATK	  with	   dbSNPv128	   and	   variants	   from	  
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Sanger’s	  The	  Mouse	  Genomes	  Project	  (lifted	  over	  from	  mm9).	  Then,	  only	  complete	  and	  

exclusive	  variants	  that	  have	  not	  been	  annotated	  previously	  are	  retained	  (dbSNP,	  Sanger)	  

using	   in-‐house	   python	   scripts.	   These	   scripts	   also	   filter	   out	   variants	   that	   are	   only	  

supported	  by	   one	  method	   (P1-‐P4)	  well	   as	   specific	   genotypes	   (homo-‐	   or	   heterozygous	  

mutation),	  that	  can	  be	  ruled	  out	  based	  on	  prior	  genetic	  information.	  

	  

The	  resulting	  high-‐confidence	  variants	  are	  then	  functionally	  annotated	  using	  ANNOVAR	  
295	  (Ensembl,	  MGI,	  dbSNP137,	  phastConsElements60way).	  

	  

	  

CRISPR/Cas9	  	  

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is a microbial nuclease 

system involved in defence against invading phages and plasmids. CRISPRs together with 

Cas (CRISPR-associated) proteins recognise and cut exogenous DNA in a manner analogous 

to RNAi in eukaryotic organisms. This nuclease system has recently been harnessed to 

facilitate genome editing 296; delivery	   of	   the	   bacterial	   Cas9	   nuclease	   along	   with	  

appropriate	  guide	  RNAs,	  allows	  that	  cell’s	  genome	  to	  be	  cut	  at	  any	  desired	  location. 

	  

For	  CRISPR/Cas9	  genome	  editing	  to	  knock-‐out	  WNK3,	  guide	  RNA	  was	  designed	  to	  target	  

the	  start	  codon	  of	  this	  gene.	  	  

	  
GACTGAAGAGTGAAACAAGAACAAATTTAGTGCCAACCTTAGTTACAATGGCCACTGATTCT

GGGGAGCCAGCTAGCACAGAAGATTCTGAGAAGCCTGATGGAGTTTCCTTTGAAAACAGGGC

TGCCCGGGCTGTTGCCCCTCTGACTGTAGAAG 

	  

gRNA:	  GTTACAATGGCCACTGATTCTG	  

	  

	  

Green	  highlighting	  shows	  the	  position	  of	  the	  gRNA.	  Underlined	  letters	  show	  the	  position	  

of	  the	  start	  codon.	  The	  guide	  RNA	  was	  cloned	  into	  a	  Px461	  plasmid	  encoding	  for	  a	  Cas9-‐

D10	  according	  to	  the	  published	  protocol	  297.	  

	  

Embryo	   donor	   mice	   were	   first	   primed	   with	   Pregnant	   Mare	   Serum	   Gonadotrophin	  

(PMSG)	   and	  Human	   chorionic	   Gonadotrophin	   (hCG)	   to	   induce	   superovulation.	   Female	  

C57BL/6	  mice	  were	  injected	  IP	  with	  5	  IU	  PMSG.	  46-‐48	  hours	  later	  they	  were	  injected	  IP	  



	   37	  

with	  5	  IU	  hCG,	  and	  placed	  immediately	  with	  a	  fertile	  stud	  male.	  Embryos	  were	  collected	  

at	  day	  0.5	  post	  conception.	  

	  

5	  ng/µl	  of	  modified	  Px461	  plasmid	  was	   injected	   into	   the	  pronucleus	  of	   the	   zygotes	   in	  

two	  different	  injection	  sessions	  and	  transferred	  into	  psuedopregnant	  females.	  Resulting	  

pups	  were	  genotyped	  and	  positives	  pups	  for	  WNK	  were	  bred	  for	  germline	  transmission.	  

The	  following	  primers	  were	  used	  for	  genotyping:	  

	  

WNK_X1_F:	  GACTGAAGAGTGAAACAAGAACAAA	  

WNK_X1_R:	  GATGTTTTCCCCGGAAGC	  

	  

	  

Haematological	  Analysis	  

Peripheral	  blood	  was	  collected	  by	  mandibular	  bleed	  into	  an	  EDTA	  lined	  tube.	  	  Complete	  

blood	   counts	   were	   obtained	   using	   an	   ADVIA®	   2120	   haematology	   system	   (Bayer	  

HealthCare,	   NY,	   USA)	   using	   the	   CBC/DIFF/RETIC	   settings,	   species	   Mouse	   C57BL/6.	  

Samples	  were	  diluted	  1:1	  with	  MT-‐PBS.	  

	  

	  

Genotyping	  

DNA	   was	   extracted	   from	   0.4	   cm	   sections	   of	   tail	   using	   a	   DNEasy	   kit	   (Qiagen)	   to	   the	  

maker’s	  instructions.	  	  

	  

Primers	  pairs:	  
Amplicon	   Forward	   Reverse	  

Cpeb1	   gccttgggaggagtactgtg	   caggaaggggtcagatggta	  

Pde3b	   catggtgtggacagcacatt	   gtgagaactgccagggtagc	  

Ampd3	   cattgtaggccctcagtgct	   catggtgacctcacaaggttt	  

Trim34a	   aagaggcagctgtgacttcaa	   gaggtaagaaagggtggtataagaa	  

Mgam	   ggagtggggtgggtaagagt	   tttgctatgaaaatgagatgtttt	  

Ptpn4	   cagtgctacatgtgtgtgcat	   cccagcaagtgttgttcttaac	  

Dhrs7	   gtggcacctgtgaagactcc	   tgctgacaacctttgatttga	  

Gpr98	   tgagccttatctggttgaaaa	   ccacgacgtcatccagaag	  

Atp13a4	   atcccatttagagctgagca	   aaaggattgaagggaattaacac	  

Kcc1	   ccaccaatcatgcatcctg	   ccaccaagcctagtcctgaa	  

rs32156288	   gcctttcaaggcagctagtc	   tgatactttaacatccttctcatgc	  



	  38	  

rs36514000	   tccttagccacacgagttcc	   gatggagcaagggacagatg	  

rs32613342	   actgaagttaggtgccaagc	   gggtccccagaaactgaga	  

rs225043648	   gctcaacccaatttggaaac	   agtgttctccaagggctgaa	  

	  

GoTaq®	   DNA	   polymerase	   was	   used	   for	   all	   PCR	   reactions	   (Promega	   Corporation,	  

Wisconsin,	  USA),	  which	  were	  conducted	  under	  the	  following	  conditions:	  

	  

Stage Temp (°C) Time 
(m:ss) 

Hold 50 5:00 

Cycle x 35 
95 0:30 
58 0:30 
72 0:30 

Hold 72 5:00 
	  

	  

PCR	   product	   was	   purified	   using	   either	   a	   Wizard	   SV	   PCR	   Clean-‐Up	   Kit	   (Promega)	  

according	  to	  the	  manufacturer’s	  instructions	  

OR	  

	  by	   ExoSap	   enzymatic	   digestion.	   Briefly,	   0.025ul	   Exonuclease	   1	   and	   0.25μl	   Shrimp	  

alkaline	   phosphatase	   (New	   England	   Biolabs)	   were	   added	   to	   9μl	   H2O	   and	   25μl	   PCR	  

product.	  Samples	  were	  then	  incubated	  at	  37°C	  for	  30	  minutes,	  then	  heated	  to	  95°C	  for	  5	  

minutes.	  

	  

Purified	  PCR	  product	  was	  sequenced	  at	  the	  Australian	  Genome	  Research	  Facility	  (AGRF)	  

in	   Melbourne,	   and	   analysed	   using	   Codoncode	   Aligner	   (Codoncode	   Corporation,	  

Massachusetts,	  USA).	  

	  

	  

MACS	  Separation	  of	  Mature	  RBCs	  

Whole	   blood	   from	   MRI49372	   mice	   was	   collected	   by	   mandibular	   bleed	   and	   pooled	  

(~450μl),	   centrifuged	   at	   1500xg	   for	   5	   minutes	   and	   the	   plasma	   and	   buffy	   coat	   were	  

removed.	  Blood	  was	  then	  washed	  in	  MACS	  buffer.	  Cells	  were	  stained	  with	  5μl	  CD71-‐FITC	  

in	   1ml	  MACS	   buffer,	   for	   45	  minutes	   at	   4°C,	   with	   constant	  mixing.	   Cells	   were	  washed	  

three	  times,	  and	  resuspended	  in	  400μl	  MACS	  buffer	  with	  80μl	  anti-‐FITC	  magnetic	  beads	  

(Miltenyi	   Biotech,	   Germany),	   and	   incubated	   at	   4°C	   for	   a	   further	   15	   minutes	   with	  

constant	   mixing.	   Cells	   were	   then	   washed	   once,	   and	   loaded	   onto	   a	   primed	   LS	   MACS	  

separation	  column	  (Miltenyi	  Biotech,	  Germany).	  The	  negative	  fraction	  was	  collected	  and	  
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analysed	  by	  flow	  cytometry	  to	  check	  the	  purity.	  Samples	  with	  <1%	  FITC+	  events	  were	  

used	  for	  further	  experiments.	  

	  

	  

Western	  Blots	  

For	  Western	  blotting,	  whole	  blood,	  MACS	  sorted	  CD71-‐	  RBCs,	  or	  erythroblasts	  from	  E14	  

livers	  were	  lysed	  using	  MT-‐PBS	  containing	  1%	  TritonX,	  and	  complete	  Protease	  Inhibitor	  

Cocktail	   (Roche,	   Basel,	   Switzerland).	   Protein	   concentration	   was	   determined	   by	   BCA	  

assay	   (Thermo	   Fisher	   Scientific),	   and	   10μg	   of	   each	   sample	   was	   separated	   by	   non-‐

denaturing	  SDS-‐PAGE	  298	  using	  8%	  gradient	  gels.	  Lysates	  were	  not	  heated	  to	  95°C	  prior	  

to	   SDS-‐PAGE.	   For	   immunoblotting,	   samples	   were	   transferred	   to	   nitrocellulose	  

membranes	  using	  an	  iBlot®	  Dry	  Blotting	  System	  (Life	  Technologies)	  using	  the	  default	  P3	  

setting.	  The	  membrane	  was	  then	  incubated	  with	  either	  mouse	  monoclonal	  ACTB	  (Abcam,	  

NSW),	   or	   rabbit	   polyclonal	   AMPD3	   (Abcam,	   NSW).	   Membranes	   were	   then	   washed	  

extensively	  prior	  to	  incubation	  with	  peroxidase-‐conjugated	  secondary	  antibodies.	  After	  

further	  washes,	   the	  blots	  were	  visualized	  using	  enhanced	  chemiluminescence	  reagents	  

(Amersham	  Biosciences,	  Piscataway,	  NJ).	  	  

	  

	  

Real-‐time	  PCR	  

RNA	  was	  extracted	  from	  WT	  and	  MRI49372	  E14	  livers	  using	  RNeasy	  columns	  (Qiagen,	  

Limburg,	   Netherlands)	   to	   the	   maker’s	   instructions.	   CDNA	   was	   synthesised	   using	   a	  

Transcriptor	  High	  Fidelity	  cDNA	  Synthesis	  kit	  (Roche,	  Basel,	  Switzerland)	  to	  the	  maker’s	  

instructions.	   PCR	   was	   conducted	   using	   an	   Ampd3	   TaqMan®	   Gene	   Expression	   assay,	  

according	   to	   the	   manufacturer’s	   instructions.	   Briefly,	   1ul	   TaqMan®	   Gene	   Expression	  

assay	  probe	  was	  added	  to	  10ul	  TaqMan®	  Gene	  Expression	  Master	  Mix,	  and	  100ng	  CDNA.	  

RNAse	  free	  water	  was	  added	  to	  make	  the	  reaction	  volume	  up	  to	  20ul.	  PCR	  reaction	  was	  

conducted	   on	   an	   Applied	   Biosystems	   ViiATM	  7	   Real-‐Time	   PCR	   System,	   using	   standard	  

conditions:	  	  

	  

Stage Temp 
(°C) 

Time 
(mm:ss) 

Hold 50 2:00 
Hold 95 10:00 

Cycle x 40 95 0:15 
60 1:00 
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Purine	  Analysis	  

Steady	  State	  

Blood	   was	   collected	   either	   by	   mandibular	   bleed	   or	   cardiac	   puncture	   and	   placed	  

immediately	  in	  EDTA	  lined	  tubes	  on	  ice.	  Blood	  from	  WT,	  Heterozygous	  and	  Homozygous	  

mice	  was	  pooled,	   centrifuged	  at	  1000xg	   for	  5	  minutes,	   and	   the	  plasma	  and	  buffy	   coat	  

were	   removed.	  Cells	  were	   stained	  with	  CD71-‐FITC,	   and	  depleted	  of	  CD71+	   cells	   using	  

MACS	  separation	  columns.	  Cells	  were	  then	  washed	  again	  in	  ice	  cold	  PBS.	  20μl	  aliquots	  of	  

packed	  cells	  were	  snap	  frozen,	  then	  sent	  to	  Metabolomics	  Australia	  analysis.	  

	  

Labelled	  AMP	  

MACS-‐separated	   mature	   RBCs	   were	   incubated	   at	   37°C,	   50%	   hematocrit	   in	   HBSS,	  

containing	  either	  0.002M	  AMP	  or	  0.002M13C15N-‐AMP.	  Samples	  were	  taken	  at	  T=0,	  T=1,	  

and	  T=2hrs,	  and	  washed	  in	  MT-‐PBS.	  20μl	  aliquots	  of	  packed	  cells	  were	  snap	  frozen,	  then	  

sent	  to	  Metabolomics	  Australia	  analysis.	  

	  

Labelled	  GTP	  

Human	   erythrocytes	   were	   incubated	   at	   37°C,	   10%	   hematocrit	   in	   CCM,	   containing	  

5mg/ml	   13C-‐GTP.	   Samples	   were	   taken	   at	   T=0,	   T=2	   and	   T=4hrs,	   and	   washed	   in	   CCM	  

wash.	   20μl	   aliquots	   of	   packed	   cells	   were	   snap	   frozen,	   then	   sent	   to	   Metabolomics	  

Australia	  analysis.	  

	  

Metabolomics	  Analysis	  

On	   receipt	   of	   the	  RBC	   aliquots	   at	  Metabolomics	  Australia	   ten	   times	   the	   volume	   of	   ice	  

cold	   extraction	   solution	   (Acetonitrile/Water	   (80:20)	   containing	   10µM	   13C-‐sorbitol,	  

13C,15N-‐Valine,	   13C,15N-‐AMP	   and	   13C,15N-‐UMP	   (internal	   standards)	   )	  was	   added	   to	  

the	   RBCs	   to	   quench	   and	   lyse	   the	   cells.	   RBC	   extracts	   were	   scraped	   (10-‐times)	   and	  

sonicated	   (2mins)	   to	   ensure	   homogenous	   mixing	   and	   lysis.	   Extracts	   were	   then	  

centrifuged	  at	  maximum	  speed	  for	  10mins	  at	  4oC	  to	  remove	  any	  cell	  debris.	  Cell	   lysate	  

(supernatant)	  was	  transferred	  to	  glass	  HPLC	  vials	  containing	  small	  volume	  glass	  inserts	  

and	   capped	   to	   prevent	   any	   volume	   change.	   	   Pooled	   biological	   quality	   control	   (pbQC)	  

samples	  were	  prepared	  by	  pooling	  20µl	   of	   all	   lysate	   samples	   into	   a	   fresh	   glass	   insert.	  

The	  samples	  were	  stored	  in	  the	  autosampler,	  which	  was	  maintained	  at	  a	  temperature	  of	  

4°C,	  in	  preparation	  for	  LCMS	  analysis.	  
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An	   untargeted	  metabolome-‐wide	   analysis	  was	   performed	   on	   LC-‐MS.	   	   LC	   analysis	  was	  

performed	   on	   an	   Agilent	   HPLC	   system	   (Agilent	   1260)	   using	   a	   ZIC®-‐pHILIC	   column	  

(column	  ID	  =	  4.6mm	  (Merck	  SeQuant®))	  with	  a	  40	  minute	  gradient	  containing	  a	  5min	  

washout	  and	  5	  min	  equilibration.	  Buffer	  A:	  20mM	  ammonium	  carbonate	  pH	  9,	  Buffer	  B:	  

acetonitrile.	  The	  elution	  gradient	  consisted	  of	  a	  starting	  composition	  of	  80%	  B	  and	  this	  

decreased	  to	  20%	  B	  in	  30	  mins	  followed	  by	  a	  column	  wash	  out	  at	  5%	  B	  for	  5mins	  and	  

finally	  re-‐equlibrating	   the	  column	  at	  80%	  B	   for	  5mins	  (to	  prevent	  sample	  carry	  over).	  

Sample	  volumes	  of	  20	  µL	  were	  injected	  onto	  the	  column,	  which	  was	  maintained	  at	  25	  °C,	  

at	  a	  flow	  rate	  of	  300	  µL/min.	  	  

	  

The	   LC	   system	  was	   directly	   connected	   to	   a	   ESI	   source	   (on	   an	   Agilent	   6520	   Accurate	  

Mass	  QTOF	  MS)	  and	  ionization	  performed	  with	  a	  capillary	  voltage	  of	  3.5kV,	  drying	  gas	  

flow	   of	   9.0	   L/min	   (N2)	   and	   temperature	   of	   325°C,	   nebulizer	   pressure	   of	   35	   psi,	  

fragmentor	   and	   skimmer	   cap	   voltage	   of	   -‐175V	   and	   -‐65V,	   respectively.	   Ions	   were	  

analyzed	   in	   negative	  mode	  with	   a	   full	   scan	   range	   of	   25	   to	   1200	  m/z	   at	   a	   rate	   of	   0.9	  

spectra/sec.	  

	  

Mass	   calibration	   was	   performed	   for	   the	   negative	   polarity	   before	   analysis	   using	   the	  

standard	   Agilent	   mass	   calibration	   solution.	   To	   ensure	   accurate	   mass	   and	   correct	   for	  

instrumental	  mass	  drift	   over	   the	   span	  of	   the	   run	  an	  Agilent	   reference	   ion	   solution	   for	  

internal	   mass	   calibration	   was	   continuously	   sprayed	   into	   the	   ESI	   at	   a	   flow	   rate	   of	  

0.2ml/min.	   The	   reference	   ion	   solution	   contained	   purine	   (119.036320)	   and	  

hexakis(1H,1H,3H-‐tetrafluoropropoxy)phosphazine	  (981.99509).	  	  

	  

Samples	  were	  run	   in	  a	  randomised	  order,	  with	  a	  pbQC	  every	  5-‐10	  samples	  to	  monitor	  

instrument	   reproducibility.	   To	   aid	   identification	   and	   quantification	   of	   the	   nucleotides	  

being	  investigated,	  calibration	  standard	  solutions	  ranging	  in	  concentration	  (100,	  40,	  10,	  

2,	   0.4	   and	   0.1	   µM)	   were	   prepared	   and	   analysed	   with	   each	   batch.	   Standard	   Mix	   1	  

contained	   ADP,	   Cytidine,	   CDP,	   GTP,	   Uridine	   and	   UDP.	   Standard	   Mix	   2	   contained	  

Adenosine,	   ATP,	   CTP,	   Guanosine,	   GDP	   and	  UTP.	   Standard	  Mix	   3	   contained	  AMP,	   CMP,	  

GMP	   and	  UMP.	   The	   retention	   time,	  mass	   and	   peak	   shape	  were	   used	   for	   identification	  

and	  the	  peak	  area	  was	  utilised	  to	  determine	  relative	  amounts	  of	  the	  metabolites	  in	  the	  

samples.	  	  
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Erythroblast	  Precursor	  Analysis	  

Bone	  marrow	  was	  collected	  from	  the	  femur	  of	  mutant	  and	  WT	  mice,	  and	  passed	  through	  

a	   70μm BD Falcon Cell Strainer with 0.5ml of MT-FACS buffer. 1x106 cells from each 

sample were resuspended in 100μl	  MT-‐FACS	  buffer,	  and stained with 0.5μl	  FC	  block	  for	  15	  

minutes	  at	  4°C.	  Cells	  were	  then	  further	  stained	  with	  1µl	  of	  TER119-‐FITC	  and	  1μl	  CD44-‐

APC	   for	  1hr	   at	  RT.	   Cells	  were	   then	  washed	   twice	   and	   resuspended	   in	  500μl	  MT-‐FACS	  

buffer.	   Stained	  cells	  were	  analysed	  on	  a	  BD	  FACSARIA™™-‐II	   flow	  cytometer,	   recording	  

10,000	  events	  per	  sample.	  Populations	  were	  gated	  as	  described	  in	  299.	  	  

	  

Plasma	  EPO	  

Blood	  was	  collected	  from	  adult	  uninfected	  WT	  and	  mutant	  mice,	  centrifuged	  at	  11,000x	  

g	   for	   5	  minutes,	   and	   plasma	   collected.	   A	  Quantikine	  Mouse/Rat	   Immunoassay	   (R	  &	  D	  

Systems,	  Minneapolis)	  was	   used	   to	  measure	   the	   concentration	   of	   erythopoietin	   (EPO)	  

according	  to	  the	  manufacturer’s	  instructions.	  	  

	  

Biotin	  Half-‐life	  

RBC	  half-‐life	  was	  determined	  by	  in	  vivo	  biotinylation.	  Mice	  were	  injected	  IV	  with	  1mg	  of	  

NHS-‐biotin-‐ester	   (Pierce	   Scientific)	   dissolved	   in	   saline.	   	   At	   selected	   time-‐points	   post	  

injection	  a	  drop	  of	  blood	  (2µl)	  was	  collected	  by	  tail	  snip,	  stained	  with	  Ter119-‐APC	  and	  

Streptavidin-‐PE	  analysed	  via	  flow	  cytometry.	  

	  

Total	  Bilirubin	  

Plasma	  bilirubin	  was	  measured	  using	  TBIL	  strips	  on	  the	  VetTest®	  Chemistry	  Analyzer	  

(IDEXX	  Laboratories).	  Blood	  from	  mutant	  and	  WT	  mice	  was	  collected	  either	  by	  cardiac	  

puncture	  or	  mandibular	  bleed,	  and	  centrifuged	  at	  11,000xg	   for	  5	  minutes.	  Plasma	  was	  

collected	  and	  either	  analysed	  immediately,	  or	  stored	  at	  -‐20°C	  until	  analysis.	  	  

	  

Lysis	  in	  Culture	  

10μl	  of	  blood	   from	  WT	  and	  mutant	  mice	  was	  added	   to	  1ml	  mouse	  culture	  media,	   and	  

incubated	  at	  37°C	   for	  24	  hrs.	   Samples	  were	   centrifuged	  at	  500	  x	   g	   for	  5	  minutes,	   and	  

200μl	   supernatant	   were	   collected	   for	   analysis	   by	   absorbance	   at	   595nm.	   %lysis	   was	  

calculated	  by	  comparison	  to	  samples	  that	  were	  completely	  lysed	  by	  freeze/thawing.	  	  	  
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Histology	  

Wright	  Giemsa	  

Thin	   smears	  were	   fixed	   for	   1	  minute	   in	   100%	  methanol,	   air	   dried	   and	   stained	   for	   30	  

seconds	   in	  Wright-‐Giemsa	  Modified	  stain	  (Sigma).	  Stained	  smears	  were	   then	  placed	   in	  

deionized	   water	   for	   10	   minutes	   without	   agitation,	   before	   being	   washed	   briefly	   and	  

allowed	  to	  air	  dry.	  

	  

Giemsa	  

Thin	   smears	  were	   fixed	   for	   1	  minute	   in	   100%	  methanol,	   air-‐dried	   and	   stained	   for	   10	  

minutes	   in	  10%	  giemsa	  solution.	  Stained	  smears	  were	  then	  washed	  and	  allowed	  to	  air	  

dry.	  

	  

Perl’s	  Prussian	  Blue	  

Spleens	  from	  uninfected	  WT	  and	  Ampd3T689A/T689A	  mice	  were	  collected	  and	  fixed	  in	  10%	  

formalin	   for	   24hrs,	   dehydrated	   on	   a	   Leica	   ASP200	   S	   Tissue	   Processor	   (Leica	  

Microsystems),	  and	  embedded	   in	  paraffin	  wax.	  5μM	  sections	  were	   fixed	  to	  glass	  slides	  

and	  stained	  with	  Perl’s	  Prussian	  Blue.	  

	  

Hematoxylin	  and	  Eosin	  

Spleens	   from	  both	  uninfected	  and	   infected	  WT	  and	  Kcc1M935K/M935K	  were	   collected	  and	  

fixed	  in	  100%	  ethanol.	  Samples	  were	  then	  sent	  to	  the	  Australian	  Phenomics	  Network	  for	  

hematoxylin	  and	  eosin	  staining	  and	  analysis.	  

	  

Non-‐haem	  Iron	  

Liver	  and	  spleen	  tissue	  were	  dissected	  from	  uninfected	  animals.	  Between	  50	  and	  100mg	  

of	  each	  tissue	  was	  dried	  at	  45°C	  for	  48	  hours	  and	  then	  placed	  in	  a	  10%	  hydrochloric	  acid	  

/	  10%	   trichloroacetic	   acid	   solution	   to	  digest	   for	  48	  hours	  at	  65°C.	   Samples	  were	   then	  

centrifuged	  at	  13000rpm	  for	  five	  minutes.	  200µl	  of	  supernatant	  was	  then	  added	  to	  1ml	  

of	   1,10-‐Phenanthroline	   monohydrate	   solution	   (Sigma-‐Aldrich)	   and	   incubated	   for	   15	  

minutes	  at	  room	  temperature.	  After	  incubation,	  300µl	  of	  sample	  was	  transferred	  to	  a	  flat	  

bottom	   plate	   (Corning®)	   and	   absorbance	   measured	   at	   508nm.	   All	   samples	   were	  

analysed	  in	  duplicate.	  
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Osmotic	  Fragility	  

Blood	   was	   collected	   from	   mutant	   and	   WT	   mice	   by	   mandibular	   bleed,	   and	   incubated	  

1:100	  in	  NaCl	  solutions	  ranging	  from	  0	  to	  160mmol	  in	  concentration.	  After	  30	  minutes	  

at	   37°C,	   Samples	  were	   centrifuged	   at	   500xg	   for	   5	  minutes.	   100μl	   of	   supernatant	  was	  

collected	   and	   its	   absorbance	  measured	   at	   545nm.	   Percentage	   lysis	   was	   calculated	   by	  

assuming	  100%	  lysis	  at	  0mmol	  NaCl.	  

	  

Phenylhydrazine	  Challenge	  

Acute	   hemolysis	   was	   achieved	   by	   IP	   injection	   of	   60mg/kg	   Phenylhydrazine	   on	   two	  

consecutive	  days.	  On	  days	  1	   to	  7	  post	   the	  second	   injection,	  2μl	  blood	  was	  collected	  by	  

tail	  snip,	  washed	  and	  centrifuged	  at	  500xg	  for	  5	  minutes.	  Cells	  were	  then	  stained	  with	  

0.5μlFC	  block	  in	  100ul	  MT-‐FACS	  for	  15	  minutes	  at	  4°C.	  1μl	  TER119-‐FITC	  and	  1μl	  CD71-‐

APC,	  were	   then	  added,	   and	  cells	  were	   incubated	   for	  40	  minutes	  at	   room	   temperature.	  

Cells	  were	  then	  centrifuged	  at	  500xg	  for	  5	  minutes,	  and	  resuspended	  in	  300μl	  MT-‐FACS	  

containing	  counting	  beads	  at	  a	   concentration	  of	  108	  beads/μl.	   Samples	  were	  analysed	  

by	  flow	  cytometry	  on	  a	  BD	  FACSAria™	  II.	  100000	  events	  were	  recorded	  per	  sample,	  and	  

the	  number	  of	  TER119+	  and	  CD71+	  cells	  calculated	  per	  bead.	  

	  

Eryptosis	  Markers	  

PS	  exposure/Annexin	  binding	  

2μl	   of	   RBC	   pellet	   were	   added	   to	   100μl	   Annexin	   Binding	   Buffer	   (150mM	  NaCl,	   10mM	  

HEPES	   and	   2.5mM	   CaCl2)	   containing	   5μl	   Annexin	   V-‐FITC	   (Invitrogen,	   NY,	   USA),	   and	  

incubated	  at	  room	  temperature	  for	  20	  minutes	  in	  the	  dark.	  Volume	  was	  then	  increased	  

to	   500μl	   with	   Annexin	   Binding	   Buffer,	   cells	   were	   put	   on	   ice,	   and	   analysed	   by	   flow	  

cytometry.	  10,000	  events	  were	   captured	  on	  a	  BD	  FACSAria™	   II,	   and	   the	  percentage	  of	  

FITC	  positive	  cells	  calculated.	  

	  

Reactive	  oxygen	  species	  (ROS)	  

2μl	  of	  RBC	  pellet	  were	  added	  to	  500μl	  RPMI	  containing	  2μg/ml	  H2DCFDA	  (Invitrogen,	  

NY,	  USA)	  and	  incubated	  at	  37°C	  for	  20	  minutes.	  Cells	  were	  then	  centrifuged	  at	  500xg	  for	  

5	  minutes,	  resuspended	  in	  500μl	  MT-‐FACS,	  put	  on	  ice,	  and	  analysed	  by	  flow	  cytometry.	  

10,000	  events	  were	  captured	  on	  a	  BD	  FACSAria™	  II.	  ROS	  content	  was	  calculated	  by	  mean	  

FITC	  flourescnece.	  
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Intracellular	  Calcium	  

2μl	   of	   RBC	   pellet	   were	   added	   to	   100μl	   RPMI	   containing	   1μg/ml	   FLUO	   3/AM	   (Merk	  

Millipore,	  Germany),	  and	  incubated	  at	  37°C	  for	  20	  minutes.	  Cells	  were	  then	  centrifuged	  

at	  500xg	  for	  5	  minutes,	  resuspended	  in	  500μl	  MT-‐FACS	  and	  incubated	  for	  a	  further	  30	  

minutes	   at	   37°C.	   Cells	  were	   then	   put	   on	   ice,	   and	   analysed	   by	   flow	   cytometry.	   10,000	  

events	  were	   captured	  on	  a	  BD	  FACSAria™	   II.	   Calcium	  content	  was	   calculated	  by	  mean	  

FITC	  fluorescence.	  

	  

Infections	  

Experiments	  used	  either	  the	  rodent	  parasite	  P.	  chabaudi	  chabaudi	  AS	  or	  P.	  berghei	  ANKA.	  

Parasite	  stocks	  were	  prepared	  from	  passage	  through	  resistant	  C57BL/6	  and	  SJL/J	  mice	  

respectively.	  250	  µl	  stock	  was	  injected	  into	  the	  intraperitoneal	  cavity	  of	  C57BL/6	  male	  

mice.	   When	   these	   mice	   reached	   5-‐10%	   parasitaemia,	   blood	   was	   collected	   via	  

mandibular	  bleed	  and	  diluted	   into	  25ml	  Krebs	  buffer.	  Using	   the	  assumption	   that	  mice	  

contained	  9x109	  RBC/ml,	  dilutions	  were	  calculated	  to	  give	  a	  final	  concentration	  of	  either	  

1x103	   or	   1x104	   parasitised	   RBC.	   Experimental	   mice	   were	   infected	   IP.	   Mice	   used	   to	  

measure	   survival	   were	   infected	   at	   a	   dose	   of	   1x104	  parasitised	   RBC;	  mice	   used	   for	   all	  

other	  experiments	  were	  infected	  at	  a	  dose	  of	  1x103	  parasitised	  RBC.	  	  

	  

Parasitaemia	  

Blood	  stage	  parasitaemia	  was	  determined	  by	  counting	  Giemsa	  stained	  thin	  smears	  from	  

tail	   blood.	   Slides	   counts	   differed	   depending	   on	   ENU	   line	   and	   parasite	   species.	   For	  

MRI49372	  at	   least	  600	  cells	  were	  counted	  per	  slide,	   including	   infected	  and	  uninfected	  

reticulocytes,	  and	   infected	  and	  uninfected	  mature	  cells.	  For	  P.	  chabaudi	  RBC10	  at	   least	  

300	   cells	  were	   counted	  per	   slide,	   including	   infected	   and	  uninfected	  mature	   cells	   only.	  

For	  P.	  berghei	  RBC10	  at	   least	  300	  cells	  were	   counted	  per	   slide,	   including	   infected	  and	  

uninfected	   cells.	   For	   gametocytogenesis	   measurements	   1000	   infected	   cells	   were	  

counted	  per	  slide.	  

	  

Growth	  Acceleration	  

P.	  falciparum	  3D7	  were	  maintained	  between	  0.5	  and	  10%	  parasitaemia	  in	  purified	  AB+	  

human	  erythrocytes,	  in	  a	  1%	  02/5%	  C02	  atmosphere,	  according	  to	  the	  method	  of	  Trager	  

and	  Jensen	  300.	  The	  cell	  culture	  medium	  (CCM)	  comprised	  RPMI	  supplemented	  with	  1x	  
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Glutamax,	   0.2%	   albumax	   (all	   from	   Gibco,	   NY,	   USA),	   4%	   pooled	   AB+	   human	   serum	  

(Invitrogen,	  NY,	  USA),	  10mM	  D-‐Glucose,	  25	  μg/ml	  gentamycin,	  6mM	  HEPES	  and	  0.2	  mM	  

hypoxanthine	  (all	  from	  Sigma,	  MO,	  USA).	  

	  

Uninfected	  RBCs	  were	  pre-‐incubated	  with	  GTP	  for	  3hrs	  at	  37°C,	  then	  washed	  with	  CCM	  

Wash	   to	   remove	   excess	   GTP.	   Trophozoite	   stage	   P.	   falciparum	   3D7	   parasites	   were	  

synchronised	  by	  percoll	  density	  gradient	  301	  then	  added	  to	  pre-‐treated	  cells	  at	  0.5-‐0.7%	  

parasitaemia	  and	  cultured	  for	  a	   further	  48hrs.	  Thin	  blood	  smears	  were	  made	  at	  0	  and	  

48hrs,	   fixed	   in	  100%	  methanol,	   and	   stained	   in	  10%	  Giemsa	   solution.	  Parsitaemia	  was	  

determined	   by	   counting	   1000	   cells	   per	   slide	   under	   a	   light	   microscope.	   Growth	   was	  

calculated	   by	   dividing	   the	   parasitaemia	   at	   T=48	   by	   the	   parasitaemia	   at	   T	   =0.	   Growth	  

acceleration	  was	   calculated	   as	   the	   percentage	   increase	   in	   growth	   observed	   in	   treated	  

cells	  when	  compared	  to	  untreated	  cells.	  

	  	  

TUNEL	  Staining	  

Thin	   tail	   smears	   from	   P.	   chabaudi	   infected	   mice	   were	   fixed	   in	   100%	   MeOH.	   For	   all	  

TUNEL	   staining,	   an	   APO-‐BrdU	   TUNEL	   assay	   kit	   was	   used	   (Invitrogen,	   Carlsbad,	   CA).	  

Slides	  were	  initially	  washed	  three	  times	  with	  1ml	  of	  wash	  buffer	  solution	  before	  being	  

incubated	   with	   50µl	   of	   DNA	   labelling	   solution	   mix	   (according	   to	   manufacturer’s	  

instructions)	   overnight	   at	   room	   temperature.	   The	   next	   day	   slides	   were	   rinsed	   three	  

times	  with	  1ml	  rinse	  solution	  with	  two	  minutes	  incubation	  time	  each.	  Stained	  sections	  

were	   then	   incubated	   with	   100µl	   of	   BrdU-‐antibody	   for	   one	   hour	   in	   the	   dark	   at	   room	  

temperature	  with	   subsequent	  washes	   in	   1%BSA/	  1x	  MT-‐PBS	   (three	   times	  with	   a	   two	  

minute	   soak	   each).	   Slides	   were	   then	   further	   labelled	   with	   100µl	   of	   nuclear	   yellow	  

(Invitrogen,	  Carlsbad,	  CA)	  (1:5000	  in	  1%	  BSA/	  1	  x	  MT-‐PBS)	  for	  one	  minute	  in	  the	  dark.	  

After	   further	   washes	   with	   1ml	   MT-‐PBS	   (three	   times	   with	   a	   two	   minute	   soak	   each)	  

sections	  were	  affixed	  with	  Fluorescent	  Mounting	  Medium	  (DakoCytomation).	  Once	   the	  

medium	  dried,	  slides	  were	  examined	  on	  an	  upright	  epifluorescence	  microscope	  (ZIESS)	  

600x	  magnification.	  	  10	  fields	  of	  view	  were	  counted	  for	  each	  slide.	  

	  

In-‐vivo	  Invasion	  and	  Growth	  Assay	  

Blood	  from	  Mutant	  and	  WT	  uninfected	  mice	  was	  collected	  by	  cardiac	  puncture.	  1800μl 

of blood was collected and pooled for each genotype, then halved and stained with either 
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NHS-Atto 633 (1μl/100μl) or sulfobiotin-LC-NHS-Biotin (1μl/100μl of 25mg/ml in DMF) to 

achieve the following combinations: 

	  

WT-‐Biotin	  

WT-‐Atto	  

Mutant-‐Biotin	  

Mutant-‐Atto	  

	  

Cells	  were	   then	   incubated	  at	  RT	   for	  30	  minutes,	   and	  washed	   twice	   in	  MTPBS.	   Stained	  

cells	  were	  combined	  in	  equal	  proportions	  to	  achieve	  the	  following	  combinations:	  

	  

1)	  WT-‐Biotin	  +	  Mutant-‐Atto	  

2)	  WT-‐Atto	  +	  Mutant	  Biotin	  

	  

Combined	  cells	  were	  then	  resuspended	  in	  2ml	  MTPBS,	  and	   injected	   intravenously	   into	  

WT	  P. chabaudi infected mice. 4 mice at 1-5% parasitaemia, plus 1 uninfected control, were 

injected with 200μl dye combination 1; the same numbers of mice were injected with 200μl 

dye combination 2. Injections were carried out when parasites were undergoing schizogeny, at 

~1am. 

	  

At	   30	   minutes,	   3hrs,	   12hrs,	   and	   20hrs	   post	   injection,	   1μl tail blood was collected and 

stained for 30 minutes at 4°C in 50μl MTPBS containing 0.25μl CD45-APC-Cy7, 

0.25μl CD71-PE-Cy5, 0.5μl Step-PE-Cy7. Next, 400μl MTPBS containing 0.5μl Hoechst 

33342 and 1μl 800μg/ml Thiazole orange was added, and cells were incubated for a further 5 

minutes at 4°C. Stained cells were then centrifuged at 750xg for 3 minutes, re-suspended in 

700μl MTPBS, and analyzed on a BD Fortessa Flow Cytometer. 2x106 cells were collected 

for each sample, and data was analysed using FlowJo (FlowJo, LLC, Oregon, USA).	  

	  

Evan’s	  Blue	  

P.	  berghi	  infected	  mice,	  and	  uninfected	  controls,	  	  were	  injected	  IV	  with	  200μl	  1%	  Evans	  

Blue/PBS	   solution.	   1hr	   post	   injection,	  mice	  were	   sacrificed	   and	   their	   brains	   collected	  

and	   weighed.	   Brains	   were	   placed	   in	   2ml	   10%	   neutral	   buffered	   formalin	   at	   room	  

temperature	   for	   48hrs	   to	   extract	   dye.	   200μl	   of	   formalin	   from	   each	   brain	   was	   then	  

collected	  and	  absorbance	  measured	  at	  620nm.	  Amount	  of	  Evans	  blue	  extracted	  per	  gram	  
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brain	   tissue	  was	   calculated	   using	   a	   standard	   curve	   ranging	   from	   40μg/ml	   to	   0μg/ml.	  

Injections	  were	  carried	  out	  on	  the	  day	  of	  infection	  that	  the	  first	  mouse	  died.	  	  

	  

Clinical	  Score	  

Mice	  were	  monitored	  three	  times	  daily,	  and	  given	  a	  score	  from	  0	  to	  5	  based	  on	  the	  type	  

and	   severity	   of	   their	   symptoms.	   ‘0’	   indicated	   no	   symptoms;	   ‘1’	   reduced	   or	   languid	  

movement;	   ‘2’	   rapid	   breathing	   and/or	   hunched	   posture;	   ‘3’	   ruffled	   fur,	   dehydration	  

and/or	   external	   bleeding;	   ‘4’	   fitting	   and/or	   coma;	   ‘5’	   death.	   Mice	   were	   considered	  

comatose	   if	   they	  were	  unable	  to	  right	   themselves	  after	  being	  placed	  on	  their	  side.	  The	  

highest	  score	  recorded	  for	  each	  mouse	  on	  each	  day	  was	  used	  to	  generate	  daily	  averages.	  

	  

Plasma	  Cytokines	  

Peripheral blood was taken either by cardiac puncture or mandibular bleed (as described in 

Haematological Analysis), and centrifuged for 4 minutes at 11,000xg. Plasma was then taken 

into a separate tube and stored at -20°C until needed. 

 

Cytokine analysis was conducted using a CBA Mouse Th1/Th2/Th17 Cytokine Kit (BD 

biosciences). Samples were prepared to the maker’s instructions. Briefly, cytokines were 

reconstituted in assay diluent, and a serial dilution was performed to make a standard curve. 

50μl of each standard and plasma sample were then added to 50μl of mixed capture beads and 

50μl of Th1/Th2/Th17 PE detection reagent, and then incubated at 2 hours at room 

temperature protected from light. Samples were then washed by centrifuging at 200xg for 5 

minutes, removing the supernatant and adding 150μl of wash buffer to each. This wash step 

was then repeated. 

 

Samples were acquired using a BD Fortessa flow cytometer. A total of 2100 events were 

captured (300 per cytokine) per sample. The results were exported and analysed using FCAP 

ArrayTM software (BD biosciences). Of the calculated parameters, final concentration was 

used in analysis. Statistical significance was determined using the Student’s T test.  

	  

Lymphocyte	  Analysis	  

150 μl blood was diluted in 2 ml of MT-PBS and mixed well. Using a Pasteur pipette, 2 ml of 

this blood/MT-PBS mix was then layered carefully on top of 2 ml room temperature Ficoll-

Paque™, so that as little mixing as possible occurred at the interface. This was centrifuged for 
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20 minutes at 1500xg at room temperature. After centrifugation a white, lymphocyte layer 

was clearly visible at the interface. This layer was removed using a Pasteur pipette and 

transferred into a new tube. 10 ml of MT-PBS was added to the lymphocytes, mixed and 

centrifuged at 800xg for 10 minutes. The supernatant was removed and the pellet re-

suspended in 5 ml MT-PBS. The centrifugation was repeated, and the supernatant discarded. 

Cell suspension was then incubated with 1μg Fc-block/106 cells/100μl MT-FACS for 10 

minutes at 4°C.	  

	  

Both spleen and thymus were prepared for flow cytometry using the same method. 1⁄2 of each 

organ was passed through a 70μm BD Falcon Cell Strainer with 0.5 ml of MT-FACS buffer, 

and then centrifuged at 300xg for 5 minutes at 4°C. The supernatant was removed and the 

pellet resuspended in 5 ml cold MT-FACS buffer. A 200 μl aliquot of this suspension was 

then incubated with 0.8 μl Fc-block.	  

	  

Each sample was incubated in 0.5μl CD4-PacificBlue, 0.5μl CD11-PE, 1μl CD8-FITC, 1μl 

CD25-PECy7, 1μl CD19-PERCPCy5.5 and 1μl CD3-APCCy7 for 20 minutes at 4°C. Cells 

were then washed in 1ml MT-FACS buffer and centrifuged at 250xg for 5 minutes at 4°C. 

The supernatant was discarded, 300 μl of MT-PBS containing 1% formalin and 1% BSA was 

added, and the suspension incubated for at least 10 minutes at 4°C. Cells were washed again 

in 1 ml MT-FACS buffer and centrifuged at 250xg for 5 minutes at 4°C. The supernatant was 

discarded, and 250μl of MT-PBS containing 0.1% saponin and 1%BSA was added. This was 

incubated at 4°C for 20 minutes. The cells were washed in 1ml MT-FACS buffer, centrifuged 

at 250xg for 5 minutes at 4°C, and the supernatant was discarded. 1μl of FoxP3-APC was 

then added to each sample, and incubated on ice for 20 minutes. Cells were then re-suspended 

in 300μl of MT-FACS buffer. 

 

Samples were acquired using a BD FACSAria™ II flow cytometer, and analysed using BD 

FACSDiva™ software (BD Biosciences). Statistical significance was calculated using the 

Student’s T Test.	  
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Recipes	  

	  

CCM	  

RPMI	  	  

1.6%	  Glutamax,	  	  

0.2%	  albumax	  	  	  

4%	  pooled	  AB+	  human	  serum	  	  

10mM	  D-‐Glucose	  

25μg/ml	  gentamycin	  

6mM	  HEPES	  	  

0.2	  mM	  hypoxanthine	  	  

	  

CCM	  wash	  

1x	  Glutamax,	  	  

10mM	  D-‐Glucose	  

25μg/ml	  gentamycin	  

6mM	  HEPES	  	  

	  

MACS	  buffer	  

2.5g	  BSA	  

10ml	  100mM	  EDTA	  

make	  up	  to	  500ml	  with	  MT-‐PBS	  

	  

MT-‐FACS	  buffer	  

MT-‐PBS	  

1%	  BSA	  

	  

Krebs	  Ringer	  solution	  

79.72g	  Sodium	  Chloride	  

2.05g	  Potassium	  chloride	  

1.90g	  Sodium	  phosphate	  monobasic	  

24.03g	  Sodium	  bicarbonate	  

5.5L	  cold	  deionised	  water	  
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Krebs	  buffer	  

750ml	  Krebs	  Ringer	  solution	  

750ml	  deionised	  water	  

3ml	  2mM	  Calcium	  Chloride	  

3ml	  1mM	  Magnesium	  Sulfate	  	  

4g	  Glucose.	  

	  

Mouse	  culture	  media	  

250ml	  RPMI	  

62.5ml	  FCS	  

5ml	  glutamine	  

0.125ml	  gentamycin	  

1.5g	  HEPES	  

0.5g	  NaHCO3	  
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CHAPTER	  3	  –	  MRI49372	  BLOOD	  PHENOTYPE	  
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Introduction	  
	  

The	  ENU	  mutant	  mouse	  line	  MRI49372	  was	  identified	  by	  screening	  1st	  generation	  ENU	  

injected	  mice	  for	  an	  abnormal	  blood	  phenotype.	  It	  was	  characterised	  by	  increased	  mean	  

corpuscular	  volume	  (MCV).	  This	  chapter	  aimed	  to	  identify	  the	  causative	  ENU	  mutation	  

that	  underlies	  this	  macrocytic	  phenotype,	  and	  characterise	  how	  the	  mutation	  affects	  the	  

blood	  phenotype	  and	  physiology	  of	  MRI49372.	  

	  

Results	  
	  

MRI49372	  has	  a	  macrocytic	  anaemia	  

	  

The	   ENU	   G1	   mouse	   MRI49372	   was	   first	   identified	   due	   to	   MCV	   over	   two	   standard	  

deviations	  higher	  than	  wild-‐type	  (WT)	  SJL/J.	  The	  mouse	  MRI49372	  was	  crossed	  to	  SJL/J,	  

and	   G2	   generation	   mice	   were	   tested	   for	   the	   heritability	   of	   the	   high	   MCV	   phenotype.	  

Phenodeviant	  G2s	  were	  crossed	  together,	  and	  the	  resulting	  G3	  mice	  were	  categorised	  as	  

WT,	   m/+	   or	   m/m	   based	   on	   the	   severity	   of	   their	   MCV	   phenotype	   (WT	   ≤	   55fL,	  

m/+	  56-‐61fL,	  m/m	  ≥62fL).	  These	  mice	  were	  then	  subjected	  to	  analysis	  of	  their	  complete	  

blood	  count.	  Mutants	  were	  found	  to	  differ	  significantly	  from	  WT	  for	  several	  parameters.	  	  

They	   exhibited	   leucocytosis,	   reticulocytosis,	   and	   anisocytosis	   (Table	   3.1).	   Conversely,	  

the	   number	   of	   RBCs	   and	   the	   total	   amount	   of	   haemoglobin	   were	   both	   significantly	  

decreased	   (Table	   3.1).	   	   Wright-‐Giemsa	   stained	   blood	   smears	   confirmed	   a	   macrocytic	  

anaemia,	   and	  also	   showed	   increased	   target	   cells,	   blister	   cells,	   and	  acanthocytes	   (RBCs	  

with	   the	  appearance	  of	  a	   ‘bullseye’,	  RBCs	  with	  haemoglobin	  concentrated	  on	  one	  side,	  

and	   RBCs	   with	   spiked	   membranes	   respectively)	   (Figure	   3.1).	   This	   suggested	   that	  

MRI49372	   might	   have	   a	   haemolytic	   anaemia.	   Mutants	   exhibited	   splenomegaly,	   with	  

m/m	  showing	  an	  almost	  5	  fold	  increase	  in	  spleen	  index	  (Figure	  3.1).	  
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Table	  3.1:	  Haematological	  parameters	  of	  Wild-‐type,	  MRI49372m/+,	  and	  MRI49372m/m	  mice.	  

Automated	  full	  blood	  analysis	  on	  WT	  (n=15),	  MRI49372m/+	  (n=21),	  and	  MRI49372m/m(n=14)	  mice.	  	  WBC	  =	  

number	  of	  white	  blood	  cells	   x	  103	   cells/μl;	  RBC	  =	  number	  of	   red	  blood	  cells	   x	  106	   cells/μl;	  HGB	  =	   total	  

haemoglobin	   g/L;	   MCV	  =	   mean	   corpuscular	   volume	   fL;	   RDW	   =	   percentage	   red	   cell	   distribution	  

width;	  %Macro	  =	  macrocytic	  cells;	  %micro	  =	  microcytic	  cells.	  Values	  are	  average	  ±	  SEM.	  *P<0.05,	  **P<0.01,	  

***P<0.001.	  	  
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Figure	   3.1:	  MRI49372	  macrocytic	   anaemia	   and	   splenomegaly.	   (A)	  Representative	   light	  microscopy	  

image	   of	  Wright-‐Giemsa	   stained	  WT	   thin	   smear.	   (B)	  Representative	   light	  microscopy	   image	   of	  Wright-‐

Giemsa	   stained	   MRI49372m/m	   thin	   smear.	   (C)	   Representative	   spleens	   from	   WT,	   MRI49372m/+,	  

MRI49372m/m	  mice.	  (D)	  Average	  spleen	  index	  ±	  SEM,	  calculated	  as	  spleen	  weight	  (g)/mouse	  weight	  (g)	  for	  

WT	  (n=7),	  MRI49372m/+	  (n=8),	  MRI49372m/m	  (n=7).	  ***P<0.001.	  	  
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The	  MRI49372	  blood	  phenotype	  is	  caused	  by	  a	  mutation	  in	  Ampd3	  

	  

To	   discover	   the	   causative	   mutation	   of	   the	   MRI49372	   phenotype,	   whole-‐exome	  

sequencing	  was	  performed	  on	  two	  phenodeviant	  (m/m)	  G3s	  on	  a	  Hiseq	  2000	  platform	  

using	  an	  Agilent	  exome	  enrichment	  kit.	  After	  filtering	  out	  previously	  reported	  common	  

SNPs,	   and	   selecting	   for	   novel,	   non-‐synonymous,	   exonic	  mutations	   held	   in	   common	  by	  

both	   animals,	   9	   mutations	   remained	   for	   further	   investigation.	   By	   conducting	   Sanger	  

sequencing	  on	  these	  candidate	  variants	  in	  a	  larger	  cohort	  of	  mice	  from	  3	  generations,	  a	  

mutation	   in	   Ampd3,	   at	   location	   7:117953361,	   remained	   the	   only	   variant	   to	   associate	  

100%	  with	  the	  blood	  phenotype,	  with	  a	  LOD	  score	  of	  6.55	  (Table	  3.2).	  	  

	  

In	  order	  to	   further	  confirm	  this	   location	  as	  the	  site	  of	   the	  causative	  mutation,	  N2	  mice	  

were	   generated	   by	   crossing	   phenodeviant	  MRI49372	  mice	   to	  Balb/c.	   Known	   SNPs	   on	  

chromosome	  7	  were	  genotyped,	  between	  90	  and	  120	  megabases.	  12/13	  affected	  mice	  

were	  heterozygous	  across	  3	  SNPs	  (Chr7:99912442-‐120255269),	  giving	  a	  LOD	  score	  of	  

2.38,	  and	  suggesting	  linkage	  between	  the	  MCV	  phenotype	  and	  the	  region	  of	  the	  genome	  

containing	  	  Ampd3	  (Figure	  3.2).	  

	  

	  The	  mutation	   in	  Ampd3	   is	   an	  A	   to	  G	   transition,	   causing	  an	  amino	  acid	   substitution	  of	  

alanine	   for	   threonine	   at	  position	  689	   in	   the	  AMPD3	  protein	   (Figure	  3.2).	  This	   residue	  

falls	   within	   the	   AMP	   deaminase	   domain,	   which	   is	   highly	   conserved	   between	   species	  

(Figure	  3.3).	  

	  

For	  the	  rest	  of	  this	  chapter,	  mutant	  MRI49372	  will	  be	  referred	  to	  as	  Ampd3T689A.	  
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Table	  3.2:	  List	  of	  non-‐synonomous	  gene	  candidates	  held	  in	  common	  between	  both	  mutants	  sent	  for	  

whole	  exome	  sequencing.	  	  

Between	  4	  and	  32	  mice	  were	  sequenced	  for	  each	  candidate	  mutation.	  Mutants	  were	  categorised	  as	  WT,	  

m/+	  or	  m/m	  based	  on	  the	  severity	  of	  their	  MCV	  phenotype	  (WT	  ≤	  55fL,	  m/+	  56-‐61fL,	  m/m	  ≥62fL)

	  
	  

	  

	  
	  
Figure	  3.2:	  High	  MCV	  MRI49372	  N2	  mice	  have	  a	  linked	  region	  on	  chromosome	  7.	  Genotype	  for	  SNPs	  

from	  90	  to	  120	  megabases	  on	  chromosome	  7,	  for	  affected	  (MCV>53)	  and	  unaffected	  (MCV<53)	  N2s.	  Grey	  

boxes	  represent	  heterozygousity.	  
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Figure	   3.3:	   The	   MRI49372	   phenotype	   is	   caused	   by	   a	   mutation	   in	   Ampd3.	   (A)	   DNA	   sequence	  

electropherograms	   showing	   the	   A	   to	   G	   transition	   in	   exon	   14	   of	  Ampd3.	   (B)	  Nucleotide	   and	   amino	   acid	  

sequences,	  showing	  the	  threonine	  to	  alanine	  missense	  mutation	  in	  red.	  	  (C)	  Representation	  of	  the	  position	  

of	  the	  mutation	  within	  the	  protein.	  (D)	  Sequence	  alignment	  showing	  conserved	  residues	  in	  AMPD3.	  Black	  

letters	   represent	   residues	   conserved	   in	   4/5	   listed	   species.	   Underlined	   letters	   represent	   plecstrin	  

homology	  domain.	  Bold	  ‘T’	  is	  the	  position	  of	  the	  MRI49372	  mutation.	  
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The	  Ampd3T689A	  mutation	  causes	  an	  activation	  of	  AMPD3	  

	  

AMPD3	   is	   the	   erythrocyte	   specific	   isoform	   of	   AMP	   deaminase;	   it	   catalyses	   the	  

conversion	  of	  AMP	  to	  IMP,	  an	  important	  reaction	  involved	  in	  purine	  metabolism	  within	  

the	  RBC	  (Figure	  3.4).	  

	  

	  

	  

	  

	  
	  
Figure	  3.4:	  Purine	  metabolism	  in	  the	  erythrocyte,	  showing	  reaction	  catabolised	  by	  AMPD3.	  Dotted	  line	  

indicates	  reaction	  that	  does	  not	  proceed	  in	  human	  RBCs.	  It	  is	  not	  known	  if	  this	  reaction	  proceeds	  in	  mouse	  

RBCs	   ATP,	   adenosine	  5’-‐triphosphate;	   ADP,	   adenosine	   5’-‐diphosphate;	   AMP,	   adenosine	  

5’-‐monophosphate;	   IMP,	   inosine	   5’-‐monophosphate;	   XMP,	   xanthosine	   5’-‐monophosphate;	   GMP,	  

guanosine	  5’-‐monophosphate;	   GDP,	   guanosine	  5’-‐diphosphate;	   GTP,	   guanosine	   5’-‐triphosphate;	   Ino,	  

inosine;	  Hypox,	  hypoxanthine;	  cAMP,	  cyclic	  AMP;	  cGTP,	  cyclic	  GTP.	  	  

	  

	  

	  

	  

	  

To	   determine	   if	   the	   Ampd3T689A	  mutation	   affects	   expression	   of	   the	   enzyme,	   real	   time	  

PCR	  was	   conducted	  on	  E14	   livers,	  which	  are	   composed	  primarily	  of	   erythroblasts.	  No	  

significant	   difference	   was	   observed	   between	   Ampd3T689A/+	   and	   WT,	   and	   a	   1.4	   fold	  

increase	  in	  expression	  was	  observed	  between	  Ampd3T689A/T689A	  and	  WT	  (Figure	  3.5).	  	  To	  

determine	  if	  this	  change	  in	  expression	  translated	  into	  a	  difference	  in	  protein	  abundance,	  

the	  amount	  of	  AMPD3	  present	  in	  peripheral	  RBCs	  was	  assayed	  by	  Western	  Blot.	  There	  

was	  a	  dramatic	  increase	  in	  the	  amount	  of	  AMPD3	  in	  mutant	  whole	  blood.	  However,	  it	  is	  

known	   that	   the	   expression	   of	   many	   erythrocytic	   proteins	   varies	   as	   the	   erythrocyte	  



	   61	  

matures	  302,	  which	  raises	  the	  possibility	  that	  results	  obtained	  from	  whole	  blood	  will	  be	  

confounded	   by	   the	   high	   proportion	   of	   reticulocytes	   in	   Ampd3T689A.	   	   A	   recent	  

transciptome	  analysis	  of	  human	  and	  murine	  erythroblasts	  found	  no	  significant	  changes	  

in	   the	   expression	   of	  Ampd3	   during	  maturation	   302;	   however	   blots	  were	   repeated	  with	  

isolated	  mature	  (CD71-‐)	  RBCs,	  and	  erythroblasts	  (E14	  livers)	  to	  eliminate	  the	  possibility	  

that	   the	   observed	   difference	   in	   AMPD3	   abundance	   was	   caused	   by	   the	   level	   of	  

reticulocytosis.	   In	   these	   experiments,	   no	   difference	   in	   protein	   level	   was	   observed,	  

suggesting	  that	  the	  Ampd3T689A	  mutation	  does	  not	  affect	  the	  amount	  of	  enzyme	  present	  

in	  the	  RBC	  (Figure	  3.5).	  

	  

To	  determine	  if	  the	  Ampd3T689A	  mutation	  affects	  the	  activity	  of	  the	  enzyme,	  the	  relative	  

abundance	  of	  several	  purines	  within	  the	  mature	  (CD71-‐)	  RBC	  was	  assayed	  by	  HPLC/MS	  

(Appendix	   A).	   Mutant	   cells	   had	   significantly	   more	   IMP,	   GMP,	   GDP	   and	   GTP	   when	  

compared	   to	  WT;	   they	   also	   had	   significantly	   less	   ATP,	   ADP	   and	  AMP.	   Together,	   these	  

results	  suggest	  an	  over	  activation	  of	  AMPD3.	  To	  confirm	  this,	  mature	  (CD71-‐)	  RBCs	  were	  

incubated	   with	   13C15N	   labelled	   AMP,	   and	   the	   accumulation	   of	   labelled	   IMP	   was	  

measured	  over	  a	  period	  of	  4	  hours.	  The	  conversion	  of	  AMP	   to	   IMP	  occurred	  six	   times	  

faster	  in	  Ampd3T689A/T689A	  than	  Ampd3T689A/+.	  No	  labelled	  IMP	  was	  observed	  in	  WT	  mice	  

at	   all,	   suggesting	   that	   under	   normal	   circumstances,	   AMPD3	   is	   completely	   inhibited	   in	  

mature	  erythrocytes	  (Figure	  3.5).	  	  
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Figure	  3.5:	  The	  Ampd3T689A	  mutation	  causes	  activation	  of	  AMPD3.	  (A)	  Western	  blot	  of	  whole	  blood,	  

showing	   AMPD3	   band	   at	   89kDa	   for	   WT,	   Ampd3T689A/+	   and	   Ampd3T689A/T689A,	   as	   well	   as	   actin	   loading	  

control	   for	   the	   same	  blot.	  AMPD3	  blots	   for	  MACS	   sorted	  mature	  RBCs	   (CD71-‐),	   and	  E14	   livers	   are	   also	  

shown.	  (B)	  RT	  PCR	  analysis	  showing	  average	  ±	  SEM	  fold	  change	  in	  expression	  of	  Ampd3	  in	  E14	  livers	  for	  

Ampd3T689A/+	  (n=2)	  and	  Ampd3T689A/T689A	  (n=2)	  compared	  to	  WT	  (n=4).	  Ampd3	  expression	  was	  calculated	  

relative	   to	   ACTB	   expression	   (C)	   Average	   ±	   SEM	   fold	   change	   in	   purine	   concentration	   in	   mature	   RBCs	  

(CD71-‐)	   for	   Ampd3T689A/+	   and	   Ampd3T689A/T689A	   compared	   to	   WT.	   Data	   shows	   average	   of	   technical	  

replicates	  (n=4),	  from	  pooled	  biological	  replicates	  (n=6)	  (D)	  Accumulation	  of	  labelled	  IMP	  in	  mature	  WT,	  

Ampd3T689A/+	  and	  Ampd3T689A/T689A	  RBCs	  (CD71-‐)	   incubated	  at	  37°C	  for	  2	  hours	  with	   labelled	  AMP.	  Data	  

shows	   average	   of	   technical	   replicates	   (n=3)	   from	  pooled	   biological	   replicates	   (n=3).	   *P<0.05,	   **P<0.01,	  

***P<0.001.	  P	  values	  calculated	  using	  the	  student’s	  T	  test.	  	  
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Activation	  of	  AMPD3	  decreases	  RBC	  half-‐life	  	  

	  

To	   understand	   the	   cause	   of	   macrocytosis	   and	   reticulocytosis	   in	   Ampd3T689A,	  

erythropoiesis	   was	   investigated	   by	   flow	   cytometry	   of	   CD44+TER119+	   erythroblasts.	  

Plasma	  levels	  of	  the	  hormone	  that	  stimulates	  erythropoiesis,	  erythropoietin	  (EPO),	  were	  

also	  assayed	  by	  ELISA.	  Significantly	  higher	  proportions	  of	  erythroblasts	  were	  observed	  

in	   the	   spleen	   and	   bone	  marrow,	   and	   significantly	   higher	   concentrations	   of	   EPO	  were	  

found	  in	  the	  plasma	  of	  both	  Ampd3T689A/+	  and	  Ampd3T689A/T689A	  mice	  (Figure	  3.6).	  These	  

results	   are	   consistent	  with	  an	  elevated	  erythropoiesis	   in	   the	  mutants.	  To	  determine	   if	  

erythropoiesis	   was	   occurring	   at	   a	   constant	   rate,	   the	   percentage	   of	   peripheral	  

reticulocytes	  was	  monitored	  by	  giemsa	  stained	  thin	  smears	  over	  the	  course	  of	  11	  days.	  

Consistent	   with	   the	   results	   from	   the	   automated	   complete	   blood	   count	   (Table	   3.1),	   a	  

significantly	  higher	  proportion	  of	  reticulocytes	  were	  observed	  in	  both	  Ampd3T689A/+	  and	  

Ampd3T689A/T689A.	   However,	   while	   both	   WT	   and	   Ampd3T689A/+	   showed	   little	   variation	  

over	   the	   course	   of	   the	   experiment,	   reticulocytosis	   in	   Ampd3T689A/T689A	   oscillated	  

between	   30%	   and	   60%	   in	   a	   5-‐day	   cycle	   (Figure	   3.7A).	   When	   the	   data	   from	   each	  

individual	   Ampd3T689A/T689A	  mouse	  were	   adjusted	   so	   that	   the	   peaks	   of	   reticulocytosis	  

were	  aligned,	  this	  cycle	  was	  even	  more	  evident	  (Figure	  3.7B).	  The	  fact	  that	  Ampd3T689A	  

have	   increased	   RBC	   production,	   but	   lower	   numbers	   of	  mature	   erythrocytes,	   suggests	  

that	  the	  phenotype	  results	  from	  increased	  RBC	  destruction.	  In	  support	  of	  this	  hypothesis,	  

a	  1.5	  fold	  increase	  in	  plasma	  bilirubin	  –	  a	  product	  of	  heme	  catabolism	  -‐	  was	  observed	  in	  

Ampd3T689A/+,	  and	  a	  2.7	  fold	  increase	  was	  observed	  in	  Ampd3T689A/T689A	  (Figure	  3.8).	  	  	  
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Figure	  3.6:	  	  Ampd3T689A	  has	  elevated	  erythropoiesis.	  Proportion	  of	  TER119+	  erythroblast	  populations	  

in	   the	   (A)	   bone	   marrow	   and	   (B)	   spleen,	   calculated	   relative	   to	   the	   number	   of	   TER119-‐	   cells,	   for	   WT,	  

Ampd3T689A/+	   and	   Ampd3T689A/T689A.	   I	   =	   RBCs,	   II	  =	   reticulocytes,	   III	   =	   polychromatic	   erythroblasts,	   IV	   =	  

basophilic	  erythroblasts	  and	  V	  =	  proerythroblasts	  (C)	  Representative	  plots	  showing	  flow	  cytometry	  gating	  

strategy,	  using	  CD44	  and	  TER119	  staining.	  (D)	  EPO	  concentration	  in	  the	  plasma	  of	  WT,	  Ampd3T689A/+	  and	  

Ampd3T689A/T689A.	  Values	  are	  average	  ±	  SEM.	  *P<0.05,	  **P<0.01,	  ***P<0.001.	  P	  values	  calculated	  using	  the	  

student’s	  T	  test.	  
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Figure	  3.7:	  Ampd3T689A	  has	  elevated	  reticulocytes.	  Average	  ±	  SEM	  percentage	  peripheral	  reticulocytes	  

in	  WT	   (n=4),	   Ampd3T689A/+	   (n=8),	   and	  Ampd3T689A/T689A	  (n=5)	  mice	   (A)	   over	   the	   course	   of	   11	   days.	   (B)	  

Values	   from	   Ampd3T689A/T689A	   have	   been	   adjusted	   so	   that	   the	   peaks	   of	   reticulocytosis	   align.	   *P<0.05,	  

**P<0.01,	  ***P<0.001.	  P	  values	  calculated	  using	  the	  student’s	  T	  test.	  
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To	   determine	   if	   RBC	   destruction	   is	   increased	   in	   Ampd3T689A,	   mice	   were	   injected	  

intravenously	  with	  biotin,	  and	  the	  loss	  of	  labelled	  cells	  from	  circulation	  was	  monitored	  

over	   a	   period	   of	   4	  weeks	   by	   flow	   cytometry.	   Both	  Ampd3T689A/+	   and	  Ampd3T689A/T689A	  

showed	  a	  decrease	  in	  RBC	  half-‐life,	  from	  15.5	  days	  in	  WT,	  to	  8.5	  days	  in	  heterozygotes,	  

and	   2.5	   days	   in	   homozygotes	   (figure	   3.8a).	   Given	   that	   splenomegaly	   is	   observed	   in	  

mutant	   mice,	   we	   hypothesised	   that	   this	   was	   caused	   by	   an	   increased	   rate	   of	   splenic	  

clearance.	  

	  

To	   determine	   if	   shortened	   RBC	   half-‐life	   was	   mediated	   by	   aberrant	   splenic	   clearance,	  

biotinylation	   of	   RBCs	   was	   performed	   in	   splenectomised	   mice.	   Although	   half-‐life	   was	  

lengthened	  by	  splenectomy	  in	  homozygotes,	   this	  amounted	  to	  an	  increase	  of	  only	  1.45	  

days,	   indicating	   that	   half-‐life	   in	   Ampd3T689A	   is	   not	   spleen	   dependent	   (figure	   3.8b).	   In	  

further	  support	  of	  this,	  no	  evidence	  of	  iron	  overload	  in	  the	  spleen	  was	  observed,	  either	  

by	  Perl’s	  blue	  staining,	  or	  by	  total	  non-‐haem	  iron	  (Figure	  3.9),	  indicating	  that	  a	  normal	  

amount	  of	  RBC	  destruction	  is	  occurring	  in	  the	  spleen.	  Similarly,	  there	  was	  no	  difference	  

in	  osmotic	   fragility	  –	  a	  trait	   that	  often	  results	   in	   increased	  splenic	  clearance	  -‐	  between	  

Ampd3T689A	   and	   WT	   (Figure	  3.9).	   Therefore,	   to	   determine	   if	   Ampd3T689A	   RBCs	   lyse	  

spontaneously,	  mutant	  and	  wild-‐type	  RBCs	  were	  incubated	  for	  24	  hrs	  in	  vitro.	  The	  level	  

of	  lysis	  was	  almost	  three	  times	  higher	  in	  cells	  from	  Ampd3T689A/T689A	  than	  in	  those	  from	  

WT	  mice	   (Figure	   3.8).	   Together,	   these	   results	   indicate	   that	   the	   shortened	   life-‐span	   of	  

Ampd3T689A	  RBCs	  is	  determined	  by	  factors	  autonomous	  to	  the	  erythrocyte,	  and	  that	  RBC	  

turnover	  is	  occurring	  independently	  of	  the	  spleen.	  
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Figure	   3.8:	   The	   Ampd3T689A	   	   mutation	   shortens	   erythrocyte	   lifespan.	   (A)	   RBC	   half-‐life	   in	   WT,	  

Ampd3T689A/+	   and	  Ampd3T689A/T689A	  mice,	   as	  measured	  by	   loss	   of	   biotinylated	   cells	   from	   circulation.	   (B)	  

RBC	   half-‐life	   in	   splenectomised	   WT,	   Ampd3T689A/+	   and	   Ampd3T689A/T689A	   as	   measured	   by	   loss	   of	  

biotinylated	   cells	   from	   circulation.	   (C)	   Amount	   of	   bilirubin	   in	   the	   plasma	   of	   WT,	   Ampd3T689A/+	   and	  

Ampd3T689A/T689A	   mice.	   (D)	   Amount	   of	   lysis	   for	   WT,	   Ampd3T689A/+	   and	   Ampd3T689A/T689A	  cells	   incubated	  

in	  vitro	  at	   37°C	   for	   24hrs.	  Measured	  by	   absorbance	   at	   545nm,	   and	   compared	   to	  100%	   lysis.	   Values	   are	  

average	  ±	  SEM.	  *P<0.05,	  ***P<0.001.	  P	  values	  calculated	  using	  the	  student’s	  T	  test.	  
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Figure	  3.9:	   	  Ampd3T689A	  does	  not	  have	   iron	  overload	  in	  the	  spleen,	  and	  is	  not	  osmotically	   fragile.	  

(A)	   Perls	   blue	   stained	   spleen	   sections	  of	  WT	   (top)	   and	  Ampd3T689A/T689A	   (bottom).	   (B)	  Amount	  of	   non-‐

haem	  iron	  in	  the	  spleen	  of	  WT	  (n=2),	  Ampd3T689A/+	  (n=2),	  Ampd3T689A/T689A	  (n=4).	  (C)	  osmotic	  fragility	  of	  

WT,	  Ampd3T689A/+,	  and	  Ampd3T689A/T689A	  (all	  genotypes	  n=3).	  Values	  are	  average	  ±	  SEM.	  *P<0.05.	  P	  value	  

calculated	  using	  the	  student’s	  T	  test.	  
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Shortened	  Ampd3T689A	  half-‐life	  is	  caused	  by	  high	  oxidative	  stress	  

	  

To	  determine	  the	  cause	  of	  short	  RBC	  half-‐life,	  the	  susceptibility	  of	  Ampd3T689A	  RBCs	  to	  

oxidative	  stress	  was	  investigated	  by	  intraperitoneal	  injection	  of	  phenylhydrazine	  (PHZ).	  

This	  chemical	  causes	  RBC	  lysis	  by	   increasing	  reactive	  oxygen	  species	  (ROS)	  within	  the	  

cell.	  Significantly	  more	  lysis	  was	  observed	  in	  Ampd3T689A/+	  and	  Ampd3T689A/T689A	  one	  day	  

after	   injection.	   Only	   12.5%	   of	   RBCs	   remained	   in	   heterozygotes,	   and	   5.3%	   in	  

homozygotes,	   compared	   to	   22.9%	   in	   WT,	   indicating	   that	   mutant	   cells	   are	   more	  

susceptible	  to	  oxidative	  stress	  (Figure	  3.10A).	  To	  determine	  if	  this	  increased	  sensitivity	  

to	  PHZ	  was	  due	   to	  higher	  baseline	  oxidative	   stress,	   the	  amount	  of	  ROS	  was	  measured	  

within	  mutant	  and	  WT	  RBC,	  using	  the	  ROS	  activated	  fluorescent	  dye	  H2DCFDA	  and	  flow	  

cytometry.	  The	  amount	  of	  ROS,	  as	  measured	  by	  change	  in	  mean	  fluorescence	  intensity,	  

was	  significantly	  higher	  in	  mutant	  mice.	  Ampd3T689A/+	  displayed	  ROS	  1.7	  fold	  higher	  than	  

WT,	  and	  Ampd3T689A/T689A	  reached	  5	  fold	  higher,	  indicating	  that	  mutant	  cells	  experience	  

a	   higher	   level	   of	   oxidative	   stress	   than	   wild	   type,	   and	   may	   be	   undergoing	   eryptosis	  

(Figure	   3.10C).	   This	  was	   further	   supported	   by	   the	   observation	   that	   Ampd3T689A	   RBCs	  

had	   significantly	   higher	   levels	   of	   phosphatidyl	   serine	   exposure	   (measured	   by	   annexin	  

binding	  and	  flow	  cytometry)	  and	  intracellular	  calcium	  (measured	  by	  Fluo3am	  dye	  and	  

flow	  cytometry);	  both	  are	  markers	  of	  RBC	  senescence	  (Figure	  3.10B	  and	  D).	  
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Figure	  3.10:	  The	  Ampd3T689A	  mutation	  causes	  increased	  oxidative	  stress	  and	  cell	  senescence.	  	  

(A)	   Proportion	   of	   RBCs	   remaining	   in	   circulation	   one	   day	   post	   phenylhydrazine	   injection	   for	  WT	  (n=5),	  

Ampd3T689A/+	   (n=4),	   and	   Ampd3T689A/T689A	   (n=5).	   (B)	   Proportion	   of	   mature	   RBCs	   (CD71-‐)	   that	   were	  

Annexin	  V	  positive	  (n=4).	  (C)	  Amount	  of	  reactive	  oxygen	  species	  in	  mature	  RBCs	  (CD71-‐)	  as	  measured	  by	  

mean	  fluorescence	  intensity	  of	  H2DCFDA,	  for	  WT	  (n=7),	  Ampd3T689A/+	  (n=7),	  and	  Ampd3T689A/T689A	  (n=6).	  

Combined	   results	   of	   two	   independent	   experiments.	   (D)	   Amount	   of	   calcium	   in	  mature	  RBCs	   (CD71-‐)	   as	  

measured	   by	   mean	   fluorescence	   intensity	   of	   FLUO3-‐am,	   for	   WT	   (n=7),	   Ampd3T689A/+	   (n=7),	   and	  

Ampd3T689A/T689A	   (n=6).	   Combined	   results	   of	   two	   independent	   experiments.	   Values	   are	   average	   ±	   SEM.	  

*P<0.05,	  ***P<0.001.	  P	  values	  calculated	  using	  the	  student’s	  T	  test.	  
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Discussion	  
	  
This	  chapter	  investigated	  the	  ENU	  mutant	  line	  MRI49372,	  with	  the	  aim	  to	  identify	  both	  

the	  causative	  mutation	  and	  biological	  mechanism	  behind	  its	  blood	  phenotype.	  	  It	  shows	  

that	   phenodeviant	  MRI49372	   carry	   a	  missense	  mutation	   in	   the	  Ampd3	  gene,	  which	   is	  

associated	  with	  erythrocytic	  ATP	  depletion,	  as	  well	  as	  a	  build	  up	  of	  GTP	  and	  oxidative	  

stress.	  Mutant	  mice	  also	  display	  shortened	  erythrocyte	  lifespan,	  and	  macrocytic	  anaemia,	  

with	  rapid	  RBC	  turnover,	  splenomegaly	  and	  leukocytosis.	  	  

	  

The	  MRI49372	  blood	  phenotype	  is	  caused	  by	  a	  gain	  of	  function	  mutation	  in	  Ampd3	  

	  

Through	   both	   whole-‐exome	   and	   Sanger	   sequencing,	   it	   was	   discovered	   that	   100%	   of	  

mice	   with	   the	   MRI49372	   blood	   phenotype	   also	   carried	   a	   mutation	   in	   Ampd3.	   This	  

mutation	  was	  not	  associated	  with	  changes	  in	  AMPD3	  protein	  abundance	  in	  the	  mature	  

RBC,	  but	  was	  associated	  with	  a	  significant	  increase	  in	  the	  rate	  of	  conversion	  of	  AMP	  to	  

IMP	   in	   the	   same	   cell	   type.	   Therefore,	   it	   was	   concluded	   that	   the	   MRI49372	   blood	  

phenotype	  is	  caused	  by	  a	  gain	  of	  function	  mutation	  in	  Ampd3	  that	  causes	  over-‐activation	  

of	  the	  AMPD3	  enzyme.	  

	  

AMPD3	   catalyses	   the	   conversion	   of	   AMP	   to	   IMP,	   one	   of	   the	   many	   interconnected	  

reactions	  involved	  in	  purine	  metabolism.	  Balanced	  purine	  metabolism	  is	   important	  for	  

maintaining	   the	   necessary	   levels	   of	   cellular	   ATP	   and	   other	   energy	   molecules.	   Within	  

most	  cell	   types	  IMP	  can	  be	  converted	  back	  to	  AMP,	   in	  a	   two-‐step	  process	  catalysed	  by	  

adenylosuccinate	   synthase	   (ADSS)	   and	   adenylosuccinate	   lyase.	   Within	   the	   human	  

erythrocyte	  however,	  IMP	  cannot	  be	  converted	  back	  to	  AMP	  due	  to	  the	  fact	  that	  ADSS	  is	  

inactive	   (figure	   4)	   303,304.	   This	   means	   that	   conversion	   of	   AMP	   to	   IMP	   results	   in	   the	  

irreversible	   loss	  of	  ATP	   in	  mature	  red	  cells.	  Furthermore,	   the	   loss	  of	  ATP	  through	  this	  

pathway	  has	  been	  associated	  with	  haemolysis	  and	  anaemia	  305.	  This	  suggests	  that	  tight	  

regulation	  of	  AMPD3	  may	  be	  essential	  to	  maintain	  the	  homeostasis	  of	  the	  RBC.	  It	  is	  not	  

known	  whether	  IMP	  can	  be	  converted	  back	  to	  AMP	  in	  mouse	  erythrocytes.	  However,	  the	  

experiments	  with	  labelled	  AMP	  described	  here,	  showed	  that	  AMP	  was	  not	  converted	  to	  

IMP	  in	  WT	  mice,	  suggesting	  that	  AMPD3	  is	  not	  functional	  in	  mouse	  erythrocytes	  under	  

normal	   circumstances.	   	   It	   should	   also	   be	   noted	   that	   neither	   cAMP	   nor	   cGTP	   could	   be	  

measured	   in	   this	   analysis	   (Appendix	   A).	   These	   cyclic	   nucleotides	   act	   as	   secondary	  

messengers	   in	  a	   large	   range	  of	  metabolic	  processes,	   and	   it	   is	  unknown	   if	   activation	  of	  
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AMPD	  might	   alter	   their	   relative	   abundance,	   and	   consequently	   their	   ability	   to	   regulate	  

essential	  cellular	  processes.	  

	  

The	   activity	   of	   AMPD	   is	   regulated	   through	   multiple	   mechanisms,	   including	  

phosphorylation,	  protein	  interactions,	  monovalent	  cations,	  ROS,	  and	  PI	  306-‐310.	  Both	  ATP	  

and	   GTP	   can	   inhibit	   the	   enzyme	   at	   low	   concentrations,	   and	   activate	   it	   at	   high	  

concentrations	   306,311.	   Moreover,	   AMPD3	   is	   able	   to	   bind	   to	   the	   erythrocyte	   cell	  

membrane,	  and	  in	  this	  form	  it	  is	  less	  active.	  Ca2+,	  through	  its	  interaction	  with	  calmodulin,	  

can	   inhibit	  membrane	  binding,	   and	   releases	  AMPD3	   into	   the	   cytosol	  where	   it	   is	  more	  

active	   312.	   Changes	   in	   pH	   are	   also	   able	   to	   affect	   the	   localisation,	   and	   hence	   activity	   of	  

AMPD3	  313.	  It	  is	  possible	  that	  the	  Ampd3T689A	  mutation	  may	  impair	  one	  or	  more	  of	  these	  

negative	  regulatory	  mechanisms	  and	  thus	  lead	  to	  a	  more	  active	  enzyme.	  

	  

Membrane	  binding	  is	  mediated	  largely	  through	  the	  N	  terminal	  end	  of	  the	  protein	  313,	  so	  

the	   Ampd3T689A	  mutation,	   which	   sits	   at	   the	   C	   terminal	   end,	   is	   unlikely	   to	   affect	   this	  

process	  directly.	  However,	   the	  mutation	  may	  affect	   the	  ability	  of	  AMPD3	  to	  respond	  to	  

endogenous	  signals	  that	  determine	  the	  location	  of	  the	  protein.	  For	  example,	  Sims	  et	  al.	  

found	  that	  phosphoinositides	  are	  able	  to	  bind	  AMPD3,	  and	  alter	  the	  ratio	  of	  soluble	  and	  

membrane-‐associated	   protein.	   The	   study	   predicted	   that	   the	   phosphoinositide	   binding	  

site	  may	  be	  one	  of	  two	  pleckstrin	  homology	  domains	  located	  within	  the	  C	  terminal	  end	  

of	   the	   protein	   (shown	   in	   Figure	   3.3D);	   although	   it	   is	   still	   only	   speculation,	   the	  

Ampd3T689A	  mutation	  falls	  within	  the	  second	  of	  these	  domains,	  and	  may	  therefore	  affect	  

phosphoinisitide	   mediated	   alteration	   of	   AMPD3	   activity	   314.	   Another	   possible	  

mechanism	  by	  which	  the	  Ampd3T689A	  mutation	  might	  cause	  activation	  of	   the	  enzyme	  is	  

by	   removing	   an	   amino	   acid	   residue	   that	   is	   normally	   phosphorylated.	   A	   query	   of	   the	  

Human	  Protein	  Reference	  Database	  suggests	  that	  the	  WKLSTCD	  motif	  that	  includes	  the	  

mutation	  is	  a	  likely	  site	  for	  phosphorylation.	  By	  changing	  the	  threonine	  in	  this	  motif	  to	  

an	   alanine,	   the	   Ampd3T689A	   mutation	   may	   disrupt	   this.	   So	   far,	   no	   studies	   have	  

investigated	  whether	  phosphorylation	  has	  a	  role	  in	  the	  activation	  of	  AMPD3.	  However,	  

studies	  of	  AMPD1	  have	  shown	  that	  the	  enzyme	  is	  phosphorylated	  by	  protein	  kinase	  C	  in	  

the	   presence	   of	   Ca2+	   and	  PS,	   and	   that	   this	   increases	   its	   activity	   308,315.	   Further	   studies	  

into	   the	  mechanism	  of	  AMPD3	  activation	   in	   these	  mutants	  should	   investigate	  whether	  

AMPD3	   is	   membrane	   bound	   in	   mutant	   erythrocytes,	   as	   well	   as	   any	   changes	   in	  

phosphorylation	  of	  the	  protein.	  
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Ampd3T689A	  has	  a	  shortened	  RBC	  half-‐life	  and	  increased	  oxidative	  stress	  

	  

Mice	  carrying	  the	  Ampd3T689A	  mutation	  were	  found	  to	  have	  significantly	  decreased	  RBC	  

half-‐life.	  This	  was	  shown	   for	  homozygous	  mutants	  both	  before	  and	  after	   splenectomy,	  

and	  for	  heterozygous	  mutants	  after	  splenectomy.	  	  Mutant	  mice	  also	  exhibited	  significant	  

increases	   in	  plasma	  EPO,	  the	  number	  of	  erythroblasts	   in	  the	  spleen	  and	  bone	  marrow,	  

and	  the	  number	  of	  peripheral	  reticulocytes.	  When	  erythrocytes	  were	  isolated	  in	  culture,	  

mutant	  cells	  lysed	  spontaneously	  at	  a	  significantly	  faster	  rate	  than	  WT.	  	  

	  

Shortened	   RBC	   half-‐life	   can	   be	   caused	   either	   by	   defective	   red	   cell	   maturation	  

(dyserythropoiesis),	   increased	   RBC	   destruction	   (either	   intra-‐	   or	   extra-‐vascular	  

haemolysis),	  or	  a	  combination	  of	  both.	  The	  presence	  of	  elevated	  reticulocytes	  with	  low	  

numbers	  of	  mature	  RBCs	  in	  the	  Ampd3T689A	  strain	  is	  suggestive	  of	  increased	  destruction.	  

This	   is	   further	   supported	   by	   the	   fact	   that	   both	   plasma	   EPO,	   and	   the	   number	   of	  

erythroblasts	  are	  elevated,	  suggesting	  mutants	  are	  able	  to	  upregulate	  erythropoiesis	  in	  

response	  to	  anaemia.	  Increased	  RBC	  destruction	  could	  be	  mediated	  either	  by	  excessive	  

splenic	  clearance,	  or	  by	  spontaneous	  lysis	  due	  to	  intrinsic	  red	  cell	  factors.	  In	  hereditary	  

spherocytosis	   -‐	   a	  disorder	  where	   changes	   to	  membrane	  deformability	   cause	  excessive	  

destruction	  of	  RBCs	  in	  the	  spleen	  -‐	  the	  resulting	  chronic	  haemolysis	  and	  shortened	  RBC	  

half-‐life	   can	   be	   improved	   by	   even	  partial	   splenectomy	   316.	  However	   splenectomy	  only	  

marginally	   increased	   the	   RBC	   half-‐life	   in	   Ampd3T689A/T689A	   mice.	   Therefore,	   it	   can	   be	  

assumed	   that	   aberrant	   splenic	   clearance	   is	   not	   the	   cause	   of	   haemolysis.	   	   Given	   that	  

mutant	   cells	   life-‐span	   is	   also	   decreased	   in	   vitro,	   cell	   intrinsic	   factors	   may	   be	   more	  

important	  in	  determining	  the	  cell	  half-‐life	  phenotype.	  

	  

The	  life-‐span	  of	  RBCs	  is	  tightly	  regulated,	  lasting	  some	  150	  days	  in	  humans,	  and	  51	  days	  

in	  mice	  317.	  Senescent	  RBCs	  are	  destroyed	  by	  eryptosis;	  a	  controlled	  programme	  of	  cell	  

death.	   Similar	   to	   the	   apoptotic	   process	   in	   non-‐erythroid	   cells,	   eryptosis	   involves	   cell	  

shrinkage,	   breakdown	   of	   cell	   membrane	   asymmetry,	   and	   eventual	   phagocytosis318.	  

Eryptosis	  differs	  from	  apoptosis	  in	  that	  it	  does	  not	  involve	  mitochondrial	  depolarisation	  

and	  condensation	  of	  nuclei,	  due	  to	  the	  lack	  of	  these	  organelles	  in	  the	  mature	  RBC,	  and	  it	  

does	   not	   require	   the	   involvement	   of	   caspases	   319,320.	   Eryptosis	   can	   be	   triggered	   by	   a	  

number	  of	  stimuli,	  including	  oxidative	  stress	  321,322,	  energy	  depletion	  323,	  small	  molecules	  
318,	  anti-‐A	  IgG	  324	  and	  conjugated	  bilirubin	  325.	  Enhanced	  eryptosis	  is	  also	  observed	  in	  a	  

number	   of	   diseases,	   including	   haemolytic	   anaemia,	   malaria,	   sickle	   cell	   disease,	  
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thalassaemia,	   G6PD	   deficiency,	   and	   hereditary	   spherocytosis	   (reviewed	   in	   318).	  	  

Eryptosis	   begins	   with	   an	   increase	   in	   cytosolic	   Ca2+,	   which	   stimulates	   several	   events.	  

These	   include	   cell	   membrane	   scrambling,	   resulting	   in	   the	   externalisation	   of	  

phosphatidylserine	   (PS);	   activation	   of	   ion	   channels,	   resulting	   in	   the	   dehydration	   and	  

shrinkage	   of	   the	   cell;	   and	   activation	   of	   a	   Ca-‐activated	   protease	   called	   calpain,	   which	  

degrades	   cytoskeletal	   proteins	   and	   results	   in	   membrane	   blebbing.	   Eryptotic	   cells	   are	  

then	  phagocytosed	  by	  both	  splenic	  and	  circulating	  macrophages;	  they	  are	  recognised	  by	  

exposed	  PS,	  and	  novel	  antigens	  resulting	  from	  cleavage	  of	  Band	  3,	  which	  can	  bind	  IgG	  326.	  

	  

To	  date,	  no	  studies	  have	  investigated	  directly	  whether	  AMPD3	  has	  a	  role	  in	  programmed	  

RBC	  death.	  However	  a	  number	  of	  observations	  from	  this	  study	  suggest	  that	  Ampd3T689A	  

erythrocytes	  are	  undergoing	  accelerated	  senescence	  and	  eryptosis;	  they	  have	  increased	  

intracellular	  calcium,	  increased	  PS	  exposure,	  and	  an	  increased	  proportion	  of	  microcytic	  

cells.	  Ampd3T689A	  RBCs	   also	   exhibit	   a	   decreased	   concentration	  of	   adenosyl	   nucleotides	  

and	   significantly	   increased	   amounts	   of	   ROS,	   both	   of	   which	   are	   known	   to	   trigger	  

eryptosis326.	   Taken	   together,	   these	   observations	   suggest	   the	   following	   mechanism	   of	  

reduced	  RBC	  half-‐life:	  activation	  of	  AMPD3	  causes	  depletion	  of	  ATP,	  and	  therefore	  loss	  

of	   ATP-‐dependant	   oxidative	   metabolism,	   which	   in	   turn	   increases	   oxidative	   stress.	  

Increased	  oxidative	  stress	  then	  triggers	  Ca2+	  influx,	  cell	  shrinkage,	  PS	  exposure	  and	  cell	  

death.	   Interestingly,	  other	   studies	  have	   found	   that	   increases	   in	  both	  ROS	  and	  Ca2+	   can	  

also	   cause	   activation	   of	   AMPD3	   310,312.	   It	   is	   therefore	   possible	   that	   eryptosis	   involves	  

some	  positive	  feedback	  loops,	  which	  the	  Ampd3T689A	  mutation	  may	  act	  on	  to	  accelerate	  

the	  process.	  

	  

If	   the	  mutation-‐induced	  activation	  of	  AMPD3	   is	   indeed	  causing	  accelerated	  ageing	  and	  

senescence	  of	  RBCs,	   it	  raises	  the	  question	  of	  whether	  inhibition	  of	  AMPD3	  would	  have	  

the	  opposite	  effect	  and	  delay	  RBC	  ageing.	  Several	  polymorphisms	   in	  Ampd3	  have	  been	  

reported	  in	  humans,	  all	  of	  which	  cause	  either	  partial	  or	  complete	  loss	  of	  enzyme	  activity.	  

Individuals	  with	  AMPD3	  deficiency	   are	   clinically	   asymptomatic,	  with	   the	   only	   notable	  

change	  being	  elevated	  ATP	  levels	  in	  the	  red	  cell	  327.	  Knockout	  mice	  have	  been	  generated	  

for	   Ampd3	   and	   are	   reported	   to	   be	   similarly	   asymptomatic,	   aside	   from	   a	   build-‐up	   of	  

adenosine	   nucleotides,	   and	   loss	   of	   GTP	   328.	   	   To	   date,	   no	   studies	   have	   investigated	  

whether	  RBC	  half-‐life	   in	  either	  humans	  or	  mice	  with	  AMPD3	  deficiency	   is	   lengthened,	  

but	  it	  is	  intriguing	  to	  note	  that	  the	  changes	  in	  purine	  balance	  observed	  in	  these	  models	  

appear	   to	   be	   the	   opposite	   to	   those	   changes	   observed	   in	   Ampd3T689A.	   It	   is	   therefore	  
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possible	  that	  the	  opposite	  effects	  on	  red	  cell	  half-‐life	  may	  also	  occur	  in	  Ampd3-‐deficient	  

cell,	   i.e.	   extended	   cell	   half-‐life.	   If	   AMPD3	   deficiency	   does	   lengthen	   the	   lifespan	   of	  

erythrocytes,	  it	  opens	  the	  possibility	  that	  pharmacological	  inhibition	  of	  AMPD3	  may	  also	  

be	   able	   to	   delay	   senescence.	   This	   would	   be	   of	   particular	   benefit	   to	   blood	   banks,	   as	  

donated	  RBCs	  suffer	  from	  storage	  lesion	  –	  a	  process	  similar	  to	  RBC	  senescence	  -‐	  which	  

limits	  the	  time	  blood	  can	  be	  kept	  for	  transfusion	  329.	  

	  

Another	  interesting	  and	  novel	  finding	  of	  this	  study	  is	  that	  Ampd3T689A/T689A	  mice	  display	  

cyclic	  reticulocytosis,	  in	  which	  the	  percentage	  of	  immature	  RBCs	  oscillates	  between	  30%	  

and	  60%	  over	  a	  5-‐day	  cycle.	  Spontaneous	  cyclic	  reticulocytosis	  has	  not	  previously	  been	  

described	   in	   mice,	   however	   similar	   phenotypes	   have	   been	   observed	   in	   a	   number	   of	  

clinical	   conditions,	   including	   cyclic	   neutropenia	   (CN),	   periodic	   chronic	   myelogenous	  

leukemia,	   cyclic	   thrombocytopenia	   and	   periodic	   autoimmune	   haemolytic	   anaemia	  

(AIHA)	   330-‐332.	   	   For	   some	   of	   these	   conditions,	   the	   causes	   of	   pathology	   have	   been	  

identified	  331,333-‐335,	  but	  these	  do	  not	  always	  explain	  why	  oscillations	  occur.	  For	  example,	  

it	  is	  known	  that	  AIHA	  occurs	  when	  antibodies	  directed	  against	  an	  individual’s	  own	  RBCs	  

cause	   them	   to	   lyse,	  but	   this	  does	  not	  explain	  why	  some	  patients	  exhibit	  periodicity	   in	  

their	  erythropoiesis	  and	  some	  do	  not	  336.	  	  	  

	  

Mackey	  et	  al.	  used	  mathematical	  modelling	  to	  determine	  if	  the	  oscillations	  observed	  in	  

periodic	  AIHA	  could	  be	  explained	  purely	  by	  changes	  in	  RBC	  half-‐life.	  They	  found	  that	  a	  

simple	  model	  of	  erythropoiesis	  -‐	  in	  which	  the	  rate	  of	  RBC	  destruction	  was	  varied	  and	  all	  

other	   parameters	   were	   kept	   constant	   -‐	   accounted	   for	   the	   observed	   oscillations	   in	  

hematocrit	   in	   experimentally	   induced	   AIHA	   in	   rabbits	   336,337.	   In	   this	   model,	  

erythropoiesis	  occurred	  at	  a	  constant	  rate	  at	  low	  levels	  of	  RBC	  destruction,	  but	  when	  the	  

rate	  of	  RBC	  destruction	  was	  increased	  above	  a	  certain	  threshold,	  erythropoiesis	  became	  

unstable	  and	  began	  to	  oscillate.	  The	  Ampd3T689A	  phenotype	  is	  similar	  to	  AIHA	  in	  that	  it	  

appears	  to	  be	  caused	  by	  increased	  rates	  of	  RBC	  destruction.	  Although	  the	  experiments	  

detailed	  in	  this	  chapter	  do	  not	  exclude	  the	  possibility	  that	  a	  more	  complex	  mechanism	  is	  

causing	  cyclic	  reticulocytosis	  in	  homozygous	  mutants,	  this	  mathematical	  model	  provides	  

a	  simple	  explanation	  for	  the	  fact	  that	  reticulocytosis	  does	  not	  oscillate	  in	  Ampd3T689A/+,	  

but	  does	  in	  Ampd3T689A/T689A.	  
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Conclusion	  
	  

This	  chapter	  describes	  an	  ENU	  mutant	  mouse	  line	  with	  dramatically	  shortened	  RBC	  half-‐

life.	   The	   causative	   mutation	   was	   found	   to	   be	   a	   novel	   gain-‐of-‐function	   amino	   acid	  

substitution	  in	  Ampd3	  that	  leads	  to	  an	  apparent	  over-‐activation	  of	  the	  Ampd3	  enzyme;	  

this	   in	   turn	   causes	   a	   build-‐up	   of	   oxidative	   stress	   and	   accelerated	   senescence	   in	   the	  

erythrocyte.	  This	   is	   the	   first	   time	  a	  mutation	   in	  AMPD3	  has	  been	  shown	   to	  affect	  RBC	  

half-‐life.	   The	   data	   suggests	   it	   may	   be	   an	   important	   mediator	   of	   RBC	   life	   span,	   and	  

provides	   a	   novel	   avenue	   for	   future	   research	   into	   the	   causes	   of	   RBC	   ageing	   and	  

senescence.	   Future	   studies	   should	   focus	  on	   the	  possibility	   that	  AMPD3	   inhibition	  may	  

lengthen	   the	   life	   span	  of	   the	  RBC,	  and	   the	  potential	  of	   this	  hypothesis,	   for	  example,	   to	  

increase	  the	  shelf	  life	  of	  blood	  stored	  for	  transfusion.	  
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CHAPTER	  4	  –	  MRI49372	  MALARIA	  
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Introduction	  
	  

The	  previous	  chapter	  of	   this	   thesis	  described	  the	  mouse	   line	  MRI49372,	  which	  carries	  

an	   ENU	   induced	   gain-‐of-‐function	   mutation	   in	   Ampd3.	   The	   Ampd3T689A	   amino	   acid	  

substitution	  and	  consequent	  over-‐activation	  of	  the	  AMPD3	  enzyme	  causes	  an	  imbalance	  

in	   RBC	   purine	   concentrations,	   characterised	   by	   low	   [ATP]	   and	   extremely	   high	   [GTP],	  

[GDP]	   and	   [GMP].	   Mutant	   mice	   also	   exhibit	   significantly	   shortened	   RBC	   half-‐life,	  

increased	  reticulocytosis	  and	  splenomegaly.	  These	  aspects	  of	  the	  Ampd3T689A	  phenotype	  

potentially	  have	  large	  impacts	  both	  on	  Plasmodium	  growth	  within	  the	  erythrocyte,	  and	  

the	  host	  response	  to	  malaria	  infection.	  

	  

Plasmodium	  parasites	  need	  a	  large	  supply	  of	  purines	  and	  pyrimidines	  for	  DNA	  synthesis.	  

They	  are	  able	  to	  synthesise	  the	   latter	  de	  novo,	  but	  because	  their	  genome	  contains	  only	  

one	   of	   the	   10	   enzymes	   involved	   in	   the	   biosynthesis	   of	   purines	   (PRPP	   to	   IMP),	   these	  

nucleotides	   must	   be	   scavenged	   from	   the	   host	   338.	   In	   fact,	   the	   parasite’s	   demand	   for	  

purines	   is	   so	   high	   that	   it	   exceeds	   the	   endogenous	   supply	   of	   the	   RBC,	   and	   therefore	  

Plasmodium	   increases	   the	   uptake	   of	   exogenous	   purines	   through	   host	   erythrocyte	  

nucleobase	  transporters	  147,339.	  Transport	  of	  purines	  into	  the	  parasite	  across	  the	  parasite	  

plasma	  membrane	   occurs	   via	   PfNT1,	   a	   high	   affinity,	   saturable	   nucleoside	   transporter	  

that	   has	   a	   broad	   substrate	   specificity	   for	   purine	   nucleosides	   and	   their	  

L-‐stereoisomers	  340.	  To	  date,	  Plasmodium	  is	  only	  known	  to	  import	  7	  purines	  (6	  via	  PfNT1,	  

and	   one	   via	   a	   putative	   transporter	   that	   has	   yet	   to	   be	   identified)	   but	   has	   the	   full	  

complement	   of	   enzymes	   necessary	   to	   recycle	   these	   into	   all	   other	   purines	   needed	   for	  

growth	   338,339,341,342	   (Figure	   4.1).	   As	   such,	   there	   has	   been	   wide	   interest	   in	   developing	  

anti-‐malarials	  that	  block	  PfNT1	  (reviewed	  in	  339).	  	  

	  

Two	  recent	  metabolomics	  surveys	  have	  attempted	  to	  quantify	   the	   final	  purine	  balance	  

within	  the	  parasite.	  The	  first	   looked	  at	  RBCs	  infected	  with	  asynchronous	  P.	  falciparum;	  

compared	  to	  uninfected	  RBCs,	   it	   found	  significant	  increases	  in	  ADP,	  AMP,	  and	  adenine,	  

along	  with	  decreases	  in	  IMP	  and	  inosine	  343.	  The	  second	  compared	  isolated	  P.	  falciparum	  

schizonts	   to	  uninfected	  RBCs,	   and	   found	   significant	   increases	   in	  ADP,	  AMP,	   IMP,	  GMP,	  

GDP	   and	   several	   other	  purines,	   but	   notably,	   significant	   decreases	   in	  ATP	   and	  GTP	   344.	  

Ampd3T689A	  provides	  an	  interesting	  model	  to	  study	  the	  effect	  of	  host	  RBC	  purine	  balance	  

on	  Plasmodium	  growth.	  
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Figure	   4.1:	   Purine	  metabolism	   in	   the	   infected	   erythrocyte.	   P.	   falciparum	   imports	   purines	   from	   the	  

host	  cell,	  as	  well	  as	  increasing	  erythrocytic	  uptake	  of	  exogenous	  purines.	  White	  boxes	  show	  the	  reaction	  

catalysed	  by	  human	  AMPD3,	  and	  the	  corresponding	  reaction	  within	  the	  parasite,	  catalysed	  by	  PfAMPDA.	  

Red	  boxes	  represent	  human	  erythrocyte	  nucleobase	  transporters;	  Blue	  boxes	  represent	  P.	  falciparum	  NT1	  

transporter;	   green	   box	   represents	   a	   putative	   AMP	   transporter.	   ATP,	   adenosine	  5’-‐triphosphate;	   ADP,	  

adenosine	   5’-‐diphosphate;	   AMP,	   adenosine	   5’-‐monophosphate;	   IMP,	   inosine	   5’-‐monophosphate;	   XMP,	  

xanthosine	  5’-‐monophosphate;	  GMP,	  guanosine	  5’-‐monophosphate;	  GDP,	  guanosine	  5’-‐diphosphate;	  GTP,	  

guanosine	  5’-‐triphosphate.	  	  	  
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The	   spleen	   has	   an	   essential	   role	   in	   malaria	   resistance,	   both	   in	   clearing	   infected	  

erythrocytes,	   and	   the	   extramedullary	   erythropoiesis	   essential	   for	   staving	   off	   severe	  

anaemia	  345,346.	  	  In	  both	  naïve	  and	  immune	  individuals,	  parasitaemia	  is	  higher	  and	  death	  

more	  frequent	  after	  splenectomy	  187.	  Moreover,	  less	  severe	  disease	  has	  frequently	  been	  

associated	  with	  the	  presence	  of	  splenomegaly	  347.	  Therefore,	  the	  Ampd3T689A	  phenotype	  

of	  splenomegaly	  may	  protect	  the	  host	  from	  severe	  disease.	  

	  

Although	   timely	   erythropoiesis	   is	   essential	   to	   recover	   from	   the	   anaemia	   induced	   by	  

infection	   348,	   studies	   have	   also	   shown	   that	   the	   production	   of	   new	   RBCs	   too	   early	   in	  

infection	   can	   aid	   the	   parasite	   by	   giving	   it	   a	   greater	   number	   of	   cells	   to	   invade,	   and	  

therefore	  can	  result	   in	  increased	  mortality	  348.	  Therefore,	  the	  Ampd3T689A	  phenotype	  of	  

increased	  erythropoiesis	  and	  RBC	  turnover,	  could	  either	  mitigate	  or	  exacerbate	  anaemia.	  

	  

The	   aim	   of	   this	   chapter	  was	   to	   determine	   if	   parasite	   growth	   or	   the	   host	   response	   to	  

malarial	   infection	   is	   affected	   by	   the	   Ampd3T689A	   mutation,	   and	   to	   investigate	   the	  

mechanisms	  of	  any	  observed	  differences.	  

	  

Results	  
	  

Ampd3T689A	  mice	  are	  resistant	  to	  erythrocytic	  stage	  P.	  chabaudi	  infection	  

	  

To	  determine	  if	  mice	  carrying	  the	  Ampd3T689A	  mutation	  are	  resistant	  to	  rodent	  malaria,	  

mice	   were	   infected	   with	   P.	  chabaudi	   by	   intraperitoneal	   injection	   of	   parasitised	  

erythrocytes.	   	  Survival	  and	  peripheral	  parasitaemia	  were	  monitored	  daily	   from	  the	  7th	  

day	  post	  infection.	  

	  

Survival	   was	   significantly	   increased	   in	   both	   homozygous	   and	   heterozygous	   mice	   for	  

both	   sexes.	   	   	   In	   female	   mice,	   100%	   of	   Ampd3T689A/T689A	   and	   60%	   of	   Ampd3T689A/+	  

survived	   infection,	   compared	   to	   0%	   of	   WT.	   In	   male	   mice,	   60%	   of	   Ampd3T689A/T689A	  

survived	  infection,	  compared	  to	  0%	  in	  both	  Ampd3T689A/+	  and	  WT	  (Figure	  4.2A	  and	  B).	  
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Figure	  4.2:	  The	  Ampd3T689A	  mutation	  causes	  resistance	   to	  P.	  chabaudi.	  	  Cumulative	  survival	  for	  (A)	  

female	   WT	   (n=17),	   Ampd3T689A/+	   (n=11),	   and	   Ampd3T689A/T689A	   (n=6),	   and	   (B)	   male	   WT	   (n=4),	  

Ampd3T689A/+	   (n=5),	   and	   Ampd3T689A/T689A	   (n=5)	   infected	  with	  P.	   chabaudi.	   (C)	   and	   (D)	   Average	   ±	   SEM	  

parasitaemia	  for	  WT,	  and	  Ampd3T689A/+,	  and	  Ampd3T689A/T689A	  	  female	  and	  male	  mice	  respectively	  (same	  n	  

values	  as	  A	  and	  B).	  *P<0.05,	  **P<0.01,	  ***P<0.001.	  P	  values	  calculated	  using	  Log	  rank	  test	  (A)	  and	  (B)	  or	  

student’s	  T-‐test	  (C)	  and	  (D).	  

	  
	  
	  
	  
The	   marked	   increases	   in	   survival	   correlated	   with	   significant	   reductions	   in	   overall	  

peripheral	   parasitaemia.	   In	   females	   mean	   peak	   parasitaemia	   reached	   just	   10%	   in	  

Ampd3T689A/T689A,	  and	  31%	  in	  Ampd3T689A/+,	  compared	  to	  72%	  in	  WT.	  Male	  mice,	  while	  

generally	   more	   susceptible	   to	   P.	   chabaudi,	   showed	   the	   same	   trend	   in	   lowered	   peak	  

parasitaemia	  (Figure	  4.2C	  and	  D).	  The	  growth	  curve	  was	  also	  altered	  in	  Ampd3T689A/+.	  In	  

female	  mice,	  Ampd3T689A/+	  showed	  significantly	  higher	  parasitaemia	  than	  WT	  on	  day	  7,	  
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but	  reached	  peak	  by	  day	  9,	  before	  reducing	  parasite	  burden	  to	  3%	  by	  day	  13.	  In	  contrast,	  

both	  WT	  and	  Ampd3T689A/T689A	  showed	  steady	   increases	   in	  parasitaemia,	  until	  days	  12	  

and	  13	  respectively.	  A	  similar	  trend	  was	  observed	  in	  males,	  with	  parasitaemia	  peaking	  

for	   Ampd3T689A/+	   on	   day	   8,	   WT	   steadily	   increasing	   until	   day	   9	   and	   Ampd3T689A/T689A	  

steadily	  increasing	  until	  day	  11.	  

	  

Together,	   these	  results	  suggest	   that	  Ampd3T689A	  is	  significantly	  resistant	   to	  P.	  chabaudi	  

infection,	  although	  the	   level	  of	  resistance	  appears	  to	  vary,	  depending	  on	  whether	  mice	  

carry	   one	   or	   two	   copies	   of	   the	   mutation.	   	   Ampd3T689A/+	   exhibits	   rapid	   parasite	  

replication	   in	   the	  early	  part	  of	   infection,	   followed	  by	  enhanced	  clearance	  and	  survival;	  

Ampd3T689A/T689A	  exhibits	  a	  very	  slow	  rate	  of	  replication	  throughout	  the	  infection.	  

	  

Ampd3T689A/+	  resistance	  to	  P.	  chabaudi	  is	  affected	  by	  splenectomy	  

	  
In	   chapter	   3	   of	   this	   thesis,	   it	  was	   shown	   that	  mice	   carrying	   the	   Ampd3T689A	  mutation	  

exhibit	   splenomegaly,	   which	   is	   positively	   correlated	   with	   malaria	   resistance,	   both	  

through	  increased	  clearance	  of	  parasitised	  cells	  and	  increased	  erythropoiesis.	  Therefore,	  

it	   was	   hypothesised	   that	   the	   spleen	   might	   play	   a	   role	   in	   the	   resistance	   observed	   in	  

Ampd3T689A.	   To	   investigate	   this,	   female	   mice	   were	   splenectomised	   and	   then	   infected	  

with	  P.	  chabaudi.	  Cumulative	  survival	  and	  peripheral	  parasitaemia	  were	  monitored	  daily.	  

	  

All	  the	  splenectomised	  mice	  eventually	  succumbed	  to	  infection.	  However,	  compared	  to	  

WT	  mice,	  a	  significant	  extension	  in	  the	  time	  to	  death	  was	  observed	  in	  Ampd3T689A/T689A.	  

No	   difference	   in	   survival	  was	   observed	   between	  WT	   and	   Ampd3T689A/+	   (Figure	   4.3A).	  

Significant	  differences	  were	  also	  observed	  in	  peripheral	  parasitaemia,	  and	  interestingly,	  

trends	   were	   similar	   to	   non-‐splenectomised	   animals.	   	   Ampd3T689A/+	   had	   significantly	  

higher	   parasitaemia	   than	   WT	   on	   days	   7	   and	   8	   post	   infection,	   but	   had	   a	   lower	   peak	  

parasitaemia;	   50%	   compared	   to	   80%	   in	  WT.	   Ampd3T689A/T689A	   had	   significantly	   lower	  

parasitaemia	   than	  WT	  on	   days	   7-‐10	   post	   infection,	   and	   peaked	   at	   33%	   (Figure	   4.3B).	  

This	   suggested	   that	   while	   overall	   survival	   of	   the	  mutant	  mice	   was	   dependent	   on	   the	  

spleen,	  differences	  in	  parasite	  growth	  –	  particularly	  in	  homozygotes	  -‐	  was	  dependent	  on	  

other	  factors.	  	  

	  

	  

	  
	  



	   83	  

	  
	  
	  
	  
	  
	  
	  
	  

	  
	  
	  
	  
Figure	  4.3:	   	  Ampd3T689A/+	  resistance	  to	  P.	  chabaudi	   is	  spleen	  mediated.	  (A)	  Cumulative	  survival	  and	  

(B)	   	   Average	   ±	   SEM	   parasitaemia	   for	   splenectomised	   female	   WT	   (n=8),	   Ampd3T689A/+	   (n=8),	   and	  

Ampd3T689A/T689A	  (n=4)	  infected	  with	  P.	  chabaudi.	  **P<0.01,	  ***P<0.001.	  P	  values	  calculated	  using	  the	  Log	  

rank	  test	  (A)	  or	  	  student’s	  T-‐test	  (B).	  
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Ampd3T689A/T689A	  is	  susceptible	  to	  P.	  berghei	  

	  

In	  chapter	  3	  of	  this	  thesis,	  it	  was	  shown	  that	  Ampd3T689A/T689A	  have	  severely	  accelerated	  

erythrocyte	  ageing	  and	  shortened	  half-‐life;	   these	  mice	   lose	  approximately	  a	  quarter	  of	  

their	  RBCs	   every	  day.	   This	   phenotype	  was	   only	  marginally	   improved	  by	   splenectomy,	  

and	  may	  be	  exacerbated	  during	  infection,	  as	  it	  has	  been	  shown	  in	  vitro	  that	  P.	  falciparum	  

is	   able	   to	   induce	   biochemical	   changes	   in	   the	   membranes	   of	   uninfected	   and	   infected	  

erythrocytes	  alike,	  that	  cause	  accelerated	  ageing	  of	  RBCs	  349.	  	  It	  is	  therefore	  possible	  that	  

the	  slow	  increase	  in	  parasitaemia	  observed	  in	  Ampd3T689A/T689A	  is	  caused	  by	  the	  fact	  that	  

many	  merozoites	  are	  invading	  cells	  that	  will	  be	  eliminated	  during	  their	  replication	  cycle.	  

To	   determine	   if	   the	   short	   half-‐life	   of	   RBCs	   was	   contributing	   to	   the	   low	   parasitaemia	  

observed	   in	   P.	  chabaudi	   infection,	   mice	   were	   infected	   with	   P.	  berghei,	   which	   has	   a	  

tropism	  for	  reticulocytes.	  By	  favouring	  immature	  cells,	  P.	  berghei	  is	  far	  more	  likely	  than	  

P.	  chabaudi	  to	  invade	  RBCs	  that	  are	  going	  to	  remain	  in	  circulation	  for	  the	  full	  24	  hours	  

needed	   to	   complete	   replication.	  Therefore	   the	   shortened	  half-‐life	   phenotype	  will	   have	  

much	  less	  affect	  on	  P.	  berghei	  than	  P.	  chabaudi.	  	  

	  

During	  P.	  berghei	  infection,	  no	  significant	  difference	   in	  survival	  was	  observed	  between	  

the	   Ampd3T689A/T689A	   and	   WT.	   Significantly	   more	   Ampd3T689A/+	   survived	   to	   day	   14	  

(P=0.0325),	   but	   by	   day	   22	   all	   mice	   had	   succumbed	   to	   infection	   (Figure	  4.4A).	  

Ampd3T689A/T689A	   had	   significantly	   higher	   parasitaemia	   than	   WT	   on	   days	   7-‐10	   post	  

infection,	   peaking	   at	   46%,	   compared	   to	   11%	   in	   WT.	   Ampd3T689A/+	   had	   significantly	  

higher	  parasitaemia	  than	  WT	  on	  days	  9	  and	  10	  post	  infection,	  peaking	  at	  27%.	  (Figure	  

4.4B).	  Together	  these	  results	  suggest	  that	  Ampd3T689A/T689A	  is	  not	  resistant	  to	  P.	  berghei,	  

and	   that	   short	  RBC	  half-‐life	  may	  be	   a	  major	   contributor	   to	   the	   resistance	  observed	   in	  

Ampd3T689A/T689A	  during	  P.	  chabaudi	  infection	  
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Figure	   4.4:	   Ampd3T689A/T689A	   are	   not	   resistant	   to	  P.	  berghei.	  (A)	  Cumulative	  survival,	  (B)	  Average	  ±	  

SEM	   parasitaemia	   and	   for	   WT	   (n=6),	   Ampd3T689A/+	   (n=7),	   and	   Ampd3T689A/T689A	   (n=6)	   infected	   with	   P.	  

berghei.	  **P<0.01,	  ***P<0.001.	  P	  values	  calculated	  using	  the	  Log	  rank	  test	  	  (A)	  or	  student’s	  T-‐test	  	  (B	  and	  

C).	  

	  
	  

	  

The	  Ampd3T689A	  mutation	  stimulates	  reticulocytosis	  during	  infection	  

	  

Severe	   anaemia	   is	   one	   of	   the	   major	   causes	   of	   morbidity	   and	   mortality	   during	  

Plasmodium	   infection.	   Given	   that	   Ampd3T689A	   mice	   have	   increased	   rates	   of	  

erythropoiesis	  when	  uninfected,	   it	  was	  hypothesised	  that	  they	  may	  be	  able	  to	  increase	  

RBC	  production	  in	  response	  to	  infection	  more	  efficiently	  than	  WT,	  and	  that	  this	  may	  play	  

a	  role	  in	  their	  increased	  survival.	  

	  

To	  determine	  if	  Ampd3T689A	  increase	  erythropoiesis	  in	  response	  to	  infection,	  circulating	  

reticulocyte	  numbers	  were	  monitored	  daily	  over	   the	  course	  of	  P.	  chabaudi	  infection	   in	  

both	  splenectomised	  and	  non-‐splenectomised	  female	  mice.	  Concordant	  with	  the	  results	  

from	   uninfected	  mice	   (discussed	   in	   chapter	   3),	   Ampd3T689A	   had	   a	   significantly	   higher	  

proportion	  of	  reticulocytes	  than	  WT.	  On	  day	  7	  of	  infection	  in	  non-‐splenectomised	  mice,	  

the	  average	  proportion	  of	  reticulocytes	  was	  2%	  in	  WT,	  10%	  in	  Ampd3T689A/+,	  and	  46%	  

in	  Ampd3T689A/T689A.	  The	  same	  trend	  was	  observed	  in	  splenectomised	  mice	  on	  day	  7;	  the	  

average	  proportion	  of	   reticulocytes	  was	  2%	   in	  WT,	  12%	   in	  Ampd3T689A/+,	   and	  43%	   in	  

Ampd3T689A/T689A.	  
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Differences	   between	   mutant	   and	   WT	   mice	   were	   also	   apparent	   in	   the	   rate	   of	  

reticulocytosis	   observed	   over	   the	   course	   of	   infection.	   In	   non-‐splenectomised	   mice,	  

Ampd3T689A/T689A	  and	  WT	  mice	  maintained	  steady	  reticulocytosis	  between	  46-‐61%	  and	  

2-‐5%	   respectively.	   Conversely,	   Ampd3T689A/+	   steadily	   increased	   reticulocytosis	   from	  

10%	   to	   58%	   over	   the	   course	   of	   infection	   (Figure	  4.5A).	   In	   splenectomised	   mice	   this	  

trend	   was	   unchanged	   for	   WT,	   but	   was	   altered	   for	   both	   mutants;	   reticulocytosis	  

remained	   between	   8-‐16%	   in	   Ampd3T689A/+,	   and	   fell	   from	   43%	   to	   19%	   in	  

Ampd3T689A/T689A	  (Figure	  5B).	  In	  both	  splenectomised	  and	  non-‐splenectomised	  mice	  the	  

level	   of	   reticulocytosis	   did	   not	   appear	   to	   be	   related	   to	   the	   level	   of	   P.	   chabaudi	  

parasitaemia.	  

	  

	  Reticulocytosis	  was	  also	  monitored	  over	  the	  course	  of	  infection	  with	  P.	  berghei.	  	  

At	   the	   beginning	   of	   infection,	   on	   day	   7,	   reticulocytosis	  was	   significantly	   higher	   in	   the	  

mutants;	  3.8%	  in	  Ampd3T689A/+	  and	  23%	  in	  Ampd3T689A/T689A,	  compared	  to	  0.5%	  in	  WT.	  

In	  Ampd3T689A/T689A	  the	  proportion	  of	  reticulocytes	  increased	  to	  49%	  over	  the	  course	  of	  

infection.	   In	  Ampd3T689A/+	  the	  proportion	  of	   reticulocytes	   increased	   from	  3.8%	  to	  28%	  

over	  the	  same	  period.	  In	  WT	  mice	  the	  percentage	  of	  reticulocytes	  remained	  below	  1.5%	  

until	   day	   9,	   then	   rose	   to	   7.4%	   by	   day	   11	   (Figure	   4.5C).	   In	   P.	  berghei	   infection,	  

parasitaemia	  was	  closely	  related	  to	  the	  level	  of	  reticulocytosis	  in	  both	  homozygous	  and	  

heterozygous	  mutants,	  but	  appeared	  to	  be	  unrelated	  in	  WT	  mice.	  

	  

Although	  the	  percentage	  of	  reticulocytes	  observed	  in	  homozygous	  mutants	  during	  both	  

P.	  chabaudi	  and	  P.	  berghei	  infection	  was	  remarkably	  high	  when	  compared	  to	  WT,	  it	  was	  

not	   higher	   than	   the	   average	   peak	   (64%)	   observed	   in	   uninfected	   mice	   (discussed	   in	  

chapter	   3,	   Figure	   3.7).	   Ampd3T689A/+	  however,	   increased	   far	   above	   its	   highest	   average	  

when	   uninfected	   (9.7%).	   Therefore,	   these	   results	   show	   that	   non-‐splenectomised	  

Ampd3T689A/+	   are	   able	   to	   increase	   erythropoiesis	   in	   response	   to	  Plasmodium	   infection,	  

even	   at	   low	   parasitaemia.	   This	  may	   help	   to	   alleviate	   anaemia,	   and	   therefore	   increase	  

survival.	  	  
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Figure	   4.5:	   Ampd3T689A	   has	   altered	   reticulocytosis	   in	   response	   to	   infection.	   Average	   ±	   SEM	  

proportion	  of	  reticulocytes	  and	  parasitaemia	  in	   (A)	  P.	  chabaudi	  infected	  female	  WT	  (n=17),	  Ampd3T689A/+	  

(n=11),	   and	   Ampd3T689A/T689A	   (n=6).	   (B)	   Splenectomised	   P.	   chabaudi	   infected	   female	   WT	   (n=8),	  

Ampd3T689A/+	  (n=8),	  and	  Ampd3T689A/T689A	  (n=4).	  (C)	  P.	  berghei	  infected	  WT	  (n=6),	  Ampd3T689A/+	  (n=7),	  and	  

Ampd3T689A/T689A	  (n=6).	  *P<0.05,	  **P<0.01,	  ***P<0.001.	  P	  values	  calculated	  using	  the	  student’s	  T	  test.	  
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The	  Ampd3T689A	  mutation	  causes	  increased	  gametocytogenesis	  

	  

During the blood stage of infection, some merozoites will divert from asexual replication to 

form either male or female gametocytes. The precise cause of commitment to 

gametocytogenesis remains unclear, but several potential triggers have been identified, 

including increased numbers of reticulocytes 239, and parasite density 241. Observations made 

during the P. chabaudi and P. berghei infections detailed above suggested that Ampd3T689A 

might be producing increased amounts of gametocytes. Therefore, an examination of 

gametocytogenesis was conducted. 

 

During P. chabaudi infection, the rate of gametocytogenesis	  was	  very	  low	  in	  WT	  mice;	  the	  

average	  proportion	  of	  gametocytes	  compared	  to	  asexual	  parasites	  was	  0.1%.	  This	  was	  

significantly	   increased	   to	   2.7%	   in	   Ampd3T689A/+,	   and	   1.6%	   in	   Ampd3T689A/T689A.	   In	  

splenectomised	  mice,	  gametocytogenesis	   in	  WT	  remained	  at	  0.1%,	  but	   in	  mutants	  was	  

reduced	   to	   0.7%	   in	   Ampd3T689A/+	   and	   0.3%	   in	   Ampd3T689A/T689A	   (Figure	   4.6A). 

Significantly	   higher	   gametocytogenesis	   was	   also	   observed	   in	   P.	   berghei	   infection,	  

although	  the	  increase	  was	  far	  smaller	  than	  in	  P.	  chabaudi;	  gametocytes	  were	  observed	  at	  

an	   average	   of	   0.4%	   in	   WT,	   0.7%	   in	   Ampd3T689A/+	   and	   1%	   in	   Ampd3T689A/T689A	  	  

(Figure	  4.6C).	  	  

	  

Interestingly, for P. chabaudi, gametocytogenesis was not associated with the number of 

reticulocytes present; homozygotes had consistently lower gametocytogenesis than 

heterozygotes, despite having up to five times the proportion of immature cells. A similar 

trend was observed in relation to parasite density; the highest levels of gametocytogenesis 

were observed in non-splenectomised Ampd3T689A/+	  despite	  these	  mice	  having	  lower	  peak	  

parasitaemia	   than	   both	   WT	   mice	   and	   splenectomised	   Ampd3T689A/+.	   Some	   of	   the	   P.	  

chabaudi	  gametocytes	  were	  also	  observed	  to	  contain	  large	  vacuoles.	  	  
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Figure	   4.6:	   	   The	   Ampd3T689A	   mutation	   causes	   increased	   gametocytogenesis.	   (A)	   Average	   ±	   SEM	  

proportion	  of	  parasites	  that	  are	  gametocytes,	  counted	  on	  the	  day	  of	  peak	  parasitaemia,	  for	  splenectomised	  

(-‐)	  and	  non-‐splenectomised	  (+)	  female	  WT	  (n=6),	  Ampd3T689A/+	  (n=7),	  and	  Ampd3T689A/T689A	  (n=6)	  infected	  

with	  P.	  chabaudi.	   	  (B)	  Light	  microscopy	  images	  of	  Giemsa	  stained	  thin	  smears	  from	  P.	  chabaudi	   infected	  

Ampd3T689A/+.	   Arrows	   indicate	   gametocytes.	   (C)	   Average	   ±	   SEM	   proportion	   of	   parasites	   that	   are	  

gametocytes,	   counted	   on	   the	   day	   of	   peak	   parasitaemia,	   for	   WT	   (n=6),	   Ampd3T689A/+	   (n=6),	   and	  

Ampd3T689A/T689A	   (n=4)	   infected	   with	   P.	   berghei.	   (D)	   Light	   microscopy	   images	   of	   Giemsa	   stained	   thin	  

smears	   from	   P.	   berghei	   infected	   Ampd3T689A/+.	   Arrows	   indicate	   gametocytes.	   	   *P<0.05,	   **	   P<0.01,	  

***P<0.001.	  P	  values	  calculated	  using	  the	  student’s	  T-‐test.	  	  
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Ampd3T689A	  RBCs	  support	  increased	  P.	  chabaudi	  invasion	  and	  growth	  

	  

Despite	   an	   increase	   in	   survival	   to	  P.	   chabaudi	   infection,	   the	  Ampd3T689A/+	  female	  mice	  

displayed	   a	   higher	   parasitaemia	   than	  WT	  mice	   during	   the	   early	   stages	   of	   infection.	   A	  

possible	  explanation	  for	  this	  observation	  is	  that	  the	  parasites	  are	  able	  to	  invade	  and/or	  

grow	  in	  the	  Ampd3T689A/+	  cells	  at	  a	  greater	  rate	  that	  WT	  cells.	  	  

	  

To	   investigate	   this	  hypothesis	   an	   in	  vivo	   invasion	  and	  growth	  assay	  was	   conducted	  as	  

previously	  described	  350.	  Blood	  was	  collected	  from	  both	  Ampd3T689A/+	  and	  WT	  mice,	  and	  

labelled	  with	   different	   fluorescent	  markers	   (Atto-‐633	   and	   Biotin).	   The	   labelled	   blood	  

was	  mixed	  in	  equal	  proportions	  and	  injected	  into	  P.	  chabaudi	  infected	  WT	  mice	  between	  

12:00	   and	   2:00	   am,	  while	   the	   parasites	  were	   undergoing	   schizogony.	   	   Blood	   samples	  

were	   collected	   at	   different	   times	   following	   injection	   and	   analysed	   by	   flow	   cytometry.	  

The	  parasitaemia	  of	  each	  labelled	  population	  was	  monitored	  over	  a	  period	  of	  21	  hours	  

to	  determine	  if	  there	  were	  any	  differences	  in	  the	  rate	  of	  parasite	  invasion	  and	  growth.	  

	  

At	   all	   time	   points	   analysed,	   a	   higher	   proportion	   of	   parasites	   was	   observed	   in	  

Ampd3T689A/+	  than	  WT	  cells.	  (Figure	  4.7A)	  Although	  this	  difference	  was	  modest	  (1.1	  fold	  

on	  average)	  it	  was	  significant	  at	  both	  3	  and	  12	  hours	  post	  injection.	  	  

	  

In	   this	  experiment,	  parasites	  were	  detected	  by	   thiazole-‐orange,	  which	  stains	  RNA,	  and	  

Hoechst,	  which	  stains	  DNA.	  At	  the	  12-‐hour	  timepoint,	  two	  populations	  were	  visible	  that	  

were	  positive	   for	  both	  dyes:	  one	  with	  high,	  and	  one	  with	   low	   levels	  of	  staining.	   It	  was	  

assumed	  that	  the	  ‘low’	  population	  represented	  ring	  stage	  parasites	  with	  small	  amounts	  

of	  RNA	  and	  DNA,	  and	  that	  the	  ‘high’	  population	  represented	  trophozoite	  and/or	  schizont	  

stage	   parasites	   that	   are	   undergoing	   translation	   and	   replication,	   and	   therefore	   have	   a	  

higher	  amount	  of	  RNA	  and	  DNA.	  In	  these	  samples,	  the	  proportion	  of	   ‘high’	  parasites	  in	  

mutant	  cells	  was	  almost	  double	   that	  of	  WT	  –	  39%	  compared	   to	  20%	  -‐	  suggesting	   that	  

parasites	  are	  able	  to	  mature	  faster	  within	  Ampd3T689A/+	  RBCs	  (Figure	  4.7B).	  
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Figure	  4.7:	  	  The	  Ampd3T689A	  mutation	  causes	  increased	  P.	  chabaudi	  invasion	  and	  growth.	  	  	  

(A)	  Average	  ±	  SEM	  fold	  change	  in	  parasitaemia	  compared	  to	  WT,	  for	  Ampd3T689A/+	  labelled	  RBCs.	  Dotted	  

line	   indicates	   equal	   ratio	   of	   WT	   to	   mutant.	   (B)	   Average	   ±	   SEM	   proportion	   of	   ring	   (thizol-‐orangelow,	  

hoechstlow),	   and	   trophozoite	   (thizol-‐orangehigh,	   hoechsthigh)	   stage	   parasites	   within	   labelled	   WT	   and	  

Ampd3T689A/+	  cells.	  	  N=7,	  *P<0.05,	  ***P<0.001.	  P	  values	  calculated	  using	  the	  student’s	  T-‐test.	   	  

	  

	  

	  

	  

Given	   the	   dramatically	   altered	   purine	   balance	   within	   Ampd3T689A	   cells,	   it	   was	  

hypothesised	  that	  high	  GTP	   levels,	  either	  directly	  or	   indirectly,	  may	  be	  responsible	   for	  

the	  increased	  parasite	  growth	  observed	  in	  mutant	  cells.	  	  Therefore,	  the	  effect	  of	  GTP	  on	  

P.	  falciparum	  growth	  was	  measured	  in	  vitro.	  First,	  in	  order	  to	  determine	  if	  the	  purine	  can	  

cross	   the	   RBC	   membrane,	   human	   erythrocytes	   obtained	   from	   the	   Red	   Cross	   Blood	  

Service	   as	   expired	   transfusion	  material	  were	   incubated	  with	   13C-‐labelled	   GTP.	   	   After	  

incubation	  in	  5mg/ml	  13C-‐GTP,	  labelled	  GTP	  was	  observed	  within	  the	  RBC	  at	  80	  times	  

the	   abundance	   of	   unlabelled	   GTP.	   This	   is	   approximately	   equal	   to	   the	   increase	   in	   GTP	  

concentration	  observed	  in	  the	  RBCs	  of	  Ampd3T689A/T689A.	  Conversion	  of	  13C-‐GTP	  to	  both	  

13C-‐GDP	  and	  13C-‐GMP	  was	  also	  observed.	  The	  proportion	  of	  these	  species	  compared	  to	  

their	   unlabelled	   counterparts	   was	   9	   and	   2.6	   fold	   respectively	   (Figure	   4.8A).	   This	  

indicated	   that	   not	   only	   can	   GTP	   be	   taken	   up	   by	   human	   red	   cells	   maintained	   under	  

in	  vitro	   culture	  conditions,	  but	   that	  purine	  metabolism	  is	  active	   in	   these	  cells,	  and	  that	  

GTP	  levels	  equivalent	  to	  those	  in	  the	  Ampd3T689A/T689A	  mouse	  can	  be	  achieved.	  
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To	   determine	   the	   effect	   of	   GTP	   on	   P.	  falciparum	   growth,	   RBCs	   were	   incubated	   in	  

increasing	  concentrations	  of	  GTP	  to	  alter	  their	  GTP	  content.	  The	  cells	  were	  then	  washed	  

to	  remove	  exogenous	  GTP,	  and	  used	  to	  culture	  P.	  falciparum	  for	  48	  hours.	  GTP	  increased	  

parasite	   growth	   in	   a	   dose	   dependant	  manner,	   with	   up	   to	   40%	  more	   parasites	   at	   the	  

highest	   concentration	   of	   5mg/ml,	   than	   in	   untreated	   cells	   (Figure	   4.8B).	   This	  

concentration	   should	   be	   equivalent	   to	   the	   levels	   of	   GTP	   observed	   in	  Ampd3T689A/T689A	  

RBCs.	  

	  

	  

	  

	  

	  
	  
Figure	   4.8:	   	   High	   GTP	   causes	   increased	   parasite	   growth.	   (A)	   Average	   ±	   SEM	   ratio	   of	   13C-‐labelled	  

purines	  within	  RBCs	  incubated	  for	  ~	  20	  seconds	  (T=0hrs)	  with	  13C-‐GTP.	  	  (B)	  Average	  ±	  SEM	  percentage	  

increase	  in	  parasite	  growth,	  for	  parasites	  cultured	  in	  RBCs	  treated	  with	  GTP	  compared	  to	  untreated	  cells.	  

Combined	  results	  of	  two	  independent	  experiments.	  	  
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Discussion	  
	  

This	   study	   provides	   the	   first	   evidence	   that	   AMPD3	  has	   a	   role	   in	   the	   host	   response	   to	  

malaria	   infection.	   It	   shows	   that	   activation	   of	   the	   enzyme	   leads	   to	   resistance	   to	   P.	  

chabaudi,	  but	  not	  P.	  berghei.	  It	  also	  shows	  that	  changes	  to	  the	  purine	  balance	  within	  the	  

RBC	   can	   affect	   both	   invasion	   and	   growth	   of	   the	   parasite.	   Erythrocyte	   polymorphisms	  

can	  have	  both	  RBC-‐autonomous	  and	  systemic	  effects	  that	  change	  the	  course	  of	  malaria	  

infection.	  That	   is,	   they	  may	  alter	   the	  RBC’s	   ability	   to	   support	  parasite	   growth,	   or	   they	  

might	   cause	   changes	   to	   the	   immune	   or	   erythropoietic	   systems	   that	   make	   the	   animal	  

more	  resistant	  to	  the	  pathology	  of	  disease.	  In	  the	  case	  of	  Ampd3T689A	  it	  appears	  that	  both	  

processes	   are	   involved;	   the	   mutation	   makes	   each	   individual	   RBC	   more	   habitable	   to	  

Plasmodium,	  but	  also	  causes	   increases	   in	  erythropoiesis	  and	  RBC	  turnover	   that	  enable	  

mice	  to	  better	  survive	  infection.	  

	  

Ampd3T689A	  resistance	  to	  P.	  chabaudi	  is	  meditated	  by	  the	  spleen,	  and	  by	  high	  RBC	  turnover.	  	  

	  

Both	  Ampd3T689A/+	  and	  Ampd3T689A/T689A	  were	  observed	  to	  be	  significantly	  resistant	  to	  P.	  

chabaudi	   infection.	  However,	   differences	  were	   observed	   in	   the	   parasitaemia	   curves	   of	  

homozygous	  and	  heterozygous	  mutants,	  suggesting	  the	  mechanism	  of	  resistance	  might	  

be	  different	  in	  each	  case.	  Splenectomy	  abrogated	  the	  increased	  survival	  in	  heterozygotes,	  

but	  not	  homozygotes.	  In	  P.	  berghei	  –	  which	  was	  used	  to	  remove	  the	  effect	  of	  RBC	  half-‐life	  

-‐	   heterozygotes	   still	   had	   increased	   survival,	   but	   homozygotes	   were	   no	   longer	  

significantly	   different	   to	  WT.	  Together,	   these	   results	   suggest	   that	   the	   spleen	  mediates	  

Ampd3T689A/+	  resistance,	  and	  short	  RBC	  half-‐life	  mediates	  Ampd3T689A/T689A	  resistance.	  

	  

The	   spleen	   has	   three	   important	   roles	   in	   the	   host	   response	   to	   malaria	   infection:	   it	  

removes	   infected	   RBCs	   from	   circulation;	   it	   forms	   part	   of	   the	   immune	   response	   by	  

producing	  dendritic	  cells,	  T	  cells	  and	  B	  cells;	  and	  it	  produces	  new	  erythrocytes	  to	  help	  

alleviate	  anaemia	   (reviewed	   in	   351).	  The	  experiments	  detailed	  here	  did	  not	   investigate	  

the	   immune	   response	   to	   infection;	   therefore	   the	   possibility	   that	   it	   has	   some	   role	   in	  

Ampd3T689A	   resistance	   cannot	   be	   excluded.	   In	   P.	   chabaudi	   infection,	   Ampd3T689A/+	  

parasitaemia	   peaks	   on	   day	   8	   or	   9,	   and	   then	   decreases	   to	   below	   10%.	   This	   could	   be	  

explained	   by	   a	   more	   active	   adaptive	   immune	   response	   causing	   increased	   removal	   of	  

parasitised	   erythrocytes	   from	   circulation.	   However,	   it	   should	   be	   noted	   that	   the	  

heterozygous	  mutants	  are	  able	  to	  limit	  parasitaemia	  both	  in	  the	  presence	  and	  absence	  of	  

their	   spleens.	   This	   suggests	   that	   if	   the	   immune	   system	   is	   causing	   the	   decrease	   in	  
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parasitaemia	  observed	  in	  these	  animals,	  systemic	  and	  peripheral	  protective	  factors	  are	  

more	  likely	  to	  be	  involved.	  

	  

The Ampd3T689A mutation causes increased reticulocytosis during malaria infection. 

 

Investigation of erythropoiesis during infection showed that Ampd3T689A/+ was able to increase 

reticulocytosis in response to both P. chabaudi and P. berghei infection. This did not occur in 

splenectomised mice, suggesting the spleen mediated the observed increase in erythropoiesis. 

Given that splenectomy also reduced cumulative survival in Ampd3T689A/+, it is likely that 

increased RBC production is an important factor in the survival of these animals. Although no 

increase in reticulocytosis was observed over the course of P. chabaudi infection in 

Ampd3T689A/T689A, it is worth noting that the oscillations in reticulocytosis normally observed in 

these animals (discussed in chapter 3) appear to be absent. This may simply be a factor of 

sample size, or perhaps small changes due to infection that make the oscillations harder to 

observe. Alternately, 60% may represent the maximal rate of reticulocytosis, and so 

‘increased’ erythropoiesis in these mutants means just that the ‘troughs’ of the cycle are 

removed. As in Ampd3T689A/+, splenectomy resulted in a lower level of reticulocytosis in 

homozygous mutants over the course of infection, suggesting that the spleen mediated the 

maintenance of reticulocytosis above 40% in these animals. 

 

Death	   from	   P.	   chabaudi	   is	   caused	   by	   severe	   anaemia,	   therefore	   splenomegaly	   and	  

extramedullary	  erythropoiesis	  are	  key	  components	  of	  survival	  in	  resistant	  mouse	  lines	  
345,346.	  During	  malaria	  infection	  erythropoiesis	  is	  not	  always	  able	  to	  compensate	  for	  the	  

loss	  of	  RBCs,	   and	  anaemia	   can	  be	  exacerbated	  by	  an	  abnormal	  decrease	   in	   circulating	  

reticulocytes	  352.	  This	  proved	  true	  for	  WT	  mice,	  in	  which	  the	  proportion	  of	  reticulocytes	  

remained	  static	  over	  the	  course	  of	  infection	  in	  both	  the	  presence	  and	  absence	  of	  spleens.	  

Dyserythropoisis	   during	   malaria	   infection	   can	   be	   caused	   by	   several	   mechanisms,	  

including	   low	   EPO	   production	   353,354,	   parasite	   suppression	   of	   erythropoiesis	   via	  

hemozoin	   355-‐357,	   and	   host	   suppression	   of	   erythropoiesis	   via	   inflammatory	   cytokines	  
358,359.	   It	   is	  possible	   that	  differences	   in	  one	  of	   these	  mechanisms	  enable	  Ampd3T689A	  to	  

maintain	  and	  up-‐regulate	  erythrocyte	  production	  during	  infection,	  and	  because	  of	  this,	  

they	  are	  protected	  from	  severe	  anaemia	  and	  survive.	  	  Future	  research	  into	  the	  hormone	  

and	  cytokine	  profiles	  of	   infected	  mutants	  may	  shed	  more	   light	  on	  the	  causes	  of	  severe	  

malarial	  anaemia,	  and	  uncover	  ways	  to	  stimulate	  erythropoiesis	  in	  infected	  individuals.	  
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The Ampd3T689A mutation causes increased gametocytogenesis 

 

Associated with the high rates of erythropoiesis in Ampd3T689A was significantly elevated 

gametocytogenesis. It is known that the parasite is able to adapt its rate of gametocytogenesis 

to changes in the host environment 238. In vitro, gametocytogenesis has been shown to 

increase in response to the addition of reticulocytes 239, erythroid progenitors 360, red cell 

lysate 238, human serum and lymphocytes 240, parasite density 241, as well the hormones insulin, 

progesterone, 17-beta-estradiol and testosterone 242. In chickens, reticulocytosis has been 

shown to change the male/female ratio of P. gallinaceum gametocytes, but not the number 361. 

In Ampd3T689A, during P. chabaudi infection, gametocytogenesis was most highly elevated in 

non-splenectomised mice; that is, mice that were actively increasing their rate of 

erythropoiesis. In splenectomised mice, where erythropoiesis remained static, the level of 

gametocytogenesis was dramatically reduced. The work presented here did not investigate if 

the two phenomena were linked, and it is possible that they are occurring coincidentally. 

However, this suggests that the	  trigger	  for	  increased	  gametocytogenesis	  may	  be	  the	  same	  

trigger	   that	   allows	   Ampd3T689A/+	   to	   increase	   erythropoiesis	   in	   response	   to	   infection.	   

Similarly, the level of gametocytogenesis was highest in Ampd3T689A/+, despite these mice 

having five times fewer reticulocytes than Ampd3T689A/T689A. This suggests that	  

gametocytogenesis is not caused by the presence of reticulocytes as such, but rather by 

increases in EPO or some other signal associated with the host response to anaemia. It is of 

note that the P. chabaudi gametocytes appear to have large vacuoles, which are not normally 

observed in this species. Further research into whether these gametocytes are able to infect 

mosquitoes may provide novel insight into the conditions necessary for gametocytogenesis, 

and ways in which sexual development can be altered.  

 

 

High [GTP] causes increased parasite growth 

 

The fact that higher parasitaemia was observed in both Ampd3T689A/+	   early	   in	  P.	  chabaudi	  

infection,	  and	  in	  Ampd3T689A/T689A	  in	  P.	  berghei	  infection,	  suggested	  that	  the	  Ampd3T689A	  

mutation	  causes	  RBC	  autonomous	  effects	  that	  favour	  parasite	  growth.	  This	  was	  further	  

supported	  by	  the	  in	  vivo	  invasion	  assay,	  which	  suggested	  that	  P.	  chabaudi	  might	  able	  to	  

invade	   Ampd3T689A/+	   cells	   more	   easily	   and	   grow	   faster	   within	   them.	   Further,	   in	   vitro	  

assays	   with	   P.	   falciparum	   and	   human	   red	   cells	   showed	   that	   GTP	   is	   able	   to	   increase	  

parasite	  growth	  in	  a	  dose	  dependent	  manner.	  
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It	   is	   worth	   being	   cautious	   when	   interpreting	   the	   P.	   berghei	   results,	   beyond	   the	  

observation	  that	  the	  parasite	  can	  grow	  well	  within	  mutant	  cells.	  Besides	  its	  tropism	  for	  

immature	  RBCs,	  P.	  berghei	  differs	   from	  P.	  chabaudi	  in	  a	  number	  of	  metabolic	  enzymes,	  

which	  might	  be	  affected	  by	  purine	  balance	   138,362.	  Furthermore,	  P.	  berghei	   is	  known	   to	  

cause	  cerebral	  malaria	   in	  some	  mouse	   lines,	  although	   it	   is	  not	  usually	  observed	   in	   the	  

SJL/J	  mice	  used	  in	  these	  experiments	  363.	  	  Neither	  of	  these	  traits	  was	  investigated	  in	  this	  

chapter,	  therefore	  the	  possibility	  that	  they	  cause	  the	  varied	  susceptibility	  of	  Ampd3T689A	  

to	  P.	  chabaudi	  and	  P.	  berghei	  cannot	  be	  excluded.	  

	  

The	  fact	  that	  Ampd3T689A/+	  cells	  have	  equal	  or	  slightly	  increased	  rates	  of	  invasion	  when	  

compared	  to	  WT	  is	  surprising,	  given	  the	  purine	  balance	  within	  them.	  Past	  research	  has	  

consistently	   shown	   that	   higher	   ATP	   concentration	   is	   associated	  with	   greater	   rates	   of	  

invasion	   137,139,	   and	   that	   loss	  of	  ATP	   is	   associated	  with	   lower	   rates	  of	   invasion	   364;	   yet	  

this	   is	  not	  observed	   in	  Ampd3T689A/+,	  despite	  a	   twofold	  decrease	   in	  ATP	  concentration	  

(Chapter	   3,	   Figure	   5C).	   Research	   investigating	   the	   effect	   of	   purines	   on	   Plasmodium	  

invasion	  tends	  to	  focus	  heavily	  on	  ATP,	  and	  therefore	  it	  is	  unknown	  if	  the	  receptors	  and	  

ligands	   involved	   in	   this	  process	  respond	  equally	  well	   to	  other	  purines	   -‐	  such	  as	  GTP	  –	  

which	  are	  present	  at	  high	  concentrations	  in	  Ampd3T689A/+	  RBCs.	  	  

	  

The	  increased	  growth	  of	  P.	  chabaudi	  in	  mutant	  cells	  is	  also	  surprising.	  There	  are	  several	  

notable	  changes	  in	  the	  purine	  balance	  of	  Ampd3T689A/+	  cells,	  the	  most	  obvious	  of	  which	  

is	   a	   4	   fold	   increase	   in	   [GMP]	   and	   [GDP],	   and	   a	   2	   fold	   increase	   in	   [GTP]	   (Figure	   3.5C).	  

However,	   it	   is	   difficult	   to	   speculate	   on	   how	   these	   changes	   could	   influence	   parasite	  

growth.	  Purine	  metabolism	  involves	  a	  multitude	  of	  interconnected	  and	  tightly	  regulated	  

reactions,	   which	   are	   further	   complicated	   in	   the	   parasitised	   erythrocyte	   by	   transport	  

across	  the	  PVM.	  The	  only	  purines	  known	  to	  be	  imported	  into	  the	  parasite	  are	  adenosine,	  

inosine,	   hypoxanthine,	   xanthine,	   guanine,	   guanosine	   and	   AMP	   (reviewed	   in	   339)	  

(Figure	  4.1).	   Of	   these,	   adenosine,	   inosine,	   and	   guanosine	   could	   not	   be	   measured	   in	  

mutant	   cells;	   hypoxanthine,	   xanthine	   and	   guanine	   were	   not	   significantly	   different	  

between	   WT	   and	   Ampd3T689A/+;	   and	   AMP	   was	   significantly	   less	   abundant	   in	  

Ampd3T689A/+	  (Appendix	  A).	  Given	  the	  fact	  that	  the	  parasite	  is	  able	  to	  import	  exogenous	  

purines	  and	  recycle	  them	  to	  suit	  its	  requirements,	  it	  is	  possible	  that	  the	  changes	  in	  host	  

purine	  balance	  are	  not	  affecting	  the	  parasite	  directly,	  but	  through	  their	  impact	  on	  other	  

host	  factors	  used	  by	  the	  parasite.	  
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The	   ability	   of	   GTP	   to	   increase	   parasite	   growth	   in	   a	   dose	   dependent	   manner	   in	  vitro,	  

suggests	  that	  the	  high	  concentration	  of	  GTP	  found	  within	  Ampd3T689A	  cells	  may	  provide	  

an	   environment	   that	   is	  more	   favourable	   to	  Plasmodium	  growth	   than	  WT.	   	   Besides	   its	  

importance	  in	  DNA	  synthesis,	  GTP	  provides	  an	  essential	  source	  of	  chemical	  energy,	  and	  

acts	  as	  a	  co-‐factor	  for	  a	  wide	  range	  of	  metabolic	  reactions	  necessary	  for	  cell	  growth	  and	  

protein	  synthesis	  365-‐370.	  	  However,	  this	  study	  faced	  a	  number	  of	  limitations	  that	  make	  it	  

difficult	   to	  determine	  exactly	  how	  GTP	  might	   increase	  parasite	  growth.	  First,	   although	  

the	   experiments	   with	   labelled	   GTP	   indicate	   that	   the	   purine	   is	   able	   to	   cross	   the	   RBC	  

membrane,	   the	   time	   course	   used	   in	   this	   experiment	   was	   not	   optimal	   for	   gaining	   an	  

accurate	  picture	  of	  how	  this	  is	  occurring.	  Even	  at	  the	  T=0hrs	  time-‐point,	  large	  amounts	  

of	  13-‐C	  GTP	  were	  observed	  within	  the	  RBC.	  This	  could	  indicate	  that	  either	  GTP	  is	  moving	  

across	   the	   RBC	   membrane	   within	   a	   matter	   of	   seconds,	   or	   that	   13-‐C	   GTP	   is	   simply	  

sticking	   to	   the	   RBC	   membrane,	   and	   is	   therefore	   not	   removed	   from	   the	   extracellular	  

environment	   during	  washing	   steps.	   Therefore,	   it	   is	   unclear	   from	   these	   experiments	   if	  

GTP	   is	   acting	   on	   the	   parasite	   directly,	   or	   through	   secondary	   changes	   to	   the	   RBC	  

membrane	  or	  to	  the	  concentration	  of	  other	  purines.	  It	  should	  also	  be	  noted	  that	  in	  the	  in	  

vitro	  studies	  high	  [GTP]	  is	  occurring	  with	  normal	  [ATP],	  but	  in	  the	  mutants	  high	  [GTP]	  

occurs	  with	  low	  [ATP].	  ATP	  is	  also	  an	  essential	  source	  of	  chemical	  energy,	  and	  therefore,	  

the	  in	  vitro	  studies	  may	  not	  capture	  changes	  to	  growth	  that	  are	  caused	  when	  high	  [GTP]	  

is	  coupled	  with	  a	  lack	  of	  adenosyl	  nucleotides.	  	  

	  

Nevertheless,	   the	   results	   described	   here	   are	   concordant	   with	   a	   recent	   study,	   which	  

showed	  that	  GTP	  was	  able	  to	  increase	  bacterial	  growth	  in	  a	  dose	  dependent	  manner	  371.	  

Interestingly,	   this	   study	   also	   showed	   that	   when	   GTP	   concentration	   increased	   past	   a	  

threshold,	   it	  became	   toxic	  and	  began	   to	  slow	  cell	  growth	  again.	   	   It	   is	  possible	   that	   the	  

same	  is	  true	  for	  P.	  chabaudi,	  and	  that	  such	  a	  mechanism	  may	  explain	  the	  slow	  parasite	  

growth	   observed	   within	   Ampd3T689A/T689A,	   which	   have	   a	   74	   fold	   increase	   in	   [GTP]	  

compared	   to	  WT.	   However,	   incubation	   with	   5mg/ml	   was	   able	   to	   elevate	   erythrocyte	  

GTP	  concentration	  80	  fold,	  and	  this	  concentration	  was	  also	  able	  to	  increase	  P.	  falciparum	  

growth	  by	  40%.	  Although	  P.	  falciparum	  and	  P.	  chabaudi	  are	  different	  species,	  and	  so	  may	  

have	  different	  susceptibilities	  to	  [GTP],	  this	  result	  suggests	  that	  GTP	  is	  beneficial,	  rather	  

than	  detrimental	  to	  parasite	  growth	  in	  Ampd3T689A/T689A.	  Further	  research	  is	  needed	  to	  

determine	  if	  GTP	  is	  being	  imported	  into	  the	  parasite	  from	  the	  host	  erythrocyte,	  and	  if	  so,	  

how	  it	  is	  effecting	  increased	  parasite	  growth.	  
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Conclusion	  
	  

In	   this	   chapter	   it	   has	   been	   shown	   that	   the	   Ampd3T689A	  mutation	   causes	   two	   different	  

alterations	   to	  Plasmodium	  growth	  within	   the	   host.	   The	   high	   erythrocyte	   turnover	   and	  

increased	  erythropoiesis	  caused	  by	  AMPD3	  activation,	  provides	  dramatic	  resistance	  to	  P.	  

chabaudi	   infection.	   At	   the	   same	   time,	   reticulocytosis	   was	   associated	   with	   greatly	  

increased	  gametocytosis.	  Finally,	  high	  GTP	  within	  the	  RBC	  may	  promote	  parasite	  growth.	  

This	  highlights	  the	  complexities	  of	  altering	  erythrocyte	  enzymes	  in	  the	  quest	  for	  a	  host-‐

directed	   therapy.	   Further	   investigation	   of	   this	  mutant	  may	   uncover	   a	  way	   to	   activate	  

erythropoiesis	   during	   infection,	   and	   protect	   an	   individual	   from	   developing	   severe	  

malarial	  anaemia.	  However,	  if	  the	  same	  therapy	  also	  increases	  intrinsic	  parasite	  growth	  

and	   gametocytosis	   (and	   therefore	   malaria	   transmission),	   this	   would	   make	   it	   a	   less	  

desirable	  as	  a	  potential	  treatment	  approach.	  	  
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CHAPTER	  5	  –	  RBC10	  
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Introduction	  
	  
A	   mouse	   line	   expressing	   an	   activated	   form	   of	   KCC1	   was	   produced	   using	   ENU	  

mutagenesis,	   by	   our	   collaborators	   at	   Monash	   University.	   The	   induced	   dominant	  

mutation	  is	  an	  M	  to	  K	  substitution	  at	  amino	  acid	  935	  of	  the	  protein,	  which	  is	  predicted	  to	  

lie	  in	  a	  cytoplasmic	  domain	  of	  the	  membrane-‐bound	  protein	  (Figure	  5.1).	  Functionally,	  

the	   mutation	   is	   known	   to	   impair	   phosphorylation	   of	   the	   neighbouring	   regulatory	  

threonines,	   leading	   to	  over-‐activation	  of	   the	   transporter.	   	  The	  resulting	   increase	   in	  K+	  

efflux	   from	   the	   RBC	   causes	   Kcc1M935K	   mice	   to	   display	   a	   microcytic	   anaemia,	   with	  

homozygous	   mutants	   showing	   a	   21%	   decrease	   in	   MCV,	   8%	   decrease	   in	   total	  

haemoglobin,	  and	  21%	  increase	  in	  number	  of	  red	  cells	  (Table	  5.1).	  	  

	  

The	  potassium	  content	  of	   the	  RBC	  has	  a	   large	  effect	  on	   intra-‐erythrocytic	  Plasmodium.	  

12-‐18	   hrs	   after	   invasion,	   K+	   efflux	   and	   Na+	   influx	   through	   the	   new	   permeability	  

pathway	  adjusts	  the	  high	  potassium	  environment	  within	  the	  erythrocyte	  to	  more	  closely	  

resemble	  the	  low	  potassium	  environment	  of	  the	  plasma	  372.	  This	  outwardly	  directed	  K+	  

gradient	  is	  needed	  for	  normal	  parasite	  growth,	  and	  helps	  maintain	  the	  parasite	  plasma	  

membrane	  potential	  373,374.	  	  

	  

KCC	  channels	  -‐	  transporters	  of	  potassium	  and	  chloride	  ions	  -‐	  mediate	  potassium	  efflux	  

in	   the	  uninfected	  RBC.	  Three	  KCC	   isoforms	  -‐	  KCC1,	  KCC3,	  and	  KCC4	  -‐	  are	  expressed	   in	  

the	  erythrocyte.	  KCC3	  is	  expressed	  consistently	  throughout	  the	  lifespan	  of	  the	  RBC,	  and	  

is	  thought	  to	  be	  the	  major	  mediator	  of	  erythrocyte	  K-‐Cl	  transport;	  the	  expression	  of	  both	  

KCC1	  and	  KCC4	  declines	  with	  erythrocyte	  age	  375;	  KCC1	  is	  normally	  most	  active	  within	  

reticulocytes	   as	   they	   undergo	   the	   volume	   changes	   associated	   with	   maturation	   375-‐377.	  	  

Overactivity	   of	   KCC1	   is	   one	   of	   the	   features	   of	   Sickle	   Cell	   Disease,	   and	   is	   thought	   to	  

contribute	   to	   pathogenic	   cell	   sickling	   by	   dehydrating	   the	   RBC.	   Interestingly,	   K+	   efflux	  

through	  KCC1	  has	  been	  postulated	  as	  a	  mechanism	  for	  the	  malaria	  resistance	  observed	  

in	  HbAS	   individuals,	  as	   it	  has	  been	  associated	  with	  parasite	  death,	   independent	  of	   cell	  

sickling	  378.	  	  

	  

The	  aim	  of	  this	  chapter	  was	  to	  determine	  if	  Kcc1M935K	  mice	  have	  an	  altered	  susceptibility	  

to	  malaria,	  and	  if	  so,	  how	  this	  response	  is	  mediated.	  
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Table	  5.1:	  Haematological	  parameters	  of	  Wild-‐type,	  Kcc1M935K/+	  and	  Kcc1M935K/M935K	  mice.	  Full blood 

analysis was carried out by Fiona Brown at Monash University, on 7 week old male WT (n=12), Kcc1M935K/+	  

(n=19),	   and	   Kcc1M935K/M935K	   (n=11)	   mice. MCV = mean corpuscular volume; MCH = mean corpuscular 

haemoglobin; MCHC = mean corpuscular haemoglobin concentration; RDW = red cell distribution width. 

Values are mean ±	  SD.	  *p <0.05 compared with wild type animals (WT); #p<0.05 compared with Kcc1M935K/+ 

animals. P values calculated using a two-tailed student’s T test.	  

  
 

 

 

 

 

 

 

    

	  
Figure	  5.1.	  Schematic	  representation	  of	  KCC1	  protein,	  showing	  the	  location	  of	  the	  M935K	  mutation.	  
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Results	  
	  

Kcc1M935K	  is	  resistant	  to	  P.	  chabaudi	  and	  P.	  berghei.	  

	  

To	   determine	   if	   the	   Kcc1M935K	   mutation	   causes	   resistance	   to	   malaria,	   mice	   were	  

challenged	   with	   P.	  chabaudi	   and	   with	   P.	   berghei.	   Cumulative	   survival	   and	   peripheral	  

parasitaemia	  were	  monitored	  daily	  over	  the	  course	  of	  infection.	  The	  Kcc1M935K	  mutation	  

is	   carried	   on	   a	  mixed	  BALB/c	   and	   C57BL/6	   background;	   homozygotes	   are	   viable	   and	  

exhibit	   the	  strongest	  RBC	  phenotype.	  Therefore,	  only	  wild-‐type	  Kcc1+/+	  (referred	  to	  as	  

WT)	  and	  homozygous	  Kcc1M935K/M935K	  mice	  were	  used	  in	  these	  experiments.	  Mice	  were	  

derived	  from	  WT	  x	  WT	  and	  Kcc1M935K/M935K	  x	  Kcc1M935K/M935K	  breeding	  pairs,	  which	  were	  

established	  from	  WT	  and	  Kcc1M935K/M935K	  littermates.	  

	  

	  

When	   infected	   with	   P.	  chabaudi	   by	   intraperitoneal	   injection	   of	   1x105	   parasitised	  

erythrocytes,	  no	  differences	  in	  survival	  or	  parasitaemia	  were	  observed	  (Figure	  5.2).	  This	  

suggested	   that	   Kcc1M935K/M935K	   were	   not	   more	   susceptible	   to	   P.	   chabaudi	   than	   WT.	  

However,	   given	   ≥90%	   of	   mice	   survived	   infection,	   this	   experiment	   could	   not	   indicate	  

whether	   Kcc1M935K/M935K	   mice	   were	   more	   resistant	   to	   infection.	   Therefore	   mice	   were	  

infected	  with	  a	  higher	  dose	  of	  P.	  chabaudi,	  to	  lower	  the	  rate	  of	  survival.	  
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Figure	   5.2:	   The	   Kcc1M935K	   mutation	   does	   not	   increase	   susceptibility	   to	   infection	   with	   1x105	  

P.	  chabaudi	   parasitased	   erythrocytes.	   (A)	   and	   (B)	   Cumulative	   survival	   for	   WT	   (solid	   lines)	   and	  

Kcc1M935K/M935K	   (dashed	   lines)	   	   male	   and	   female	   mice	   respectively.	   	   (C)	   and	   (D)	   average	   ±	   SEM	  

parasitaemia	  for	  WT	  (solid	   lines)	  and	  Kcc1M935K/M935K	  (dashed	  lines)	   	  male	  and	  female	  mice	  respectively.	  

WT	  male	  n=10,	  WT	  female	  n=8,	  Kcc1M935K/M935K	  male	  n=10,	  Kcc1M935K/M935K	  female	  n=8.	  
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Figure	   5.3:	   The	   Kcc1M935K	   mutation	   increases	   resistance	   to	   infection	   with	   5x105	   P.	  chabaudi	  
parasitised	   erythrocytes.	  (A)	   Cumulative	   survival	   and	   (B)	   average	  ±	   SEM	  parasitaemia	   for	  WT	   (solid	  

lines)	   and	  Kcc1M935K/M935K	   (dashed	   lines)	   female	  mice.	  WT	   n=6,	   Kcc1M935K/M935K	   n=4.	   *P<0.05.	   .	   P	   values	  

calculated	  using	  Log	  rank	  test	  	  (A)	  ,	  or	  the	  student’s	  T-‐test	  (B).	  

	  

	  

	  

	  

	  

When	  infected	  with	  5x105	  P.	  chabaudi	  parasitised	  erythrocytes,	  75%	  of	  Kcc1M935K/M935K	  

survived	  infection,	  compared	  to	  16%	  in	  WT.	  Although	  this	  difference	  was	  not	  significant	  

(P=0.07),	  this	  may	  have	  been	  due	  to	  small	  sample	  size.	  Parasitaemia	  in	  WT	  rose	  from	  an	  

average	  of	  6.7%	  on	  day	  7,	  to	  69.5%	  on	  day	  10,	  before	  returning	  to	  64.3%	  on	  day	  12	  post	  

infection.	   Parasitaemia	  was	   significantly	   lower	   in	   Kcc1M935K/M935K	   on	   days	   7,	   9	   and	   10	  

post	   infection,	  rising	  from	  an	  average	  of	  2.2%	  on	  day	  7,	  to	  a	  peak	  of	  50.5%	  on	  day	  11,	  

before	  returning	  to	  47.8%	  on	  day	  12	  post	  infection	  (Figure	  5.3).	  	  
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Figure	  5.4:	  The	  Kcc1M935K	  mutation	  causes	  resistance	  to	  P.	  berghei.	  (A)	  and	  (B)	  Cumulative	  survival	  
for	  WT	  (solid	   lines)	  and	  Kcc1M935K/M935K	  (dashed	   lines)	   	  male	  and	  female	  mice	  respectively.	   	  (C)	  and	  (D)	  

average	  ±	  SEM	  parasitaemia	  for	  WT	  (solid	  lines)	  and	  Kcc1M935K/M935K	  (dashed	  lines)	  	  male	  and	  female	  mice	  

respectively.	   WT	   male	   n=28,	   WT	   female	   n=8,	   Kcc1M935K/M935K	  male	   n=14,	   Kcc1M935K/M935K	   female	   n=10.	  

Combined	   results	   of	   two	   independent	   experiments.	   *P<0.05,	   **P<0.01,	   ***P<0.001.	   P	   values	   calculated	  

using	  Log	  rank	  test	  	  (A)	  and	  (B),	  or	  the	  student’s	  T-‐test	  (C)	  and	  (D).	  
	  

	  

	  

When	   mice	   were	   infected	   with	   1x104	   P.	   berghei	   parasitised	   red	   cells,	   survival	   was	  

significantly	   increased	   in	   the	  mutants,	  with	  100%	  of	  homozygotes	   surviving	   infection,	  

compared	  to	  7%	  of	  WT	  females,	  and	  11%	  of	  WT	  males.	  Significantly	  lower	  parasitaemia	  

was	  also	  observed	   in	   the	  Kcc1M935K	  on	  days	  7,	  8,	   and	  9	  post	   inoculation.	   	   (Figure	  5.4).	  

Together,	   these	   results	   suggest	   that	   Kcc1M935K	   is	   resistant	   to	   both	   P.	   chabaudi	   and	  

P.	  berghei	  when	  compared	  to	  WT.	  
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The	  Kcc1M935K	  mutation	  has	  an	  RBC	  autonomous	  effect.	  

	  

Although	   KCC1	   plays	   an	   integral	   role	   in	   volume	   regulation	   of	   the	   RBC,	   it	   is	   also	  

expressed	  in	  many	  other	  cell	  types;	  notably	  it	  is	  expressed	  in	  macrophages	  and	  T	  cells,	  

which	  are	  known	  to	  play	  important	  roles	  in	  the	  host	  response	  to	  Plasmodium	  	  (although	  

the	  functional	  role	  for	  KCC1	  in	  these	  cells	  has	  not	  been	  determined).	   	   	  It	  was	  therefore	  

important	  to	  determine	  if	  the	  resistance	  observed	  in	  Kcc1M935K/M935K	  was	  autonomous	  to	  

the	  mutant	  RBC.	  To	  investigate	  this,	  an	  in	  vivo	  invasion	  and	  growth	  assay	  was	  conducted	  

with	  P.	  berghei	  as	  previously	  described	  350	  and	  in	  chapter	  4.	  	  

	  

At	   all	   time-‐points	   the	  mutant	   cell	   population	   had	   a	   higher	   parasitaemia	   than	   the	  WT	  

population,	   and	   this	   increased	   to	   significance	   by	   13	   and	   21hrs	   post	   injection	  

(Figure	  5.5A).	  The	  total	  number	  of	  labelled	  cells	  remained	  stable	  across	  all	  time	  points,	  

indicating	  there	  was	  no	  disproportionate	  loss	  of	  WT	  cells	  from	  circulation	  (Figure	  5.5B).	  

Together,	   these	   results	   suggest	   that	   Kcc1M935K/M935K	   cells	   support	   increased	   invasion	  

and/or	  growth,	  and	  that	  the	  Kcc1M935K	  mutation	  has	  an	  RBC	  autonomous	  effect.	  	  

	  

This	  result	  was	  counterintuitive,	  given	  that	  in	  normal	  P.	  berghei	  challenge,	  mutant	  mice	  

have	   significantly	   lower	   parasitaemia	   on	   days	   7-‐10	   post	   infection.	   One	   possible	  

explanation	  was	  that	  the	  parasites	  might	  be	  dying	  within	  the	  mutant	  RBCs	  post	  invasion.	  

To	   investigate	  this	  possibility,	   thin	  smears	  were	  taken	  from	  mice	  on	  day	  9	  of	   infection	  

and	  stained	  with	  TUNEL.	  This	  method	  labels	  fragmented	  DNA,	  which	  is	  present	  during	  

late	   stage	   apoptosis.	   Therefore,	   TUNEL	   is	   used	   as	   a	   marker	   for	   dying	   parasites.	   No	  

difference	   in	   the	  percentage	  of	  TUNEL	  positive	  parasites	  was	  observed.	  Therefore	   the	  

proportion	   of	   viable	   parasites	   present	   in	   the	   circulation	   is	   not	   different,	   and	   the	  

disparity	   between	   the	   apparent	   increase	   in	   parasite	   invasion/growth	   and	   lower	  

peripheral	  parasitaemia	  may	  be	  due	  to	  other	  factors	  (Figure	  5.5C).	  
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Figure	   5.5:	   Kcc1M935K	   resistance	   is	   not	   cell	   autonomous.	   (A)	   Fold	   change	   in	   parasitaemia	   of	  
Kcc1M935K/M935K	  labelled	  cells	  compared	  to	  WT	  labelled	  cells	  injected	  into	  the	  same	  P.	  berghei	  infected	  host	  

(n=8)	   (B)	   Fold	   change	   in	   proportion	   of	   Kcc1M935K/M935K	   labelled	   cells	   compared	   to	   WT	   labelled	   cells	  

injected	  into	  the	  same	  P.	  berghei	  infected	  host	  (n=8).	  Dotted	  line	  represents	  equal	  proportion	  compared	  to	  

WT	   (C)	   Percentage	   of	   parasites	   that	   are	   TUNEL	   positive	   in	  WT	   (n=8)	   and	   Kcc1M935K/M935K	   (n=7)	   mice.	  

Values	  are	  average	  ±	  SEM.	  *P<0.05,	  **P<0.01,	  ***P<0.001.	  P	  values	  calculated	  using	  the	  Student’s	  T-‐test.	  
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Kcc1M935K	  is	  resistant	  to	  ECM	  

	  

When	  infected	  with	  P.	  berghei	   in	  the	  experiments	  described	  above,	  most	  WT	  mice	  died	  

between	   days	   8	   and	   10	   post	   infection.	   Death	   at	   this	   point	   in	   P.	   berghei	   infection	   is	  

usually	   caused	   by	   experimental	   cerebral	  malaria	   (ECM),	   and	   unrelated	   to	   the	   level	   of	  

peripheral	  parasitaemia.	  To	  confirm	  that	  the	  survival	  phenotype	  of	  Kcc1M935K/M935K	  was	  

not	  caused	  by	  its	  significantly	  lower	  pararitaemia,	  mice	  were	  infected	  with	  a	  high	  dose	  

of	   P.	  berghei	   at	   1x107	   parasitised	   red	   cells.	   Under	   these	   conditions,	   Kcc1M935K/M935K	  

showed	   a	   similar	   resistance	   to	   infection	   as	   in	   low	   dose	   experiments.	   	   90%	   of	  

Kcc1M935K/M935K	   survived	   infection,	   compared	   to	   0%	   of	   WT;	   parasitaemia	   was	   also	  

significantly	  lower	  in	  the	  mutants	  on	  days	  7-‐9	  of	  infection,	  peaking	  at	  an	  average	  of	  8.6%	  

compared	   to	   14.8%	   in	  WT.	   Importantly,	   Kcc1M935K/M935K	   remained	   resistant	   to	   death,	  

despite	  showing	  higher	  peripheral	  parasitaemias	  than	  those	  at	  which	  WT	  mice	  began	  to	  

die	  in	  low	  dose	  experiments	  (Figure	  5.6).	  Together	  these	  results	  suggest	  that	  increased	  

survival	  in	  Kcc1M935K/M935K	  is	  not	  caused	  by	  their	  low	  parasitaemia.	  

	  

	  

	  

	  
	  

Figure	   5.6:	   Kcc1M935K	   resistance	   is	   independent	   of	   peripheral	   parasitaemia.	   (A)	   Cumulative	  
survival	   	   and	   (B)	   average	   ±	   SEM	   parasitaemia	   for	  WT	   (solid	   lines)	   and	   Kcc1M935K/M935K	   (dashed	   lines)	  

female	   mice,	   over	   the	   course	   of	   infection	   with	   high-‐dose	   P.	   berghei.	   Dashed	   horizontal	   line	   in	   (B)	  

represents	   the	   parasitaemia	   at	  which	  WT	  mice	   began	   dying	   in	   low-‐dose	  P.	  berghei	   infection.	  WT	  n=12,	  

Kcc1M935K/M935K	  n=11.	   	  *P<0.05,	  **P<0.01.	  P	  values	  calculated	  using	  the	  or	  Log	  rank	  test	  (A)	   student’s	  T-‐

test	  (B).	  
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To	  determine	  if	  the	  WT	  mice	  dying	  from	  P.	  berghei	  infection	  were	  succumbing	  to	  ECM,	  

mice	   were	   injected	   with	   P.	   berghei	   and	   symptoms	   of	   ECM	   were	   scored	   according	   to	  

severity,	  from	  0	  (no	  symptoms)	  to	  5	  (death).	  	  

	  

	  

	  

	  

	  
	  

Figure	  5.7:	  The	  Kcc1M935K	  mutation	  causes	  resistance	  to	  cerebral	  malaria.	  (A)	  Clinical	  score	  for	  WT	  
(solid	  lines	  n=37)	  and	  Kcc1M935K/M935K	  (dashed	  lines	  n=24)	  mice	  infected	  with	  P.	  berghei	  0=	  no	  symptoms,	  

1=	   reduced	   movement,	   2=	   rapid	   breathing/hunched	   posture,	   3=	   ruffled	   fur/external	   bleeding,	   4=	  

fitting/coma,	  5=	  death.	  (B)	  Amount	  of	  Evan’s	  Blue	  dye	  extracted	  from	  P.	  berghei	  infected	  Kcc1M935K/M935K	  

(n=8),	  WT	  (n=7)	  and	  uninfected	  (n=4)	  brains.	  (C)	  Representative	  brains	  dissected	  from	  mice	  injected	  with	  

Evan’s	  Blue	  dye.	  Values	  are	  average	  ±	  SEM.	  *P<0.05,	  **P<0.01,	  ***P<0.001.	  P	  values	  calculated	  using	  the	  

Student’s	  T-‐test.	  
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Severe	   clinical	   symptoms	  were	   observed	   in	  WT	  mice,	  with	  most	   dying	   from	   seizures,	  

whereas	   Kcc1M935K/M935K	   remained	   asymptomatic	   for	   the	   length	   of	   the	   experiment	  

(Figure	  5.7A).	  One	  of	   the	  key	  hallmarks	  of	   cerebral	  malaria	   is	  breakdown	  of	   the	  blood	  

brain	   barrier.	   Therefore,	  mice	  were	   injected	   intravenously	  with	   Evan’s	   Blue	   to	   assess	  

blood	  brain	  barrier	   integrity.	  Significantly	  more	  dye	  was	  observed	  in	  the	  brains	  of	  WT	  

mice	   compared	   to	   uninfected	   controls;	   this	   was	   not	   observed	   in	   the	   brains	   of	  

Kcc1M935K/M935K	  mice	   (Figure	   5.7B).	   	   Together,	   these	   results	   suggest	   that	  WT	  mice	   are	  

dying	   from	   ECM,	   and	   that	   Kcc1M935K/M935K	   are	   resistant	   to	   the	   development	   of	   this	  

condition.	  

	  

Kcc1M935K	  has	  an	  abnormal	  immune	  response	  to	  P.	  berghei	  infection	  

	  

One	   of	   the	  major	   host	   processes	   known	   to	   contribute	   to	   the	   development	   of	   cerebral	  

malaria	   in	   P.	   berghei	   infection	   is	   an	   over-‐active	   inflammatory	   response.	   Both	   in	  vivo	  

neutralisation	   of	   host	   molecules,	   and	   studies	   with	   knock-‐out	   mice	   have	   shown	   that	  

cerebral	  malaria	  can	  be	  prevented	  by	  depletion	  of	  the	  pro-‐inflammatory	  cytokines	  IFN-‐γ	  
226,227	  and	  TNFα	  228,	  and	  can	  be	  induced	  by	  depletion	  of	  the	  anti-‐inflammatory	  cytokine	  

IL-‐10	  379.	  CM	  resistance	  is	  also	  observed	  in	  mice	  with	  impaired	  thymic	  development	  of	  

CD8+	  T	  cells,	  and	  defective	  T	  cell	  dependent	  IFN-‐γ	  production	  231.	  KCC1	  is	  expressed	  in	  

both	  CD4+	  and	  CD8+	  T	  cells,	  and	  is	  highly	  expressed	  in	  macrophages.	  Therefore,	  it	  was	  

hypothesised	   that	   the	   Kcc1M935K	   mutation	   might	   cause	   alterations	   to	   the	   immune	  

response	   that	   mediate	   the	   observed	   resistance	   to	   ECM.	   To	   investigate	   this,	   plasma	  

cytokine	  levels	  were	  measured	  in	  both	  uninfected	  mice	  and	  mice	  infected	  with	  P.	  berghei.	  

Samples	   were	   taken	   on	   both	   days	   9	   and	   10	   of	   infection,	   when	   mice	   normally	   begin	  

succumbing	  to	  ECM.	  
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Figure	   5.8:	   The	   Kcc1M935K	   mutation	   alters	   the	   inflammatory	   response	   to	   P.	   berghei	   infection.	  
Average	   ±	   SEM	   concentration	   of	   cytokines	   in	   the	   plasma	   of	   uninfected	   (UI	   n=4),	   WT	   (n=5)	   and	  

Kcc1M935K/M935K	  (n=5)	  mice	  on	  the	  9th	  and	  10th	  days	  post	  infection	  with	  P.	  berghei.	  Uninfected	  include	  both	  

WT	  and	  Kcc1M935K/M935K	  mice	  combined.	  (A)	  Interferon-‐γ.	  (B)	  Interleukin	  10.	  (C)	  Tumour	  necrosis	  factor	  α.	  

*P<0.05,	  **P<0.01,	  ***P<0.001.	  P	  values	  calculated	  using	  the	  Student’s	  T-‐test.	  
	  

	  

	  

	  

	  

	  

	  

	  

	  



	  112	  

Kcc1M935K/M935K	   showed	   no	   difference	   in	   plasma	   cytokine	   levels	   when	   uninfected,	  

suggesting	   that	   the	   mutation	   has	   no	   obvious	   effect	   on	   immune	   homeostasis.	   During	  

infection	  however,	  lower	  levels	  of	  IFNγ	  and	  IL-‐10	  were	  observed	  in	  the	  mutant	  on	  both	  

days	  9	  and	  10	  post	   infection.	  TNFα	  levels	  were	  slightly	  lower	  in	  the	  mutants	  on	  day	  9,	  

but	  this	  difference	  disappeared	  by	  day	  10	  (Figure	  5.8).	  

	  

It	   has	   been	   shown	   that	   depletion	   of	   CD4+	   and	   CD8+	   T	   cells	   can	   also	   prevent	   the	  

development	   of	   ECM	   230,232.	   Therefore,	   to	   determine	   if	   the	   Kcc1M935K	  mutation	   causes	  

differences	  in	  immune	  cell	  populations,	  the	  relative	  proportion	  of	  CD4+,	  CD8+,	  CD11c+,	  

T	  regulatory	  cells	  and	  B	  cells	  were	  measured	  by	  flow	  cytometry	  in	  the	  blood,	  spleen	  and	  

thymus,	  both	  before	  and	  during	  P.	  berghei	  infection.	  H&E	  stained	  sections	  of	  spleen	  were	  

also	   taken,	   in	   order	   to	   observe	   any	   changes	   in	   spleen	   architecture	   both	   before	   and	  

during	  infection.	  	  

	  

In	   both	   infected	   and	   uninfected	   animals,	   no	   significant	   differences	   were	   observed	  

between	  Kcc1M935K/M935K	  and	  WT	  in	  the	  proportion	  of	  CD4+	  or	  CD8+	  T	  cells	  in	  either	  the	  

blood,	   spleen	  or	   thymus	   (Figure	  5.9A	   and	  B).	   In	   uninfected	   animals	   the	  proportion	   of	  

dendritic	  (CD11c+)	  cells	  was	  significantly	  higher	  in	  the	  mutant	  thymus;	  conversely	  the	  

amount	  of	  T	  regulatory	  (CD4+CD25+FoxP3+)	  cells	  was	  significantly	  lower	  in	  the	  mutant	  

spleen	  and	  thymus	  (Figure	  5.9C	  and	  D).	  While	  these	  significant	  differences	  disappeared	  

during	   infection,	   the	   trends	   remained.	   	   Spleen	   histology	   showed	   no	   difference	   in	  

architecture	   between	   uninfected	   WT	   and	   Kcc1M935K/M935K,	   however	   a	   marked	  

hyperproliferation	  of	  WBCs	  was	  observed	  in	  the	  spleens	  of	  infected	  mutants,	  which	  was	  

not	  evident	  in	  the	  spleens	  of	  infected	  WT	  mice	  (Figure	  5.10).	  

	  

Together	   these	   results	   suggest	   that	   the	   Kcc1M935K	   mutation	   alters	   the	   inflammatory	  

response	  to	  infection,	  and	  may	  also	  alter	  the	  expansion	  of	  some	  lymphocyte	  populations	  

in	  response	  to	  infection.	  
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Figure	  5.9:	  The	  Kcc1M935K	  mutation	  alters	  immune	  cell	  populations	  in	  uninfected	  mice	  Average	  ±	  
SEM	  proportion	  of	  lymphocytes	  that	  are	  (A)	  CD3+CD4+,	  (B)	  CD3+CD8+,	  (C)	  CD4+CD25+Foxp3+,	  and	  (D)	  

CD11c+	  in	  the	  blood,	  spleen,	  and	  thymus,	  of	  WT	  and	  Kcc1M935K/M935K	  mice.	  In	  uninfected	  mice	  n=5	  for	  each	  

genotype;	  infected	  n=3	  for	  each	  genotype.	  *P<0.05.	  P	  values	  calculated	  using	  the	  Student’s	  T-‐test.	  
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Figure	  5.10:	  The	  Kcc1M935K	  mutation	  causes	  an	  abnormal	  WBC	  response	  to	  infection.	  H&E	  stained	  
spleen	  sections	  from	  (A)	  uninfected	  WT,	  (B)	  infected	  WT,	  (C)	  uninfected	  Kcc1M935K/M935K,	  and	  	  (D)	  infected	  

Kcc1M935K/M935K	   mice,	   showing	   hyperproliferation	   of	   WBCs	   (stained	   purple).	   Sections	   are	   at	   5x	  

magnification;	  insets	  at	  0.625x	  magnification.	  
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WNK3	  as	  a	  novel	  host-‐directed	  therapy	  target	  

	  

The	   Kcc1M935K	  mutation	   provides	   striking	   resistance	   to	   the	   development	   of	   ECM,	   and	  

does	   not	   produce	   severe	   pathology	   in	   homozygous	   mutants.	   Therefore,	   activation	   of	  

KCC1	  presents	  an	  attractive	  target	  for	  a	  host-‐directed	  therapy	  that	  may	  treat	  or	  prevent	  

cerebral	  malaria.	  

	  

KCC1	   activity	   is	   regulated	   by	   WNK3	   (with-‐no-‐lysine	   kinase	   3);	   this	   kinase	   activates	  

SPAK/OSR1,	  which	  in	  turn	  phosphorylates	  KCC1	  and	  inhibits	  its	  activity	  380,381.	  Because	  

WNK	   kinases	   have	   a	   known	   role	   in	   hypertension,	   several	   screens	   have	   identified	  

inhibitors	   of	  WNK	   signalling	   382,383,	   suggesting	   that	  WNK3	  may	   be	   an	   easily	   drugable	  

target.	  Therefore,	  CRISPR/Cas9	  genome	  editing	  technology	  was	  used	  to	  create	  a	  WNK3	  

knockout	  mouse,	  in	  order	  to	  genetically	  test	  the	  hypothesis	  that	  inhibition	  of	  WNK3	  will	  

recreate	   the	   same	   phenotype	   as	   the	  Kcc1M935K	  mutation,	   and	   provide	   protection	   from	  

ECM.	  

	  

Guide	   RNA	   was	   designed	   to	   disrupt	   the	   start	   codon	   of	   WNK3,	   aiming	   to	   induce	   a	  

frameshift	   mutation	   leading	   to	   a	   premature	   stop	   codon	   and	   therefore	   complete	  

knockout	  of	  the	  gene	  (Figure	  5.11).	  Using	  CRISPR/Cas9	  genome	  editing	  technology,	  five	  

novel	   mutations	   were	   generated	   and	   are	   listed	   below.	   The	   first	   is	   a	   compound	  

heterozygous	  mouse	  resulting	  in	  two	  alleles,	  each	  with	  a	  7	  base	  pair	  deletion,	  which	  will	  

induce	  a	  frame	  shift	  1	  and	  8	  bp	  from	  the	  start	  codon	  respectively.	  The	  second	  is	  also	  a	  

compound	   heterozygous	   mouse;	   each	   of	   its	   two	   alleles	   has	   a	   6	   base	   pair	   deletion,	  

removing	   amino	   acids	   4-‐5	   and	   2-‐3	   from	   the	   protein	   respectively.	   The	   third	  mutant	   is	  

heterozygous,	   with	   one	   wild-‐type	   allele	   and	   one	   allele	   containing	   an	   extra	   thiamine,	  

which	  induces	  a	  frame	  shift	  9	  bp	  from	  the	  start	  codon.	  The	  fourth	  mutant	  is	  homozygous	  

for	  a	  6	  base	  pair	  deletion	  removing	  amino	  acids	  4-‐5	  from	  the	  protein.	  The	  fifth	  mutant	  

has	   three	  alleles;	   one	  WT,	  one	  with	   a	  3	  base	  pair	  deletion	   removing	   the	  amino	  acid	  5	  

from	  the	  protein,	  and	  one	  with	  a	  single	  bp	  deletion,	  causing	  a	  frame	  shift	  7	  bp	  from	  the	  

start	  codon.	  Of	  these	  mutants,	  those	  with	  frame	  shifts	  are	  being	  tested	  for	  their	  effect	  on	  

the	  protein	  and	   their	   germline	   transmission.	  The	  mice	  are	   currently	  breeding	  and	   the	  

progeny	  will	  tested	  with	  P.	  berghei	  for	  their	  susceptibility	  to	  ECM.	  
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Figure	   5.11:	   CRISPR/Cas9	   has	   been	   used	   to	   knock-‐out	   WNK3	   expression.	   (A)	   WNK3	   sequence	  

(reverse	   complement)	   showing	   the	   site	   targeted	   by	   CRISPR/Cas9.	   Lower	   case	   letters	   represent	   5’UTR,	  

upper	  case	   letters	  represent	  exon	  1.	  Bold	   letters	  show	  the	  position	  of	  the	  RNA	  guide.	  Underlined	  letters	  

show	   the	   position	   of	   the	   start	   codon.	   (B)	   Electropherograms	   (reverse	   complement)	   from	   5	  mice	   with	  

mutant	  alleles.	  	  
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Discussion	  
	  

This	  study	  provides	  the	  first	  evidence	  that	  host	  KCC1	  plays	  a	  role	  in	  the	  host	  response	  to	  

malarial	   infection.	   Mice	   expressing	   only	   a	   mutant	   form	   the	   protein,	   which	   results	   in	  

unregulated	   activation	   of	   K+	   transport	   in	   the	   red	   cell,	   display	   a	  marked	   resistance	   to	  

infection	  and	  concomitant	  suppression	  of	  peripheral	  parasitaemia	  when	  challenged	  with	  

both	  P.	  chabaudi	  and	  P.	  berghei.	  In	  the	  later	  infection,	  the	  basis	  for	  the	  resistance	  may	  be	  

due	   to	   effects	   of	   the	   mutation	   of	   the	   immune	   response.	   However	   reasons	   for	   the	  

resistance	  to	  the	  former	  parasite	  are	  difficult	  to	  deduce.	  	  	  

	  

Kcc1M935K	  is	  resistant	  to	  P.	  chabaudi	  and	  P.	  berghei.	  

	  

In	   both	   P.	   chabaudi,	   and	   P.	   berghei	   infection,	   Kcc1M935K/M935K	   had	   significantly	   lower	  

parasitaemia	   that	  WT.	   Survival	  was	   also	   significantly	   increased	   in	  P.	  berghei	   infection.	  

Although	   the	   observed	   difference	   in	   survival	   was	   not	   significant	   during	   P.	  chabaudi	  

infection,	  this	  is	  likely	  due	  to	  the	  small	  sample	  size	  used	  in	  this	  experiment.	  Therefore	  it	  

was	  concluded	  that	  Kcc1M935K	  is	  resistant	  to	  both	  Plasmodium	  species.	  

	  

The	  Kcc1M935K	  mutation	  has	  an	  RBC	  specific	  effect	  on	  P.	  berghei	  	  

	  

To	   determine	   if	   the	   resistance	   observed	   in	   Kcc1M935K/M935K	   was	   caused	   by	   intrinsic	  

factors	   within	   the	   RBC,	   an	   in	   vivo	   invasion/growth	   assay	   was	   conducted,	   and	   it	   was	  

observed	   that	   21	   hours	   after	   injection,	   a	   significantly	   higher	   proportion	   of	   parasites	  

were	  found	  in	  mutant	  cells	  compared	  to	  WT	  cells.	  One	  explanation	  for	  this	  result	  is	  that	  

Kcc1M935K/M935K	  cells	  support	  a	  higher	  rate	  of	  parasite	  invasion	  and/or	  growth	  than	  WT.	  

However,	   it	   is	   difficult	   to	   see	   how	   increased	   invasion/growth	   could	   lead	   to	   the	  

significantly	  lower	  paraisteamia	  observed	  over	  the	  course	  of	  infection	  in	  Kcc1M935K/M935K	  

animals.	  Moreover,	  the	  hypothesis	  that	  over-‐active	  KCC1	  leads	  to	  increased	  invasion	  is	  

not	  supported	  by	  previous	  studies,	  which	  consistently	  associate	  increased	  K+	  efflux	  with	  

lower	  rates	  of	  invasion	  384-‐386.	  	  

	  

A	   second	  explanation	   for	   these	   results	   is	   suggested	  by	   the	   fact	   that	  P.	  berghei	   infected	  

RBCs	  have	   the	   ability	   to	   cytoadhere	   to	   the	   endothelium	  of	   blood	  vessels.	  Mutant	   cells	  

may	  be	   sequestering	  at	   lower	   rates	   than	  WT	  cells,	  making	  more	  of	   them	  visible	  when	  

counting	   peripheral	   parasitaemia.	   It	   is	   not	   possible	   to	   determine	   from	   this	   in	   vivo	  

invasion/growth	   assay,	  whether	   there	   is	   any	   difference	   in	   sequestration	   between	  WT	  
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and	  Kcc1M935K/M935K	   cells.	   At	   each	   time	  point,	   the	  number	   of	   labelled	   cells	   counted	   for	  

each	  genotype	   is	   roughly	  5x105,	   of	  which	  around	  2x103	  are	  parasitised,	  depending	  on	  

the	   parasitaemia	   of	   the	   animal.	   Therefore,	   even	   a	   large	   change	   to	   the	   number	   of	  

parasites	   being	   removed	   from	   circulation	   through	   sequestration	   will	   have	   a	   small	  

impact	  on	   the	   total	  number	  of	   labelled	  cells.	  The	  proportion	  of	  WT	  to	  mutant	   labelled	  

cells	  did	  not	   change	  over	   the	   course	  of	   the	   infection,	  but	   this	  only	   suggests	   that	   there	  

was	  no	  preferential	  splenic	  clearance	  of	  uninfected	  cells	  during	  the	  assay.	  However,	  the	  

hypothesis	  of	  reduced	  cytoadherance	  fits	  well	  with	  the	  observation	  that	  Kcc1M935K/M935K	  

has	  lower	  parasitaemia	  over	  the	  course	  of	  infection;	  lower	  levels	  of	  sequestration	  leaves	  

more	   late	   stage	   parasites	   vulnerable	   to	   splenic	   clearance,	   and	   therefore	   results	   in	  

reduced	  parasite	  burden	  387.	  	  

	  

Kcc1M935K	  is	  resistant	  to	  ECM	  and	  has	  an	  abnormal	  immune	  response	  to	  infection	  

	  

Results	   from	   both	   clinical	   observations	   and	   from	   assessment	   of	   blood	   brain	   barrier	  

integrity	  with	  Evan’s	  Blue	  suggest	  that	  as	  well	  as	  being	  resistant	  to	  P.	  berghei	  infection,	  

Kcc1M935K/M935K	   is	   resistant	   to	   the	   development	   of	   cerebral	   malaria.	   	   This	   is	   the	   first	  

description	  of	  a	  mutation	   in	  a	   transporter	   that	  has	  an	  effect	  on	  ECM;	  other	  previously	  

discovered	   genes	   have	   involved	   host	   cytokines,	   antigen	   presentation	   115,118,	   or	  

erythrocyte	  membrane	  proteins	  92,93,135.	  

	  

Given	  ECM	  is	  a	  pathology	  largely	  mediated	  by	  T	  cells	  and	  inflammatory	  cytokines,	  it	  was	  

hypothesised	   that	   the	  Kcc1M935K	  mutation	  may	  have	   effects	  on	   the	   immune	   system.	   In	  

uninfected	   animals	   it	   was	   observed	   that	   the	   proportion	   of	   dendritic	   cells	   was	  

significantly	  higher	  in	  the	  mutant	  thymus	  and	  that	  the	  amount	  of	  T	  regulatory	  cells	  was	  

significantly	   lower	   in	   the	   mutant	   spleen	   and	   thymus.	   During	   P.	   berghei	   infection,	  

Kcc1M935K/M935K	   was	   found	   to	   have	   significantly	   altered	   plasma	   concentrations	   of	  

inflammatory	  cytokines,	  and	  to	  exhibit	  hyperproliferation	  of	  WBCs	  in	  the	  spleen.	  	  

	  

The	  results	   from	  measuring	  cytokines	  during	  P.	  berghei	  infection	  suggest	   the	  mutation	  

causes	  an	  attenuated	   inflammatory	   response.	  This	   fits	  well	  with	  previous	   reports	   that	  

lowering	  IFNγ	  and/or	  TNFα	  levels	  results	  in	  protection	  from	  ECM	  226-‐228.	  However,	  IL-‐10	  

has	   been	   shown	   to	   have	   a	   protective	   role,	   with	   in-‐vivo	   neutralisation	   of	   the	   cytokine	  

leading	   to	   the	   development	   of	   ECM	   in	   normally	   resistant	   mice	   379.	   It	   is	   therefore	  

surprising	  that	  the	  ECM	  resistant	  Kcc1M935K/M935K	  mice	  have	  a	  significantly	   lower	  IL-‐10	  
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response	   than	  WT	   in	   these	   experiments.	  The	  plasma	   samples	  used	   in	   this	   experiment	  

were	  obtained	  on	  days	  9	  and	  10	  of	  infection;	  it	  is	  therefore	  unknown	  if	  Kcc1M935K/M935K	  

had	  a	  higher	  inflammatory	  response	  than	  WT	  earlier	   in	  infection.	  It	   is	  well	  established	  

that	  effective	  control	  of	  Plasmodium	  infection	  relies	  on	  an	  appropriate	  balance	  between	  

inflammatory	  and	  regulatory	  cytokine	  responses.	  Inflammatory	  cytokines	  are	  necessary	  

in	   the	  early	  part	  of	   infection	   to	  control	  parasitaemia,	  but	   later	  need	   to	  be	  regulated	   in	  

order	  to	  prevent	  pathology	  from	  developing	  (reviewed	  in	  388).	  Future	  experiments	  could	  

investigate	   the	   cytokine	   response	   of	   Kcc1M935K/M935K	   over	   the	   course	   of	   infection,	   to	  

determine	   if	   Kcc1M935K/M935K	  has	   an	   elevated	   inflammatory	   response	   during	   the	   early	  

part	  of	  infection.	  

	  

It	   is	   unclear	   from	   these	   experiments	   if	   the	   altered	   immune	   response	   observed	   in	  

Kcc1M935K/M935K	  is	  the	  cause	  or	  the	  effect	  of	  low	  parasitaemia	  in	  these	  animals.	  The	  RBC	  

autonomous	   effects	   of	   the	  mutation	  may	   lead	   to	   lower	   parasitameia,	   and	   therefore	   a	  

proportionally	   lower	   cytokine	   response;	   alternately	   the	   Kcc1M935K	  mutation	  may	   have	  

direct	   effects	   on	   both	   the	   erythrocyte	   and	   the	   immune	   system	   independently.	   The	  

previously	   mentioned	   hypothesis	   -‐	   that	   the	   mutation	   reduces	   the	   ability	   of	   infected	  

Kcc1M935K/M935K	   red	   cells	   to	   cytoadhere	   -‐	   can	   be	   used	   to	   explain	  most	   of	   the	   observed	  

results.	  Reduced	  sequestration	  would	  expose	  more	  infected	  cells	  to	  the	  spleen,	  resulting	  

in	  higher	  clearance	  rates	  and	  lower	  parasitaemia;	  greater	  exposure	  of	  parasitised	  cells	  

to	   the	   spleen	  may	   also	   result	   in	   a	   faster	   expansion	  of	  WBCs	  within	   that	   organ.	   Lower	  

rates	  of	  cytoadherence	  in	  the	  brain	  may	  result	  in	  reduced	  inflammation	  and	  protection	  

from	  ECM	  389,390.	  However,	  as	  it	  was	  observed	  that	  the	  populations	  of	  both	  T	  regulatory	  

and	   dendritic	   cells	   were	   significantly	   altered	   in	   uninfected	   mutant	   animals,	   the	  

possibility	   that	   the	   Kcc1M935K	   mutation	   has	   an	   intrinsic	   effect	   on	   the	   immune	   system	  

cannot	  be	  excluded.	  	  

	  

During	  Plasmodium	  infection,	  parasite	  products	  like	  PfEMP1	  and	  hemozoin	  can	  actively	  

suppress	   dendritic	   cell	   function,	   and	   dampen	   the	   early	   inflammatory	   response	   to	  

infection	   391-‐393.	   It	   is	   possible	   that	   activation	   of	   KCC1	   interferes	   with	   this	   inhibition,	  

allowing	  the	  host	  to	  respond	  to	  infection	  more	  quickly	  and	  keep	  parasitaemia	  low.	  This	  

may	   occur	   through	   increased	   immune	   recognition	   of	   infected	   cells	   leading	   to	   higher	  

rates	   of	   phagocytosis;	   through	   reduced	   cytoadherence	   of	   infected	   cells,	   and	   therefore	  

greater	   splenic	   clearance;	   or	   through	   a	   reduced	   inflammatory	   response	   and	   therefore	  

less	   damage	   to	   the	   host.	   Therefore,	   further	   investigation	   of	   the	   immune	   response	   to	  
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infection	  will	  be	  needed	  if	  the	  exact	  mechanism	  behind	  Kcc1M935K	  resistance	  to	  infection	  

is	  to	  be	  discovered.	  

	  

WNK3	  as	  a	  novel	  HDT	  target	  

	  

The	  WNK3	  knock-‐out	  mice	  generated	  using	  CRISPR/Cas9	  will	  allow	  investigation	  of	  the	  

hypothesis	   that	   the	   ECM	   resistant	   phenotype	   of	   Kcc1M935K/M935K	   can	   be	   recreated	   by	  

inhibiting	  WNK3.	   The	   Kcc1M935K	  mutation	   causes	   activation	   of	   KCC1	   by	   impairing	   the	  

phosphorylation	   of	   key	   regulatory	   threonines.	   Under	   normal	   conditions,	   KCC1	   is	  

phosphorylated	   and	   inactivated	   by	   WNK3380,381.	   Therefore,	   it	   was	   hypothesised	   that	  

inhibition	  of	  WNK3	  may	  prevent	  the	  inhibition	  of	  KCC1,	  leading	  to	  over-‐activation	  of	  the	  

transporter	  and	  recreating	  the	  Kcc1M935K	  phenotype.	  

	  

WNK3	   plays	   a	   key	   role	   in	   the	  maintenance	   of	   cellular	   Cl-‐	   balance,	   by	  modulating	   the	  

activity	  of	  several	   transporters	  (Figure	  15.11).	  The	  K-‐Cl	   transporters	  -‐	   including	  KCC1,	  

KCC2,	  KCC3	  and	  KCC4	   -‐	  mediate	  Cl-‐	   efflux,	   and	  are	   inhibited	  when	  phosphorylated	  by	  

WNK3.	  The	  Na-‐(K)-‐Cl	  cotransporters	  -‐	  including	  NCC	  and	  NKCC1/2	  -‐	  mediate	  Cl-‐	  influx,	  

and	  are	  activated	  when	  phosphorylated	  by	  WNK3	  380,381	  (Figure	  5.12).	  Three	  isoforms	  of	  

KCC	  are	  expressed	  in	  the	  erythrocyte;	  KCC1,	  KCC3	  and	  KCC4.	  Of	  these,	  KCC3	  is	  thought	  

to	  be	  the	  major	  mediator	  of	  K+	  efflux	  375.	  Complete	  knock-‐out	  of	  WNK3	  should	  effect	  all	  

three	  isoforms,	  as	  well	  as	  other	  transporters	  mediating	  K+	  influx	  in	  the	  RBC.	  Therefore	  

WNK3	  KO	  may	  produce	  a	  more	  pronounced	  RBC	  phenotype	  than	  Kcc1M935K.	  The	  effect	  of	  

WNK	  signalling	  on	  cells	  of	  the	  immune	  system	  have	  been	  less	  well	  studied,	  although	  it	  is	  

known	  that	  both	  T	  cells	  and	  macrophages	  express	  isoforms	  of	  both	  WNK	  and	  KCC.	  Given	  

it	   is	   not	   yet	   known	   which	   cell	   type	   or	   types	   are	   mediating	   the	   resistance	   to	   malaria	  

observed	   in	   Kcc1M935K,	   it	   is	   difficult	   to	   speculate	   on	   how	  WNK3	   KO	  might	   recreate	   a	  

similar	  phenotype.	  
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Figure	   5.12:	   Ion	   transport	   mediated	   by	   WNK3.	   Active	   WNK3	   phosphorylates	   NKCC,	   KCC	   and	   NCC	  

transporters.	  This	  causes	  activation	  of	  NKCC	  and	  NCC,	  and	  inhibition	  of	  KCC,	  resulting	  in	  net	  K+	  influx.	  The	  

Kcc1M935K	  mutation	  prevents	  phosphorylation	  of	  KCC1	  by	  WNK3.	  This	   causes	   the	   transporter	   to	   remain	  

constitutively	  activated,	  and	  increases	  cellular	  K+	  efflux.	  

	  

	  

	  

Further	   experiments	   with	   WNK3	   mutant	   lines	   will	   involve	   infecting	   KO	   mice	   with	  

P.	  berghei	  to	  determine	  if	  they	  have	  improved	  symptoms	  and	  survival	  compared	  to	  WT	  

C57BL/6.	   If	   the	   WNK3	   KO	   mice	   prove	   to	   be	   resistant	   to	   ECM,	   this	   will	   open	   the	  

possibility	  of	  investigating	  WNK3	  inhibitors	  as	  host-‐directed	  therapies	  for	  the	  treatment	  

of	   cerebral	   malaria.	   CM	   is	   the	   most	   severe	   complication	   of	   P.	   falciparum	   infection	   in	  

humans.	   The	   occurrence	   of	   CM	   varies	   from	   region	   to	   region,	  with	   a	   case	   fatality	   rate	  

ranging	  from	  8.5%	  in	  Africa,	  to	  15%	  in	  Southeast	  Asia	  210.	  In	  a	  recent	  multicenter	  study,	  

52%	   of	   severe	   malaria	   cases	   developed	   cerebral	   malaria,	   and	   the	   fatality	   rate	   after	  

treatment	  was	  18%	  66.	  Therefore,	  an	  HDT	  that	  could	  improve	  outcomes	  for	  individuals	  

at	   risk	   of	   developing	   CM	   would	   be	   of	   great	   benefit	   in	   reducing	   both	   morbidity	   and	  

mortality	  associated	  with	  P.	  falciparum	  infection.	  
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Conclusion	  
	  

In	  this	  chapter	  it	  has	  been	  shown	  that	  activation	  of	  KCC1	  causes	  reduced	  parasitaemia	  in	  

both	   to	   P.	   chabaudi	  and	   P.	   berhgei	   infection.	   This	   may	   be	   mediated	   through	   intrinsic	  

effects	   to	   the	   RBC	   that	   result	   in	   reduced	   sequestration	   of	   infected	   cells.	   Activation	   of	  

KCC1	   also	   induces	   resistance	   to	   P.	  berghei	   by	   preventing	   the	   development	   of	  

experimental	  cerebral	  malaria.	  This	  is	  the	  first	  description	  of	  a	  mutation	  in	  a	  transporter	  

that	   has	   an	   effect	   on	   ECM.	   Future	   research	   into	   WNK3	   inhibition	   might	   lead	   to	   the	  

development	  an	  HDT	  for	  cerebral	  malaria.	  
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CHAPTER	  6	  –	  FINAL	  DISCUSSION	  AND	  CONCLUSIONS	  
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The	  malaria	  parasite	  has	  a	  complex	  interaction	  with	  its	  host.	  Residing	  within	  the	  RBC,	  it	  

can	  be	  affected	  by	   the	   intracellular	  environment,	  by	   the	  host’s	   immune	  system,	  by	   the	  

rate	   of	   RBC	   turnover,	   and	   more.	   For	   decades	   it	   has	   been	   known	   that	   host	  

polymorphisms	  can	  provide	   resistance	   to	  malaria,	  but	  despite	  many	  years	  of	   research	  

and	  great	  advances	  in	  our	  understanding	  of	  parasite	  biology,	  the	  precise	  mechanisms	  by	  

which	  many	  of	  these	  polymorphisms	  provide	  resistance	  remain	  elusive.	  

In	   this	   project,	   ENU	   mutagenesis	   experiments	   have	   allowed	   the	   study	   of	   two	  

novel	  host	  mutations	  that	  confer	  resistance	  to	  rodent	  malaria	  parasites,	  gaining	  insight	  

into	   both	   the	   host	   response	   to	   infection,	   and	   the	   conditions	   necessary	   for	   parasite	  

growth	  within	   the	  RBC.	   The	  major	   aim	   of	   this	   thesis	  was	   to	   uncover	   novel	  mutations	  

affecting	   malaria	   susceptibility	   that	   might	   provide	   targets	   for	   host-‐directed	   therapy	  

(HDT).	   Investigation	  of	   the	  two	  mutant	  mouse	   lines	  aimed	  to	  discover	  both	  how	  these	  

mutations	  affect	   the	  physiology	  of	   the	  host,	   and	  how	   they	  affect	   the	   interaction	  of	   the	  

parasite	  with	  the	  host.	  	  

	  

The	  first	  mouse	  line	  investigated	  was	  found	  to	  carry	  a	  mutation	  in	  AMPD3	  –	  Ampd3T689A	  

-‐	  which	  is	  an	  enzyme	  involved	  in	  purine	  metabolism,	  specifically	  converting	  AMP	  to	  IMP.	  

Studies	  were	  then	  directed	  towards	  determining	  the	  aetiology	  of	  the	  Ampd3T689A	  blood	  

phenotype,	   and	   the	   effect	   of	   the	   mutation	   on	   the	   host	   response	   to	   rodent	   malarial	  

infection.	  It	  was	  found	  that	  the	  mutation	  resulted	  in	  increased	  activity	  of	  enzyme	  in	  the	  

red	  cell;	  AMPD3	  activity	  is	  normally	  absent	  or	  significantly	  repressed	  in	  these	  cells.	  This	  

resulted	   in	   red	   cells	  with	   greater	   than	   normal	   concentrations	   of	   guanylyl	   nucleotides	  

(GMP,	   GDT	   and	   GTP)	   and	   reduced	   adenosyl	   nucleotides	   (AMP,	   ADP	   and	   ATP).	   These	  

cells	   also	   displayed	   other	   unusual	   features,	   including	   increased	   oxidative	   stress	   and	  

dramatic	  reduction	  in	  RBC	  half-‐life.	  It	  was	  therefore	  concluded	  that	  AMPD3	  has	  a	  critical	  

role	  in	  determining	  the	  life	  span	  of	  erythrocytes.	  This	  highlights	  one	  of	  the	  advantages	  of	  

conducting	   an	   ENU	   screen;	   because	  mutagenesis	   occurs	   randomly	   and	   the	   effects	   are	  

manifest	   in	   vivo,	   there	   is	   always	   the	   possibility	   of	   uncovering	   aspects	   of	   biology	   that	  

were	  not	  the	  primary	  focus	  of	  the	  study.	  It	  was	  necessary	  to	  determine	  the	  aetiology	  of	  

the	   Ampd3T689A	   blood	   phenotype	   in	   order	   to	   ascertain	   the	   mechanisms	   behind	   its	  

response	  to	  malaria.	  However,	  the	  information	  gained	  by	  this	  study	  has	  provided	  novel	  

insight	   into	  both	  erythropoiesis	  and	  eryptosis,	  and	  has	   identified	  AMPD3	  as	  a	  possible	  

drug	  target	  for	  lengthening	  the	  lifespan	  of	  RBCs	  stored	  for	  transfusion.	  It	  therefore	  has	  

considerable	  value	  outside	  the	  field	  of	  parasitology.	  	  
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	   An	   investigation	   of	   the	   host	   response	   to	   malarial	   infection	   revealed	   that	   the	  

Ampd3T689A	   line	  was	  dramatically	  resistant	  to	  P.	  chabaudi.	  	  The	  underlying	  mechanism	  

of	  resistance	  appeared	  to	  vary	  according	  to	  whether	  the	  mice	  carried	  one	  or	  two	  copies	  

of	  the	  mutant	  allele.	  In	  homozygous	  mutants	  this	  resistance	  appeared	  to	  be	  mediated	  by	  

severely	   reduced	  erythrocyte	  half-‐life	  and	  rapid	  RBC	   turnover,	   thereby	  preventing	   the	  

establishment	   of	   high	   parasitaemia.	   In	   heterozygous	   animals	   parasite	   growth	   was	  

robust,	   and	   occurred	   at	   even	   greater	   rates	   than	   normal	   during	   the	   early	   stages	   of	  

infection.	  Unlike	   the	  wild-‐type	   littermates	   however,	   heterozygous	   animals	  were	  much	  

more	   likely	   to	   control	   and	   resolve	   the	   infection,	   resulting	   a	   significant	   higher	   rates	   of	  

survival.	   Results	   here	   indicated	   that	   the	   survival	   phenotype	   was	   dependent	   on	   the	  

spleen,	   possibly	   by	   the	   up-‐regulation	   of	   splenic	   erythropoiesis	   during	   infection.	  

Interestingly,	  investigation	  both	  in	  vivo	  and	  in	  vitro	  of	  the	  RBC	  intrinsic	  effects	  of	  altered	  

purine	   metabolism	   suggested	   that	   the	   high	   [GTP]	   in	   mutant	   cells	   favours	   greater	  

parasite	  growth.	  	  

Together,	   these	   findings	   suggest	   that	   AMPD3	   is	   not	   a	   strong	   candidate	   for	  

anti-‐malarial	  host-‐directed	  therapy.	  Although	  homozygous	  mutants	  exhibit	  an	  incredible	  

resistance	   to	   infection,	   it	   is	   caused	  by	   rapid	  RBC	   turnover.	  Recapitulating	   the	  effect	  of	  

the	   mutation	   in	   individuals	   with	   malaria	   could	   result	   in	   a	   similar	   increase	   in	   RBC	  

destruction,	   which	   is	   not	   desirable	   for	   a	   disease	   that	   can	   cause	   anaemia.	   However	  

further	   investigation	  of	   the	  heterozygous	  mutant	  phenotype	  may	   lead	   to	  new	  ways	   to	  

stimulate	   erythropoiesis	   during	   malaria	   infection,	   which	   could	   be	   of	   great	   benefit	   in	  

preventing	  individuals	  from	  developing	  severe	  anaemia.	  Of	  course	  such	  benefits	  would	  

also	  have	  to	  be	  weighed	  against	  the	  possibility	  that	  this	  therapy	  would	  also	  increase	  the	  

rate	  of	  parasite	  growth,	  which	  was	  the	  other	  prominent	  effect	  of	   this	  mutation	  against	  

rodent	  malaria	  strains	  tested.	  	  

	  

Another	  of	  the	  interesting	  findings	  from	  the	  Ampd3T689A	  study	  was	  that	  mutants	  exhibit	  

significantly	   increased	   gametocytogenesis	   during	   both	   P.	  chabaudi	   and	   P.	  berghei	  

infection.	  While	   the	   aim	   of	   this	   project	  was	   to	   identify	  HDT	   targets	   that	   could	   induce	  

parasite	  death,	  it	  is	  also	  important	  to	  consider	  the	  effects	  that	  these	  targets	  may	  have	  on	  

the	   sexual	   commitment	  of	   the	  parasite,	   particularly	  when	  aiming	   for	   a	   therapy	   that	   is	  

going	  to	  avoid	  the	  problem	  of	  spreading	  parasite	  resistance.	  	  Evidence	  from	  a	  number	  of	  

studies	  has	   shown	   that	   anti-‐malarials	   that	   increase	   the	   rate	  of	   gametocytogenesis	   can	  

contribute	   to	   the	  rapid	  spread	  of	  parasite	   resistance.	   	  For	  example,	   it	  has	  been	  shown	  

that	   both	   CQ	   treatment	   of	   CQ-‐resistant	   parasites	   20-‐22	   and	   sulfadoxin-‐pyramethamine	  
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(SP)	  treatment	  of	  SP	  resistant	  parasites	  23,	  significantly	  increases	  gametocytogenesis	  in	  

human	   infections,	   leading	   to	   preferential	   transmission	   of	   drug	   resistant	   strains.	  

Therefore,	  the	  impact	  that	  increased	  gametocytogenesis	  has	  on	  the	  suitability	  of	  AMPD3	  

as	   an	   HDT	   target	   will	   depend	   largely	   on	   whether	   the	   gametocytes	   observed	   in	  

Ampd3T689A	   are	   capable	  of	   replicating	  within	   the	  mosquito	   and	   therefore	   transmitting	  

parasites	  to	  a	  new	  host.	  If	  they	  are,	  this	  increased	  transmission	  may	  be	  a	  reason	  to	  avoid	  

AMPD3	   as	   an	   HDT	   target.	   However,	   understanding	   the	   basis	   for	   the	   stimulation	   of	  

gametocyte	  production	  in	  the	  AMPD3	  mutant	  line,	  and	  whether	  parasite	  differentiation	  

occurs	   normally,	   may	   provide	   important	   new	   insights	   into	   the	   process	   of	  

gametocytogenesis	   and	  possible	  new	   targets	   to	   interfere	  with	   the	  process.	   Such	  novel	  

strategies	   would	   undoubtedly	   be	   of	   great	   benefit	   in	   endemic	   areas	   where	   parasite	  

transmission	   is	   very	   high,	   and	   may	   also	   slow	   the	   spread	   of	   drug	   resistant	   parasite	  

strains.	  

	  

This	   thesis	   also	   investigated	   the	   mouse	   mutant	   line,	   Kcc1M935K.	   This	   mutation	   causes	  

dysregulation	  and	  activation	  of	  the	  K+	  and	  Cl-‐	  transporter	  KCC1,	  resulting	  in	  increased	  

efflux	  of	  K+	  from	  the	  RBC.	  Results	  here	  suggest	  that	  KCC1M953K	  mutation	  also	  results	  in	  

changes	   to	   the	   host	   response	   to	   malarial	   infection,	   particularly	   the	   experimental	  

cerebral	   malarial	   (ECM)	   induced	   by	   P.	  berghei	   infection.	   Central	   to	   these	   effects	   are	  

alterations	  to	  the	  immune	  system	  that	  correlate	  with	  in	   lower	  peripheral	  parasitaemia	  

and	   increased	   survival,	   however	   the	   exact	   mechanisms	   of	   the	   ECM	   resistance	   in	  

Kcc1M935K	  were	  unable	  to	  be	  determined.	  Nevertheless,	  unlike	  in	  Ampd3T689A,	  resistance	  

to	   rodent	   malaria	   in	   Kcc1M935K	   was	   not	   associated	   with	   any	   severe	   side	   effects,	  

suggesting	  that	  KCC1	  might	  provide	  a	  good	  target	  for	  host-‐directed	  therapy.	  CM	  is	  one	  of	  

the	  most	  severe	  complications	  of	  P.	  falciparum	  infection,	  with	  a	  case	  fatality	  rate	  as	  high	  

as	  18%	  in	  some	  regions	  66.	  Of	  those	  individuals	  who	  recover	  from	  CM,	  many	  suffer	  from	  

neurological	  sequelae	  such	  as	  ataxia,	  hemiplegia,	  epilepsy	  and	  blindness.	  Therefore,	  an	  

HDT	  that	  can	  both	  lower	  parasitaemia,	  and	  reduce	  the	  incidence	  of	  CM	  would	  be	  of	  great	  

benefit	  in	  reducing	  both	  morbidity	  and	  mortality	  associated	  with	  malaria	  infection.	  

	  Direct	   in	   vivo	   pharmacological	   activation	   of	   KCC1	   is	   difficult	   to	   achieve.	  

In	  vitro	   experiments	   have	   shown	   that	   KCC1	   can	   be	   activated	   by	   two	   compounds:	  

N-‐ethylmaleimide	  (NEM)	  and	  staurosporine	  377.	  However,	  neither	  of	  these	  compounds	  is	  

attractive	   as	   an	   HDT	   for	   use	   in	   vivo,	   as	   they	   are	   not	   specific	   to	   KCC1.	   NEM	   is	   an	  

irreversible	   inhibitor	   of	   all	   cystidine	   peptidases,	   and	   can	   block	   vesicular	   transport;	  

staurosporine	   is	   a	   broad	   spectrum	  protein	   kinase	   inhibitor.	   Therefore,	   this	   thesis	   has	  



	   127	  

investigated	  the	  possibility	  of	  activating	  KCC1	  indirectly	  through	  the	  kinase	  WNK3.	  WNK	  

kinases	   have	   been	   widely	   researched	   due	   to	   their	   known	   role	   in	   hypertension,	   and	  

several	  screens	  have	  identified	  inhibitors	  of	  WNK	  signalling	  that	  have	  had	  success	  both	  

in	  vitro	  and	  in	  vivo	  382,383.	  This	  suggests	  that	  WNK3	  may	  be	  an	  easily	  drugable	  target.	  	  	  It	  

remains	   to	   be	   seen	   if	   the	   WNK3	   knock-‐out	   mice	   generated	   in	   this	   study	   will	   be	   as	  

resistant	   to	  ECM	  as	  Kcc1M935K/M935K.	   If	   they	  are,	  WNK3	  will	  be	  a	  highly	  promising	  HDT	  

target.	  

	  

One	   of	   the	   most	   interesting	   observations	   of	   this	   study	   was	   that	   both	   mutations	  

investigated	  had	  multiple	  effects	  on	  the	  course	  of	   infection.	  It	   is	  tempting	  to	  think	  that	  

mutations	  altering	  the	  erythrocyte	  will	  purely	  affect	  the	  ability	  of	  the	  parasite	  to	  live	  and	  

grow	  within	  the	  cell.	   Indeed	  many	  ex	  vivo	  and	   in	  vitro	  studies	  with	  RBCs	  from	  humans	  

carrying	   protective	   polymorphisms	   have	   focused	   purely	   on	   invasion	   and	   growth	  

phenotypes.	   However,	   an	   obvious	   point	   from	   this	   work	   is	   that	   the	   effects	   of	   the	  

polymorphisms	  on	  malarial	  infection	  in	  vivo	  must	  also	  be	  considered.	  In	  some	  cases	  the	  

reasons	   for	   the	   resistance	   may	   be	   complex,	   and	   the	   impacts	   of	   the	   mutations	  

counterintuitive.	  Mutations	  may	   increase	  parasite	   growth,	   but	   at	   the	   same	   time	   cause	  

systemic	  changes	  that	  tip	  the	  balance	  in	  favour	  of	  the	  host	  and	  result	  in	  resistance.	  This	  

proved	   true	   for	   Ampd3T689A	   and	   further	   investigation	  may	   find	   that	   it	   is	   also	   true	   for	  

Kcc1M935K.	  	  	  

Many	   of	   the	   host	   polymorphisms	   known	   to	   provide	  malaria	   protection	   induce	  

similar	   alterations	   to	   the	   RBC,	   and	   this	   has	   lead	   researchers	   to	   speculate	   on	  whether	  

there	   might	   be	   common	   mechanisms	   of	   resistance	   amongst	   different	   red	   cell	  

polymorphisms.	   For	   example,	   some	   of	   the	   polymorphisms	   that	   cause	   increased	  

resistance	  to	  infection	  also	  cause	  RBCs	  to	  be	  smaller	  (hereditary	  spherocytosis,	  α-‐	  and	  β-‐

thalassaemia).	   	   Therefore,	   microcytosis	   has	   been	   postulated	   as	   a	   common	   cause	   of	  

resistance	   394.	   Similarly,	   increased	   oxidative	   stress	   is	   observed	   in	   each	   of	   the	  

haemoglobin	  disorders	   (HbS,	  HbE,	  HbC,	   and	  α-‐	  and	  β-‐thalassaemia)	  and	  has	   therefore	  

been	   proposed	   as	   a	   common	   mechanism	   behind	   the	   decreased	   parasite	  

invasion/growth	   observed	   in	   these	   individuals	   155,395.	   However,	   in	   this	   study,	  

microcytosis	   in	  Kcc1M935K	  was	   associated	  with	   equal	   rates	   of	   parasite	   survival,	   and	   in	  

Ampd3T689A	  increased	  levels	  of	  oxidative	  stress	  were	  associated	  with	  increased	  invasion	  

and	  growth.	  This	  demonstrates	  the	  danger	  of	  making	  generalisations	  about	  the	  causes	  of	  

resistance	   to	   infection,	   and	   highlights	   the	   importance	   of	   considering	   the	   systemic	  

changes	  that	  may	  be	  occurring	  alongside	  alterations	  to	  the	  RBC.	  	  
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In	   summary,	   the	   interactions	   between	   Plasmodium	   and	   the	   human	   host	   are	   complex.	  

The	   investigation	   undertaken	   here	   has	   given	   novel	   insight	   into	   some	   of	   the	   host	  

molecules	   that	   impact	   on	   the	   progression	   of	   the	   disease.	   Hopefully,	   through	   future	  

research,	  they	  will	  provide	  us	  a	  greater	  understanding	  of	  host-‐parasite	  interactions,	  and	  

new	  therapeutic	  avenues	  and	  even	  targets	  for	  host-‐directed	  therapy.	  	  
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Appendix	  A:	  Steady–state	  purine	  analysis	  of	  Ampd3T689A	  

Relative	   ratios	   (RR)	   of	   metabolites	   measured	   by	   HPLC/MS	   in	   mature	   RBCs	   of	   WT,	   Ampd3T689A/+	   and	  

Ampd3T689A/T689A	  (n=4).	  Bold	  indicates	  metabolites	  for	  which	  P<0.05.	  (-‐)	  Indicates	  where	  RR	  could	  not	  be	  

calculated	  because	  level	  of	  metabolite	  was	  too	  low	  to	  measure,	  or	  where	  level	  of	  metabolite	  was	  only	  high	  

enough	  to	  measure	   in	  1	  sample	  so	  P	  or	  SEM	  could	  not	  be	  calculated.	  P	  values	  were	  calculated	  using	  the	  

studen’t	  T	  test.	  	  

	  

	  
	  
	  
	  
	  
	  



	   155	  

	  
	  
	  
	  
	  
	  
	  
	  
	  

	  



	  156	  

Appendix	  B:	  Ethics	  Approvals	  



	   157	  



	  158	  

	  



	   159	  

	  



	  160	  

	  
	  
	  



	   161	  

	  
	  



	  162	  

Adapted from Form C (issued under part IV of the Animal Research Act, 1985) 
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as antimalarial therapeutic targets 
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(Approved November 2012, ratified at AEC 6 December 2012 meeting). 
2. Addition of Ju Wen Ian Loke as Associate Investigator (Approved Feb 2013, ratified March 2013) 
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