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ABSTRACT	  
This	   thesis	   aimed	   to	   define	   the	   role	   of	   reactive	   oxygen	   species	   (ROS),	  
produced	   by	   the	   NADPH	   oxidase	   of	   myeloid	   cells,	   in	   the	   regulation	   of	  
lymphocyte	   function	  with	   focus	   on	  ROS-‐induced	  dysfunction	   of	   natural	  
killer	   (NK)	   cells	   and	  T	   lymphocytes	   in	  myeloid	   leukemia.	   In	  Paper	   I,	   a	  
novel	   mechanism	   is	   presented	   by	   which	   specifically	   activated	   T	  
lymphocytes	   evade	   inactivation	   by	   ROS	   after	   antigen	   presentation.	  
Antigen-‐presenting	   dendritic	   cells	   were	   found	   to	   induce	   ROS-‐
neutralizing	  thiols	  on	  the	  surface	  of	  antigen-‐specific	  T	  cells,	  but	  not	  on	  T	  
cells	   that	   lacked	   antigen	   specificity.	   These	   findings	   may	   explain	   why	  
antigen-‐specific	   T	   cells	   remain	   viable	   under	   conditions	   of	   oxidative	  
stress.	   Paper	   II	   shows	   that	   subsets	   of	   leukemic	   cells	   recovered	   from	  
patients	  with	   acute	  myeloid	   leukemia	   (AML)	   produce	   and	   release	   ROS	  
via	   a	   membrane-‐bound	   NADPH	   oxidase,	   and	   that	   ROS-‐producing	  
leukemic	   cells	   initiate	   a	   PARP-‐1-‐dependent	   pathway	   of	   cell	   death	  
(parthanatos)	  in	  NK	  cells	  and	  T	  cells.	  The	  results	  presented	  in	  Paper	  III	  
demonstrate	   that	   treatment	   of	   AML	   patients	   with	   a	   NADPH	   oxidase	  
inhibitor	   (histamine	   dihydrochloride)	   was	   preferentially	   efficacious	  
among	  patients	  with	  monocytic	   leukemias	  (FAB	  classes	  M4	  and	  M5),	   in	  
which	   cells	   of	   the	   leukemic	   clone	   expressed	   a	   ROS-‐producing	   NADPH	  
oxidase	  and	  functional	  histamine	  H2	  receptors.	  The	  results	  presented	  in	  
Paper	   IV	   imply	   that	   malignant	   cells	   recovered	   from	   patients	   with	  
chronic	  myeloid	  leukemia	  utilize	  the	  ROS/PARP-‐1	  axis	  to	  induce	  NK	  cell	  
parthanatos	   and	   that	   PARP-‐1	   inhibition	   maintains	   functions	   of	   T	   cells	  
and	   NK	   cells	   under	   conditions	   of	   oxidative	   stress.	   Paper	   V	   aimed	   to	  
define	  the	  intracellular	  pathways	  of	  ROS-‐induced	  PARP-‐1	  activation	  with	  
ensuing	  cell	  death	  in	  lymphocytes.	  The	  results	  suggest	  that	  the	  mitogen-‐
activated	   protein	   kinase	   ERK1/2	   is	   involved	   in	   ROS-‐induced	   signal	  
transduction	  and	   that	  ERK1/2	   is	  activated	  upstream	  of	  PARP-‐1	   in	  ROS-‐
dependent	  lymphocyte	  parthanatos.	  

Keywords:	  Reactive	  oxygen	  species,	  NK	  cells,	  T	  cells,	  ROS,	  PARP-‐1,	  Acute	  
myeloid	  leukemia,	  AML,	  immunosuppression,	  immunotherapy	  
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SAMMANFATTNING	  PÅ	  SVENSKA	  
Flera	   av	   immunsystemets	   komponenter	   kan	   känna	   igen	   och	   destruera	  
cancerceller.	   Denna	   avhandling	   handlar	   om	  mekanismer	   som	   förklarar	  
varför	   immunsystemets	   celler,	   särskilt	   natural	   killer	   (NK)-‐celler	   och	   T-‐
lymfocyter,	  inaktiveras	  vid	  cancersjukdomar,	  och	  hur	  sådan	  kunskap	  kan	  
användas	  för	  mer	  effektiv	  terapi.	  	  	  

Tidigare	   studier	  har	   visat	   att	  defekt	  NK-‐	  och	  T-‐cellsfunktion	  vid	   cancer	  
ofta	  leder	  till	  kort	  överlevnad	  och	  ett	  snabbt	  sjukdomsförlopp.	  En	  av	  de	  
mekanismer	   som	   anses	   kunna	   förklara	   varför	  NK-‐celler	   och	  T-‐celler	   är	  
undertryckta	   vid	   cancer	   hänför	   sig	   till	  myeloiska	   cellers	   produktion	   av	  
syreradikaler,	   som	   bildas	   av	   enzymet	   NADPH-‐oxidas.	   Syreradikaler	  
frisätts	   extracellärt	   från	   t.ex.	   makrofager	   och	   granulocyter	   och	   är	  
betydligt	   mer	   toxiska	   för	   NK-‐celler	   och	   T-‐celler	   än	   för	   cancerceller.	   I	  
närvaro	   av	   radikaler	   inaktiveras	   därför	   NK-‐celler	   och	   T-‐celler	   effektivt	  
och	  dör	  i	  programmerad	  celldöd	  (apoptos).	  	  	  

I	   arbete	   I	   visas	   att	   antigenpresenterande	   celler	   (APC)	   kan	   utrusta	   T-‐
celler	   med	   tioler.	   Tioler	   är	   strukturer	   med	   förmåga	   att	   neutralisera	  
syreradikaler	   och	   som	   därmed	   förhindrar	   att	   T-‐celler	   inaktiveras	   i	  
vävnader	  med	  höga	  nivåer	  av	  syreradikaler.	  APC	  uppreglerar	  framförallt	  
tioler	  på	  T-‐celler	  som	  är	  specifika	  för	  det	  antigen	  som	  presenteras.	  Detta	  
fynd	   kan	   förklara	   varför	   antigenspecifika	   T-‐celler	   överlever	   och	   förblir	  
aktiva	  i	  inflammatorisk	  vävnad,	  som	  ofta	  innehåller	  syreradikalbildande	  
myeloiska	  celler.	  

Akut	  myeloisk	   leukemi	  (AML)	  är	  en	  heterogen	   form	  av	  blodcancer	  som	  
karaktäriseras	   av	   att	   maligna	  myeloida	   celler	   ansamlas	   i	   benmärg	   och	  
blod.	  I	  likhet	  med	  många	  andra	  cancersjukdomar	  är	  defekt	  funktion	  hos	  
NK-‐celler	   och	   T-‐celler	   vanligt	   vid	   AML,	   vilket	   korrelerar	   med	   sämre	  
prognos.	  I	  arbete	  II	  beskrivs	  en	  ny	  mekanism	  för	  immunsuppression	  vid	  
AML.	  Resultaten	  visar	  att	  vissa	  typer	  av	  AML-‐celler	  (mogna	  monocytära	  
celler)	   inducerar	   celldöd	   i	   NK-‐celler	   och	   T-‐celler.	   Dessa	   subtyper	   av	  
AML-‐celler	   tillhör	   kategorierna	   FAB-‐M4	   och	   FAB-‐M5	   enligt	   French-‐
American-‐British	  (FAB)-‐klassifikationen,	  som	  är	  ett	  system	  för	  indelning	  
av	   AML	   främst	   baserat	   på	   de	   leukemiska	   cellernas	   morfologi.	   Vidare	  
visas	   att	   immunsuppressionen	   orsakas	   av	   syreradikalproduktion	   via	  
NADPH–oxidaset,	   som	  uttrycks	  av	  de	  maligna	  cellerna.	  För	  att	  klargöra	  
om	  detta	  fynd	  kan	  ha	  klinisk	  signifikans	  genomfördes	  en	  post	  hoc-‐analys	  
av	  resultaten	  från	  en	  fas	  III-‐studie	  av	  NADPH-‐oxidashämmaren	  histamin-‐



dihydroklorid	   (HDC)	   i	   kombination	   med	   den	   immunstimulerande	  
cytokinen	   IL-‐2.	   Behandlingen	   ges	   för	   att	   stimulera	   NK-‐	   och	   T-‐cellers	  
funktion	   (IL-‐2	   komponenten)	   samtidigt	   som	   dessa	   celler	   skyddas	   från	  
syreradikalinducerad	  apoptos	  (HDC	  komponenten).	  Resultaten	   talar	   för	  
att	  behandling	  med	  HDC/IL-‐2	  effektivt	   förebygger	  återfall	   i	   leukemi	  vid	  
monocytär	   AML,	   dvs.	   FAB-‐M4	   och	   FAB-‐M5,	  men	   inte	   vid	   FAB-‐M2-‐AML	  
(arbete	   III).	   Parallellt	   genomfördes	   analyser	   av	   histaminreceptorers	  
förekomst	   på	   maligna	   celler	   från	   FAB-‐typer	   av	   AML.	   Dessa	   analyser	  
visade	  att	  funktionella	  histaminreceptorer	  uttrycks	  av	  FAB-‐M4-‐	  och	  FAB-‐
M5-‐celler,	  men	  inte	  av	  FAB-‐M2-‐celler.	  	  

Radikalinducerad	  celldöd	  i	   lymfocyter	  har	  tidigare	  visats	  vara	  beroende	  
av	   DNA-‐reparationsenzymet	   PARP-‐1.	   Genom	   att	   blockera	   PARP-‐1	   kan	  
radikalinducerad	  celldöd	  i	  T-‐celler	  och	  NK-‐celler	  förhindras.	  I	  arbete	  IV	  
visas	   att	   CML-‐celler	   (maligna	   neutrofiler)	   inducerar	   celldöd	   i	   NK-‐celler	  
via	  samma	  ROS/PARP-‐1-‐beroende	  mekanism	  som	  FAB-‐M4-‐	  och	  FAB-‐M5-‐
celler.	   Detta	   arbete	   visar	   också	   att	   lymfocyter	   som	   behandlas	   med	   en	  
PARP-‐1-‐inhibitor	   förblir	   funktionella	   i	  närvaro	  av	  toxiska	  syreradikaler.	  
Arbete	   V	   visar	   att	   det	   intracellulära	   kinaset	   ERK1/2	   aktiveras	  
uppströms	   om	   PARP-‐1,	   och	   att	   lymfocyter	   skyddas	   från	  
immunsuppressiva	   syreradikaler	   vid	   blockering	   av	   denna	  
signaleringsväg.	  
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1 PREFACE	  AND	  AIM	  
AML	   is	   characterized	   by	   rapid	   expansion	   of	   myeloid	   cells	   in	   bone	  
marrow	   and	   blood,	   and	   the	   disease	   is	   fatal	   if	   not	   promptly	   treated.	   At	  
diagnosis,	   patients	   receive	   induction	   chemotherapy	   to	   eradicate	  
leukemic	  cells.	  After	  the	  achievement	  of	  complete	  remission	  (CR),	  which	  
occurs	   in	   most	   patients,	   additional	   courses	   of	   chemotherapy	  
(consolidation)	  are	  administered	  aiming	   to	  eradicate	   residual	   leukemic	  
cells	  and	  thus	  maintain	  CR.	  The	  long-‐term	  prognosis	  is,	  however,	  dismal	  
with	  only	  20-‐25%	  of	  patients	  remaining	  in	  life-‐long	  CR,	  and	  a	  significant	  
explanation	   to	   the	   poor	   long-‐term	   prognosis	   is	   the	   high	   frequency	   of	  
relapse	  among	  patients	  who	  have	  achieved	  CR	  [1-‐4].	  	  

The	   success	   of	   allogeneic	   stem	   cell	   transplantation	   (allo-‐SCT)	   for	   high-‐
risk	  AML	  patients	  along	  with	  the	  finding	  that	  grafted	  T	  cells	  and	  NK	  cells	  
eradicate	  leukemic	  cells	  have	  inspired	  immunotherapeutical	  approaches	  
for	  patients	  who	  are	  not	  eligible	  for	  allo-‐SCT	  [5].	  Such	  immunotherapy	  is	  
more	  likely	  to	  be	  successful	  in	  CR,	  after	  the	  completion	  of	  chemotherapy,	  
when	   patients	   may	   harbor	   a	   small,	   yet	   life-‐threatening	   burden	   of	  
leukemic	  cells.	  The	  expectations	  of	  success	  have	  been	  high	  as	  significant	  
evidence	   points	   towards	   a	   clinically	   meaningful	   anti-‐leukemic	   effect	  
exerted	  by	  both	  of	  these	  lymphocyte	  subsets.	  [6].	  	  

A	  critical,	  and	  often	  overlooked,	  hurdle	  in	  the	  development	  of	  efficacious	  
immunotherapy	   in	   AML	   is	   the	   immune	   dysfunction	   often	   observed	   in	  
patients	   [7].	   Immune	   cells	   in	   cancer	   patients,	   including	   those	   with	  
hematological	   cancers,	   are	   thus	   frequently	   in	   a	   suppressed	   stage	   and	  
numerous	  mechanisms	  explaining	  this	  functional	  impairment	  have	  been	  
described.	  One	  such	  mechanism	  is	  the	  production	  and	  release	  of	  reactive	  
oxygen	  species	  (ROS)	  by	  myeloid	  cells.	  These	  toxic	  derivatives	  of	  oxygen	  
efficiently	  inactivate	  pivotal	  elements	  of	  cell-‐mediated	  immunity	  against	  
leukemic	  cells,	  including	  NK	  cells	  and	  T	  lymphocytes.	  

In	   2008,	   immunotherapy	   combining	   histamine	   dihydrochloride	   (HDC)	  
and	   interleukin-‐2	  (IL-‐2)	  was	  approved	  as	  relapse-‐preventive	   treatment	  
in	  AML	  patients	  below	  60	  years	  of	  age	   in	  their	   first	  CR.	  The	  purpose	  of	  
this	   combination	   treatment	   is	   to	   depress	  myeloid	   cell	   ROS	   production	  
through	  HDC	  –	  thus	  protecting	  cytotoxic	  lymphocytes	  from	  inactivation	  -‐	  
and	  simultaneously	  activate	  cytotoxic	  lymphocytes	  by	  means	  of	  IL-‐2	  [8].	  



Mechanisms of leukemia-induced immunosuppression 

2 

This	   thesis	   aimed	   to	   define,	   with	   a	   translational	   approach,	   the	  
mechanisms	   and	   relevance	   of	   ROS-‐dependent	   immunosuppression	   in	  
leukemia,	   including	   the	   putative	   role	   of	   ROS	   production	   by	   malignant	  
myeloid	  cells.	  Also,	  the	  intracellular	  mechanisms	  that	  effectuate	  the	  toxic	  
properties	   of	   ROS	   in	   lymphocytes	   have	   been	   investigated.	   The	   results	  
point	  to	  a	  novel	  mechanism	  by	  which	  leukemic	  cells	  evade	  cell-‐mediated	  
immunity	   and	   novel	   strategies	   to	   improve	   the	   effectiveness	   of	   cancer	  
immunotherapy.	  
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2 INTRODUCTION	  

2.1 Hematopoiesis	  
Hematopoiesis	   refers	   to	   the	   development	   of	   blood	   cells	   and	   platelets.	  	  
This	   is	   a	   highly	   hierarchical	   process	   that	   starts	   with	   a	   hematopoietic	  
stem	   cell	   (HSC)	   with	   self-‐renewal	   capacity	   and	   ends	   in	   highly	  
differentiated	   cells	   with	   no	   self-‐renewal	   and	   limited	   proliferative	  
capacity	   [9,	   10].	   Hematopoiesis	   occurs	   in	   bone	   marrow	   (BM)	   and	   the	  
products	   are	   red	   blood	   cells	   (erythrocytes),	   platelets	   (thrombocytes)	  
and	  white	  blood	   cells	   (leukocytes).	  Erythrocytes	  and	   thrombocytes	  are	  
homogenous	   entities	   whilst	   leukocytes	   are	   heterogeneous	   comprising	  
many	  cell	  subsets.	  In	  Figure	  1,	  a	  simplified	  illustration	  of	  hematopoiesis	  
is	  shown.	  	  

Figure	   1.	   Schematic	   illustration	   of	   human	   hematopoiesis.	   Maturation	   stages	   of	  
AML	   cells	   are	   indicated	   based	   on	   FAB	   classifications	   (M0-‐M5).	   Yellow	   and	   blue	  
squares	   indicate	   monocytic	   and	   granulocytic	   differentiation,	   respectively.	   Grey	  
square	  shows	  progenitor	  cells	  without	  established	  differentiation.	  	  
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2.2 Innate	  and	  adaptive	  immunity	  
Upon	  confrontation,	  the	  immune	  system	  responds	  as	  a	  two-‐stage	  rocket	  
involving	   both	   innate	   and	   adaptive	   immunity.	   When	   challenged,	   the	  
innate	   immune	   cells	   launch	   an	   immediate	   response	   followed	   by	   a	  
slower,	  pathogen-‐specific	  response	  by	  adaptive	  immune	  cells	  [11-‐13].	  	  

Innate	  immunity	  is	  also	  referred	  to	  as	  intrinsic	  or	  natural	  immunity	  and,	  
as	   the	   name	   suggests,	   innate	   immune	   cells	   are	   present	   and	   functional	  
from	  birth.	  Cellular	  components	  of	   innate	   immunity	  are	  either	  myeloid	  
or	   lymphoid,	   comprising	   neutrophils,	   monocytes,	   dendritic	   cells,	  
basophils,	   eosinophils	   and	   NK	   cells	   [14]	   and	   their	   responses	   are	  
triggered	   through	   germline	   receptors,	   such	   as	   natural	   cytotoxicity	  
receptors	   (NCRs)	   and	   toll-‐like	   receptors	   (TLRs),	   which	   recognize	  
conserved	   structures	   [11,	   15-‐17].	   Innate	   immune	   responses	   are	  
sometimes	  described	  as	  unspecific	  [11,	  18],	  originating	  from	  the	  notion	  
that	  innate	  immune	  cells	  do	  not	  adapt	  to	  the	  pathogen.	  This	  is,	  however,	  
a	   simplistic	   view:	   receptors	   of	   innate	   immunity	   are	  highly	   specific	   and	  
recent	   studies	   have	   highlighted	   the	   existence	   of	   memory	   functions	   in	  
innate	  immunity,	  indicating	  an	  adaptive	  potential	  [19-‐21].	  For	  example,	  
activated	  NK	  cells	  may	  differentiate	  into	  memory	  NK	  cells	  and	  localize	  to	  
the	   sinusoid	   of	   the	   liver.	   When	   the	   host	   is	   re-‐exposed	   to	   the	   antigen	  
memory	  NK	  cells	  mediate	  a	  fast	  and	  specific	  response	  [19,	  22].	  

The	  adaptive	   immune	   response	   is	   fundamentally	  different	   from	   that	  of	  
the	   innate	   immune	   system	   and	   mediated	   by	   B	   and	   T	   cells.	   Adaptive	  
immune	   responses	   are	   tuned	   to	   target-‐specific	   structures	   present	   on	  
infected	   and	   transformed	   cells	   through	   numerous	   different	   variants	   of	  
the	  T	  cell	  and	  B	  cell	  receptor	  [23].	  Because	  of	  the	  need	  for	  activation	  and	  
clonal	   expansion	   of	   specific	   immune	   cells,	   initial	   adaptive	   immune	  
responses	  are	  slower	  [24].	  However,	  upon	  re-‐stimulation	  with	  the	  same	  
pathogen	  immune	  response	  will	  be	  swift	  as	  a	  result	  of	  adaptive	  memory	  
functions	  [25-‐27].	  	  

2.2.1 NK	  cells	  
Natural	  killer	  (NK)	  cells	  are	  lymphoid	  effector	  cells	  of	  the	  innate	  immune	  
system	   that	   recognize	   foreign	  and	   transformed	  cells	   [16,	  28].	  Although	  
several	  investigators	  have	  claimed	  inventorship	  regarding	  the	  discovery	  
of	   NK	   cells	   [29-‐31],	   Rolf	   Kiessling	   and	   co-‐workers	   at	   the	   Karolinska	  
Institute	  were	   among	   the	   first	   to	   characterize	   these	   cells	   in	   1975	   [29,	  
30],	   showing	   that	   cells	   from	   mice	   spleen	   would	   kill	   leukemic	   cells	  
without	  prior	  sensitization.	  	  Kiessling	  concluded	  one	  of	  the	  first	  articles	  
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on	  the	  subject	  of	  NK	  cells	  by	  stating:	  	  
	  
“It	   would	   thus	   seem	   fair	   to	   state	   that	   the	   present	   “spontaneous”	  
anti-‐Moloney	   leukemia	   killer	   cell	   does	   represent	   a	   new,	   previously	  
undefined	  cytotoxic	  cell.	  It	  now	  remains	  to	  establish	  what	  biological	  
meaning	  and	  significance,	  if	  any,	  this	  cell	  type	  has.”	  

	  
As	  it	  turned	  out,	  the	  killer	  cell	  did	  have	  a	  biological	  significance	  and	  even	  
now,	  the	  full	  potential	  of	  the	  NK	  cell	  is	  not	  fully	  understood.	  Klas	  Kärre,	  
then	  a	  student	   in	  Kiessling’s	   laboratory,	  presented	  the	  first	  piece	  of	  the	  
puzzle	   as	   the	   non-‐self	   hypothesis	   in	   his	   thesis	   in	   1981	   [32-‐34].	   In	   his	  
concluding	  remarks	  Kärre	  writes	  :	  
	  
“…NK-‐mediated	   (“inquisitional”)	   defence	   has	   the	   potential	   to	   bind	  
and	  prosecute	  a	  variety	  of	  cells	  in	  the	  body,	  and	  will	  rapidly	  execute	  
if	  the	  suspect	  fails	  to	  provide	  sufficient	  evidence	  for	  “non	  guilty”	  i.e.	  
class	  I	  molecules	  of	  the	  self	  MHC.”	  [32]	  
	  

This	  hypothesis	  still	  holds	  true	  and	  is,	  in	  brief,	  explained	  as	  a	  theory	  that	  
NK	   cells	   will	   recognize	   absence	   of	   normal	   cell	   surface	   structures,	   i.e.	  
non-‐self	  [34-‐36].	  	  
	  
Morphologically,	   NK	   cells	   are	   large	   granular	   lymphocytes	   that	   express	  
many	   lymphoid	   cells	   surface	  markers.	   NK	   cells	   are	   broadly	   defined	   as	  
CD3-‐	  CD56+	   lymphocytes	  and	  comprise	  around	  5	  –	  15	  %	  of	  peripheral	  
blood	   mononuclear	   cells	   (PBMC)	   in	   healthy	   individuals	   [28,	   37].	   The	  
classification	   as	   a	   cellular	   component	   of	   the	   innate	   immune	   system	   is	  
based	   on	   the	   fact	   that	   NK	   cells	   lack	   recombination	   activating	   genes	  
(RAG)-‐dependent	  antigen	  specific	  receptors	  [13,	  16].	  However,	  there	  are	  
reports	  that	  NK	  cells	  share	  many	  traits	  of	  adaptive	  immune	  cells	  such	  as	  
memory	   function	   [19,	   22]	   and	   education	   followed	   by	   selection	   during	  
development	  [38].	  	  

Activation	  
T,	  B	  and	  NK	  cells	  originate	   from	  a	  common	   lymphoid	  progenitor	   (CLP)	  
cell	   (Figure	   1)	   [39].	   Similar	   to	   T	   cells,	   NK	   cells	   develop	   in	   the	   bone	  
marrow	  but	  do	  not	  require	  migration	  to	  the	  thymus	  for	  maturation	  and	  
education.	  Instead,	  these	  processes	  have	  been	  suggested	  to	  take	  place	  in	  
secondary	   lymphoid	   tissues	   [28,	  40].	   Ligand	   interaction	  with	  killer	   cell	  
immunoglobulin-‐like	   receptor	   (KIR)	   ligands	   is	   imperative	   for	   NK	   cell	  
education	   [41,	  42]	  and	  absence	  of	  correct	  KIR	   ligands	  renders	  NK	  cells	  
hyporesponsive	   [43,	   44].	   Hyporesponsive	   or	   anergic	   NK	   cells	   are	   also	  
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referred	  to	  as	  unlicensed.	  In	  contrast,	  engagement	  of	  several	  KIRs	  during	  
education	  leads	  to	  increased	  responsiveness	  [42].	  NK	  cells	  are	  divided	  in	  
two	   subsets,	   the	   CD56dim	   cells,	   originally	   described	   primarily	   as	   a	  
cytotoxic	   effector	   cell	  with	   potential	   to	   spontaneously	   lyse	   target	   cells,	  
and	   the	   CD56bright	   cells,	   described	   as	   cytokine	   producing	   NK	   cells	   [45,	  
46].	   However,	   the	   CD56dim	   cells	   also	   produce	   immunomodulating	  
cytokines	   and	   chemokines,	   predominantly	   as	   a	   consequence	   of	   target	  
cell	  recognition	  [47,	  48].	  

After	  completed	  education	  and	  selection,	  CD56dim	  NK	  cell	  cytotoxicity	  is	  
regulated	  by	  a	  system	  of	  activating	  and	  inhibitory	  signals.	  At	  steady	  state	  
there	   is	   equilibrium	   between	   activating	   signals	   and	   inhibitory	   signals	  
[49-‐52]	   and	   upon	   interaction	   with	   a	   potential	   target	   cell	   the	   balance	  
between	   these	   signals	   will	   determine	   the	   fate	   of	   the	   target	   cell	   [49].	  
Activating	  signals	  are	  conveyed	  through	  an	  array	  of	  activating	  receptors,	  
such	   as	   CD16,	   NKp30,	   NKp44,	   NKp46	   and	   NKG2D	   among	   others.	   The	  
most	  important	  family	  of	  inhibitory	  receptors	  is	  the	  KIR	  receptor	  family,	  
recognizing	   HLA	   class	   I	   molecules.	   Transformed	   and	   infected	   cells	  
modulate	   NK	   cell	   activity	   by	   expressing	   abnormal	   levels	   of	   ligands	  
resulting	  in	  activation	  or	  inhibition	  of	  NK	  cell	  activity	  [16,	  53-‐57].	  	  	  

Function	  
By	   the	  production	  and	  release	  of	   toxic	   substances,	   such	  as	  granzyme	  B	  
and	   perforin,	   or	   ligation	   of	   death	   receptors,	   NK	   cells	   induce	   death	   in	  
target	  cells	  [28,	  58,	  59].	  Apart	  from	  being	  important	  cytotoxic	  cells	  of	  the	  
innate	  immune	  system,	  NK	  cells	  play	  an	  important	  role	  as	  regulators	  of	  
immune	   response	   [60,	   61].	   	   The	   immunoregulatory	   effects	   of	   NK	   cells	  
are	  mediated	   through	   two	  main	  mechanisms,	   cytokine	   production	   and	  
cytotoxicity.	   Cytokine	   production	   includes	   proinflammatory	   (IFN-‐γ,	  
TNF-‐α)	   and	   immunosuppressive	   cytokines	   (IL-‐10),	   chemokines	   (IL-‐8,	  
MIP-‐1α/β,	   RANTES),	   growth	   factors	   [granulocyte	   macrophage	   colony-‐
stimulating	   factor	   (GM-‐CSF),	   and	   granulocyte	   colony-‐stimulating	   factor	  
(G-‐CSF)]	  [12].	  	  

NK	   cell	   cytotoxicity	   has	   been	   ascribed	   the	   ability	   to	   shape	   immune	  
responses	  in	  a	  variety	  of	  settings.	  Reported	  dampening	  of	  CD8	  responses	  
in	   LCMV-‐infected	   mice,	   possibly	   by	   perforin-‐dependent	   killing	   of	  
cytotoxic	  CD8+	  T	  cells	   [62],	  selective	  killing	  of	   immature	  DCs	  (iDCs)	  via	  
the	   NKp30	   activating	   receptor	   [63]	   and	   terminating	   inflammatory	  
reactions	   by	   triggering	   NKp46-‐dependent	   neutrophil	   apoptosis	   [64].	  	  
Interestingly,	  NK	  cell	  interactions	  with	  DCs	  may	  also	  result	  in	  reciprocal	  
activation	   promoting	   DC	   antigen	   presentation	   and	   development	   of	  
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adaptive	   T	   cell	   responses.	   Together,	   the	   different	   immune-‐modulating	  
properties	   of	   NK	   cells	   are	   considered	   to	   constitute	   a	   bridge	   between	  
innate	  and	  adaptive	  immunity	  [12,	  28,	  65].	  

2.2.2 T	  cells	  
Unlike	  NK	  cells,	  T	  cells	  belong	  to	  the	  adaptive	  immune	  system.	  They	  are	  
produced	   in	   BM	   and	   subsequently	   relocalize	   to	   the	   thymus	   where	  
education	   and	   selection	   ensues	   through	   a	   system	   of	   antigen	   and	   “self”	  
presentation	  [66,	  67].	  T	  cells	  are	  divided	  into	  two	  main	  groups,	  T	  helper	  
cells	   (Th)	   and	   cytotoxic	   T	   cells	   (CTLs).	   T	   helper	   cells	   are	   CD4+	   T	   cells	  
with	   immune-‐modulating	   properties,	   shaping	   the	   immune	   response	  
towards	   either	   a	   cellular	   (Th1),	   humoral	   (Th2)	  or	  Th17	   response	   [68].	  
CTLs	   are	   cytotoxic	   CD8+	   T	   cells	   with	   ability	   to	   lyse	   target	   cells	   using	  
mediators	  of	  cytotoxicity	  similar	  to	  those	  utilized	  by	  NK	  cells	  [69].	  	  

Regulatory	  T	  cells	  (TREG)	  are	  CD4+	  inhibitory	  T	  cells	  defined	  by	  their	  high	  
expression	  of	  high	  affinity	  IL-‐2	  receptor	  (CD25)	  and	  transcription	  factor	  
Foxp3.	   TREGs	   suppress	   immune	   function	   by	   secretion	   of	   suppressive	  
cytokines	  (IL-‐10	  and	  TGF-‐β),	  consumption	  of	  IL-‐2	  and	  expression	  of	  PD-‐
L1	   and	   CTLA-‐4	   [70-‐72].	   This	   cell	   type	   is	   highly	   dependent	   on	   IL-‐2,	  
traditionally	   seen	   as	   an	   immunostimulatory	   cytokine,	   and	  will	   expand	  
following	  IL-‐2	   immunotherapy	  [73].	   	  This	   fact	  was	  recently	  explored	   in	  
patients	   with	   chronic	   graft-‐versus-‐host	   disease	   (GvHD),	   a	   T	   cell-‐
dependent	   complication	   after	   hematopoietic	   stem	   cell	   transplantation.	  
Administration	   of	   low-‐dose	   IL-‐2	   reduced	   manifestations	   of	   GvHD,	  
presumably	  by	  inducing	  expansion	  of	  TREGS	  [74].	  

T	  cell	  receptor	  
The	  hallmark	  of	  the	  T	  cell	  is	  the	  RAG-‐dependent	  specific	  T	  cell	  receptor	  
(TCR).	  The	  unique	   recombination	   feature	  of	  RAGs	  enables	  an	   immense	  
number	  of	  distinct	  TCR	  specificities	  [23].	  

The	  T	  cell	  receptor	  (TCR)	  is	  a	  heterodimer	  consisting	  of	  one	  α-‐chain	  and	  
one	   β-‐chain.	   	   Both	   chains	   contain	   a	   constant	   region	   and	   a	   variable	  
region,	  similar	  to	  an	  immunoglobulin.	  The	  constant	  region,	  referred	  to	  as	  
Cα	   and	   Cβ	   in	   α-‐	   and	   β-‐chains,	   respectively,	   is	   anchored	   to	   the	   plasma	  
membrane	  while	  the	  variable	  region	  (Vα	  and	  Vβ)	  binds	  to	  the	  MHC	  and	  
the	  antigen	  it	  presents	  [75].	  	  

T	  cell	  activation	   	  
MHC	  class	  I	  and	  II	  have	  similar	  function	  and	  	  present	  antigen	  to	  CD8+	  and	  
CD4+	  T	  cells,	  respectively	  [76,	  77].	  MHC	  I	  is	  present	  on	  all	  nucleated	  cells,	  
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displaying	  peptides	   from	  cytosolic	  and	  nuclear	  proteins	   that	  have	  been	  
degraded	  and	  processed	  by	  proteasomes	  [77].	  	  In	  this	  way,	  every	  MHC	  I-‐
expressing	   cell	   presents	   “self”	   peptides	   on	   the	   cell	   surface	   that	   CD8+	  T	  
cells	   monitor	   [76].	   MHC	   II,	   on	   the	   other	   hand,	   displays	   peptides	  
processed	  from	  endocytosed	  extracellular	  proteins	  to	  CD4+	  T	  cells.	  This	  
process	   is	   carried	   out	   by	   antigen-‐presenting	   cells	   (APCs)	   such	   as	  
monocyte/macrophages,	   B	   cells	   or	   dendritic	   cells,	   and	   the	   displayed	  
proteins	  may	   originate	   from	   pathogens,	   toxins	   or	   foreign/transformed	  
cells.	  	  

Binding	   of	   the	   TCR	   to	   a	   peptide,	   presented	   by	  MHC	   II	   on	   APCs,	   along	  
with	  co-‐stimulatory	  signals,	   such	  as	  CD80/86	  –	  CD28	  signaling,	   lead	   to	  
activation	   and	   expansion	   of	   T	   helper	   cells	   [76,	   77].	   MHC	   class	   I	  
presentation	   of	   endocytosed	   peptides	   by	   APCs	   to	   CTLs	   in	   conjunction	  
with	   co-‐stimulatory	   signals	   results	   in	   CD8+	   T	   cell	   activation	   [78],	   a	  
process	  known	  as	  cross-‐presentation	  [79].	  

Function	  
The	   role	  of	   the	  CD4+	  T	  helper	   cell	   is	  distinct	   from	   that	  of	   the	   cytotoxic	  
CD8+	  T	  cell.	  In	  brief,	  upon	  activation	  of	  CD4+	  T	  cells,	  the	  cytokine	  milieu	  
regulates	  whether	  the	  response	  will	  be	  driven	  towards	  a	  cellular	  (Th1),	  
humoral	  (Th2)	  or	  Th17	  response	  [80].	  The	  function	  of	  the	  T	  helper	  cell	  is	  
to	   modulate	   and	   assist	   immune	   responses.	   The	   responsibility	   of	  
activated	  CD8+	  T	  cells	   is	   to	  monitor	   the	  host	  and	   lyse	  cells	   that	  express	  
antigens	   as	   determined	   by	   their	   TCR	   specificity.	   CD8+	   T	   cell-‐mediated	  
cell	   lysis	   is,	   much	   like	   the	   NK	   cell,	   mediated	   through	   the	   release	   of	  
perforin	   and	   granzyme	  B,	   Fas-‐ligand	   (FasL)	   interaction	   or	   TNF-‐related	  
apoptosis	  inducing	  ligand	  (TRAIL)	  [58,	  69,	  81].	  

2.2.3 Monocytes	  
Monocytes	   are	   the	   largest	   leukocyte	   to	   circulate	   the	   body.	   They	   are	   of	  
myeloid	  origin,	  up	  to	  roughly	  20µm	  in	  diameter	  and	  comprising	  around	  
5-‐15%	   of	   circulating	   leukocytes.	   They	   have	   an	   agranular	   cytoplasm,	  
kidney	   shaped	   nucleus	   and	   express	   myeloid	   surface	   antigens	   such	   as	  
CD33	  and	  CD14,	  among	  others.	  	  

Function	  
In	   circulation,	   monocytes	   are	   not	   terminally	   differentiated	   and	   will	  
further	   differentiate	   into	   macrophages	   and	   subsets	   of	   dendritic	   cells	  
upon	   entry	   into	   peripheral	   tissues	   [82-‐84].	   In	   some	   tissues,	  
macrophages	  are	  designated	  tissue-‐specific	  names	  such	  as	  Kuppfer	  cells	  
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(liver),	   Langerhans	   cells	   (skin),	   microglia	   (CNS)	   or	   osteoclasts	   (bone),	  
also	   known	   as	   histiocytes	   [11].	   Monocytes	   and	   DCs	   originate	   from	   a	  
common	  precursor,	   the	  macrophage	   and	  DC	   progenitor	   (MDP)	   (Figure	  
1).	  	  

Monocytes	  in	  circulation	  react	  to	  cell	  surface	  molecules	  on	  the	  capillary	  
endothelium	   and	   migrate	   into	   surrounding	   tissues	   following	  
inflammation	   or	   infection	   [83,	   85].	   In	   peripheral	   tissues,	   monocytes	  
execute	  several	  tasks	  such	  as	  eradication	  of	  pathogens,	  phagocytosis	  and	  
clearance	   of	   dead	   cells	   as	   well	   as	   regulating	   immune	   responses	   by	  
secretion	  of	  anti-‐	  and	  pro-‐inflammatory	  compounds	  [83].	  	  

NADPH	  oxidase	  
A	   central	   component	   of	   the	   monocyte	   and	   macrophage	   killing	  
mechanism	   is	   the	   formation	   and	   release	   of	   reactive	   oxygen	   species	  
(ROS)	   in	   a	   process	   referred	   to	   as	   oxidative	   burst	   [86-‐88].	   ROS	   are	  
generated	  by	  the	  NADPH	  oxidase,	  a	  multi-‐unit	  enzyme	  consisting	  of	  the	  
membrane-‐bound	  subunits	  gp91phox	  and	  p22phox,	  together	  with	  cytosolic	  
p40phox,	  p47phox	  and	  p67phox	  [89]	  (Figure	  2).	  The	  oxidase	  is	  assembled	  to	  
produce	   either	   intra-‐	   or	   extracellular	   oxygen	   radicals	   [86]	   and	   is	  
triggered	   by	   bacterial	   or	   viral	   products	   [90-‐92].	   Upon	   assembly,	   the	  
NADPH	   oxidase	   generates	   superoxide	   anion	   (O2°-‐)	   by	   transfer	   of	  
electrons	  to	  02	  molecules[93],	  which	  is	  promptly	  converted	  to	  hydrogen	  
peroxide	  (H2O2)	  and	  other	  oxidants	  [83,	  88,	  91].	  	  

Figure 2. Membrane-bound NADPH oxidase on myeloid cell. 	  
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In	   addition	   to	   being	   pivotal	   mediators	   of	   bacterial	   killing,	   monocyte-‐
derived	   ROS	   have	   potent	   immunosuppressive	   traits	   connected	   to	  
lymphocyte	  dysfunction	  and	  cell	  death	  [94-‐103]	  as	  well	  as	  conditions	  of	  
autoimmunity	   [104-‐107].	   This	   will	   be	   further	   discussed	   under	   the	  
section	  2.5	  Immunosuppression.	  

2.2.4 Dendritic	  cells	  
Dendritic	  cells	  are	  antigen-‐presenting	  cells	  (APCs)	  of	  the	  innate	  immune	  
system	   responsible	   for	   activating	   components	   of	   the	   immune	   system	  
upon	   infection	   or	   malignancies	   [108].	   In	   1973,	   Ralph	   Steinman	  
described	   the	   pivotal	   role	   of	   dendritic	   cells	   at	   a	   conference	   in	   Leiden	  
[108,	   109].	   Steinman	   demonstrated	   that	   DCs	   were	   essential	   for	   CTL	  
responses	   in	  mouse	   and	   human,	   establishing	   the	   DC	   as	   a	   fundamental	  
component	  for	  mounting	  an	  adaptive	  immune	  response;	  an	  achievement	  
for	  which	  he	  was	  later	  rewarded	  the	  Nobel	  price.	  

Function	  
APCs	  will	  endocytoze	  exogenous	  proteins	  and	  present	  peptides	   thereof	  
on	   MHC	   class	   II	   molecules	   for	   recognition	   by	   CD4+	   T	   helper	   cells.	  
Presentation	  of	  a	  peptide	  will	  lead	  to	  the	  proliferation	  and	  activation	  of	  
antigen-‐specific	   T	   cells.	   Apart	   from	  DCs,	   B	   cells	   and	  macrophages	   also	  
have	   capacity	   to	   present	   peptides	   on	  MHC	   II	   molecules	   [110,	   111].	   In	  
addition,	   DCs	   have	   a	   unique	   ability	   to	   present	   exogenously	   derived	  
peptides	   on	   MHC	   class	   I	   molecules	   to	   CD8+	   T	   cells	   by	   a	   mechanism	  
known	   as	   cross-‐presentation	   [79].	   Dendritic	   cells	   can	   thus	   present	  
foreign	  peptides	  to	  both	  CD4+	  and	  CD8+	  T	  cells.	  	  

The	   principal	   function	   of	   DCs	   is	   to	   facilitate	   the	   initiation	   of	   T	   cell	  
immunity.	   Not	   only	   do	   T	   cells	   need	   to	   recognize	   antigens	   that	   are	  
present	   on	   a	   small	   fraction	   of	   cells	   located	   anywhere	   in	   the	   body,	   but	  
they	   need	   to	   do	   so	   despite	   the	   fact	   that	   they	   normally	   circulate	   in	  
peripheral	  blood	  whereas	  infection	  and	  malignant	  transformation	  often	  
occur	  in	  peripheral	  tissues.	  In	  addition	  to	  these	  hurdles,	  MHC	  expression	  
by	  tumors	  or	  infected	  cells	  is	  often	  scarce	  and	  co-‐stimulatory	  molecules	  
are	  often	  down-‐regulated	  [112].	  This	   is	  overcome	  by	  DCs	  that	  reside	  in	  
most	   tissues	   and	   present	   captured	   proteins	   on	   MHC.	   In	   response	   to	  
inflammatory	   signals	   and	   infectious	   agents.	   DCs	   upregulate	   co-‐
stimulatory	  molecules	  and	  migrate	  to	  lymph	  nodes	  where	  they	  activate	  
antigen-‐specific	  T	  cells.	  In	  contrast	  to	  other	  cells,	  DCs	  display	  high	  levels	  
of	  MHC	  molecules	  on	   the	  cell	   surface.	  These	   traits	  combined	  allows	   for	  
efficient	  antigen-‐specific	  T	  cell	  activation	  and	  expansion	  [112].	  	  
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Monocyte-‐derived	  dendritic	  cells	  
For	  a	  long	  time,	  research	  on	  antigen	  presentation	  by	  DC	  was	  hampered	  
by	   the	   lack	   of	   specific	   markers	   and	   the	   relative	   scarcity	   of	   DCs	   in	  
peripheral	  blood.	  This	  can	  now	  be	  circumvented	  by	  differentiating	  DCs	  
from	  monocyte	  progenitors	  using	  differentiating	  cytokines,	  primarily	  IL-‐
4	  and	  GM-‐CSF,	  occasionally	  alongside	  other	  stimulating	  agents	  [84,	  113].	  
Monocyte-‐derived	  DCs	  (MoDCs)	  are	  potent	  antigen-‐presenting	  cells	  [84]	  
and	   express	   cell	   surface	   markers	   shared	   by	   circulating	   dendritic	   cells	  
[114].	  

2.3 Cell	  death	  and	  signaling	  
Programmed	   cell	   death	   and	   removal	   of	   unwanted	   cells	   is	   vital	   for	   the	  
development	   and	   maintenance	   of	   tissues	   in	   the	   body.	   Numerous	  
signaling	   pathways,	   either	   extrinsic	   or	   intrinsic,	   are	   involved	   in	   the	  
events	  leading	  to	  cell	  death,	  each	  activated	  by	  distinct	  conditions	  but	  all	  
eventually	   leading	   to	  controlled	  degradation	  of	   the	  cell	  without	  release	  
of	   toxic	   intracellular	  elements.	  Depending	  on	   the	   signals	   triggering	   cell	  
death	  and	  the	  pathways	  involved	  in	  executing	  it,	  different	  nomenclature	  
is	  used,	  such	  as	  parthanatos,	  referring	  to	  PARP	  dependent	  cell	  death,	  or	  
extrinsic	   apoptosis	   by	   death	   receptors	   which	   is	   dependent	   on	   death	  
receptor	  interaction	  with	  FasL	  or	  TRAIL	  [115].	  

2.3.1 PARP-‐1	  
Poly(ADP-‐ribose)	   polymerase-‐1	   (PARP-‐1)	   is	   a	   nuclear	   DNA	   binding	  
protein	  involved	  in	  detection	  and	  repair	  of	  single-‐strand	  breaks	  (SSB)	  in	  
DNA	   [116].	   Upon	   detection	   of	   DNA	   nicks,	   PARP-‐1	   attaches	   poly(ADP-‐
ribose)	   (PAR)	   to	  nuclear	  proteins	  which	  will	   participate	   in	  DNA	   repair	  
[117].	   Activation	   of	   PARP-‐1	   not	   only	   leads	   to	   DNA	   repair	   but	   can	   also	  
result	  in	  cell	  death	  through	  the	  release	  of	  apoptosis	  inducing	  factor	  (AIF)	  
from	   the	   mitochondria,	   which	   subsequently	   relocates	   to	   the	   nucleus	  
[118].	  This	  mode	  of	  cell	  death	  is	  known	  as	  parthanatos	  [115]	  and	  results	  
in	   caspase-‐independent	   fragmentation	   of	   DNA	  with	   ensuing	   cell	   death	  
[99,	  118].	  

One	  example	  of	  parthanatos	   is	  cell	  death	   induced	  by	  monocyte-‐derived	  
ROS	   in	   NK	   cells	   and	   T	   cells.	   Thus,	   upon	   interaction	  with	   lymphocytes,	  
monocytes	   will	   induce	   cell	   death	   through	   an	   oxidative	   burst	   with	  
ensuing	   activation	   of	   PARP-‐1,	   followed	   by	   loss	   of	   mitochondrial	  
potential	   [99,	  118,	  119],	   translocation	  of	  AIF	   to	   the	  nucleus	   [118,	  120]	  
and	  ensuing	  DNA	  fragmentation	  and	  cell	  death	  [99,	  121].	  	  
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	  A	  recent	  study	  by	  Cohen-‐Armon	  et	  al	  suggests	  that	  there	  are	  alternative	  
routes	   leading	   to	   PARP-‐1	   activation.	   In	   a	   cell-‐free	   system,	  
phosphorylated	   ERK	   (pERK)	   was	   shown	   to	   trigger	   PARP-‐1	   activation,	  
while	  PARP-‐1	  activation	  was	  inhibited	  by	  nicked	  DNA	  [122].	  This	  study	  
thus	   suggests	   that	   PARP-‐1	   activation	   may	   occur	   in	   the	   absence	   of	  
massive	  DNA	  damage.	  

PARP	  inhibitors	  in	  clinical	  trials	  
PARP	  inhibitors	  are	  currently	  being	  explored	  as	  anti-‐cancer	  drugs	  [116].	  
One	  therapeutical	  approach	   is	   the	  administration	  of	  PARP	   inhibitors	  as	  
chemosensitizers	   in	   order	   to	   increase	   DNA	   damage	   caused	   by	  
chemotherapy	  or	  radiation	  treatment.	  This	  hypothesis	  is	  supported	  by	  in	  
vivo	   experiments	   and	   clinical	   trials	   have	   shown	   promising	   results,	   as	  
reviewed	  in	  [116].	  

The	  putative	  benefit	  of	  PARP	  inhibitors	  has	  been	  extensively	  explored	  in	  
breast	  cancer	  susceptibility	  gene	  1	  (BRCA1)	  and	  BRCA2	  mutated	  tumors.	  
BRCA	  gene	  products	  are	  responsible	  for	  exact	  repairs	  of	  double	  stranded	  
brakes	  (DSB).	  Having	  mutated	  BRCA	  genes	  results	   in	   increased	  risk	   for	  
breast	  and	  ovarian	  cancers	  [123-‐125]	  as	  the	  result	  of	  incorrect	  repair	  of	  
genomic	   DNA.	   The	   defective	   repair	   of	   double	   stranded	   breaks	   is	  
mediated	   through	   an	   alternative	   DNA	   repair	   by	   non-‐homologous	   end-‐
joining	   leading	   to	   surviving	   cells	   with	   damaged	   DNA	   [116].	   When	  
combining	   PARP	   inhibitors	   with	   DNA-‐damaging	   agents	   or	   radiation,	  
malignant	  cells	  are	  flooded	  with	  DNA	  damage	  that	  cannot	  be	  repaired	  by	  
PARP,	   leading	   to	  DSB	  upon	  DNA	  replication,	  which	  BRCA	  mutated	  cells	  
are	   unable	   to	   repair.	   The	  DNA	  damage	   thereby	   becomes	   too	   extensive	  
and	   the	   cell	   cannot	   survive.	   Inhibitors	   in	   BRCA	   deficient	   tumors	   have	  
shown	  promising	  results	   in	  phase	   I	  and	  II	  clinical	   trials	   [116,	  123,	  124,	  
126].	  

The	   role	   for	   PARP	   inhibitors	   in	  myeloid	   leukemia	   is	   less	   clear	   than	   in	  
BRCA	  mutant	   tumors	   although	   there	   are	   reports	   that	   PARP	   inhibition	  
may	  be	  beneficial	  also	   in	  myeloid	   leukemia	  [127,	  128].	  PARP	  inhibitors	  
have	  been	   shown	   to	   induce	   cell	   cycle	   arrest	   and	   apoptosis	   in	  AML	   cell	  
lines.	  The	  reason	  for	  this	   is	  most	   likely	  the	   intrinsic	  genomic	   instability	  
of	  AML	   cells	   that	   overpowers	   the	   cell	  when	   the	  PARP	   repair	   system	   is	  
out	  of	  play	  [129].	  

2.3.2 MAPK	  
There	   are	   three	   major	   groups	   of	   mitogen-‐activated	   protein	   kinases	  
(MAPKs);	   extracellular	   signal-‐regulated	   protein	   kinase	   (ERK),	   the	   p38	  
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MAP	   kinases	   (p38)	   and	   c-‐Jun	   NH2-‐terminal	   kinases	   (JNK)	   [130].	   In	  
addition,	   the	   ERK	   group	   can	   be	   divided	   into	   two	   groups,	   ERK1/2	   and	  
ERK5.	  MAPKs	   are	   involved	   in	   intracellular	   signal	   transduction	   and	   are	  
activated	   through	   phosphorylation	   mediated	   by	   MAP	   kinase	   kinases	  
(MKKs).	  This	  process	  of	  sequential	  phosphorylation	  is	  termed	  signaling	  
cascade.	  The	  cascade	  leading	  to	  ERK-‐,	  p38-‐	  or	  JNK-‐phosphorylation	  can	  
originate	  from	  a	  number	  of	  extra-‐	  and	  intracellular	  events.	  A	  simplified	  
summary	   on	   MAPKs	   in	   immune	   cell	   signaling	   is	   presented	   in	   table	   1	  
[131,	   132].	  MAPKs	   are	   reported	   to	   be	   involved	   in	   several	   types	   of	   cell	  
death,	  both	  as	  mediators	  of	  apoptosis	  and	  preventers	  thereof	  [133].	  

Table	  1.	  Overview	  of	  MAPK	  signaling	  upon	  extracellular	  stimuli.	  

Stimuli	   Signaling	  cascade	  
Growth	  factors	   ERK1/2,	  ERK5,	  p38,	  JNK	  
Mitogens	   ERK1/2	  
Hormones	   ERK1/2	  
Stress	   ERK,	  ERK5,	  p38,	  JNK	  
Integrins	   ERK1/2,	  JNK	  
Inflammatory	  cytokines	   P38,	  JNK	  

	  

2.3.3 Caspases	  
Many	   forms	   of	   cell	   death	   are	   mediated	   via	   activation	   of	   a	   group	   of	  
cysteine	  proteases	  known	  as	  caspases	  [115].	  These	  molecules	  constitute	  
the	  core	  signaling	  machinery	  in	  several	  forms	  of	  programmed	  cell	  death	  
but	   can	   also	   perform	   other	   regulating	   functions,	   not	   connected	   to	  
apoptosis	  [134].	  In	  signaling	  resulting	  in	  cell	  death,	  caspases	  are	  divided	  
into	   (i)	   initiating	   caspases	   (caspase-‐2,	   -‐8,	   -‐9,	   -‐10),	   responsible	   for	  
activation	   of	   (ii)	   executioner	   caspases	   (caspase-‐3,	   -‐6,	   -‐7),	   whom	  
effectuate	  the	  actual	  cell	  death	  [135].	  	  

2.3.4 NK	  and	  T	  cell-‐initiated	  cell	  death	  
Upon	  recognition	  of	  a	  target	  cell,	  cytotoxic	  CD8+	  T	  cells	  and	  NK	  cells	  can	  
utilize	   different	   means	   of	   target	   cell	   killing.	   Binding	   of	   death	   receptor	  
ligands	   to	   the	   target	   cell	   will	   activate	   caspase	   8	   (or	   10)	   through	   Fas-‐
associated	  death	  domain	  protein	  (FADD)	  signaling.	  This	  will	  in	  turn	  lead	  
to	   activation	   of	   the	   executioner	   caspase	   3,	   resulting	   in	   cell	   death	   in	   a	  
mitochondrial-‐independent	   manner.	   However,	   in	   some	   cell	   types	  
caspase	  8	  mediates	   release	  of	   toxic	   substances	   from	   the	  mitochondrial	  
intermembrane	   space	  which	  activates	   caspase	  9	   followed	  by	   caspase	  3	  
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leading	  to	  apoptosis	  [136,	  137].	  	  
The	   other	  main	  mechanism	   of	   NK	   and	   T	   cell	   cytotoxicity	   is	   release	   of	  
perforin	   and	  granzyme	  B.	   In	   essence,	   upon	   contact	  with	   the	   target	   cell	  
perforin	  and	  granzyme	  B	  are	  released	  and	  perforin	  mediates	  the	  entry	  of	  
granzyme	   B,	   which	   directly	   cleaves	   and	   activates	   caspase	   8	   and/or	  
caspase	  3	  leading	  to	  apoptosis	  [137].	  	  

2.4 Immunity	  and	  cancer	  
The	   link	   between	   immunity	   and	   cancer	   is	   widely	   accepted,	   but	   the	  
importance	   of	   the	   immune	   system	   in	   cancer	   surveillance	   is	   certainly	  
under	   debate	   [138-‐142].	   Findings	   nearly	   half	   a	   century	   ago	   that	  
transplanted	   tumors	   were	   rejected	   even	   when	   transplanted	   between	  
inbred	  mice	  [143]	  led	  to	  the	  hypothesis	  of	  immunosurveillance,	  put	  forth	  
by	   both	  Burnet	   and	  Thomas	   in	   1957	   [144].	   In	   1964,	  Burnet	   expressed	  
the	  theory	  as	  follows:	  	  

“In	   large,	   long-‐lived	   animals,	   like	   most	   of	   the	   warm-‐blooded	  
vertebrates,	   inheritable	   genetic	   changes	   must	   be	   common	   in	  
somatic	  cells	  and	  a	  proportion	  of	  these	  changes	  will	  represent	  a	  step	  
toward	  malignancy.	  It	  is	  an	  evolutionary	  necessity	  that	  there	  should	  
be	  some	  mechanism	  for	  eliminating	  or	  inactivating	  such	  potentially	  
dangerous	  mutant	  cells	  and	   it	   is	  postulated	  that	   this	  mechanism	  is	  
of	  immunological	  character.”	  

The	   hypothesis	   of	   immunosurveillance	   was	   questioned	   in	   the	   1970s	  
when	   immune-‐compromised	  mice,	   so	   called	   nude	  mice,	   failed	   to	   form	  
more	   chemically	   induced	   tumors	   than	   immune	   competent	  mice,	   [145]	  
nor	   did	   they	   develop	   more	   spontaneous	   tumors	   than	   wild	   type	   mice	  
[146].	  In	  Hanahans	  classic	  review	  defining	  the	  hallmarks	  of	  cancer	  [147]	  
there	   is	   no	   mention	   of	   evading	   the	   immune	   system	   as	   a	   requisite	   for	  
cancer	   development.	   When	   the	   truly	   immunodeficient	   perforin-‐/-‐	   mice	  
strain	   became	   available,	   these	   were	   shown	   to	   develop	   more	   chemical	  
induced	   tumors	   and	   spontaneous	   tumors	   [148-‐151].	   These	   and	   other	  
findings	   in	   experimental	   mice	   models	   demonstrated	   the	   existence	   of	  
immunosurveillance	  in	  vivo	  [71,	  139].	  	  

The	  effect	  of	  immunity	  on	  malignant	  cells	  is	  a	  dual	  sword.	  The	  malignant	  
cells	  may	  be	  completely	  eradicated,	  but	  if	  the	  immune	  system	  fails	  to	  kill	  
all	   cells,	   the	   selective	   pressure	   exerted	   by	   the	   immune	   system	   may	  
contribute	   to	   the	   evolution	   of	   less	   immunogenic	   malignant	   cells,	   a	  
process	   known	   as	   immunoediting.	   The	   model	   of	   immunoediting	   was	  
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originally	   divided	   into	   three	   separate	   stages;	   (i)	   elimination,	   (ii)	  
equilibrium	   and	   (iii)	   escape.	  However,	   these	   stages	   do	   not	   necessarily	  
come	  in	  sequential	  order.	  After	  successful	  cancer	  treatment,	  patients	  can	  
be	  considered	  to	  be	  in	  a	  state	  of	  equilibrium	  that	  is	  either	  tilted	  towards	  
elimination,	   i.e.	   cure,	   or	   escape,	   i.e.	   relapse	   in	   disease.	   The	   efficacy	   of	  
immunotherapeutical	   approaches	   indicate	   that	   is	   indeed	   takes	  place	   in	  
humans.	  

(i)	  Elimination	  
NK	  cells	  and	  T	  cells	  harbor	  potential	   to	  eradicate	   transformed	  cells.	  As	  
mentioned	  earlier,	  T	  cells	  eradicate	  cells	  that	  present	  abnormal	  peptides	  
on	  MHC	   I	   whilst	   NK	   cells	   on	   the	   other	   hand,	   will	   recognize	   cells	   with	  
down-‐modulated	   MHC	   I	   or	   up-‐regulated	   ligands	   for	   activating	   NK	   cell	  
receptors.	  Together,	   these	   two	  effector	  cells	  can	  detect	  a	  wide	  range	  of	  
cellular	   alterations	   that	   may	   arise	   in	   cancer	   cells,	   enabling	   cancer	  
eradication	   before	   the	   development	   of	   overt	   cancer.	   In	   support	   of	   this	  
are	   reports	   that	   immunosuppressed	   patients	   have	   higher	   incidence	   of	  
many	   forms	   of	   cancer	   [152-‐154],	   representing	   a	   form	   of	   proof	   of	  
principle.	   Of	   note	   is	   that	   this	   is	   true	   also	   for	   cancers	   not	   caused	   by	  
transforming	   viral	   infections	   [139,	   155].	   As	   mentioned	   earlier,	  
elimination	  not	  only	  occurs	   in	  newly	  developed	   cancers	  but	   also	  when	  
immune	  cells	  and	  cancer	  cells	  are	  in	  equilibrium.	  	  

(ii)	  Equilibrium	  
When	  immune	  cells	  or	  cancer	  therapy	  fail	  to	  completely	  eradicate	  tumor	  
cells	   a	   situation	   of	   equilibrium	   can	   arise,	   where	   immune	   cells	   keeps	  
malignant	   expansion	   under	   control.	   An	   elegant	   proof	   of	   principle	   was	  
presented	   in	   2007	   when	   Koebel	   et	   al.	   [156]	   injected	   mice	   with	   a	  
chemical	   carcinogen	   and	   monitored	   the	   development	   of	   tumors.	   Mice	  
that	   were	   tumor-‐free	   at	   day	   200	   were	   divided	   into	   two	   groups	   and	  
injected	  with	  T	  cell,	   IFN-‐γ	  and/or	   IL-‐12	  depleting	  antibodies	  or	  control	  
IgG.	  Around	  50%	  of	  immunodeficient	  mice	  developed	  tumors	  compared	  
to	   less	   than	  10%	  in	  control	  group,	   indicating	   that	   there	  was	  a	  dormant	  
tumor	   controlled	   by	   the	   immune	   system.	   Interestingly,	  NK	  or	  NKT	   cell	  
depletion	   did	   not	   affect	   tumor	   development	   [142,	   156].	   In	   line	   with	  
these	   findings	   is	   a	   report	   showing	   that	   immunoediting	   of	   chemically	  
induced	   sarcomas	   require	   expression	   tumor-‐specific	   antigens,	   pointing	  
towards	  T	  cell-‐mediated	  immunoediting	  [157].	  	  

iii)	  Escape	  
If	  elimination	  of	  cancer	  cells	  fails	  and	  equilibrium	  is	  broken,	  transformed	  
cells	   will	   expand,	   resulting	   in	   overt	   cancer.	   In	   the	   case	   of	   immune	  
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evasion,	  the	  immune	  system	  has	  selected	  the	  least	  immunogenic	  and/or	  
most	   aggressive	   clone	   through	   Darwinian	   selection	   [158,	   159],	  
potentially	   leading	   to	   an	   aggravated	   course	   of	   disease.	   Immune	   escape	  
may	   be	   caused	   by	   either	   loss	   of	   immunogenicity,	   increased	   expansion	  
through	  additional	  mutations	  or	  acquiring	  of	  immunosuppressive	  traits,	  
as	  described	  below.	  	  

2.5 Immunosuppression	  
There	   are	   several	   mechanism	   of	   immunosuppression	   described	   in	  
patients	  burdened	  by	  cancer	   [140,	  160,	  161].	  These	  can	  be	  categorized	  
into	  two	  main	  subgroups;	  effects	  that	  are	  indirectly	  caused	  by	  malignant	  
cells,	   i.e.	   recruitment	   or	   expansion	   of	   suppressive	   cells	   that	   are	   not	  
themselves	  malignant,	  and	   immunosuppressive	  effects	   that	  are	  directly	  
caused	  by	  the	  de	  facto	  malignant	  cells	  [160].	  	  

One	   mechanism	   of	   immunosuppression	   in	   cancer	   is	   mediated	   by	  
immature	   myeloid	   cells	   (IMCs)	   that	   have	   been	   activated	   to	   become	  
myeloid-‐derived	   suppressor	   cells	   (MDSCs).	   These	   cells	   were	   first	  
describe	  more	  than	  20	  years	  ago	  in	  tumor-‐bearing	  mice	  [162]	  and	  have	  
since	   then	   been	   described	   in	   several	   types	   of	   cancers	   in	   both	   humans	  
and	  mice	  [160,	  163].	  In	  healthy	  individuals	  IMCs	  constitute	  around	  0.5%	  
of	  circulating	  cells,	  develop	  in	  the	  bone	  marrow	  and	  readily	  differentiate	  
into	   mature	   myeloid	   cells	   [164].	   However,	   in	   many	   forms	   of	   cancer,	  
MDSCs	  accumulate	  as	  a	   result	  of	  a	  block	   in	  myeloid	  differentiation	  and	  
up-‐regulate	   immunosuppressive	  machineries	   such	   as	   arginase	   activity,	  
nitric	   oxide	   synthase	   (NOS)	   activity	   and	   ROS	   production	   [165].	   In	   a	  
recent	   publication,	   MDSCs	   were	   found	   to	   expand	   and	   promote	  
carcinogenesis	  in	  histidine	  decarboxylase	  deficient	  mice	  [166],	  pointing	  
towards	  a	  role	  for	  histamine	  in	  myeloid	  maturation.	  	  

MDSCs	   are	   not	   a	   homogenous	   population	   but	   rather	   a	   combination	   of	  
cells	   from	  different	  myeloid	   lineages,	   both	  monocytic	   and	  neutrophilic,	  
along	   with	   precursors	   thereof	   [163,	   164].	   In	   humans,	   phenotypic	  
definitions	   of	  MDSCs	   are	   not	   completely	   clear	   but	   are	   often	  defined	   as	  
either	  Lin-‐HLA-‐DR-‐CD33+	  or	  CD11b+CD14-‐CD33+	  [160].	  	  

Another	   mechanism	   of	   indirect	   immune	   suppression	   in	   cancer	   is	   the	  
recruitment	   of	   macrophages	   to	   the	   tumor	   microenvironment.	   Tumor-‐
associated	  macrophages	  (TAMs)	  are	  differentiated,	  mature	  macrophages	  
[167]	  that	  promote	  cancer	  progression	  by	  aiding	  angiogenesis	  [168]	  and	  
metastasis	   [169]	   and	   by	   inhibiting	   T	   cells	   and	   NK	   cells.	   TAMs	   inhibit	  
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lymphocytes	  by	   secreting	   immunosuppressive	  molecules	  prostaglandin	  
E2,	   transforming	   growth	   factor	   beta,	   nitric	   oxide	   (NO)	   and	   ROS	   [102,	  
170,	  171].	  	  

As	   mentioned	   earlier,	   TREGs	   have	   potent	   immunoregulatory	   effects,	  
exerted	   via	   numerous	   mechanisms,	   among	   them	   interaction	   between	  
CTLA-‐4	  on	  TREGs	  and	  CD80	  and	  CD86	  on	  DCs,	  which	  interferes	  with	  DC/T	  
cell	  interaction.	  Lack	  of	  CTLA-‐4	  on	  TREG	  increases	  autoimmunity,	  as	  well	  
as	   anti-‐tumor	   activity	   verifying	   their	   importance	   as	   regulators	   of	  
immunity	  [140,	  172].	  This	  has	  recently	  been	  tested	  clinically	  with	  CTLA-‐
4	   blocking	   antibodies	   in	  metastatic	  melanoma,	  which	   improved	   event-‐
free	   survival	   [173].	   However,	   the	   CTLA-‐4	   blocking	   antibody	   may	   also	  
have	  exerted	  its	  effect	  on	  CTLA-‐4	  expressing	  effector	  T	  cells.	  

Transformed	   cells	   can	   directly	   suppress	   immune	   cells	   in	   a	   variety	   of	  
ways.	  Malignant	  cells	  may	  elude	  Fas-‐mediated	  cell	  death,	  also	  referred	  to	  
as	   extrinsic	   apoptosis	   [115]	   by	   secreting	   soluble	   Fas	   (sFas),	   or	  
counterattack	  cytotoxic	  T	  cells	  by	  up-‐regulating	  FasL	  to	  induce	  extrinsic	  
apoptosis	  in	  CTLs	  [174,	  175].	  	  

The	  other	  cytotoxic	  effector	  cell	  of	  the	  immune	  system,	  the	  NK	  cell,	  can	  
be	   inhibited	   in	   a	   similar	  way.	   By	   secreting	   soluble	  MHC	   class	   I-‐related	  
chain	   A	   (sMICA),	   tumor	   cells	   can	   trigger	   internalization	   of	   the	   MICA	  
receptor	  NKG2D,	   leading	   to	   reduced	  NKG2D	  on	   the	   surface	   of	  NK	   cells	  
and	  down-‐regulated	  NKG2D-‐mediated	  cytotoxicity	  [174,	  176,	  177].	  	  

Solid	   and	   hematological	   tumors	   can	   secrete	   numerous	   soluble	   factors	  
that	   hinder	   efficacious	   immune	   responses.	   IL-‐10,	   IDO,	   Galectin-‐1	   and	  
TGF-‐β	  have	  all	  been	  reported	  to	  modulate	  immunity	  [71,	  178,	  179].	  	  

This	   thesis	   will	   focus	   on	   ROS-‐mediated	   immune	   suppression	   and	   the	  
mechanisms	  mediating	  ROS-‐induced	  immunosuppression.	  	  

Reactive	  oxygen	  species	  and	  immunosuppression	  
As	  mentioned	  above,	   immune	  suppression	  by	  means	  of	  production	  and	  
release	  of	  ROS	   is	  one	  of	  numerous	   immunosuppressive	  mechanisms	   in	  
cancer.	  Through	  the	  NADPH	  oxidase,	  myeloid	  cells	  possess	  machinery	  to	  
eliminate	   not	   only	   pathogens	   but	   also	   adjacent	   lymphocytes	   by	  
producing	   ROS.	   	   In	   vitro	   interactions	   between	   healthy	   monocytes	   and	  
lymphocytes	   lead	   to	   inactivation	   and	   subsequent	   apoptosis	   in	  NK	   cells	  
and	   T	   cells	   [94,	   99,	   180].	   Monocytes	   share	   this	   ability	   of	   lymphocyte	  
inactivation	  with	  neutrophils	  [181,	  182]	  and	  CML	  cells	  [183].	  
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Using	   this	   mechanism,	   ROS	   producing	   myeloid	   cells	   function	   as	   a	  
constitutive	  break	  or	  dampener	  of	  immune	  responses,	  designed	  to	  keep	  
immunity	  in	  balance.	  This	  is	  an	  appealing	  theory	  as	  mice	  lacking	  NADPH	  
oxidase	   are	   predisposed	   for	   autoimmune	   disease	   [104,	   105,	   184].	   In	  
humans,	   lack	   of	   functional	   NADPH	   oxidase	   is	   known	   to	   cause	   chronic	  
granulomatous	  disease	  (CGD),	  which	   is	  associated	  with	  not	  only	  risk	  of	  
severe	   infections	   but	   also	   non-‐infectious	   granulomas	   [86,	   185,	   186].	  
Together	   these	   findings	   point	   towards	   a	   fundamental	   role	   for	   ROS	   in	  
immune	  regulation	  [106,	  107].	  	  

	  

 

Figure 3. Illustration of ROS-mediated immunosuppression. A functional NADPH 
oxidase can cause cell death in lymphocytes, potentially detrimental in malignant 
conditions (top left quadrant), clearance of infection, vital for host defense against 
microbials and reduced autoimmunity (bottom left quadrant). Inhibiting ROS-
production with HDC maintain lymphocyte function (top right quadrant). However, 
patients lacking functional NADPH oxidase have increased risk of autoimmunity and 
infection.	  
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Similar	  machinery	  for	  immune	  suppression	  is	  found	  in	  both	  MDSCs	  and	  
TAMs	  [102,	  187]	  and	  ROS	  production	  by	  myeloid	  cells	  has	  been	  shown	  
to	  influence	  the	  progression	  of	  several	  autoimmune	  diseases	  [188,	  189].	  	  

Thiols	  and	  oxidative	  stress	  
There	  are	  a	  number	  of	  compounds	  on	  the	  cell	  surface	  with	  anti-‐oxidative	  
effects;	   among	   them	   are	   glutathione,	   cysteine	   and	   thioredoxin.	   The	  
common	  element	  for	  these	  compounds	  is	  the	  presence	  of	  high	   levels	  of	  
sulfhydryl	   groups,	   also	   termed	   thiols,	   with	   capacity	   to	   neutralize	   ROS	  
and	   thus	   protect	   cells	   against	   oxidants.	   In	   brief,	   the	   thiol/thioredoxin	  
ROS-‐reducing	   apparatus	  works	   as	   follows:	   sulfhydryl	   groups	   (-‐SH),	   on	  
molecules	  such	  as	  glutathione	  and	  cysteine,	  can	  neutralize	  toxic	  ROS	  by	  
formation	   of	   disulfide	   bonds	   upon	   oxidation	   (R-‐S-‐S-‐R).	   The	   disulfide	  
bonds	  are	  then	  reduced	  by	  thioredoxin	  or	  other	  enzymes,	  enabling	  thiols	  
to	   resume	   ROS	   degradation.	   Thioredoxin	   is	   subsequent	   reduced	   by	  
thioredoxin	  reductase	  [190].	  

An	   increased	   level	   of	   oxidative	   stress	   characterizes	   the	   inflammatory	  
environment	  seen	  in	  infection	  and	  tumors	  [191].	  To	  survive	  and	  function	  
in	   this	   environment,	   effector	   lymphocytes	   need	  mechanisms	   to	   escape	  
ROS-‐mediated	   inactivation.	   Thiols	   expressed	   by	   T	   cells	   promote	   T	   cell	  
function	  such	  as	  proliferation	  and	  reactivity	   [192]	  and	   thiol	  expression	  
by	  T	  cells	  may	  be	  induced	  by	  APCs	  [193-‐195].	  APCs	  have	  been	  proposed	  
to	  take	  up	  oxidized	  cystine,	  reduce	  them	  intracellularly	  to	  cysteine,	  and	  
release	   cysteine	   to	   the	  microenvironment	   during	   antigen	   presentation	  
[193].	  T	  cell	  redox	  levels	  are	  critical	  for	  maintaining	  T	  cell	  function	  and	  
maintaining	  immune	  homeostasis.	  This	  is	  exemplified	  by	  the	  fact	  that	  T	  
cells	  from	  mice	  with	  reduced	  capacity	  to	  produce	  ROS,	  due	  to	  mutation	  
of	   the	   NADPH	   oxidase,	   express	   increased	   levels	   of	   cell	   surface	   and	  
intracellular	  thiols	  [192],	  show	  impaired	  clearing	  of	  autoreactive	  T	  cells	  
and	  develop	  autoimmunity	  to	  a	  higher	  degree	  [106].	  

2.6 AML	  
The	   reported	   annual	   incidence	   of	   AML	   in	   Western	   Europe,	   USA	   and	  
Australia	  ranges	  between	  2.5	  and	  3.5	  cases	  /	  100.000	  [4,	  196-‐198].	  AML	  
is	   primarily	   a	   disease	   of	   the	   elderly	   –	   the	   median	   age	   at	   onset	   is	  
approximately	   72	   years	   in	   Sweden	   and	   among	   adults	   the	   incidence	   in	  
Sweden	  is	  reportedly	  close	  to	  5	  cases	  /	  100,000	  [199].	  According	  to	  the	  
Swedish	   AML	   registry,	   981	   cases	   of	   AML	  were	   reported	   from	   2007	   to	  
2009	  [200].	  	  
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AML	   is	   characterized	   by	   clonal	   expansion	   of	   malignant	   hematopoietic	  
cells	   arising	   from	   a	   genetically	   altered	   leukemic	   stem	   cell	   (LSC)	   or	  
progenitor	   cell	   [197,	   201,	   202].	   These	   genetic	   aberrations	   lead	   to	  
defective	   differentiation,	   resistance	   to	   apoptosis	   and/or	   excessive	  
proliferation	  of	   leukemic	  cells	   [4].	  Being	  a	  heterogeneous	  disease,	  AML	  
can	  involve	  one	  or	  more	  myeloid	  differentiation	  paths	  and	  several	  stages	  
of	   maturation	   resulting	   in	   many	   subtypes	   of	   disease;	   these	   are	  
summarized	  in	  table	  2.	  Development	  of	  leukemia	  is	  analogous	  to	  normal	  
hematopoiesis	  	  and	  leukemic	  cells	  can	  often	  be	  described	  based	  on	  their	  
corresponding	  cell	  type	  in	  normal	  hematopoiesis	  as	  depicted	  in	  Figure	  1	  
[203].	  	  

2.6.1 Diagnosis	  and	  prognosis	  
Diagnosis	  of	  AML	  is	  most	  often	  based	  on	  cell	  counts	  and	  morphology	  of	  
BM	   aspirates;	   however,	   diagnosis	   can	   also	   be	   established	   based	   on	  
examination	  of	  peripheral	  blood	   (PB)	   [200].	  Cell	   counts	   should	   include	  
all	   nucleated	   cells	   (myeloblasts,	   monoblasts,	   promonocytes,	  
promyelocytes,	   myelocytes,	   metamyelocytes,	   band	   neutrophils,	  
segmented	  neutrophils,	  eosinophils,	  basophils,	  monocytes,	  lymphocytes,	  
plasma	   cells,	   erythroid	   precursors	   and	   mast	   cells	   [198].	   As	   a	  
complement	  to	  cell	  counts,	  cytogenetics,	  fluorescent	  in	  situ	  hybridization	  
(FISH)	   and	  mutational	   PCR	   analysis	   are	   used	   to	   verify	   diagnosis	   [198,	  
201,	  204].	  

FAB	  classification	  
Up	   until	   approximately	   2005,	   the	   French-‐American-‐British	   (FAB)-‐
classification	  was	   the	  main	  basis	   for	   classifying	  AML.	  FAB-‐classes	   (M0-‐
M7)	  are	  defined	  based	  on	  the	  maturation	  stage	  and	  differentiation	  path	  
of	  the	  malignant	  clone	  [205]	  and	  do	  not	  take	  into	  account	  chromosomal	  
or	   sub-‐chromosomal	   aberrations	   [204].	   Thus,	   the	   FAB-‐classification	   is	  
solely	   based	   on	   cell	   counts	   and	   morphological	   and	   phenotypical	  
assessment	  of	  maturation	  and	  differentiation	  of	   the	   leukemic	  cells.	  The	  
AML	  FAB-‐classes	  are	  summarized	  in	  Table	  2.	  	  

WHO	  classification	  
The	   third	  edition	  of	   the	  WHO	  classification	  of	   tumors	  of	  hematopoietic	  
and	   lymphoid	   tissues	   was	   published	   in	   2008	   [198].	   In	   this	   WHO	  
classification	   account	   has	   been	   taken	   to	   different	   genetic	   mutations	  
known	  to	  cause	  or	  drive	  AML	  [204,	  206].	  Some	  of	  these	  mutations	  have	  
been	   classified	  as	   separate	  entities	   leading	   to	  a	  more	   complex	  but	   also	  
more	   informative	   grouping	   compared	   to	   the	   FAB	   classification.	   The	  
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acute	   myeloid	   leukemias,	   as	   defined	   by	   the	   WHO	   classification,	   are	  
outlined	  in	  Table	  2.	  

For	   the	  diagnosis	  of	  AML,	   the	  WHO	  classification	   requires	   that	  20%	  or	  
more	  BM	  or	  PB	  cells	  are	  myeloblasts,	  and/or	  monoblasts/promonocytes	  
and/or	  megakaryoblasts	  [197].	  This	  was	  adjusted	  from	  30%,	  which	  was	  
the	  blast	  count	  required	  according	   to	   the	  FAB	  classification	   [204,	  205].	  
In	   the	  WHO	  classification,	   the	   requisite	   for	  20%	  blasts	   is	   abolished	   for	  
AML	   with	   the	   presence	   of	   as	   translocation	   (8;21)(q22;q22),	   inversion	  
(16)(p13q22),	  t(16;16)(p13;q22)	  and	  t(15;17)	  (q22;q12).	  These	  entities	  
are	   always	   to	   be	   considered	   and	   treated	   as	   AML,	   regardless	   of	   blast	  
count	  [197,	  204].	  

Table	  2.	  Different	   subtypes	  of	   acute	  myeloid	   leukemia	   according	   to	   the	   FAB	  and	  
WHO	  classifications.	  

FAB-‐classification	   WHO	  classification	  
AML	  with	  minimal	  differentiation	  (M0)	   AML	  with	  t(8;21)	  
AML	  without	  maturation	  (M1)	   AML	  with	  inv(16)	  or	  t(16;16)	  
AML	  with	  maturation	  (M2)	  
Acute	   promyelocytic	   leukemia	   (APL)	  
(M3)	  

Acute	  promyelocytic	  leukemia	  (APL)	  with	  
(15;17)	  
AML	  with	  t(9;11)	  

Acute	  myelomonocytic	  leukemia	  (M4)	  
Acute	   monocytic/monoblastic	   leukemia	  
(M5)	  

AML	  with	  (6;9)	  
AML	  with	  inv(3)	  or	  t(3;3)	  
AML	  with	  mutated	  NPM1	  

Acute	  erythroid	  leukemia	  (M6)	   AML	  with	  mutated	  CEBPA	  
Acute	  megakaryoblastic	  leukemia	  (M7)	   AML,	   not	   otherwise	   specified.	   Patients	  

categorized	   in	   this	   group	  will	   be	   further	  
classified	  according	  to	  FAB	  

	  

Phenotype	  and	  properties	  
Both	   FAB	   and	  WHO	   classifications	   are	   to	   a	   large	   extent	   based	   on	   the	  
maturation	  of	   the	  malignant	  clone.	  This	  also	   implies	  that	   the	  malignant	  
cells	  have	  different	  phenotypical	  and	  functional	  properties.	  In	  this	  thesis	  
focus	   is	   on	   functional	   traits	   of	   leukemic	   cells	   rather	   than	   molecular	  
markers	   and	   therefore	   the	   FAB-‐classification	   will	   be	   used	   when	  
describing	   AML	   samples.	   In	   brief,	   AML	   subclasses	   can	   be	   defined	  
phenotypically	  as	  follows	  [198,	  205]:	  
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FAB-‐M0	   Blasts	   are	   small	   and	   minimally	   differentiated,	   frequently	  
express	   early	   myeloid	   markers	   such	   as	   CD34,	   CD38	   and	  
HLA-‐DR.	   Markers	   associated	   with	   neutrophilic	   or	  
monocytic	  differentiation	  (CD14,	  CD15,	  CD64)	  are	  missing.	  

FAB-‐M1	   Blast	   population	   is	   characterized	   as	   immature	   and	   blasts	  
constitute	   more	   than	   90%	   of	   non-‐erythroid	   cells.	   Some	  
morphological	   maturation	   towards	   both	   monocytes	   and	  
neutrophils	   can	  be	  seen.	  Approximately	  70%	  of	   cases	  are	  
CD34+	  whilst	   there	  are	  no	  markers	  of	  maturation	  such	  as	  
CD14	  or	  CD15	  on	  blasts.	  

FAB-‐M2	   Defined	   as	   presence	   of	   more	   than	   20%	   blasts	   as	   well	   as	  
>10%	  maturing	  cells	  of	  neutrophil	  lineage	  (promyelocytes,	  
myelocytes	   and	  mature	   neutrophils).	   Monocytic	   cells	   are	  
below	  20%	  of	  non-‐erythroid	  cells.	  Blast	  normally	  express	  
CD33	   and	   often	   CD34.	   Monocytic	   markers	   are	   routinely	  
missing.	  t(8;21)	  accumulate	  in	  FAB-‐M2	  AML	  [197].	  

FAB-‐M3	   Also	  known	  as	  acute	  promyelocytic	  leukemia	  (APL),	  this	  is	  
a	   distinct	   entity	   that	   is	   successfully	   treated	  with	   all-‐trans	  
retinoic	   acid	   (ATRA)	   [207].	   t(15;17)	   is	   required	   for	   APL	  
diagnosis.	  Because	  of	  the	  specific	  treatment	  of	  APL,	   it	  will	  
not	  be	  discussed	  further	  in	  this	  thesis.	  

FAB-‐M4	   Acute	   myelomonocytic	   leukemia	   is	   distinguished	   by	  
maturation	   along	   both	   neutrophilic	   and	   monocytic	  
lineages.	   A	   least	   20%	   of	   cells	   should	   be	   monocytes	   and	  
their	   precursors	   and	   neutrophils	   and	   their	   precursors	  
should	  constitute	  more	  than	  20%.	  Most	  cases	  comprise	  an	  
immature	   blast	   population	   expressing	   CD34.	   Inv(16)	   and	  
t(16;16)	  are	  most	  often	  classified	  as	  FAB-‐M4	  AML	  [197].	  	  

FAB-‐M5	   Acute	  monoblastic	  and	  monocytic	   leukemia	  are	   leukemias	  
with	   monocytic	   differentiation.	   In	   monoblastic	   leukemia	  
the	  majority	  of	   the	   leukemic	   clone	   are	  monoblasts	   and	   in	  
monocytic	   leukemia,	   the	  majority	  are	  promonocytes.	  Cells	  
frequently	   express	   myeloid	   and	   monocytic	   markers	   such	  
as	  CD33	  and	  CD14.	  
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FAB-‐M6	   Acute	   erythroid	   leukemia	   comprises,	   in	  most	   cases,	   both	  
erythroid	   and	  myeloid	   precursors.	   Because	   of	  more	   than	  
50%	  erythroid	  cells	   in	   this	   subtype	  of	  AML,	   it	  will	  not	  be	  
further	  discussed	  in	  this	  thesis.	  	  

FAB-‐M7	   Acute	   megakaryoblastic	   leukemia	   originates	   in	   a	  
megakaryocyte	   progenitor.	   Megakaryocytes	   are	   cells	  
responsible	   for	   platelet	   production	   and	   since	   their	  
differentiation	  diverges	  from	  other	  myeloid	  lineages	  at	  an	  
early	  stage	  it	  will	  not	  be	  discussed	  further.	  

Survival	  
For	  younger	  patients	  (<60	  years),	  treatment	  and	  overall	  survival	  of	  AML	  
patients	   has	   improved	   significantly	   over	   the	   last	   decades	   [2,	   4].	  
However,	   the	   overall	   prognosis	   is	   still	   poor	   with	   a	   5-‐year	   survival	   of	  
around	   20%	   [1,	   4].	   A	   comparison	   between	   5-‐year	   overall	   survival	  
between	   1984	   and	   2004	   in	   the	   US	   show	   that	   among	   younger	   patients	  
(15-‐34	   years	   old)	   5-‐year	   survival	   increased	   from	   17.4%	   to	   52.3%,	  
however,	  this	  positive	  trend	  is	  to	  a	   large	  extent	   limited	  to	  the	  youngest	  
patients	  [1,	  4].	  In	  patients	  between	  55-‐64	  years	  of	  age	  survival	  increased	  
from	  6.7%	  to	  19.9%	  [1].	  For	  older	  patients,	  no	  improvement	  of	  survival	  
was	   observed.	   Of	   the	   981	   patients	   diagnosed	   with	   AML	   in	   Sweden	  
between	  2007	  and	  2009	  2-‐year	  survival	  was	  26%.	  In	  patients	  <60	  years	  
of	  age	  2-‐year	  overall	  survival	  was	  52%	  [200].	  

AML	   is	   categorized	   as	   favorable,	   intermediate	   and	   unfavorable	   risk	  
based	   on	   cytogenetic	   traits	   of	   the	   malignant	   clone	   [4,	   208].	   Worth	  
mentioning	  is	  that	  inv(16),	  t(16;16)	  and	  t(8;21),	  also	  denominated	  core-‐
binding	   factor	   (CBF)	   leukemias,	   are	   associated	   with	   a	   relatively	  
favorable	   prognosis	   [209]	   whilst	   normal	   karyotype	   is	   associated	   with	  
intermediate	   risk,	   together	  with	   certain	   genetic	  mutations	   e.g.	   t(9;11),	  
del(5q),	   -‐Y.	   Included	   in	   unfavorable	   cytogenetics	   are	   inv(3)	   or	   t(3;3),	  
t(6;9),	   -‐7	   [208].	   Together	  with	   age,	   cytogenetics	   is	   the	  most	   important	  
prognostic	  factor.	  Five-‐year	  cumulative	  incidence	  of	  relapse	  in	  CR	  for	  the	  
three	   risk	   groups	   are	   51%,	   67%	   and	   92%	   respectively	   [208],	  
demonstrating	   the	   need	   for	   more	   efficacious	   relapse-‐preventing	  
strategies.	  	  

On	   the	  molecular	   level,	  mutations	  can	  be	  of	  vital	   importance.	  The	  CBF-‐
leukemias	   [209]	   have	   an	   increased	   relapse	   risk	   if	   combined	   with	   KIT	  
mutations.	  In	  patients	  with	  normal	  karyotype,	  FLT3-‐ITD	  mutations	  have	  
unfavorable	   impact	   on	   prognosis	   whilst	   CEBPA	   and	   NPM1	   (if	   not	  
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accompanied	  by	  FLT3-‐ITD	  mutation)	  entail	  favorable	  outcome	  [2].	  These	  
examples	   serve	   to	   show	   the	   complexity	   of	   AML	   diagnostic	   and	  
prognostic	  factors.	  	  

Immunity	  and	  AML	  
AML	   is	   a	   disease	   in	   which	   host	   immunity	   is	   considered	   to	   play	   an	  
important	  role.	  The	  capacity	  of	  immune	  cells	  to	  target	  AML	  cells	  is	  most	  
evident	   in	   allogeneic	   stem	   cell	   transplantation	   (allo-‐SCT)	  where	   it	   has	  
been	  shown	  that	  depletion	  of	  T	  cells	  from	  the	  graft,	  or	  using	  twin	  grafts,	  
significantly	   decreases	   the	   efficacy	   of	   allo-‐SCT	   by	   increasing	   risk	   of	  
relapse	  [210,	  211].	  Also,	  by	  donor	  lymphocyte	  infusions	  (DLIs)	  after	  allo-‐
SCT	   relapse,	   an	   anti-‐leukemic	   effect	   can	   be	   achieved	   with	   complete	  
remissions	  in	  29%	  of	  cases	  [5].	  The	  graft	  versus	  leukemia	  (GvL)	  effect	  of	  
DLI	  is,	  for	  unknown	  reasons,	  more	  pronounced	  in	  other	  leukemias,	  such	  
as	   chronic	   myeloid	   leukemia	   (CML)	   where	   76%	   of	   patients	   receiving	  
DLIs	  achieve	  CR	  [5].	  	  

More	   indirect	   evidence	  of	   immune	  participation	   in	  AML	  progression	   is	  
provided	  by	  studies	  of	   functionality	  of	   immune	  cells	   in	  AML.	  AML	  cells	  
can	  regulate	  and	  evade	  the	  immune	  system,	  and	  thus	  avoid	  destruction,	  
in	   several	  ways.	  By	  decreased	   expression	  of	  MHC	  molecules	   as	  well	   as	  
decreased	  expression	  of	  co-‐stimulatory	  molecules,	  AML	  cells	  circumvent	  
specific	   cytotoxicity	   exerted	   by	   T	   cells	   [5,	   212].	   Secretion	   of	  
immunosuppressive	   cytokines	   and	   induction	   of	   CD3ζ	   down-‐regulation	  
also	  result	  in	  impaired	  T	  cell	  responses	  [178].	  Interestingly,	  CD3ζ	  is	  also	  
down-‐regulated	   by	   exogenous	   ROS	   [102]	   and	   by	   macrophage-‐induced	  
oxidative	  stress	  [103].	  Deficiencies	  in	  NK	  cell	  function	  are	  also	  common	  
in	   AML	   where	   natural	   cytotoxicity	   receptors	   (NCRs)	   are	   frequently	  
down-‐regulated,	  correlating	  with	  poor	  survival	  [212,	  213].	  

In	   a	   study	   by	   Gale	   and	   Opelz	   [154],	   the	   risk	   of	   developing	   AML	   was	  
investigated	   in	   immunosuppressed	   patients	   by	   analyzing	   data	   from	  
kidney	   transplant	   recipients	   (n=217,219)	   and	   heart	   transplant	  
recipients	   (n=31,005).	   Transplant	   recipients	   are	   treated	   with	  
immunosuppressive	   drugs	   to	   avoid	   graft	   rejection,	   resulting	   in	  
compromised	   immunity	   for	   long	  periods	  of	   time.	  The	  analysis	  revealed	  
that	   immunosuppressed	   patients	   indeed	   showed	   an	   increased	   risk	   of	  
developing	  AML.	  These	  data	   favor	   the	  hypothesis	   that	   there	   is	  ongoing	  
immunosurveillance	   in	   humans	   and	   also	   confirms	   an	   immune	  
component	   in	   AML	   eradication,	   indicating	   once	   again	   that	  
immunotherapy	  may	  be	  a	  feasible	  approach	  in	  AML	  therapy.	  	  
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2.6.2 Induction	  and	  consolidation	  treatment	  
The	  first	  objective	  in	  the	  treatment	  of	  AML	  is	  complete	  remission,	  which	  
is	   attained	   in	   60-‐80%	   of	   patients	   receiving	   one	   or	   two	   full-‐dose	  
induction	   chemotherapy	   courses.	   [201,	   214,	   215].	   In	   Sweden,	   the	  
recommended	   induction	   regimen	   consists	   of	   3	   days	   daunorubicin	  
alongside	   5	   days	   of	   cytarabine.	   Daunorubicin	   is	   an	   anthracycline	  
inhibiting	   DNA	   and	   RNA	   synthesis	   whereas	   cytarabine	   (Ara-‐C)	   causes	  
cell	   cycle	   arrest	   in	   S-‐phase	   by	   being	   incorporated	   in	   DNA	   during	  
replication,	   leading	   to	   defective	   DNA	   and	   subsequent	   killing	   of	   the	  
leukemic	   cell	   [216].	   Induction	   treatment	   causes	  grave	   cytopenia	  and	   is	  
associated	   with	   5-‐15%	   mortality	   mainly	   due	   to	   infections	   and	   organ	  
toxicity	   and	   multiple	   erythrocyte	   and	   platelet	   transfusions	   and	   anti-‐
microbial	  treatment	  are	  needed	  [197].	  	  	  

The	  major	  challenge	  in	  AML	  treatment	   is	  to	  prevent	  relapse	  in	  patients	  
in	  CR	  by	   eliminating	   residual	   leukemic	   cells.	   This	   can	  be	   accomplished	  
by	   the	   administration	   of	   additional	   1-‐3	   chemotherapy	   consolidation	  
courses,	   which	   are	   essential	   for	   curing	   AML	   [4,	   217].	   Typically,	  
consolidation	  courses	  include	  daunorubicin	  and	  cytarabine	  at	  similar	  or	  
higher	  doses	  than	  in	  the	  induction	  regimen.	  	  

2.6.3 Post-‐consolidation	  treatment	  
Induction	   treatment	   will	   in	   general	   yield	   good	   results,	   with	  
approximately	   80%	   of	   younger	   patients	   (<60	   years)	   achieving	   CR	   [2].	  
However,	   a	   majority	   of	   patients	   will	   relapse	   after	   the	   consolidation	  
therapy,	  and	  the	  1-‐year	  survival	  after	  first	  relapse	  is	  approximately	  30%	  
[218].	   Therefore,	   after	   one	   or	   two	   consolidation	   courses,	   allo-‐SCT	   is	  
considered	  in	  patients	  with	  intermediate	  or	  high-‐risk	  disease.	  	  	  

Stem	  cell	  transplantation	  
Allogeneic	  stem	  cell	  transplantation	  was	  originally	  employed	  as	  a	  mean	  
to	  replenish	  patients	  with	  stem	  cells	   in	  order	  to	  enable	  higher	  doses	  of	  
chemotherapy	   [219].	   It	   soon	   became	   evident	   that	   immunocompetent	  
cells	   in	   the	  grafts	  also	  exercised	  an	  anti-‐leukemic	  effect	   independent	  of	  
the	  chemotherapy.	   	  This	  activity	   is	  known	  as	   the	  graft-‐versus-‐leukemia	  
(GvL)	  effect	  [219,	  220].	  As	  mentioned,	  T	  cells	  are	  mainly	  responsible	  for	  
the	  GvL	  effect,	  as	  shown	  by	  the	  fact	  that	  depletion	  of	  T	  cells	  from	  grafts	  
result	  in	  higher	  relapse	  rates	  [210,	  219].	  	  

The	  most	  common	  adverse	  effects	  of	  allo-‐SCT	  are	  risk	  of	   infections	  and	  
severe	  graft	  versus	  host	  disease	  (GvHD).	  The	  most	  important	  risk	  factor	  
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for	   GvHD	   is	   HLA-‐mismatch	   between	   patient	   and	   donor.	   Severe	   acute	  
GvHD	   carries	   high	  mortality,	  whereas	   chronic	  GvHD	   is	   associated	  with	  
risk	   of	   opportunistic	   infections	   caused	   by	   virus	   or	   fungi.	   In	   addition,	  
chronic	   GvHD	   results	   in	   symptoms	   resembling	   autoimmune	   diseases	  
such	   as	   keratoconjunctivitis	   sicca,	   or	   sclerodermia	   causing	   reduced	  
quality	  of	   life.	  Notably,	  mild	  chronic	  GvHD	  is	  associated	  with	  a	  reduced	  
risk	  of	  relapse,	  thus	  demonstrating	  a	  significant	  GvL-‐effect.	  [219].	  

In	   recent	   years,	   more	   attention	   has	   been	   given	   to	   NK	   cells	   in	   the	  
transplantation	   setting.	   The	   use	   of	   T	   cell-‐depleted	   grafts	   from	  
haploidentical	  donors,	  i.e.	  donors	  with	  one	  identical	  HLA-‐haplotype	  and	  
one	   fully	   mismatched,	   has	   been	   reported	   to	   yield	   favorable	   results	  
without	   severe	   GvHD,	   given	   that	   there	   is	   KIR/HLA	  mismatch	   between	  
graft	  and	  host	  [221-‐224].	  	  

In	   Sweden,	   between	   2007	   and	   2009,	   around	   30%	   of	   patients	   in	   CR1	  
below	   65	   years	   of	   age	   were	   allografted	   [200],	   indicating	   that	   for	  
remaining	   patients	   no	   further	   treatment	   options	   are	   available	   after	  
consolidation	   chemotherapy,	   and	   a	   majority	   of	   these	   patients	   will	  
relapse.	   This	   has	   called	   for	   development	   of	   new	   relapse-‐preventive	  
strategies.	  	  

Remission	  maintenance	  by	  immunotherapy	  
Immunotherapies	   aiming	   at	   remission	   maintenance	   aim	   to	   mimic	   the	  
anti-‐leukemic	  effect	  of	  allo-‐SCT	  by	  activating	  T	  and	  NK	  cells	   to	  become	  
reactive	   against	   residual	   malignant	   cells.	   The	   immunostimulatory	  
cytokine	   interleukin-‐2	   (IL-‐2)	   has	   been	   deployed	   in	   several	   phase	   III	  
trials	  as	  a	  mean	  to	  activate	  cytotoxic	  lymphocytes.	  Results	  are,	  however,	  
disappointing	  [225-‐230].	  Other	  immunotherapeutic	  approaches	  such	  as	  
peptide	  vaccinations	  [231-‐233],	  whole	  cell	  vaccines	  [234]	  and	  dendritic	  
cell	   based	   vaccines	   [235]	   have	   shown	   encouraging	   results	   but	   are	   still	  
under	  development	  and	  evaluation.	  	  

In	  2010,	  Rubnitz	  et	  al.	  [236]	  treated	  pediatric	  AML	  patients	  in	  remission	  
with	   haploidentical	   NK	   cell	   infusions	   without	   concomitant	  
transplantation.	  All	  patients	  remained	  in	  CR	  but	  the	  effect	  of	  the	  NK	  cell	  
infusion	   is	   unclear.	   Similar	   treatment	   has	   also	   been	   tried	   in	   elderly	  
patients	   with	   promising	   results	   [237].	   These	   regimens	   were	   well	  
tolerated	   and	   show	   that	   cellular	   therapy	   utilizing	   alloreactive	  NK	   cells	  
may	  be	  utilized	  in	  post-‐consolidation	  immunotherapy.	  	  



Johan Aurelius 

27 

HDC/IL-‐2	  immunotherapy	  
In	   2006	   Brune	   et	   al.	   showed	   that	   combination	   therapy	   of	   histamine	  
dihydrochloride	  (HDC)	  and	  IL-‐2	  prevents	  relapse	  in	  AML	  patients	  in	  CR	  
[8].	  The	  aim	  of	  adding	  HDC	  to	  IL-‐2	  was	  prevent	  ROS-‐dependent,	  myeloid	  
cell-‐induced	   immunosuppression	   [90,	   98,	   180,	   181,	   238].	   HDC	  
suppresses	   or	   inhibits	   ROS	   production	   by	   normal	  myeloid	   cells,	   acting	  
via	  the	  histamine	  H2-‐receptor.	  The	  use	  of	  HDC	  was	  further	  bolstered	  by	  
the	  findings	  that	  T	  cells	  and	  NK	  cells	  frequently	  are	  in	  a	  persistent	  state	  
of	  suppression	  and	  inactivation	  in	  AML	  [212,	  213,	  239],	  and	  that	  similar	  
inactivation	  is	  observed	  in	  vitro	  when	  exposing	  lymphocyte	  to	  oxidative	  
stress.	  Romero	  et	  al.	   [181]	  showed	  that	  NK	  cells,	  when	  exposed	  to	  ROS	  
secreting	   monocytes,	   down-‐regulated	   the	   activating	   NK	   cell	   receptors	  
NKp46	  and	  NKG2D,	  which	  was	   reversed	  by	   the	   addition	  of	  HDC	   to	   the	  
culture.	   Activating	   receptors	   on	   NK	   cells	   are	   known	   to	   play	   a	   role	   in	  
leukemia	   and	   impacts	   prognosis	   [212,	   213]	   and	   in-‐vitro	   killing	   of	  
malignant	  cells	  [12,	  16,	  50].	  	  

HDC/IL-‐2	   regimens	   have	   been	   deployed	   in	   a	   number	   of	   different	  
disorders	   in	   which	   suppression	   through	   myeloid	   cells	   is	   thought	   or	  
known	   to	   be	   of	   importance	   [240].	   In	   2002	   and	   2005,	   HDC/IL-‐2	   were	  
evaluated	   as	   immunotherapy	   for	   melanoma	   patients	   [241-‐243].	   These	  
trials	  showed	  promising	  results,	  demonstrating	  that	  HDC/IL-‐2	  promotes	  
immune	   responses	   more	   efficient	   than	   IL-‐2	   alone.	   In	   renal	   cell	  
carcinoma	   HDC/IL-‐2	   administration	   has	   been	   shown	   to	   increase	  
numbers	  of	  intratumoral	  lymphocytes	  whilst	  intratumoral	  myeloid	  cells	  
remained	   constant.	   In	   contrast,	   IL-‐2	   alone	   increased	   circulating	  
macrophages	  [244].	  	  

Reviews	  by	  Romero	  et	  al.	  [245],	  Martner	  et	  al.	  [229]	  and	  commentary	  by	  
Thorén	  et	  al.	   [240]	  summarizes	  preclinical	  and	  clinical	  data	  supporting	  
the	  use	  of	  HDC/IL2	  in	  AML.	  

Phase	  III	  trial	  of	  HDC/IL-‐2	  
Between	  1998	  and	  2000,	  an	  international	  randomized	  phase	  III	  trial	  was	  
performed,	   enrolling	   a	   total	   of	   320	   adult	   patients	   with	   acute	   myeloid	  
leukemia	  in	  complete	  remission	  [8].	  Patients	  were	  randomized	  after	  the	  
completion	  of	  all	  chemotherapy	  into	  a	  group	  of	  HDC/IL-‐2	  for	  18	  months	  
or	   a	   control	   group	   receiving	   standard-‐of-‐care,	   i.e.	   no	   treatment.	   In	   line	  
with	  previous	  phase	   I/II	   trials	   [246,	  247]	  HDC/IL-‐2	  was	  well	   tolerated	  
and	  no	  severe	  adverse	  events	  were	  reported	  [8,	  248].	  Primary	  efficacy	  of	  
treatment	   was	   measured	   as	   duration	   of	   LFS.	   Secondary	   end-‐points	  
included	   LFS	   in	   first	   CR	   (CR1)	   as	   well	   as	   subsequent	   CR	   (CR>1)	   and	  
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overall	   survival	   (OS).	   	  The	   trial	   showed	  a	  marked	   increase	   in	   leukemia	  
free	   survival	   in	   the	   treated	   group,	   an	   effect	   that	   was	   even	   more	  
pronounced	  in	  the	  CR1	  group	  [8].	  No	  significant	  efficacy	  was	  observed	  in	  
elderly	   patients	   (>60	   years	   old)	   or	   in	   patients	  who	  were	   in	   second	   or	  
subsequent	  CR	  at	  inclusion.	  

This	  trial	  together	  with	  preclinical	  studies	  led	  to	  the	  approval	  of	  HDC/IL-‐
2	   immunotherapy	   as	   remission	  maintenance	   treatment	   for	   patients	   in	  
CR1	  under	  the	  age	  of	  60	  in	  Europe	  and	  Israel.	  
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3 PATIENTS	  AND	  METHODS	  
The	  patients	  and	  methods	  used	  in	  papers	  I-‐V	  are	  described	  in	  detail	   in	  
the	   corresponding	   articles	   and	   only	   when	   there	   is	   need	   for	   special	  
consideration	  will	  they	  be	  discussed	  in	  this	  section.	  

3.1 Patients	  
Phase	  III	  trial	  
320	   patients	   were	   recruited	   from	   100	   centers	   in	   10	   countries	   after	  
completion	   of	   induction	   and	   consolidation	   treatment	   and	   randomized	  
into	   either	   treatment	   (HDC/IL-‐2)	   or	   standard-‐of-‐care.	   Patients	   were	  
instructed	   on	   how	   to	   administer	  HDC	  0.5mg,	   subcutaneous	   (s.c),	   twice	  
daily)	  and	  IL-‐2	  (16.400	  U/kg,	  s.c	  twice	  daily)	  in	  their	  homes.	  Treatment	  
comprised	   10	   consecutive	   3-‐week	   cycles	   with	   3	   or	   6	   weeks	   off-‐
treatment	   periods	   in-‐between	   over	   18	  months.	   Patients	  were	   followed	  
for	  at	   least	  36	  months;	  patients	   lost	   to	   follow	  up	  were	  censored	  at	   last	  
known	   date.	   FAB-‐classification	   was	   carried	   out	   at	   diagnosis	   at	  
participating	  centers	  [8].	  	  

The	  post	   hoc	  analyses	   presented	   in	  paper	   III	   included	   145	   patients	   in	  
CR1	  under	  the	  age	  of	  60	  and	  diagnosed	  with	  FAB-‐M0,	  M1,	  M2,	  M4,	  M5,	  
M6	  or	  M7.	  AML-‐M3	  (APL)	  patients	  were	  excluded	  based	  on	  the	  fact	  that	  
they	   were	   initially	   not	   intended	   for	   enrollment	   and	   their	   treatment	   is	  
fundamentally	  different.	  	  

Newly	  diagnosed	  patients	  
In	  paper	  II	  and	  III,	  bone	  marrow	  or	  peripheral	  blood	  specimens	  from	  26	  
newly	   diagnosed,	   untreated	   patients	   were	   obtained	   from	   Sahlgrenska	  
University	  hospital	  or	  Lund	  University	  hospital.	  Nine	  fresh	  samples	  and	  
17	   frozen	   samples	  were	   analyzed.	   Patients	  were	   categorized	   based	   on	  
FAB	   classification	   (6	   FAB-‐M1,	   8	   FAB-‐M2	   and	   12	   FAB-‐M4/M5).	   Patient	  
characteristics	  are	  outlined	  in	  table	  3.	  
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Pat	   FAB	   Age	   Sex	   Sample	   Cytogenetics	   Molecular	  
genetics	  

1	   M1	   77	   M	   PBMC	   C.K.	   N.A	  

2	   M2	   62	   F	   PBMC	   N.K.	   FLT3-‐ITD+	  
NPM1+	  

3	   M2	   42	   F	   PBMC	   N.K.	   FLT3-‐ITD+	  
NPM1+	  

4	   M2	   53	   M	   PBMC	   N.K.	   N.D.	  
5	   M4	   61	   M	   PBMC	   Inv	  (16)	   N.D.	  
6	   M4	   23	   M	   PBMC	   t(16;16),	  -‐21q	   N.D.	  
7	   M4	   77	   M	   PBMC	   N.K.	   FLT3-‐ITD+	  

	  
8	   M4	   60	   F	   PBMC	   N.K.	   NPM1+	  

	  
9	   M4	   48	   F	   PBMC	   N.K.	   NPM1+	  

	  
10	   M5	   67	   F	   PBMC	   46,XX,t(9;11)	  

(p21;q23)	  
N.D.	  

11	   M1	   67	   M	   BM	   N.K.	  

	  

N.A.	  
12	   M1	   21	   F	   BM	   46,XX,i(17q)	   N.A.	  
13	   M1	   63	   F	   BM	   C.K.	   N.A.	  
14	   M1	   69	   F	   BM	   C.K.	   N.A.	  
15	   M1	   63	   F	   BM	   N.K.	   N.A.	  
16	   M2	   65	   M	   BM	   N.K	   N.A.	  
17	   M2	   66	   M	   BM	   N.A.	   N.A.	  
18	   M2	   65	   M	   BM	   N.K.	   CEBPA+	  

	  
19	   M2	   39	   M	   BM	   46,XX	  del7,	  

t(8;21)	  
N.D.	  

20	   M2	   75	   M	   BM	   N.K.	   N.D.	  

	  
21	   M4	   73	   M	   BM	   C.K.	   N.A.	  
22	   M4	   64	   M	   BM	   N.K.	   N.A.	  
23	   M4	   69	   M	   BM	   N.K.	   N.A.	  
24	   M4	   77	   F	   BM	   	   N.D.	  

	  
25	   M4	   77	   F	   BM	   N.K.	   FLT3-‐ITD+	  

NPM1+	  
26	   M5b	   34	   F	   BM	   N.K.	   N.A.	  
	  

Table	  3.	  Patient	  characteristics	  of	  enrolled,	  newly	  diagnosed	  patients.	  

N.A.	   -‐Not	  Available;	  C.K.	   -‐Complex	  Karyotype;	  N.K.	   -‐Normal	  Karyotype;	  N.D.	   -‐
None	  Detected.	  	  
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3.2 Methods.	  	  
Superantigen-‐based	  assay	  of	  T	  cell	  activation	  
Superantigens	   are	   compounds	   causing	   oligoclonal	   activation	   of	   T	   cells.	  
Staphylococcal	  enterotoxin	  A	  (SEA)	  and	  SEB	  are	  staphylococcus	  aureus-‐
derived	  superantigens	  that	  stimulate	  T	  cells	  by	  binding	  laterally	  to	  MHC	  
II	  and	  TCR,	  creating	  a	  pseudospecific	  DC/T	  cell	  interaction	  [249].	  In	  this	  
way	  T	  cells	  and	  DCs	  are	  brought	  together,	  enabling	  signaling	  through	  the	  
TCR	  as	  well	  as	  co-‐stimulatory	  molecules.	  SEA	  and	  SEB	  are	  not	  unspecific	  
as	   these	   compounds	   only	   bind	   to	   certain	   Vβ-‐regions	   on	   the	   TCR;	   thus	  
SEA	  stimulates	  T	  cells	  carrying	  Vβ16	  and	  Vβ22	  and	  SEB	  stimulates	  Vβ17	  
cells,	   among	   others.	   Instead	   of	   using	   normal	   antigens	   for	   T	   cell	  
stimulation,	  which	  would	  stimulate	  <1%	  of	  T	  cells,	  stimulation	  with	  SEA	  
or	  SEA	  can	  stimulate	  up	  to	  20%	  of	  T	  cells.	  The	  binding	  of	  staphylococcal	  
superantigens	  to	  MHC/TCR	  is	  schematically	  shown	  in	  Figure	  4.	  

	  

Figure 4. Schematic illustration of MHC II/TCR interaction mediated by lateral 
binding of superantigen (SA)	  



Mechanisms of leukemia-induced immunosuppression 

32 

Flow	  cytometry	  
Flow	   cytometry	   analysis	   is	   a	   powerful	   tool	   used	   in	   a	   vast	   number	   of	  
different	   experimental	   settings.	   This	  method	   is	   especially	   useful	   in	   the	  
field	   of	   immunology	  because	  of	   the	   single	   cell	   state	   of	   immune	   cells.	  A	  
flow	  cytometry	  analysis	  can	  generate	   large	  amount	  of	  data	  and	  enables	  
analysis	   of	   several	   (exceeding	   20)	   parameters	   simultaneously	   [250].	  
However,	  there	  is	  call	  for	  precaution	  when	  evaluating	  data	  generated	  by	  
flow	   cytometry.	   The	   bottom	   line	   is	   that	   data	   generated	   by	   flow	  
cytometry	   are	   dependent	   on	   the	   researcher’s	   interpretation	   of	   the	  
sample.	  What	  you	  see	   is	  based	  not	  only	  on	   the	  actual	  properties	  of	   the	  
sample	  but	  also	  on	  the	  staining	  of	  the	  sample,	  the	  daily	  state	  of	  the	  flow	  
cytometer	   and	   the	   gating	   that	   determines	   what	   is	   shown	   in	   the	   plots.	  
This	  calls	  for	  careful	  analysis	  and	  proper	  setup	  in	  order	  to	  avoid	  errors	  
and	  false	  data.	  There	  are	  no	  definite	  rights	  but	  there	  are	  many	  pitfalls	  on	  
handling	  data,	  and	  the	  need	  for	  normalization	  etc.	  should	  be	  considered	  
carefully	  in	  each	  study.	  

Flow	  cytometry-‐based	  techniques	  
Phenotyping	   by	   flow	   cytometry	   is	   standard	   procedure	   in	   many	  
laboratories	   and	   most	   researchers	   can	   readily	   interpret	   information	  
presented	   as	   dot	   plots.	   This	   thesis	   presents	   phenotypical	   data	  
comprising,	   at	   most,	   seven	   fluorochromes	   and	   two	   light-‐scatter	  
properties	   analyzed	   simultaneously	   (paper	   II	   and	   III).	   An	   important	  
factor	   in	   maintaining	   the	   quality	   of	   such	   experiments	   is	   to	   properly	  
compensate	  fluorochromes	  [251].	  

Cell	  death	  can	  be	  measured	  in	  several	  ways.	  In	  the	  publications	  included	  
in	   this	   thesis	   two	   methods	   have	   been	   used;	   an	   amino-‐reactive	   dye,	  
referred	   to	   as	   ViViD	   [252]	   and	   the	   DNA	   stain	   To-‐Pro.	   ViVid	   binds	   to	  
amines,	   both	   extracellularly	   and	   intracellularly,	   on	   live	   and	   dead	   cells.	  
However,	  dead	  cells	  with	  compromised	  cell	  membranes	  will	  stain	  more	  
intensely	  due	  to	  the	  abundance	  of	  amines	  in	  the	  cytoplasm	  as	  compared	  
to	   amines	   bound	   extracellularly.	   To-‐Pro	   binds	   to	   DNA	   and	  will	  mainly	  
stain	  cells	   that	  have	  compromised	  cell	  membranes,	  allowing	   the	  dye	   to	  
enter	  the	  nucleus.	  

Cell	   sorting	   using	   a	   fluorescence-‐activated	   cell	   sorter	   (FACS)	   is	   a	  
convenient	   and	   efficient	   way	   to	   acquire	   highly	   purified	   populations	  
based	  on	  phenotypical	  properties.	  In	  general,	  FACS	  sorting	  is	  not	  based	  
on	   negative	   selection,	   which	   is	   a	   potential	   weakness	   compared	   to	  
magnet-‐based	  negative	  selection.	  	  	  
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Co-‐culture	  experiments	  
In	  this	  thesis,	  results	  based	  on	  co-‐culture	  experiments	  are	  presented	  in	  
all	   five	  papers.	  Co-‐culture	  experiments	  can	  sometimes	  be	  judged	  as	  un-‐
physiologic	   and	   thereby	   questioned.	  Objections	   are	   often	   based	   on	   the	  
notion	   that	   the	   conditions	   observed	   in	   the	   laboratory	   would	   never	   or	  
rarely	  occur	  in	  the	  body.	  This	  is	  most	  likely	  true	  but	  the	  argument	  is	  still	  
flawed.	   In	   vitro	   experiments	   only	   serves	   to	   create	   conditions	   under	  
which	   certain	   processes	   can	   be	   observed;	   the	   main	   conclusions	   are	  
seldom	  the	  conditions	   themselves.	  One	  example	  of	   this	   is	  DC/T	  cell	   co-‐
culture	  from	  paper	  I.	  In	  these	  experiments	  we	  used	  DC	  :	  T	  cell	  ratio	  1:3,	  
not	   because	   this	   is	   a	   ratio	   we	   believe	   is	   most	   comparable	   to	   in	   vivo	  
scenarios	  but	  because	  under	  these	  conditions	  thiol-‐upregulation	  can	  be	  
analyzed	  in	  vitro.	  

Freezing	  and	  thawing	  of	  samples	  
AML	   patients	   commence	   treatment	   with	   shortest	   possible	   delay	  
meaning	   that	   predictability	   of	   sample	   arrival	   was	   sometimes	   short,	  
leading	  to	  the	  need	  to	  freeze	  samples.	  Freezing	  of	  samples	  is	  precarious	  
as	   functional	   traits	   such	   as	   ROS	   production	   capacities	   are	   sometimes	  
affected.	  	  

In	  papers	  I,	  II,	  and	  III	  frozen	  cells	  are	  used.	  By	  using	  thawing	  protocols	  
as	   described	   in	   paper	   II	   high	   viability	   and	   function	   of	   leukocytes	   is	  
achieved.	   However,	   some	   traits	   can	   be	   altered	   upon	   freezing.	   Bone	  
marrows	  and	  peripheral	  blood	  that	  were	  frozen	  at	  other	  sites	  had	  higher	  
median	  fluorescence	  intensity	  (MFI)	  with	  regard	  to	  gp91phox	  than	  similar	  
samples	   frozen	  on	  site.	  Samples	   frozen	  on	  site	  displayed	  no	  differences	  
in	  MFI	  when	  comparing	  before	  and	  after	   freezing	  nor	  between	  BM	  and	  
PBMC.	   Normalizing	   MFI	   values	   against	   an	   internal	   lymphocyte	  
population,	  known	  to	  be	  gp91phox	  negative,	  circumvented	  this	  issue.	  
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4 RESULTS	  	  
Paper	  I	  
T	   cells	   are	   pivotal	   players	   in	   the	   defense	   against	  malignant	   cells,	   both	  
solid	   and	  hematopoietic	   [172].	   Alleviating	  T	   cell	   suppression	   in	   cancer	  
has	   been	   exploited	   therapeutically	   as	   exemplified	   by	   the	   recently	  
developed	   treatment	   of	   metastatic	   melanoma	   with	   anti-‐CTLA4	  
antibodies	  aiming	  to	  alleviate	  T	  cell	  inactivation	  induced	  by	  TREGs	  [173].	  
T	   cells	   appear,	   however,	   to	   be	   exposed	   to	  myeloid	   cell-‐derived	  ROS	   in	  
the	   malignant	   microenvironment	   [102,	   103],	   and	   understanding	   the	  
mechanisms	  by	  which	  T	  cells	  avoid	  ROS-‐induced	  inhibition	  may	  help	  to	  
design	  more	  efficacious	  immunotherapeutic	  regimens,	  	  	  	  

In	  paper	   I	   we	   explored	   the	   ability	   of	   DCs	   not	   only	   to	   activate	   T	   cells	  
through	  antigen	  presentation	  and	  co-‐stimulation	  but	  also	  their	  ability	  to	  
equip	   T	   cells	   with	   anti-‐oxidative	   structures	   required	   to	  maintain	   their	  
functionality	   and	   viability	   in	   an	   inflammatory	   microenvironment	   with	  
oxidative	  stress.	  Previous	  work	  from	  our	  group	  showed	  that	  DCs	  protect	  
NK	   cells	   and	   T	   cells	   from	   ROS-‐induced	   cell	   death	   by	   inducing	   and/or	  
transferring	   cell	   surface	   thiols	   to	   lymphocytes	   and	   thereby	   enabling	  
them	   to	  neutralize	   oxygen	   radicals	   [194].	   In	  paper	   I,	  we	   expand	   these	  
findings	  using	  a	  superantigen	  based	  assay,	  as	  explained	  in	  3.2	  Methods,	  
and	   demonstrate	   that	   DCs	   preferentially	   convey	   protection	   to	   T	   cells	  
through	  a	  specific	  interaction	  that	  results	  in	  expression	  of	  anti-‐oxidative	  
thiols	  by	  antigen-‐specific	  T	  cells	  and	  an	  increased	  resistance	  to	  oxidative	  
stress.	  	  

In	   brief,	   monocyte-‐derived	   DCs,	   pulsed	   for	   2h	   with	   SEA	   or	   SEB,	   were	  
cocultured	  overnight	  with	  CD3+	  T	  cells	  with	  ensuing	  measurement	  of	  cell	  
surface	  and	  intracellular	  thiols	  on	  T	  cell	  subsets.	  This	  analysis	  revealed	  
that	   superantigen-‐pulsed	   DCs	   only	   induced	   thiols	   on	   T	   cells	   with	   Vβ	  
chain-‐specificity	   corresponding	   to	   the	   superantigen	   presented	   by	   DC	  
(Figure	   5).	   This	   effect	   was	   not	   seen	   when	   the	   superantigen	   was	  
presented	   to	  T	  cells	  by	  MHC	   II	  on	  B	  cells,	   even	   though	  both	  DCs	  and	  B	  
cells	   induced	   similar	   levels	   of	   CD69	   expression	   on	   antigen-‐specific	   T	  
cells.	  By	  FACS	  sorting	  the	  antigen-‐specific	  thiol-‐positive	  T	  cells,	  using	  the	  
surrogate	  marker	   CD69,	  we	   found	   that	   T	   cells	  with	   high	   expression	   of	  
cell	   surface	   thiols	   after	   DC	   interaction	   showed	   an	   elevated	   capacity	   to	  
neutralize	   ROS	   and	   to	   survive	   in	   the	   presence	   of	   toxic	   levels	   of	  
exogenously	  added	  H2O2	  (Figure	  5).	  
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Figure 5. (A) DCs pulsed with SEA and SEB induce upregulation of cell surface (cs) 
thiols on Vβ16/22 and Vβ17, respectively. (B) CD69+ T cells, i.e. with upregulated thiols, 
have superior H2O2 neutralizing capacities as measured by PHPA-oxidation assay. (C) T 
cells with increased cs-thiols show increased resistance to H2O2-induced apoptosis.	  
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Papers	  II	  and	  III	  
	  

In	  paper	  II	  we	  sought	  to	  investigate	  the	  ability	  of	  AML	  cells	  to	  produce	  
immunosuppressive	   ROS.	   We	   first	   observed	   that	   BM	   cells	   from	  
monocytic	   AML,	   i.e.	   FAB-‐M4	   and	   FAB-‐M5,	   possessed	   the	   ability	   to	  
produce	  high	  levels	  of	  oxygen	  radicals.	  Detailed	  phenotypical	  analysis	  of	  
blood	  and	  BM	  samples	  disclosed	  that	  only	  a	  certain	  subtype	  of	  AML	  cells	  
expressed	   the	   NADPH	   oxidase,	   as	   measured	   by	   the	   membrane-‐bound	  
subunit	   gp91phox.	   NADPH	   oxidase	   positive	   malignant	   cells	   were	   of	  
mature	  CD33+CD14+	  monocytic	  phenotype	  and	  only	  seen	  in	  FAB-‐M4	  and	  
FAB-‐M5	  leukemia.	  FACS	  sorting	  of	  these	  mature	  AML	  cells	  revealed	  that	  
they	  were	  indeed	  responsible	  for	  ROS	  production	  whilst	  immature	  cells,	  
which	  are	  phenotypically	  more	   immature,	  did	  not	  produce	  ROS.	   In	   line	  
with	   these	   findings,	   only	  mature	   FAB-‐M4	   and	   FAB-‐M5	  AML	   cells	  were	  
able	   to	   induce	   PARP-‐1-‐dependent	   parthanatos	   in	   T	   cells	   and	   NK	   cells	  
(Figure	   6).	   Of	   note	   is	   that	   out	   of	   six	   sorted	   mature	   populations	   from	  
AML-‐M4	  and	  AML-‐M5,	  five	  were	  confirmed	  malignant	  by	  either	  FISH	  or	  
mutational	   PCR	   analysis.	   The	   finding	   that	   monocytic	   AML	   cells	  
expressed	  gp91phox	  was	  further	  supported	  by	  microarray	  data	  from	  207	  
patients	   at	   diagnosis	   deposited	   at	   Gene	   Expression	   Omnibus	  
(www.ncbi.nlm.nih.gov/geo),	  accession	  number	  GSE1159.	  [253]	  (Figure	  
6).	   To	   our	   knowledge	   this	   is	   the	   first	   report	   of	   direct	   ROS-‐dependent	  
immunosuppression	  exerted	  by	  malignant	  AML	  cells.	  

Figure 6. (A) ROS production in unsorted BM cells upon stimulation with PMA. The 
ability to produce ROS is restricted to the gp91phox expressing subsets FAB-M4 and 
FAB-M5. (B) Mature leukemic cells induce NK cell apoptosis. Apoptosis is abolished by 
the presence of NADPH oxidase inhibitor DPI, ROS scavenger catalase and PARP-1 
inhibitor PJ34. Panle C shows gp91phox mRNA levels in untreated AML patients.	  
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These	  findings	  enticed	  us	  to	  re-‐analyze	  the	  results	  of	  HDC/IL-‐2	  phase	  III	  
trial	   from	  2006	  [8].	  Since	  the	  proposed	  mechanism	  of	  HDC	  is	  to	  reduce	  
the	   formation	   of	   NADPH	   oxidase-‐derived	   ROS	   and	   thus	   preserve	   anti-‐
leukemic	   immunity,	  we	  asked	  whether	   the	  clinical	  benefit	  of	   treatment	  
may	  differ	  in	  subtypes	  of	  AML	  that	  express	  or	  do	  not	  express	  the	  NADPH	  
oxidase.	   In	   the	   original	   article	   the	   FAB	   class	   sub-‐analysis	   comprised	  
favorable	  and	  unfavorable	  FAB-‐classes,	   i.e.	  FAB-‐M2/M3/M4	  (favorable)	  
against	   FAB-‐M0/M1/M5/M6	   (unfavorable).	   As	   reported	   in	   the	   original	  
publication,	   the	   efficacy	   of	   treatment	   did	   not	   differ	   between	   these	  
patient	  groups.	  When	  performing	  post	  hoc	  analysis	  of	  145	  patients	  under	  
the	   age	   of	   60	   in	   first	   remission,	   i.e.	   patients	   for	   whom	   treatment	   is	  
currently	   approved,	   we	   found	   that	   HDC/IL-‐2	   immunotherapy	   showed	  
preferential	   effect	   in	   monocytic	   AML.	   HDC/IL-‐2	   was	   thus	   highly	  
efficacious	  in	  AML-‐M4	  and	  AML-‐M5	  (3	  year	  LFS	  62.5%)	  but	  completely	  
inefficient	   in	   AML-‐M2	   (3	   year	   LFS	   35.7%)	   (Table	   4	   and	   Figure	   7)	   An	  
additional	  analysis	  of	  non-‐M2	  AML	  showed	  a	  clear	  benefit	  of	  treatment	  
within	  this	  subgroup	  (Table	  4).	  

Table	  4.	  Treatment	  benefit	  in	  non-‐M2	  AML	  

FAB	  	   LFS	  	  	  	  	  	  	  	  
3	  years	  
Ctrl	  

LFS	  	  	  	  	  	  	  	  	  	  	  
3	  years	  
HDC/IL-‐2	  

Hazard	  
ratio	  

95%	  CI	   P-‐value	  	  	  	  	  
(Log-‐Rank)	  

CR1,	  <60	  years	   	   	   	   	   	  
M0/M1,	  n=41	   11.1%	   39.1%	   0.51	   0.24	  -‐	  1.05	   n.s.	  (.16)	  
M2,	  n=41	   39.7%	   35.7%	   1.14	   0.49	  -‐	  2.63	   n.s.	  (.65)	  
M4/M5,	  n=58	   26.9%	   62.5%	   0.37	   0.18	  -‐	  0.75	   *	  (0.017)	  
Non-‐M2,	  n=104	   21.7%	   52.5%	   0.43	   0.26	  -‐	  0.71	   **	  (0.0089)	  
(M0,1,4,5,6,7)	   	   	   	   	   	  
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In	  parallel	  we	  showed	  that	  the	  mature	  CD33+CD14+	  monocytic	  AML	  cells	  
from	  AML-‐M4	  and	  AML-‐M5	  patients	  expressed	   functional	  histamine	  H2	  

receptors	   that	   inhibited	   ROS	   formation	   and	   release	  when	   activated	   by	  
HDC.	   In	   contrast,	   histamine	  H2	   receptors	  were	   rarely	   seen	   on	  AML-‐M1	  
and	  AML-‐M2	  cells	  (Figure	  8).	  

In	  summary,	  these	  results	  imply	  that	  in	  monocytic	  AML,	  there	  is	  a	  subset	  
of	   AML	   cells	   capable	   of	   direct	   ROS-‐mediated	   lymphocyte	   suppression	  
that	  express	  functional	  histamine	  H2	  receptors	  and	  thus	  respond	  to	  HDC.	  
AML	   patients	   that	   harbor	   these	   cells	   respond	   favorably	   to	   HDC/IL-‐2	  
immunotherapy.	   It	   must	   be	   emphasized,	   however,	   that	   the	   clinical	  
results	   presented	   in	   paper	   III	   should	   be	   validated	   in	   prospective	  
studies.	  

	  

	  

	  

Figure 7. Kaplan-Meier plots of LFS for patients in CR1 (<60 years old) receiving post-
consolidation immunotherapy with HDC/IL-2 (red line) or standard-of-care (no 
treatment, blue line). FAB classification was performed at each participating center at 
diagnosis, and the FAB classes were grouped as AML with maturation (FAB-M2) and 
monocytic forms of AML (FAB-M4 and FAB-M5). Non-M2 AML refers to all patients 
classified as FAB classes M0, M1, M4, M5, M6, or M7. All patients were followed for 
LFS for at least 3 years (median follow-up 47 months) and all results were analyzed 
according to ITT.	  
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Figure 8 (A) H2Rs are primarily expressed by myeloid cells in M4 and M5 AML and 
above all by mature CD33+CD14+ myeloid cells. (B) Myeloid cells co-expressing 
NADPH oxidase and H2R are primarily seen in FAB-M4/M5 AML. Panel C shows 
reduction in ROS production in sorted mature FAB-M4/M5 cells.	  
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Papers	  IV	  and	  V	  
The	  DNA	   repair	   enzyme	  PARP-‐1	  was	   recently	   shown	   to	  be	   involved	   in	  
lymphocyte	  cell	  death	  after	  exposure	  to	  ROS	  [99].	  In	  papers	  IV	  and	  V	  we	  
pursue	  these	   findings	   further	   in	  order	   to	   investigate	   if	   inhibition	  of	   the	  
PARP-‐1/AIF	  signaling	  pathway	  is	  a	  feasible	  way	  to	  maintain	  lymphocyte	  
function	   under	   conditions	   of	   oxidative	   stress	   and	   in	   order	   to	   elucidate	  
what	   intracellular	   signaling	   pathways	   that	   may	   be	   involved	   in	  
lymphocyte	  parthanatos.	  

CML	  cells	  have	  previously	  been	  demonstrated	  to	  induce	  ROS-‐dependent	  
cell	   death	   in	   NK	   cells,	   however	   the	   signaling	   pathway	   responsible	   for	  
mediating	   cell	   death	   has	   remained	   unknown.	   To	   elucidate	   CML-‐
mediated	   cell	   death	   further,	   we	   did	   phenotypical	   analyses	   of	   primary	  
CML	   cells	   showing	   that	   these	   expressed	   the	   NADPH	   oxidase	   subunit	  
gp91phox	   and	   produced	   high	   levels	   of	   oxygen	   radicals.	   In	   addition,	   we	  
performed	  co-‐culture	  experiments	  with	  NK	  cells	  and	  CML	  cells	  showing	  
that	  CML	  cell-‐mediated	  immunosuppression	  is	  mediated	  through	  PARP-‐
1	  signaling.	  When	  treated	  with	  the	  PARP-‐1	   inhibitor	  PJ34,	   lymphocytes	  
were	   not	   only	   rescued	   from	   parthanatos	   triggered	   by	   ROS-‐producing	  
CML	  cells,	  but	  also	  remained	  functional	  as	  assessed	  by	  cytotoxicity,	  IFN-‐
γ	   production	   and	   proliferation	   in	   the	   presence	   of	   exogenous	   H2O2.	  
Results	  from	  paper	  IV	  are	  summarized	  in	  Figure	  9.	  

Figure 9. (A) Malignant neutrophils (CML cells) trigger apoptosis in NK cells (grey 
bars) in a PARP-1 -dependent manner, as shown by the PARP-1 inhibitor PJ34 (black 
bars). Panel B shows that PJ34 maintains NK cell cytotoxicity against K562 target cells 
in presence of H2O2. (C) NK cell and T cell IFN-γ-production is preserved by PARP-1 
inhibition in cultures with exogenous H2O2. 	  
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Oxygen	  radicals	  trigger	  caspase-‐independent	  cell	  death	  through	  PARP-‐1	  
[99]	   and	   inhibiting	   this	   enzyme	   in	   lymphocytes	   upholds	   viability	   and	  
function	  (Paper	  IV).	  However,	   the	  signals	   leading	   to	  PARP-‐1	  activation	  
in	   lymphocytes	   after	   ROS	   exposure	   have	   remained	   unclear.	   One	  
possibility	   is	   that	   ROS	   cause	   DNA	   damage	   with	   subsequent	   PARP-‐1	  
activation,	  but	  ROS	  are	  also	  potent	  signaling	  molecules	  [254],	  which	  may	  
lead	  to	  PARP-‐1	  activation.	  Involvement	  of	  extracellular	  signal-‐regulated	  
kinase	  1/2	  (ERK1/2)	  has	  been	  reported	  in	  oxidant	  induced	  cell	  death	  in	  
other	  tissues	  [255-‐257]	  and	  pERK	  was	  recently	  reported	  to	  trigger	  PARP	  
activation	   in	   a	   cell-‐free	   system	   [122].	   In	  paper	   V	   we	   investigated	   the	  
involvement	   of	   the	  MEK/ERK	   signaling	   pathway	   in	   PARP-‐1-‐dependent	  
lymphocyte	  parthanatos.	  

Results	   in	   paper	   V	   imply	   that	   inhibition	   of	   MEK1/2,	   responsible	   for	  
ERK1/2	  activation,	  rescues	  lymphocytes	  from	  ROS-‐induced	  parthanatos.	  
Also,	  inhibition	  of	  MEK1/2	  prevented	  formation	  of	  phosphorylated	  ERK	  
(pERK)	   as	   well	   as	   accumulation	   of	   poly(ADP-‐ribose)	   (PAR)	   after	   ROS	  
exposure.	   In	   contrast,	   inhibition	   of	   PARP-‐1	   prevented	   accumulation	   of	  
PAR	  but	  did	  not	  affect	  pERK	  formation	  (Figure	  10),	  implying	  that	  ERK	  is	  
upstream	  of	  PARP-‐1	  in	  ROS-‐induced	  parthanatos	  signaling.	  	  

Figure 10. (A) ERK-phosphorylation is inhibited by the MEK-inhibitor PD98059 but not 
PARP-inhibitor PJ34. (B) Representative western blot analysis of PAR accumulation. (C) 
PAR accumulation is prevented by both MEK1/2-inhibitor and PARP-inhibitor, thus 
establishing that ERK1/2 phosphorylation is upstream of PARP activation.	  
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5 DISCUSSION	  AND	  CONCLUSIONS	  
T	  cells	  and	  NK	  cells	  are	  essential	  components	  of	  cell-‐mediated	  immunity	  
directed	   against	   solid	   tumor	   cells	   and	   leukemic	   cells.	   In	   myeloid	  
leukemia	   there	   are	   a	   number	   of	   tumor-‐associated	   antigens	   (TAAs)	  
towards	  which	  T	  cells	  of	  the	  host	  can	  elicit	  a	  specific	   immune	  response	  
[232,	   258].	   NK	   cells	   exert	   anti-‐leukemic	   activity	  mediated	   not	   through	  
specific	   receptors	   but	   rather	   by	   identifying	   “missing	   self”	   or	   increased	  
activating	  ligands	  [12,	  28,	  34,	  50].	  However,	  functions	  of	  NK	  cells	  and	  T	  
cells	  are	  frequently	  impaired	  in	  AML	  patients,	  which	  has	  implications	  for	  
the	  course	  of	  disease	  and	  for	  attempts	  to	  activate	  cellular	  immunity	  for	  
therapeutic	  purposes.	  	  

ROS-‐mediated	   immune	   suppression	   leads	   to	   dysfunction	   and	  
parthanatos	   in	   lymphocytes,	   a	   process	   that	   can	   be	   prevented	   by	  
inhibiting	  PARP-‐1	  (paper	  II	  and	  IV)	  or	  by	   interfering	  with	   the	  ERK1/2	  
signaling	   pathway	   (paper	   V).	   	   While	   the	   results	   in	   papers	   II	   and	   IV	  
would	  point	  to	  the	  possibility	  of	  using	  PARP-‐1	   inhibitors	  as	  adjuncts	   in	  
immunotherapy,	   it	   should	  be	   cautioned	   that	   systemic	   interference	   of	   a	  
DNA	  repair	  enzyme	  may	  be	  harmful.	  PARP-‐1	  inhibition	  should	  thus	  most	  
likely	   be	   approached	   cautiously	   if	   the	   sole	   purpose	   is	   to	   maintain	  
lymphocyte	   function.	  However,	   in	   the	  event	  of	  using	  PARP-‐1	   inhibitors	  
as	  chemosensitizers	  with	  the	  goal	  of	   flooding	  malignant	  cells	  with	  DNA	  
damage	  	  [116],	  maintenance	  of	  lymphocyte	  function	  may	  be	  a	  favorable	  
contributing	  factor.	  

pERK-‐mediated	  activation	  of	  PARP-‐1,	  upon	  exposure	   to	  ROS	  (paper	  V)	  
opens	   the	   possibility	   to	   target	   this	   pathway	  when	   exploring	  means	   to	  
protect	   lymphocyte	   function.	   Interestingly,	  when	  PARP-‐1	   is	   exposed	   to	  
recombinant	  pERK	  in	  a	  cell-‐free	  system,	  PARP-‐1	  activation	  ensues.	  This	  
activation	   can	   be	   prevented	   by	   nicked	   DNA	   indicating	   that	   damaged	  
DNA	  and	  pERK	  compete	  for	  a	  shared	  binding	  site	  on	  PARP-‐1	  and,	  more	  
importantly,	   that	   interference	  with	   the	  ERK	  pathway	  would	  not	   impair	  
DNA	  repair	  function	  since	  nicked	  DNA	  has	  higher	  affinity	  for	  the	  shared	  
binding	   site	   [122].	   The	   finding	   that	   ERK	   is	   phosphorylated	   after	   ROS	  
exposure,	   leading	   to	   PARP-‐1	   activation,	   along	   with	   the	   finding	   that	  
PARP-‐1	   inhibition	   maintains	   lymphocyte	   function,	   suggests	   that	   DNA	  
damage	   may	   not	   be	   the	   primary	   event	   leading	   to	   parthanatos	   in	  
lymphocytes	  after	  ROS	  exposure.	  	  	  
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Early	   relapse	   in	   AML	   correlates	   with	   poor	   survival	   due	   to	   a	   resumed	  
expansion	  of	  residual	  malignant	  cells	  after	   treatment	   termination	  [218,	  
259].	   In	   addition,	   the	   proliferating	   cells	   are	   generated	   from	   the	   most	  
drug-‐resilient	   clone,	  which	  may	  explain	  why	  additional	  CRs	  are	  harder	  
to	  achieve.	  Late	  relapse	  in	  AML	  is	  perhaps	  more	  difficult	  to	  explain.	  Very	  
late	  relapse	  in	  AML	  (>5	  years	  after	  CR)	  are	  rare	  and	  it	  is	  unclear	  if	  these	  
are	  true	  relapse	  or	  de	  novo	  AML	  [260].	  More	  interesting	  are	  patients	  that	  
do	   not	   relapse	   immediately	   but	   still	   relapse	   some	   time	   later	  
(approximately	  1-‐2	  years	  after	  achieving	  CR).	  It	  is	  tempting	  to	  speculate	  
that	   these	   cases	   are	   examples	   of	   disrupted	   equilibrium	   between	   the	  
immune	  system	  and	  the	  malignant	  cells,	  with	  relapse	  being	  the	  effect	  of	  
subsequent	   immune	   escape	   (see	   section	   2.4	   Immunity	   and	   Cancer).	  
AML	   is	   in	   general	   seen	   as	   a	   monoclonal	   disease	   where	   the	   malignant	  
clone	   evolves	   in	   a	   Darwinian	   manner	   [261,	   262]	   with	   mutations	   and	  
adaptations	  shaping	  the	  malignant	  clone.	  Upon	  relapse	  in	  CR,	  one	  of	  two	  
things	  have	  occurred;	   either	   the	  malignant	   stem	   cell	   or	   progenitor	   cell	  
has	  acquired	  additional	  mutations	  allowing	  it	  to	  expand	  more	  rapidly	  or	  
the	   malignant	   clone,	   already	   having	   potential	   for	   expansion,	   has	  
acquired	   a	   feature	   allowing	   it	   to	   evade	   immunity.	  Either	  way,	   the	   time	  
point	  for	  immunotherapy	  is	  in	  CR	  when	  tumor	  burden	  is	  low	  and	  disease	  
is	  still	  in	  a	  state	  resembling	  equilibrium.	  	  

Immune-‐mediated	   clearance	   of	   residual	   leukemic	   cells	   during,	   for	  
example,	   graft-‐versus-‐leukemia	   is	  most	   likely	   to	   take	   place	   in	   BM,	   but	  
the	  circumstances	  under	  which	  this	  occurs	  are	  open	  to	  speculation.	  It	  is	  
unlikely	   that	   the	   absolute	   number	   of	   anti-‐leukemic	   cells	   is	   the	   most	  
important	   factor	   for	   eradication	  of	   the	   leukemic	   clone.	   Instead,	   a	  more	  
likely	   scenario	   is	   that	   an	   individual	   immune	   cell	   encounters	   a	   residual	  
AML	   cell	   and	   that	   this	   interaction,	   or	   lack	   thereof,	   determines	   if	   the	  
leukemic	  cell	  is	  lysed.	  

As	  one	  factor	  influencing	  the	  outcome	  of	  such	  an	  interaction,	  we	  propose	  
that	   individual	   leukemic	   cells	   of	   FAB-‐M4	   and	   M5	   AML	   can	   surround	  
themselves	   with	   an	   immunosuppressive	   cloud	   of	   reactive	   oxygen	  
species	   (figure	   3).	   This	   immunoevasive	   mechanism	   would	   protect	   the	  
individual	  AML	  cell	  from	  lysis	  by	  triggering	  lymphocyte	  parthanatos,	  via	  
pERK	  and	  PARP-‐1	   (paper	   II,	   IV	   and	  V),	   and	  possibly	   creating	  a	  hostile	  
microenvironment,	   thus	  protecting	  adjacent	  AML	  cells.	  This	  hypothesis	  
would	  help	  to	  explain	  the	  preferential	  effect	  of	  HDC/IL2	  immunotherapy	  
in	  monocytic	  forms	  of	  AML	  (paper	  II	  and	  III)	  where	  AML	  cells	  comprise	  
a	  gp91phox+	  monocytic	  population	  with	  suppressive	  traits	  that	  expresses	  
functional	  histamine	  H2	  receptors.	   In	   further	  support	  of	   this	   theory	  are	  
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reports	  that	  AML-‐M4	  and	  AML-‐M5	  patents	  have	  inferior	  prognosis	  after	  
allo-‐SCT	  [263-‐266].	  In	  this	  context,	  it	  is	  of	  interest	  that	  T	  cells	  activated	  
by	   specific	   interactions	   with	   DCs	   are	   equipped	   with	   both	   extra-‐	   and	  
intracellular	   thiols,	   potentially	   enabling	   T	   cells	   to	   endure	   AML	   cell-‐
generated	  oxidative	  stress	  (paper	  I).	  In	  addition,	  DCs	  have	  been	  shown	  
to	  induce	  thiol	  up-‐regulation	  in	  NK	  cells	  generating	  similar	  resistance	  to	  
ROS	  mediated	  cell	  death	  [194].	  These	   findings	  may	  explain	  how	  T	  cells	  
and	  NK	  cells	  can	  remain	   functional	   in	  environments	  with	  high	   levels	  of	  
oxidative	   stress,	   such	   as	   tumor	   sites	   or	   inflammation	   and	   might	  
influence	   the	  ability	  of	  myeloid	   cells,	   such	  as	  MDSCs	  or	  ROS	  producing	  
AML	   cells,	   to	   suppress	   T	   cells.	   In	   cancer	   immunotherapy	   it	   may	   be	  
beneficial	   to	   ensure	   that	   regimens	   of	   T	   cell	   activation	   also	   involves	   an	  
up-‐regulation	  of	  thiols	  in	  order	  to	  achieve	  optimal	  efficacy.	  	  	  

Another	   factor	   in	   HDC/IL-‐2	   immunotherapy	   is	   the	   IL-‐2	   component	   of	  
this	   regimen.	   As	   mentioned	   earlier,	   IL-‐2	   promotes	   expansion	   of	   TREGs,	  
which	  may	  dampen	  efficacy	  of	  anti-‐neoplastic	  T	  cells	  [72,	  267].	  However,	  
IL-‐2	   also	   promotes	   NK	   cell	   expansion	   and	   in	   patients	   treated	   with	  
HDC/IL-‐2,	  TREG	  and	  NK	  cell	  expansion	  is	  seen	  concurrently	  (Rydström	  A,	  
personal	  communication).	  These	  findings	  may,	  speculatively,	  call	  for	  the	  
development	  of	  a	  modified	  IL-‐2	  molecule	  with	  increased	  binding	  to	  low-‐
affinity	  IL-‐2	  receptors,	  resulting	  in	  expansion	  of	  cytotoxic	  T	  cells	  but	  not	  
TREGs	   [268].	   An	   alternative	   approach	   would	   be	   to	   combine	   HDC	   with	  
another	   stimulatory	   cytokine,	   such	   as	   IL-‐15	   or	   IL-‐21,	   which	   promotes	  
NK	  cell	  expansion	  without	  concomitant	  TREG	  induction	  [269,	  270].	  

Novel	   insights	   into	   the	   mechanism	   of	   HDC/IL-‐2	   immunotherapy	   may	  
assist	   in	   anticipating	   which	   subgroups	   of	   AML	   patients	   benefit	   from	  
treatment	  with	  HDC/IL-‐2.	   One	   such	   indication	   could	   be	   following	   allo-‐
SCT	   for	   patients	   diagnosed	   with	   FAB-‐M4	   or	   FAB-‐M5	   AML	   or	   in	  
combination	   with	   adoptive	   transfer	   of	   NK	   cells	   to	   AML	   patients,	   in	  
particular	   if	   the	   malignant	   clone	   express	   gp91phox	   and	   histamine	   H2	  
receptors,	   indicative	   for	   lymphocyte	   suppression.	   Another	   such	   setting	  
is	   chronic	  myelomonocytic	   leukemia	   (CMML),	   a	   disease	   in	  many	  ways	  
comparable	   to	   acute	   myelomonocytic	   leukemia.	   Similar	   to	   AML-‐M4,	  
CMML	  encompass	  a	  suppressive	  monocytic	  population,	  expressing	  both	  
H2R	  and	  gp91phox	  (unpublished	  data).	  	  

In	  conclusion,	   the	   translational	  work	  presented	   in	   this	   thesis	  –	   ranging	  
from	   studies	   of	   molecular	   mechanisms	   to	   the	   evaluation	   of	   clinical	  
samples	   and	   clinical	   trials	   –	   may	   help	   to	   further	   improve	   the	  
effectiveness	  of	  immunotherapy	  in	  leukemia.	  	  	  	  



 

45 

ACKNOWLEDGEMENTS	  
I	  would	  like	  to	  thank	  those	  who	  made	  this	  thesis	  possible:	  

Kristoffer	  Hellstrand,	  my	  main	  supervisor,	  for	  superb	  scientific	  guidance,	  
much	   needed	   support,	   many	   laughs	   and	   for	   providing	   inspirational	  
academic	  freedom.	  

Fredrik	   Bergh	   Thorén,	   my	   co-‐supervisor,	   for	   being	   constantly	   relaxed,	  
endlessly	  supportive	  and	  always	  intellectually	  outstanding.	  

Mats	   Brune,	   my	   co	   supervisor,	   for	   sharing	   your	   excellent	   clinical	  
knowledge	  and	  for	  trying	  to	  make	  me	  meet	  deadlines.	  

Mari-‐Louise	   Landelius,	   Ulla	   Gingsjö	   and	   Jenny	   Hendel,	   for	   tremendous	  
amount	  of	  technical	  support	  in	  the	  laboratory.	  

Galia	  Askarieh,	  for	  being	  a	  very	  good	  friend	  from	  the	  start	  and	  for	  paving	  
the	  way	  in	  terms	  of	  paperwork.	  

Anna	   Martner,	   for	   excellent	   collaboration	   and	   for	   being	   a	   worthy	  
opponent	  in	  the	  laboratory	  running	  contest.	  

Friends	   and	   colleagues	   in	   the	   Hellstrand	   Group:	   Ali	   Akhiani,	   for	  
rewarding	   cooperation,	   Lotta	   Movitz,	   for	   creating	   a	   most	   enjoyable	  
working	   environment,	   Jonas	   Söderholm,	   for	   good	   scientific	   advice	   and	  
trying	   to	   keep	   me	   awake	   at	   Super	   Bowl,	   Rebecca	   Riise,	   for	   good	  
teamwork	  and	  tolerating	  the	  absolute	  mess	  on	  my	  desk,	  Anna	  Rydström,	  
for	   your	   laughter	   as	  well	   as	   taking	   care	  of	   the	  LSR	  and	   the	  newcomers	  
Moa	  Sjöberg	  and	  Jesper	  Waldenström.	  

Örjan	   Strannegård	   and	   Svante	   Hermodsson,	   for	   sharing	   your	   ideas	   and	  
knowledge.	  

Tomas	   Bergström	   and	   Agnes	   Wold,	   former	   and	   current	   head	   of	   the	  
department,	  for	  providing	  the	  infrastructure	  needed.	  

Gaby	   Helbok,	   for	   excellent	   secretarial	   assistance,	   even	   when	   I	   didn’t	  
deserve	  it.	  

Markus	  Hansson	  and	  Lars	  Palmqvist,	  for	  contributions	  making	  this	  thesis	  
possible.	  



Mechanisms of leukemia-induced immunosuppression 

46 

Olle	   Werlenius,	   Anders	   Ståhlberg	   and	   Rickard	   Nordén	   for	   productive	  
collaborations.	  

Colleagues	  in	  the	  Department	  of	  Virology,	  Department	  of	  Rheumatology	  
and	  the	  Sahlgrenska	  Cancer	  Centre	  for	  creating	  a	  pleasant	  workplace.	  

To	  friends	  and	  family,	  for	  support	  and	  understanding.	  

To	  Sanna,	  for	  all	  the	  love	  and	  encouragement	  you	  have	  given	  me.	  

	  



 

47 

SUPPORT	  
The	  work	  presented	  in	  this	  thesis	  was	  supported	  by	  the	  Swedish	  Cancer	  
Society	  (Cancerfonden),	  the	  Swedish	  Research	  Council,	  Torsten	  och	  Ragnar	  
Söderberg’s	   Foundation,	   Inga-‐Britt	   and	   Arne	   Lundberg	   Research	  
Foundation,	  Gunvor	  and	  Ivan	  Svensson	  Foundation,	  the	  Assar	  Gabrielsson	  
Foundation,	   the	  Wilhelm	  and	  Martina	  Lundgren	   foundation,	  The	  Swedish	  
Society	   of	   Medicine,	   ALF	   funds	   at	   the	   Sahlgrenska	   University	   Hospital,	  
and	  the	  Sahlgrenska	  Academy	  at	  University	  of	  Gothenburg.	  

I	   would	   also	   like	   to	   thank	   the	   EpiCept	   Corporation,	   New	   York,	   for	  
providing	   clinical	   results	   from	   the	  HDC/IL-‐2	  phase	   III	   trial,	   and	  Harald	  
Anderson,	  Lund	  University,	  Lund,	  for	  performing	  statistical	  analyses.	  

	  

	  



Mechanisms of leukemia-induced immunosuppression 

48 

REFERENCES	  
1. Pulte, D., A. Gondos, and H. Brenner. 2008. Improvements in survival of 

adults diagnosed with acute myeloblastic leukemia in the early 21st century. 
Haematologica 93:594-600. 

2. Burnett, A., M. Wetzler, and B. Lowenberg. 2011. Therapeutic advances in 
acute myeloid leukemia. J Clin Oncol 29:487-494. 

3. Estey, E., and H. Dohner. 2006. Acute myeloid leukaemia. Lancet 
368:1894-1907. 

4. Tallman, M. S., D. G. Gilliland, and J. M. Rowe. 2005. Drug therapy for 
acute myeloid leukemia. Blood 106:1154-1163. 

5. Lowdell, M. W., and M. B. Koh. 2000. Immunotherapy of AML: future 
directions. J Clin Pathol 53:49-54. 

6. Smits, E. L., Z. N. Berneman, and V. F. Van Tendeloo. 2009. 
Immunotherapy of acute myeloid leukemia: current approaches. Oncologist 
14:240-252. 

7. Barrett, A. J., and K. Le Blanc. 2010. Immunotherapy prospects for acute 
myeloid leukaemia. Clin Exp Immunol 161:223-232. 

8. Brune, M., S. Castaigne, J. Catalano, K. Gehlsen, A. D. Ho, W. K. 
Hofmann, D. E. Hogge, B. Nilsson, R. Or, A. I. Romero, J. M. Rowe, B. 
Simonsson, R. Spearing, E. A. Stadtmauer, J. Szer, E. Wallhult, and K. 
Hellstrand. 2006. Improved leukemia-free survival after postconsolidation 
immunotherapy with histamine dihydrochloride and interleukin-2 in acute 
myeloid leukemia: results of a randomized phase 3 trial. Blood 108:88-96. 

9. Weissman, I. L., D. J. Anderson, and F. Gage. 2001. Stem and progenitor 
cells: origins, phenotypes, lineage commitments, and transdifferentiations. 
Annu Rev Cell Dev Biol 17:387-403. 

10. Hartenstein, V. 2006. Blood cells and blood cell development in the animal 
kingdom. Annu Rev Cell Dev Biol 22:677-712. 

11. Beutler, B. 2004. Innate immunity: an overview. Mol Immunol 40:845-859. 
12. Vivier, E., D. H. Raulet, A. Moretta, M. A. Caligiuri, L. Zitvogel, L. L. 

Lanier, W. M. Yokoyama, and S. Ugolini. 2011. Innate or adaptive 
immunity? The example of natural killer cells. Science 331:44-49. 

13. Sun, J. C., and L. L. Lanier. 2011. NK cell development, homeostasis and 
function: parallels with CD8(+) T cells. Nat Rev Immunol 11:645-657. 

14. Janeway, C., P. Travers, M. Walport, and M. Shlomchik. 2001. 
Immunobiology: The Immune System in Health and Disease. 5th edition. 
New York: Garland Science:The components of the immune system. 

15. Medzhitov, R. 2001. Toll-like receptors and innate immunity. Nat Rev 
Immunol 1:135-145. 

16. Vivier, E., E. Tomasello, M. Baratin, T. Walzer, and S. Ugolini. 2008. 
Functions of natural killer cells. Nat Immunol 9:503-510. 

17. Iwasaki, A., and R. Medzhitov. 2004. Toll-like receptor control of the 
adaptive immune responses. Nat Immunol 5:987-995. 



 

49 

18. Medzhitov, R., and C. A. Janeway, Jr. 1997. Innate immunity: the virtues of 
a nonclonal system of recognition. Cell 91:295-298. 

19. Cooper, M. A., and W. M. Yokoyama. 2010. Memory-like responses of 
natural killer cells. Immunol Rev 235:297-305. 

20. O'Leary, J. G., M. Goodarzi, D. L. Drayton, and U. H. von Andrian. 2006. T 
cell- and B cell-independent adaptive immunity mediated by natural killer 
cells. Nat Immunol 7:507-516. 

21. Sun, J. C., J. N. Beilke, and L. L. Lanier. 2009. Adaptive immune features 
of natural killer cells. Nature 457:557-561. 

22. Paust, S., and U. H. von Andrian. 2011. Natural killer cell memory. Nat 
Immunol 12:500-508. 

23. Robins, H. S., P. V. Campregher, S. K. Srivastava, A. Wacher, C. J. Turtle, 
O. Kahsai, S. R. Riddell, E. H. Warren, and C. S. Carlson. 2009. 
Comprehensive assessment of T-cell receptor beta-chain diversity in 
alphabeta T cells. Blood 114:4099-4107. 

24. Lanier, L. L., and J. C. Sun. 2009. Do the terms innate and adaptive 
immunity create conceptual barriers? Nature Reviews Immunology 9:302-
302. 

25. Lanzavecchia, A., and F. Sallusto. 2000. Dynamics of T lymphocyte 
responses: intermediates, effectors, and memory cells. Science 290:92-97. 

26. Sallusto, F., D. Lenig, R. Forster, M. Lipp, and A. Lanzavecchia. 1999. Two 
subsets of memory T lymphocytes with distinct homing potentials and 
effector functions. Nature 401:708-712. 

27. Lalvani, A., R. Brookes, S. Hambleton, W. J. Britton, A. V. Hill, and A. J. 
McMichael. 1997. Rapid effector function in CD8+ memory T cells. J Exp 
Med 186:859-865. 

28. Caligiuri, M. A. 2008. Human natural killer cells. Blood 112:461-469. 
29. Kiessling, R., E. Klein, H. Pross, and H. Wigzell. 1975. "Natural" killer 

cells in the mouse. II. Cytotoxic cells with specificity for mouse Moloney 
leukemia cells. Characteristics of the killer cell. Eur J Immunol 5:117-121. 

30. Kiessling, R., E. Klein, and H. Wigzell. 1975. "Natural" killer cells in the 
mouse. I. Cytotoxic cells with specificity for mouse Moloney leukemia 
cells. Specificity and distribution according to genotype. Eur J Immunol 
5:112-117. 

31. Herberman, R. B., M. E. Nunn, and D. H. Lavrin. 1975. Natural cytotoxic 
reactivity of mouse lymphoid cells against syngeneic acid allogeneic 
tumors. I. Distribution of reactivity and specificity. Int J Cancer 16:216-
229. 

32. Kärre, K. 1981. On the immunobiology of natural killer cells. Doctoral 
thesis, Karolinska Institute. 

33. Karre, K., H. G. Ljunggren, G. Piontek, and R. Kiessling. 1986. Selective 
rejection of H-2-deficient lymphoma variants suggests alternative immune 
defence strategy. Nature 319:675-678. 

34. Ljunggren, H.-G., and K. Kärre. 1990. In search of the ‘missing self’: MHC 
molecules and NK cell recognition. Immunology Today 11:237-244. 



Mechanisms of leukemia-induced immunosuppression 

50 

35. Ljunggren, H. G., and K. Karre. 1985. Host resistance directed selectively 
against H-2-deficient lymphoma variants. Analysis of the mechanism. J Exp 
Med 162:1745-1759. 

36. Karre, K. 2008. Natural killer cell recognition of missing self. Nat Immunol 
9:477-480. 

37. Farag, S. S., and M. A. Caligiuri. 2006. Human natural killer cell 
development and biology. Blood Rev 20:123-137. 

38. Lanier, L. L. 2000. The origin and functions of natural killer cells. Clin 
Immunol 95:S14-18. 

39. Kondo, M., I. L. Weissman, and K. Akashi. 1997. Identification of 
clonogenic common lymphoid progenitors in mouse bone marrow. Cell 
91:661-672. 

40. Freud, A. G., and M. A. Caligiuri. 2006. Human natural killer cell 
development. Immunol Rev 214:56-72. 

41. Anfossi, N., P. Andre, S. Guia, C. S. Falk, S. Roetynck, C. A. Stewart, V. 
Breso, C. Frassati, D. Reviron, D. Middleton, F. Romagne, S. Ugolini, and 
E. Vivier. 2006. Human NK cell education by inhibitory receptors for MHC 
class I. Immunity 25:331-342. 

42. Brodin, P., T. Lakshmikanth, S. Johansson, K. Karre, and P. Hoglund. 2009. 
The strength of inhibitory input during education quantitatively tunes the 
functional responsiveness of individual natural killer cells. Blood 113:2434-
2441. 

43. Kim, S., J. Poursine-Laurent, S. M. Truscott, L. Lybarger, Y. J. Song, L. 
Yang, A. R. French, J. B. Sunwoo, S. Lemieux, T. H. Hansen, and W. M. 
Yokoyama. 2005. Licensing of natural killer cells by host major 
histocompatibility complex class I molecules. Nature 436:709-713. 

44. Kim, S., J. B. Sunwoo, L. Yang, T. Choi, Y. J. Song, A. R. French, A. 
Vlahiotis, J. F. Piccirillo, M. Cella, M. Colonna, T. Mohanakumar, K. C. 
Hsu, B. Dupont, and W. M. Yokoyama. 2008. HLA alleles determine 
differences in human natural killer cell responsiveness and potency. Proc 
Natl Acad Sci U S A 105:3053-3058. 

45. Cooper, M. A., T. A. Fehniger, S. C. Turner, K. S. Chen, B. A. Ghaheri, T. 
Ghayur, W. E. Carson, and M. A. Caligiuri. 2001. Human natural killer 
cells: a unique innate immunoregulatory role for the CD56(bright) subset. 
Blood 97:3146-3151. 

46. Caligiuri, M. A., A. Zmuidzinas, T. J. Manley, H. Levine, K. A. Smith, and 
J. Ritz. 1990. Functional consequences of interleukin 2 receptor expression 
on resting human lymphocytes. Identification of a novel natural killer cell 
subset with high affinity receptors. J Exp Med 171:1509-1526. 

47. Fauriat, C., E. O. Long, H. G. Ljunggren, and Y. T. Bryceson. 2010. 
Regulation of human NK-cell cytokine and chemokine production by target 
cell recognition. Blood 115:2167-2176. 

48. Fehniger, T. A., M. H. Shah, M. J. Turner, J. B. VanDeusen, S. P. Whitman, 
M. A. Cooper, K. Suzuki, M. Wechser, F. Goodsaid, and M. A. Caligiuri. 
1999. Differential cytokine and chemokine gene expression by human NK 



 

51 

cells following activation with IL-18 or IL-15 in combination with IL-12: 
implications for the innate immune response. J Immunol 162:4511-4520. 

49. Moretta, A., R. Biassoni, C. Bottino, and L. Moretta. 2000. Surface 
receptors delivering opposite signals regulate the function of human NK 
cells. Semin Immunol 12:129-138. 

50. Moretta, A., C. Bottino, M. Vitale, D. Pende, C. Cantoni, M. C. Mingari, R. 
Biassoni, and L. Moretta. 2001. Activating receptors and coreceptors 
involved in human natural killer cell-mediated cytolysis. Annu Rev Immunol 
19:197-223. 

51. Lanier, L. L. 2005. NK cell recognition. Annu Rev Immunol 23:225-274. 
52. Bryceson, Y. T., M. E. March, H. G. Ljunggren, and E. O. Long. 2006. 

Activation, coactivation, and costimulation of resting human natural killer 
cells. Immunol Rev 214:73-91. 

53. Arase, H., E. S. Mocarski, A. E. Campbell, A. B. Hill, and L. L. Lanier. 
2002. Direct recognition of cytomegalovirus by activating and inhibitory 
NK cell receptors. Science 296:1323-1326. 

54. Pende, D., S. Parolini, A. Pessino, S. Sivori, R. Augugliaro, L. Morelli, E. 
Marcenaro, L. Accame, A. Malaspina, R. Biassoni, C. Bottino, L. Moretta, 
and A. Moretta. 1999. Identification and molecular characterization of 
NKp30, a novel triggering receptor involved in natural cytotoxicity 
mediated by human natural killer cells. J Exp Med 190:1505-1516. 

55. Raulet, D. H. 2004. Interplay of natural killer cells and their receptors with 
the adaptive immune response. Nat Immunol 5:996-1002. 

56. Sivori, S., M. Vitale, L. Morelli, L. Sanseverino, R. Augugliaro, C. Bottino, 
L. Moretta, and A. Moretta. 1997. p46, a novel natural killer cell-specific 
surface molecule that mediates cell activation. J Exp Med 186:1129-1136. 

57. Smyth, M. J., Y. Hayakawa, K. Takeda, and H. Yagita. 2002. New aspects 
of natural-killer-cell surveillance and therapy of cancer. Nat Rev Cancer 
2:850-861. 

58. Berke, G. 1995. The CTL's kiss of death. Cell 81:9-12. 
59. Russell, J. H., and T. J. Ley. 2002. Lymphocyte-mediated cytotoxicity. 

Annu Rev Immunol 20:323-370. 
60. Yuan, D., R. Bibi, and T. Dang. 2004. The role of adjuvant on the 

regulatory effects of NK cells on B cell responses as revealed by a new 
model of NK cell deficiency. Int Immunol 16:707-716. 

61. Lu, L., K. Ikizawa, D. Hu, M. B. Werneck, K. W. Wucherpfennig, and H. 
Cantor. 2007. Regulation of activated CD4+ T cells by NK cells via the Qa-
1-NKG2A inhibitory pathway. Immunity 26:593-604. 

62. Biron, C. A. 2012. Yet another role for natural killer cells: Cytotoxicity in 
immune regulation and viral persistence. Proc Natl Acad Sci U S A 
109:1814-1815. 

63. Ferlazzo, G., M. L. Tsang, L. Moretta, G. Melioli, R. M. Steinman, and C. 
Munz. 2002. Human dendritic cells activate resting natural killer (NK) cells 
and are recognized via the NKp30 receptor by activated NK cells. J Exp 
Med 195:343-351. 



Mechanisms of leukemia-induced immunosuppression 

52 

64. Thoren, F. B., J. Ousback, M. Della Chiesa, E. Marcenaro, S. Pesce, J. 
Bylund, L. Moretta, and A. Moretta. 2011. Human natural killer cells induce 
neutrophil apoptosis via an NKp46-dependent mechanism. Submitted. 

65. Degli-Esposti, M. A., and M. J. Smyth. 2005. Close encounters of different 
kinds: dendritic cells and NK cells take centre stage. Nat Rev Immunol 
5:112-124. 

66. Morris, G. P., and P. M. Allen. 2012. How the TCR balances sensitivity and 
specificity for the recognition of self and pathogens. Nature Immunology 
13:121-128. 

67. Zerrahn, J., W. Held, and D. H. Raulet. 1997. The MHC reactivity of the T 
cell repertoire prior to positive and negative selection. Cell 88:627-636. 

68. Zhu, J., and W. E. Paul. 2008. CD4 T cells: fates, functions, and faults. 
Blood 112:1557-1569. 

69. Zhang, N., and M. J. Bevan. 2011. CD8(+) T cells: foot soldiers of the 
immune system. Immunity 35:161-168. 

70. Terabe, M., S. Matsui, J. M. Park, M. Mamura, N. Noben-Trauth, D. D. 
Donaldson, W. Chen, S. M. Wahl, S. Ledbetter, B. Pratt, J. J. Letterio, W. E. 
Paul, and J. A. Berzofsky. 2003. Transforming growth factor-beta 
production and myeloid cells are an effector mechanism through which 
CD1d-restricted T cells block cytotoxic T lymphocyte-mediated tumor 
immunosurveillance: abrogation prevents tumor recurrence. J Exp Med 
198:1741-1752. 

71. Vesely, M. D., M. H. Kershaw, R. D. Schreiber, and M. J. Smyth. 2011. 
Natural innate and adaptive immunity to cancer. Annu Rev Immunol 29:235-
271. 

72. Wing, K., Y. Onishi, P. Prieto-Martin, T. Yamaguchi, M. Miyara, Z. 
Fehervari, T. Nomura, and S. Sakaguchi. 2008. CTLA-4 control over 
Foxp3+ regulatory T cell function. Science 322:271-275. 

73. Antony, P. A., and N. P. Restifo. 2005. CD4+CD25+ T regulatory cells, 
immunotherapy of cancer, and interleukin-2. J Immunother 28:120-128. 

74. Koreth, J., K. Matsuoka, H. T. Kim, S. M. McDonough, B. Bindra, E. P. 
Alyea, 3rd, P. Armand, C. Cutler, V. T. Ho, N. S. Treister, D. C. Bienfang, 
S. Prasad, D. Tzachanis, R. M. Joyce, D. E. Avigan, J. H. Antin, J. Ritz, and 
R. J. Soiffer. 2011. Interleukin-2 and regulatory T cells in graft-versus-host 
disease. N Engl J Med 365:2055-2066. 

75. Call, M. E., J. Pyrdol, M. Wiedmann, and K. W. Wucherpfennig. 2002. The 
organizing principle in the formation of the T cell receptor-CD3 complex. 
Cell 111:967-979. 

76. Neefjes, J., M. L. Jongsma, P. Paul, and O. Bakke. 2011. Towards a systems 
understanding of MHC class I and MHC class II antigen presentation. Nat 
Rev Immunol 11:823-836. 

77. Vyas, J. M., A. G. Van der Veen, and H. L. Ploegh. 2008. The known 
unknowns of antigen processing and presentation. Nat Rev Immunol 8:607-
618. 



 

53 

78. Bridgeman, J. S., A. K. Sewell, J. J. Miles, D. A. Price, and D. K. Cole. 
2012. Structural and biophysical determinants of alphabeta T-cell antigen 
recognition. Immunology 135:9-18. 

79. Pang, B., and J. Neefjes. 2010. Coupled for cross-presentation in tumor 
immunotherapy. Sci Transl Med 2:44ps40. 

80. Reiner, S. L. 2007. Development in motion: Helper T cells at work. Cell 
129:33-36. 

81. Kagi, D., F. Vignaux, B. Ledermann, K. Burki, V. Depraetere, S. Nagata, H. 
Hengartner, and P. Golstein. 1994. Fas and Perforin Pathways as Major 
Mechanisms of T-Cell-Mediated Cytotoxicity. Science 265:528-530. 

82. Chow, A., B. D. Brown, and M. Merad. 2011. Studying the mononuclear 
phagocyte system in the molecular age. Nat Rev Immunol 11:788-798. 

83. Dale, D. C., L. Boxer, and W. C. Liles. 2008. The phagocytes: neutrophils 
and monocytes. Blood 112:935-945. 

84. Zhou, L. J., and T. F. Tedder. 1996. CD14(+) blood monocytes can 
differentiate into functionally mature CD83(+) dendritic cells. Proc Natl 
Acad Sci U S A 93:2588-2592. 

85. Navab, M., G. P. Hough, L. W. Stevenson, D. C. Drinkwater, H. Laks, and 
A. M. Fogelman. 1988. Monocyte migration into the subendothelial space 
of a coculture of adult human aortic endothelial and smooth muscle cells. 
Journal of Clinical Investigation 82:1853-1863. 

86. Bylund, J., K. L. Brown, C. Movitz, C. Dahlgren, and A. Karlsson. 2010. 
Intracellular generation of superoxide by the phagocyte NADPH oxidase: 
how, where, and what for? Free Radical Biology & Medicine 49:1834-1845. 

87. Dahlgren, C., and A. Karlsson. 1999. Respiratory burst in human 
neutrophils. J Immunol Methods 232:3-14. 

88. Iles, K. E., and H. J. Forman. 2002. Macrophage signaling and respiratory 
burst. Immunol Res 26:95-105. 

89. Babior, B. M. 1999. NADPH oxidase: an update. Blood 93:1464-1476. 
90. Betten, A., J. Bylund, T. Christophe, F. Boulay, A. Romero, K. Hellstrand, 

and C. Dahlgren. 2001. A proinflammatory peptide from Helicobacter 
pylori activates monocytes to induce lymphocyte dysfunction and apoptosis. 
J Clin Invest 108:1221-1228. 

91. Klebanoff, S. J. 1999. Oxygen Metabolites from Phagocytes. In 
Inflammation: Basic Principles and Clinical Correlates, 3rd ed. J. Gallin, 
and R. Snyderman, eds. Lippincott Williams & Wilkins, Philadelphia. 721-
768. 

92. Thoren, F., A. Romero, M. Lindh, C. Dahlgren, and K. Hellstrand. 2004. A 
hepatitis C virus-encoded, nonstructural protein (NS3) triggers dysfunction 
and apoptosis in lymphocytes: role of NADPH oxidase-derived oxygen 
radicals. J Leukoc Biol 76:1180-1186. 

93. Babior, B. M. 2000. Phagocytes and oxidative stress. Am J Med 109:33-44. 
94. Hansson, M., A. Asea, U. Ersson, S. Hermodsson, and K. Hellstrand. 1996. 

Induction of apoptosis in NK cells by monocyte-derived reactive oxygen 
metabolites. J Immunol 156:42-47. 



Mechanisms of leukemia-induced immunosuppression 

54 

95. Hellstrand, K., A. Asea, C. Dahlgren, and S. Hermodsson. 1994. 
Histaminergic regulation of NK cells. Role of monocyte-derived reactive 
oxygen metabolites. J Immunol 153:4940-4947. 

96. Hellstrand, K., and S. Hermodsson. 1986. Histamine H2-receptor-mediated 
regulation of human natural killer cell activity. J Immunol 137:656-660. 

97. Hellstrand, K., and S. Hermodsson. 1990. Monocyte-mediated suppression 
of IL-2-induced NK-cell activation. Regulation by 5-HT1A-type serotonin 
receptors. Scand J Immunol 32:183-192. 

98. Seaman, W. E., T. D. Gindhart, M. A. Blackman, B. Dalal, N. Talal, and Z. 
Werb. 1982. Suppression of natural killing in vitro by monocytes and 
polymorphonuclear leukocytes: requirement for reactive metabolites of 
oxygen. J Clin Invest 69:876-888. 

99. Thoren, F. B., A. I. Romero, and K. Hellstrand. 2006. Oxygen radicals 
induce poly(ADP-ribose) polymerase-dependent cell death in cytotoxic 
lymphocytes. J Immunol 176:7301-7307. 

100. Thoren, F. B., A. I. Romero, S. Hermodsson, and K. Hellstrand. 2007. The 
CD16-/CD56bright subset of NK cells is resistant to oxidant-induced cell 
death. J Immunol 179:781-785. 

101. Aoe, T., Y. Okamoto, and T. Saito. 1995. Activated macrophages induce 
structural abnormalities of the T cell receptor-CD3 complex. J Exp Med 
181:1881-1886. 

102. Kono, K., F. Salazar-Onfray, M. Petersson, J. Hansson, G. Masucci, K. 
Wasserman, T. Nakazawa, P. Anderson, and R. Kiessling. 1996. Hydrogen 
peroxide secreted by tumor-derived macrophages down-modulates signal-
transducing zeta molecules and inhibits tumor-specific T cell-and natural 
killer cell-mediated cytotoxicity. Eur J Immunol 26:1308-1313. 

103. Otsuji, M., Y. Kimura, T. Aoe, Y. Okamoto, and T. Saito. 1996. Oxidative 
stress by tumor-derived macrophages suppresses the expression of CD3 zeta 
chain of T-cell receptor complex and antigen-specific T-cell responses. Proc 
Natl Acad Sci U S A 93:13119-13124. 

104. Hagenow, K., K. A. Gelderman, M. Hultqvist, P. Merky, J. Backlund, O. 
Frey, T. Kamradt, and R. Holmdahl. 2009. Ncf1-associated reduced 
oxidative burst promotes IL-33R+ T cell-mediated adjuvant-free arthritis in 
mice. J Immunol 183:874-881. 

105. Hultqvist, M., and R. Holmdahl. 2005. Ncf1 (p47phox) polymorphism 
determines oxidative burst and the severity of arthritis in rats and mice. Cell 
Immunol 233:97-101. 

106. Hultqvist, M., P. Olofsson, J. Holmberg, B. T. Backstrom, J. Tordsson, and 
R. Holmdahl. 2004. Enhanced autoimmunity, arthritis, and 
encephalomyelitis in mice with a reduced oxidative burst due to a mutation 
in the Ncf1 gene. Proc Natl Acad Sci U S A 101:12646-12651. 

107. Sareila, O., T. Kelkka, A. Pizzolla, M. Hultqvist, and R. Holmdahl. 2011. 
NOX2 Complex-Derived ROS as Immune Regulators. Antioxidants & 
Redox Signaling 15:2197-2208. 



 

55 

108. Steinman, R. M., and Z. A. Cohn. 1973. Identification of a novel cell type in 
peripheral lymphoid organs of mice. I. Morphology, quantitation, tissue 
distribution. J Exp Med 137:1142-1162. 

109. Rowley, D. A., and F. W. Fitch. 2012. The road to the discovery of dendritic 
cells, a tribute to Ralph Steinman. Cell Immunol 273:95-98. 

110. Costantino, C. M., E. Spooner, H. L. Ploegh, and D. A. Hafler. 2012. Class 
II MHC self-antigen presentation in human B and T lymphocytes. PloS One 
7:e29805. 

111. Mahdavian Delavary, B., W. M. van der Veer, M. van Egmond, F. B. 
Niessen, and R. H. Beelen. 2011. Macrophages in skin injury and repair. 
Immunobiology 216:753-762. 

112. Banchereau, J., and R. M. Steinman. 1998. Dendritic cells and the control of 
immunity. Nature 392:245-252. 

113. Skalova, K., K. Mollova, and J. Michalek. 2010. Human myeloid dendritic 
cells for cancer therapy: Does maturation matter? Vaccine 28:5153-5160. 

114. Osugi, Y., S. Vuckovic, and D. N. Hart. 2002. Myeloid blood CD11c(+) 
dendritic cells and monocyte-derived dendritic cells differ in their ability to 
stimulate T lymphocytes. Blood 100:2858-2866. 

115. Galluzzi, L., I. Vitale, J. M. Abrams, E. S. Alnemri, E. H. Baehrecke, M. V. 
Blagosklonny, T. M. Dawson, V. L. Dawson, W. S. El-Deiry, S. Fulda, E. 
Gottlieb, D. R. Green, M. O. Hengartner, O. Kepp, R. A. Knight, S. Kumar, 
S. A. Lipton, X. Lu, F. Madeo, W. Malorni, P. Mehlen, G. Nunez, M. E. 
Peter, M. Piacentini, D. C. Rubinsztein, Y. Shi, H. U. Simon, P. 
Vandenabeele, E. White, J. Yuan, B. Zhivotovsky, G. Melino, and G. 
Kroemer. 2012. Molecular definitions of cell death subroutines: 
recommendations of the Nomenclature Committee on Cell Death 2012. Cell 
Death Differ 19:107-120. 

116. Underhill, C., M. Toulmonde, and H. Bonnefoi. 2011. A review of PARP 
inhibitors: from bench to bedside. Ann Oncol 22:268-279. 

117. Shall, S., and G. de Murcia. 2000. Poly(ADP-ribose) polymerase-1: what 
have we learned from the deficient mouse model? Mutation Research/DNA 
Repair 460:1-15. 

118. Yu, S. W., H. Wang, M. F. Poitras, C. Coombs, W. J. Bowers, H. J. 
Federoff, G. G. Poirier, T. M. Dawson, and V. L. Dawson. 2002. Mediation 
of poly(ADP-ribose) polymerase-1-dependent cell death by apoptosis-
inducing factor. Science 297:259-263. 

119. Yu, S. W., H. Wang, T. M. Dawson, and V. L. Dawson. 2003. Poly(ADP-
ribose) polymerase-1 and apoptosis inducing factor in neurotoxicity. 
Neurobiol Dis 14:303-317. 

120. Cande, C., F. Cecconi, P. Dessen, and G. Kroemer. 2002. Apoptosis-
inducing factor (AIF): key to the conserved caspase-independent pathways 
of cell death? J Cell Sci 115:4727-4734. 

121. Susin, S. A., E. Daugas, L. Ravagnan, K. Samejima, N. Zamzami, M. 
Loeffler, P. Costantini, K. F. Ferri, T. Irinopoulou, M. C. Prevost, G. 
Brothers, T. W. Mak, J. Penninger, W. C. Earnshaw, and G. Kroemer. 2000. 



Mechanisms of leukemia-induced immunosuppression 

56 

Two distinct pathways leading to nuclear apoptosis. J Exp Med 192:571-
580. 

122. Cohen-Armon, M., L. Visochek, D. Rozensal, A. Kalal, I. Geistrikh, R. 
Klein, S. Bendetz-Nezer, Z. Yao, and R. Seger. 2007. DNA-independent 
PARP-1 activation by phosphorylated ERK2 increases Elk1 activity: a link 
to histone acetylation. Mol Cell 25:297-308. 

123. Audeh, M. W., J. Carmichael, R. T. Penson, M. Friedlander, B. Powell, K. 
M. Bell-McGuinn, C. Scott, J. N. Weitzel, A. Oaknin, N. Loman, K. Lu, R. 
K. Schmutzler, U. Matulonis, M. Wickens, and A. Tutt. 2010. Oral 
poly(ADP-ribose) polymerase inhibitor olaparib in patients with BRCA1 or 
BRCA2 mutations and recurrent ovarian cancer: a proof-of-concept trial. 
Lancet 376:245-251. 

124. Tutt, A., M. Robson, J. E. Garber, S. M. Domchek, M. W. Audeh, J. N. 
Weitzel, M. Friedlander, B. Arun, N. Loman, R. K. Schmutzler, A. 
Wardley, G. Mitchell, H. Earl, M. Wickens, and J. Carmichael. 2010. Oral 
poly(ADP-ribose) polymerase inhibitor olaparib in patients with BRCA1 or 
BRCA2 mutations and advanced breast cancer: a proof-of-concept trial. 
Lancet 376:235-244. 

125. Wooster, R., and B. L. Weber. 2003. Breast and ovarian cancer. N Engl J 
Med 348:2339-2347. 

126. Fong, P. C., D. S. Boss, T. A. Yap, A. Tutt, P. Wu, M. Mergui-Roelvink, P. 
Mortimer, H. Swaisland, A. Lau, M. J. O'Connor, A. Ashworth, J. 
Carmichael, S. B. Kaye, J. H. Schellens, and J. S. de Bono. 2009. Inhibition 
of poly(ADP-ribose) polymerase in tumors from BRCA mutation carriers. N 
Engl J Med 361:123-134. 

127. Gaymes, T. J., S. Shall, L. J. MacPherson, N. A. Twine, N. C. Lea, F. 
Farzaneh, and G. J. Mufti. 2009. Inhibitors of poly ADP-ribose polymerase 
(PARP) induce apoptosis of myeloid leukemic cells: potential for therapy of 
myeloid leukemia and myelodysplastic syndromes. Haematologica 94:638-
646. 

128. Weston, V. J., C. E. Oldreive, A. Skowronska, D. G. Oscier, G. Pratt, M. J. 
Dyer, G. Smith, J. E. Powell, Z. Rudzki, P. Kearns, P. A. Moss, A. M. 
Taylor, and T. Stankovic. 2010. The PARP inhibitor olaparib induces 
significant killing of ATM-deficient lymphoid tumor cells in vitro and in 
vivo. Blood 116:4578-4587. 

129. Shaheen, M., C. Allen, J. A. Nickoloff, and R. Hromas. 2011. Synthetic 
lethality: exploiting the addiction of cancer to DNA repair. Blood 117:6074-
6082. 

130. English, J. M., and M. H. Cobb. 2002. Pharmacological inhibitors of MAPK 
pathways. Trends Pharmacol Sci 23:40-45. 

131. Jeffrey, K. L., M. Camps, C. Rommel, and C. R. Mackay. 2007. Targeting 
dual-specificity phosphatases: manipulating MAP kinase signalling and 
immune responses. Nat Rev Drug Discov 6:391-403. 



 

57 

132. Pearson, G., F. Robinson, T. Beers Gibson, B. E. Xu, M. Karandikar, K. 
Berman, and M. H. Cobb. 2001. Mitogen-activated protein (MAP) kinase 
pathways: regulation and physiological functions. Endocr Rev 22:153-183. 

133. Keshet, Y., and R. Seger. 2010. The MAP kinase signaling cascades: a 
system of hundreds of components regulates a diverse array of physiological 
functions. Methods Mol Biol 661:3-38. 

134. Fuchs, Y., and H. Steller. 2011. Programmed cell death in animal 
development and disease. Cell 147:742-758. 

135. Christenson, K. 2011. Cell death and clearance - sudies of human 
neutrophils from blood and tissue. Doctoral Thesis. 

136. Wajant, H. 2002. The Fas signaling pathway: more than a paradigm. Science 
296:1635-1636. 

137. Krammer, P. H. 2000. CD95's deadly mission in the immune system. Nature 
407:789-795. 

138. Cui, Z., and M. C. Willingham. 2004. Halo naevus: a visible case of 
immunosurveillance in humans? Lancet Oncol 5:397-398. 

139. Dunn, G. P., A. T. Bruce, H. Ikeda, L. J. Old, and R. D. Schreiber. 2002. 
Cancer immunoediting: from immunosurveillance to tumor escape. Nat 
Immunol 3:991-998. 

140. Malmberg, K. J. 2004. Effective immunotherapy against cancer: a question 
of overcoming immune suppression and immune escape? Cancer Immunol 
Immunother 53:879-892. 

141. Qin, Z., and T. Blankenstein. 2004. A cancer immunosurveillance 
controversy. Nat Immunol 5:3-4; author reply 4-5. 

142. Schreiber, T. H., and E. R. Podack. 2009. A critical analysis of the tumour 
immunosurveillance controversy for 3-MCA-induced sarcomas. Br J 
Cancer 101:381-386. 

143. Old, L. J., and E. A. Boyse. 1964. Immunology of Experimental Tumors. 
Annu Rev Med 15:167-186. 

144. Burnet, M. 1964. Immunological Factors in the Process of Carcinogenesis. 
Br Med Bull 20:154-158. 

145. Stutman, O. 1974. Tumor development after 3-methylcholanthrene in 
immunologically deficient athymic-nude mice. Science 183:534-536. 

146. Stutman, O. 1979. Chemical carcinogenesis in nude mice: comparison 
between nude mice from homozygous matings and heterozygous matings 
and effect of age and carcinogen dose. J Natl Cancer Inst 62:353-358. 

147. Hanahan, D., and R. A. Weinberg. 2000. The hallmarks of cancer. Cell 
100:57-70. 

148. van den Broek, M. E., D. Kagi, F. Ossendorp, R. Toes, S. Vamvakas, W. K. 
Lutz, C. J. Melief, R. M. Zinkernagel, and H. Hengartner. 1996. Decreased 
tumor surveillance in perforin-deficient mice. J Exp Med 184:1781-1790. 

149. Smyth, M. J., K. Y. Thia, S. E. Street, E. Cretney, J. A. Trapani, M. 
Taniguchi, T. Kawano, S. B. Pelikan, N. Y. Crowe, and D. I. Godfrey. 2000. 
Differential tumor surveillance by natural killer (NK) and NKT cells. J Exp 
Med 191:661-668. 



Mechanisms of leukemia-induced immunosuppression 

58 

150. Smyth, M. J., K. Y. T. Thia, S. E. A. Street, D. MacGregor, D. I. Godfrey, 
and J. A. Trapani. 2000. Perforin-Mediated Cytotoxicity Is Critical for 
Surveillance of Spontaneous Lymphoma. The Journal of Experimental 
Medicine 192:755-760. 

151. Street, S. E., E. Cretney, and M. J. Smyth. 2001. Perforin and interferon-
gamma activities independently control tumor initiation, growth, and 
metastasis. Blood 97:192-197. 

152. Grulich, A. E., M. T. van Leeuwen, M. O. Falster, and C. M. Vajdic. 2007. 
Incidence of cancers in people with HIV/AIDS compared with 
immunosuppressed transplant recipients: a meta-analysis. Lancet 370:59-67. 

153. Vajdic, C. M., S. P. McDonald, M. R. E. McCredie, M. T. van Leeuwen, J. 
H. Stewart, M. Law, J. R. Chapman, A. C. Webster, J. M. Kaldor, and A. E. 
Grulich. 2006. Cancer incidence before and after kidney transplantation. 
Jama-Journal of the American Medical Association 296:2823-2831. 

154. Gale, R. P., and G. Opelz. 2011. Commentary: does immune suppression 
increase risk of developing acute myeloid leukemia|[quest]. Leukemia 
26:422-422. 

155. Schreiber, R. D., L. J. Old, and M. J. Smyth. 2011. Cancer immunoediting: 
integrating immunity's roles in cancer suppression and promotion. Science 
331:1565-1570. 

156. Koebel, C. M., W. Vermi, J. B. Swann, N. Zerafa, S. J. Rodig, L. J. Old, M. 
J. Smyth, and R. D. Schreiber. 2007. Adaptive immunity maintains occult 
cancer in an equilibrium state. Nature 450:903-907. 

157. DuPage, M., C. Mazumdar, L. M. Schmidt, A. F. Cheung, and T. Jacks. 
2012. Expression of tumour-specific antigens underlies cancer 
immunoediting. Nature 482:405-409. 

158. Algarra, I., A. Garcia-Lora, T. Cabrera, F. Ruiz-Cabello, and F. Garrido. 
2004. The selection of tumor variants with altered expression of classical 
and nonclassical MHC class I molecules: implications for tumor immune 
escape. Cancer Immunol Immunother 53:904-910. 

159. Khong, H. T., and N. P. Restifo. 2002. Natural selection of tumor variants in 
the generation of “tumor escape” phenotypes. Nature Immunology 3:999-
1005. 

160. Gabrilovich, D. I., and S. Nagaraj. 2009. Myeloid-derived suppressor cells 
as regulators of the immune system. Nature Reviews Immunology 9:162-
174. 

161. Gabrilovich, D. I., S. Ostrand-Rosenberg, and V. Bronte. 2012. Coordinated 
regulation of myeloid cells by tumours. Nat Rev Immunol 12:253-268. 

162. Young, M. R., R. A. Endicott, G. P. Duffie, and H. T. Wepsic. 1987. 
Suppressor alveolar macrophages in mice bearing metastatic Lewis lung 
carcinoma tumors. J Leukoc Biol 42:682-688. 

163. Youn, J. I., S. Nagaraj, M. Collazo, and D. I. Gabrilovich. 2008. Subsets of 
myeloid-derived suppressor cells in tumor-bearing mice. J Immunol 
181:5791-5802. 



 

59 

164. Almand, B., J. I. Clark, E. Nikitina, J. van Beynen, N. R. English, S. C. 
Knight, D. P. Carbone, and D. I. Gabrilovich. 2001. Increased production of 
immature myeloid cells in cancer patients: a mechanism of 
immunosuppression in cancer. J Immunol 166:678-689. 

165. Kusmartsev, S., and D. I. Gabrilovich. 2003. Inhibition of myeloid cell 
differentiation in cancer: the role of reactive oxygen species. J Leukoc Biol 
74:186-196. 

166. Yang, X. D., W. Ai, S. Asfaha, G. Bhagat, R. A. Friedman, G. Jin, H. Park, 
B. Shykind, T. G. Diacovo, A. Falus, and T. C. Wang. 2011. Histamine 
deficiency promotes inflammation-associated carcinogenesis through 
reduced myeloid maturation and accumulation of CD11b+Ly6G+ immature 
myeloid cells. Nat Med 17:87-95. 

167. Pollard, J. W. 2004. Tumour-educated macrophages promote tumour 
progression and metastasis. Nat Rev Cancer 4:71-78. 

168. Tartour, E., H. Pere, B. Maillere, M. Terme, N. Merillon, J. Taieb, F. 
Sandoval, F. Quintin-Colonna, K. Lacerda, A. Karadimou, C. Badoual, A. 
Tedgui, W. H. Fridman, and S. Oudard. 2011. Angiogenesis and immunity: 
a bidirectional link potentially relevant for the monitoring of antiangiogenic 
therapy and the development of novel therapeutic combination with 
immunotherapy. Cancer Metastasis Rev 30:83-95. 

169. Sica, A. 2010. Role of tumour-associated macrophages in cancer-related 
inflammation. Exp Oncol 32:153-158. 

170. Elgert, K. D., D. G. Alleva, and D. W. Mullins. 1998. Tumor-induced 
immune dysfunction: the macrophage connection. J Leukoc Biol 64:275-
290. 

171. Hagemann, T., S. K. Biswas, T. Lawrence, A. Sica, and C. E. Lewis. 2009. 
Regulation of macrophage function in tumors: the multifaceted role of NF-
kappaB. Blood 113:3139-3146. 

172. Mellman, I., G. Coukos, and G. Dranoff. 2011. Cancer immunotherapy 
comes of age. Nature 480:480-489. 

173. Hodi, F. S., S. J. O'Day, D. F. McDermott, R. W. Weber, J. A. Sosman, J. B. 
Haanen, R. Gonzalez, C. Robert, D. Schadendorf, J. C. Hassel, W. Akerley, 
A. J. van den Eertwegh, J. Lutzky, P. Lorigan, J. M. Vaubel, G. P. Linette, 
D. Hogg, C. H. Ottensmeier, C. Lebbe, C. Peschel, I. Quirt, J. I. Clark, J. D. 
Wolchok, J. S. Weber, J. Tian, M. J. Yellin, G. M. Nichol, A. Hoos, and W. 
J. Urba. 2010. Improved survival with ipilimumab in patients with 
metastatic melanoma. N Engl J Med 363:711-723. 

174. Kim, R., M. Emi, K. Tanabe, and K. Arihiro. 2006. Tumor-driven evolution 
of immunosuppressive networks during malignant progression. Cancer Res 
66:5527-5536. 

175. Buzyn, A., F. Petit, M. Ostankovitch, S. Figueiredo, B. Varet, J. G. Guillet, 
J. C. Ameisen, and J. Estaquier. 1999. Membrane-bound Fas (Apo-1/CD95) 
ligand on leukemic cells: A mechanism of tumor immune escape in 
leukemia patients. Blood 94:3135-3140. 



Mechanisms of leukemia-induced immunosuppression 

60 

176. Groh, V., J. Wu, C. Yee, and T. Spies. 2002. Tumour-derived soluble MIC 
ligands impair expression of NKG2D and T-cell activation. Nature 419:734-
738. 

177. Raffaghello, L., I. Prigione, I. Airoldi, M. Camoriano, I. Levreri, C. 
Gambini, D. Pende, A. Steinle, S. Ferrone, and V. Pistoia. 2004. 
Downregulation and/or release of NKG2D ligands as immune evasion 
strategy of human neuroblastoma. Neoplasia 6:558-568. 

178. Buggins, A. G., D. Milojkovic, M. J. Arno, N. C. Lea, G. J. Mufti, N. S. 
Thomas, and W. J. Hirst. 2001. Microenvironment produced by acute 
myeloid leukemia cells prevents T cell activation and proliferation by 
inhibition of NF-kappaB, c-Myc, and pRb pathways. J Immunol 167:6021-
6030. 

179. Orleans-Lindsay, J. K., L. D. Barber, H. G. Prentice, and M. W. Lowdell. 
2001. Acute myeloid leukaemia cells secrete a soluble factor that inhibits T 
and NK cell proliferation but not cytolytic function--implications for the 
adoptive immunotherapy of leukaemia. Clin Exp Immunol 126:403-411. 

180. Hellstrand, K., and S. Hermodsson. 1991. Cell-to-cell mediated inhibition of 
natural killer cell proliferation by monocytes and its regulation by histamine 
H2-receptors. Scand J Immunol 34:741-752. 

181. Romero, A. I., F. B. Thoren, M. Brune, and K. Hellstrand. 2006. NKp46 and 
NKG2D receptor expression in NK cells with CD56dim and CD56bright 
phenotype: regulation by histamine and reactive oxygen species. Br J 
Haematol 132:91-98. 

182. Harlin, H., M. Hanson, C. C. Johansson, D. Sakurai, I. Poschke, H. Norell, 
K. J. Malmberg, and R. Kiessling. 2007. The CD16- CD56(bright) NK cell 
subset is resistant to reactive oxygen species produced by activated 
granulocytes and has higher antioxidative capacity than the CD16+ 
CD56(dim) subset. J Immunol 179:4513-4519. 

183. Mellqvist, U. H., M. Hansson, M. Brune, C. Dahlgren, S. Hermodsson, and 
K. Hellstrand. 2000. Natural killer cell dysfunction and apoptosis induced 
by chronic myelogenous leukemia cells: role of reactive oxygen species and 
regulation by histamine. Blood 96:1961-1968. 

184. Olofsson, P., J. Holmberg, J. Tordsson, S. Lu, B. Akerstrom, and R. 
Holmdahl. 2003. Positional identification of Ncf1 as a gene that regulates 
arthritis severity in rats. Nat Genet 33:25-32. 

185. Song, E., G. B. Jaishankar, H. Saleh, W. Jithpratuck, R. Sahni, and G. 
Krishnaswamy. 2011. Chronic granulomatous disease: a review of the 
infectious and inflammatory complications. Clin Mol Allergy 9:10. 

186. Towbin, A. J., and I. Chaves. 2010. Chronic granulomatous disease. Pediatr 
Radiol 40:657-668; quiz 792-653. 

187. Kusmartsev, S., Y. Nefedova, D. Yoder, and D. I. Gabrilovich. 2004. 
Antigen-specific inhibition of CD8+ T cell response by immature myeloid 
cells in cancer is mediated by reactive oxygen species. J Immunol 172:989-
999. 



 

61 

188. Mossberg, N., O. Andersen, S. Nilsson, C. Dahlgren, K. Hellstrand, M. 
Lindh, A. Svedhem, T. Bergstrom, and C. Movitz. 2007. Oxygen radical 
production and severity of the Guillain--Barre syndrome. J Neuroimmunol 
192:186-191. 

189. Mossberg, N., C. Movitz, K. Hellstrand, T. Bergstrom, S. Nilsson, and O. 
Andersen. 2009. Oxygen radical production in leukocytes and disease 
severity in multiple sclerosis. J Neuroimmunol 213:131-134. 

190. Holmgren, A., and J. Lu. 2010. Thioredoxin and thioredoxin reductase: 
current research with special reference to human disease. Biochem Biophys 
Res Commun 396:120-124. 

191. Mahadevan, N. R., and M. Zanetti. 2011. Tumor stress inside out: cell-
extrinsic effects of the unfolded protein response in tumor cells modulate 
the immunological landscape of the tumor microenvironment. J Immunol 
187:4403-4409. 

192. Gelderman, K. A., M. Hultqvist, J. Holmberg, P. Olofsson, and R. 
Holmdahl. 2006. T cell surface redox levels determine T cell reactivity and 
arthritis susceptibility. Proc Natl Acad Sci U S A 103:12831-12836. 

193. Angelini, G., S. Gardella, M. Ardy, M. R. Ciriolo, G. Filomeni, G. Di 
Trapani, F. Clarke, R. Sitia, and A. Rubartelli. 2002. Antigen-presenting 
dendritic cells provide the reducing extracellular microenvironment required 
for T lymphocyte activation. Proc Natl Acad Sci U S A 99:1491-1496. 

194. Thoren, F. B., A. Betten, A. I. Romero, and K. Hellstrand. 2007. Cutting 
edge: Antioxidative properties of myeloid dendritic cells: protection of T 
cells and NK cells from oxygen radical-induced inactivation and apoptosis. 
J Immunol 179:21-25. 

195. Yan, Z., and R. Banerjee. 2010. Redox remodeling as an immunoregulatory 
strategy. Biochemistry 49:1059-1066. 

196. Deschler, B., and M. Lubbert. 2006. Acute myeloid leukemia: epidemiology 
and etiology. Cancer 107:2099-2107. 

197. Jabbour, E. J., E. Estey, and H. M. Kantarjian. 2006. Adult acute myeloid 
leukemia. Mayo Clin Proc 81:247-260. 

198. Swerdlow, S. H., E. Campo, N. L. Harrsi, E. S. Jaffe, S. A. Pileri, H. Stein, 
J. Thiele, and J. W. Vardiman. Lyon 2008. WHO Classification of Tumours 
of Haematopoietic and Lymphoid Tissues. IARC. 

199. Astrom, M., L. Bodin, and U. Tidefelt. 2001. Adjustment of incidence rates 
after an estimate of completeness and accuracy in registration of acute 
leukemias in a Swedish population. Leuk Lymphoma 41:559-570. 

200. Juliusson, G., V. Lazarevic, and A.-S. Hörstedt. 2011. Swedish National 
Registry of Acute Myeloid Leukemia in Adults 
http://www.sfhem.se/Verksamhet/Blodcancerregistret Report nr 7. 

201. Estey, E. H. 2012. Acute myeloid leukemia: 2012 update on diagnosis, risk 
stratification, and management. Am J Hematol 87:89-99. 

202. Reya, T., S. J. Morrison, M. F. Clarke, and I. L. Weissman. 2001. Stem 
cells, cancer, and cancer stem cells. Nature 414:105-111. 



Mechanisms of leukemia-induced immunosuppression 

62 

203. Lane, S. W., D. T. Scadden, and D. G. Gilliland. 2009. The leukemic stem 
cell niche: current concepts and therapeutic opportunities. Blood 114:1150-
1157. 

204. Vardiman, J. W., N. L. Harris, and R. D. Brunning. 2002. The World Health 
Organization (WHO) classification of the myeloid neoplasms. Blood 
100:2292-2302. 

205. Bennett, J. M., D. Catovsky, M. T. Daniel, G. Flandrin, D. A. Galton, H. R. 
Gralnick, and C. Sultan. 1976. Proposals for the classification of the acute 
leukaemias. French-American-British (FAB) co-operative group. Br J 
Haematol 33:451-458. 

206. Vardiman, J. W., J. Thiele, D. A. Arber, R. D. Brunning, M. J. Borowitz, A. 
Porwit, N. L. Harris, M. M. Le Beau, E. Hellstrom-Lindberg, A. Tefferi, and 
C. D. Bloomfield. 2009. The 2008 revision of the World Health 
Organization (WHO) classification of myeloid neoplasms and acute 
leukemia: rationale and important changes. Blood 114:937-951. 

207. Appelbaum, F. R., J. M. Rowe, J. Radich, and J. E. Dick. 2001. Acute 
myeloid leukemia. Hematology Am Soc Hematol Educ Program 2001:62-
86. 

208. Byrd, J. C., K. Mrozek, R. K. Dodge, A. J. Carroll, C. G. Edwards, D. C. 
Arthur, M. J. Pettenati, S. R. Patil, K. W. Rao, M. S. Watson, P. R. K. 
Koduru, J. O. Moore, R. M. Stone, R. J. Mayer, E. J. Feldman, F. R. Davey, 
C. A. Schiffer, R. A. Larson, and C. D. Bloomfield. 2002. Pretreatment 
cytogenetic abnormalities are predictive of induction success, cumulative 
incidence of relapse, and overall survival in adult patients with de novo 
acute myeloid leukemia: results from Cancer and Leukemia Group B 
(CALGB 8461). Blood 100:4325-4336. 

209. Marcucci, G., K. Mrozek, A. S. Ruppert, K. Maharry, J. E. Kolitz, J. O. 
Moore, R. J. Mayer, M. J. Pettenati, B. L. Powell, C. G. Edwards, L. J. 
Sterling, J. W. Vardiman, C. A. Schiffer, A. J. Carroll, R. A. Larson, and C. 
D. Bloomfield. 2005. Prognostic factors and outcome of core binding factor 
acute myeloid leukemia patients with t(8;21) differ from those of patients 
with inv(16): a Cancer and Leukemia Group B study. J Clin Oncol 23:5705-
5717. 

210. Horowitz, M. M., R. P. Gale, P. M. Sondel, J. M. Goldman, J. Kersey, H. J. 
Kolb, A. A. Rimm, O. Ringden, C. Rozman, B. Speck, and et al. 1990. 
Graft-versus-leukemia reactions after bone marrow transplantation. Blood 
75:555-562. 

211. Kolb, H. J. 2008. Graft-versus-leukemia effects of transplantation and donor 
lymphocytes. Blood 112:4371-4383. 

212. Costello, R. T., S. Sivori, E. Marcenaro, M. Lafage-Pochitaloff, M. J. 
Mozziconacci, D. Reviron, J. A. Gastaut, D. Pende, D. Olive, and A. 
Moretta. 2002. Defective expression and function of natural killer cell-
triggering receptors in patients with acute myeloid leukemia. Blood 
99:3661-3667. 



 

63 

213. Fauriat, C., S. Just-Landi, F. Mallet, C. Arnoulet, D. Sainty, D. Olive, and 
R. T. Costello. 2007. Deficient expression of NCR in NK cells from acute 
myeloid leukemia: Evolution during leukemia treatment and impact of 
leukemia cells in NCRdull phenotype induction. Blood 109:323-330. 

214. Walter, R. B., H. M. Kantarjian, X. L. Huang, S. A. Pierce, Z. X. Sun, H. M. 
Gundacker, F. Ravandi, S. H. Faderl, M. S. Tallman, F. R. Appelbaum, and 
E. H. Estey. 2010. Effect of Complete Remission and Responses Less Than 
Complete Remission on Survival in Acute Myeloid Leukemia: A Combined 
Eastern Cooperative Oncology Group, Southwest Oncology Group, and M. 
D. Anderson Cancer Center Study. Journal of Clinical Oncology 28:1766-
1771. 

215. Freireich, E. J., E. A. Gehan, D. Sulman, D. R. Boggs, and E. Frei, 3rd. 
1961. The effect of chemotherapy on acute leukemia in the human. J 
Chronic Dis 14:593-608. 

216. 2010. National Guidelines for Diagnosis and Treatment of Acute Myeloid 
Leukemia in Adults. http://www.sfhem.se/Filarkiv. 

217. Tallman, M. S. 2011. Acute leukemias. Hematol Oncol Clin North Am 
25:xi-xii. 

218. Breems, D. A., W. L. Van Putten, P. C. Huijgens, G. J. Ossenkoppele, G. E. 
Verhoef, L. F. Verdonck, E. Vellenga, G. E. De Greef, E. Jacky, J. Van der 
Lelie, M. A. Boogaerts, and B. Lowenberg. 2005. Prognostic index for adult 
patients with acute myeloid leukemia in first relapse. J Clin Oncol 23:1969-
1978. 

219. Appelbaum, F. R. 2001. Haematopoietic cell transplantation as 
immunotherapy. Nature 411:385-389. 

220. Barnes, D. W., M. J. Corp, J. F. Loutit, and F. E. Neal. 1956. Treatment of 
murine leukaemia with X rays and homologous bone marrow; preliminary 
communication. Br Med J 2:626-627. 

221. Ruggeri, L., F. Aversa, M. F. Martelli, and A. Velardi. 2006. Allogeneic 
hematopoietic transplantation and natural killer cell recognition of missing 
self. Immunol Rev 214:202-218. 

222. Ruggeri, L., M. Capanni, E. Urbani, K. Perruccio, W. D. Shlomchik, A. 
Tosti, S. Posati, D. Rogaia, F. Frassoni, F. Aversa, M. F. Martelli, and A. 
Velardi. 2002. Effectiveness of donor natural killer cell alloreactivity in 
mismatched hematopoietic transplants. Science 295:2097-2100. 

223. Ruggeri, L., A. Mancusi, E. Burchielli, M. Capanni, A. Carotti, T. Aloisi, F. 
Aversa, M. F. Martelli, and A. Velardi. 2008. NK cell alloreactivity and 
allogeneic hematopoietic stem cell transplantation. Blood Cells Mol Dis 
40:84-90. 

224. Ljunggren, H.-G., and K.-J. Malmberg. 2007. Prospects for the use of NK 
cells in immunotherapy of human cancer. Nature Reviews Immunology 
7:329-329. 

225. Baer, M. R., S. L. George, M. A. Caligiuri, B. L. Sanford, S. M. Bothun, K. 
Mrozek, J. E. Kolitz, B. L. Powell, J. O. Moore, R. M. Stone, J. Anastasi, C. 
D. Bloomfield, and R. A. Larson. 2008. Low-dose interleukin-2 



Mechanisms of leukemia-induced immunosuppression 

64 

immunotherapy does not improve outcome of patients age 60 years and 
older with acute myeloid leukemia in first complete remission: Cancer and 
Leukemia Group B Study 9720. J Clin Oncol 26:4934-4939. 

226. Blaise, D., M. Attal, J. Reiffers, M. Michallet, C. Bellanger, J. L. Pico, A. 
M. Stoppa, C. Payen, G. Marit, R. Bouabdallah, J. J. Sotto, J. F. Rossi, M. 
Brandely, T. Hercend, and D. Maraninchi. 2000. Randomized study of 
recombinant interleukin-2 after autologous bone marrow transplantation for 
acute leukemia in first complete remission. Eur Cytokine Netw 11:91-98. 

227. Kolitz, J. E., V. Hars, D. J. DeAngelo, S. L. Allen, T. C. Shea, R. Vij, E. 
Hoke, C. D. Bloomfield, M. A. Caligiuri, S. L. George, and R. A. Larson. 
2007. Phase III Trial of Immunotherapy with Recombinant Interleukin-2 
(rIL-2) Versus Observation in Patients < 60 Years with Acute Myeloid 
Leukemia (AML) in First Remission (CR1): Preliminary Results from 
Cancer and Leukemia Group B (CALGB) 19808. ASH Annual Meeting 
Abstracts 110:157-. 

228. Lange, B. J., F. O. Smith, J. Feusner, D. R. Barnard, P. Dinndorf, S. Feig, N. 
A. Heerema, C. Arndt, R. J. Arceci, N. Seibel, M. Weiman, K. Dusenbery, 
K. Shannon, S. Luna-Fineman, R. B. Gerbing, and T. A. Alonzo. 2008. 
Outcomes in CCG-2961, a children's oncology group phase 3 trial for 
untreated pediatric acute myeloid leukemia: a report from the children's 
oncology group. Blood 111:1044-1053. 

229. Martner, A., F. B. Thoren, J. Aurelius, J. Soderholm, M. Brune, and K. 
Hellstrand. 2010. Immunotherapy with histamine dihydrochloride for the 
prevention of relapse in acute myeloid leukemia. Expert Rev Hematol 
3:381-391. 

230. Pautas, C., F. Merabet, X. Thomas, E. Raffoux, C. Gardin, S. Corm, J. H. 
Bourhis, O. Reman, P. Turlure, N. Contentin, T. de Revel, P. Rousselot, C. 
Preudhomme, D. Bordessoule, P. Fenaux, C. Terre, M. Michallet, H. 
Dombret, S. Chevret, and S. Castaigne. 2010. Randomized study of 
intensified anthracycline doses for induction and recombinant interleukin-2 
for maintenance in patients with acute myeloid leukemia age 50 to 70 years: 
results of the ALFA-9801 study. J Clin Oncol 28:808-814. 

231. Oka, Y., A. Tsuboi, Y. Oji, I. Kawase, and H. Sugiyama. 2008. WT1 
peptide vaccine for the treatment of cancer. Curr Opin Immunol 20:211-
220. 

232. Schmitt, M., A. Schmitt, M. T. Rojewski, J. Chen, K. Giannopoulos, F. Fei, 
Y. Yu, M. Gotz, M. Heyduk, G. Ritter, D. E. Speiser, S. Gnjatic, P. 
Guillaume, M. Ringhoffer, R. F. Schlenk, P. Liebisch, D. Bunjes, H. Shiku, 
H. Dohner, and J. Greiner. 2008. RHAMM-R3 peptide vaccination in 
patients with acute myeloid leukemia, myelodysplastic syndrome, and 
multiple myeloma elicits immunologic and clinical responses. Blood 
111:1357-1365. 

233. Fujiki, F., Y. Oka, M. Kawakatsu, A. Tsuboi, Y. Tanaka-Harada, N. Hosen, 
S. Nishida, T. Shirakata, H. Nakajima, N. Tatsumi, N. Hashimoto, T. 
Taguchi, S. Ueda, N. Nonomura, Y. Takeda, T. Ito, A. Myoui, S. Izumoto, 



 

65 

M. Maruno, T. Yoshimine, S. Noguchi, A. Okuyama, I. Kawase, Y. Oji, and 
H. Sugiyama. 2010. A clear correlation between WT1-specific Th response 
and clinical response in WT1 CTL epitope vaccination. Anticancer Res 
30:2247-2254. 

234. Zhang, W. G., S. H. Liu, X. M. Cao, Y. X. Cheng, X. R. Ma, Y. Yang, and 
Y. L. Wang. 2005. A phase-I clinical trial of active immunotherapy for 
acute leukemia using inactivated autologous leukemia cells mixed with IL-
2, GM-CSF, and IL-6. Leuk Res 29:3-9. 

235. Li, L., P. Reinhardt, A. Schmitt, T. F. Barth, J. Greiner, M. Ringhoffer, H. 
Dohner, M. Wiesneth, and M. Schmitt. 2005. Dendritic cells generated from 
acute myeloid leukemia (AML) blasts maintain the expression of 
immunogenic leukemia associated antigens. Cancer Immunol Immunother 
54:685-693. 

236. Rubnitz, J. E., H. Inaba, R. C. Ribeiro, S. Pounds, B. Rooney, T. Bell, C. H. 
Pui, and W. Leung. 2010. NKAML: a pilot study to determine the safety 
and feasibility of haploidentical natural killer cell transplantation in 
childhood acute myeloid leukemia. J Clin Oncol 28:955-959. 

237. Curti, A., L. Ruggeri, A. D'Addio, A. Bontadini, E. Dan, M. R. Motta, S. 
Trabanelli, V. Giudice, E. Urbani, G. Martinelli, S. Paolini, F. Fruet, A. 
Isidori, S. Parisi, G. Bandini, M. Baccarani, A. Velardi, and R. M. Lemoli. 
2011. Successful transfer of alloreactive haploidentical KIR ligand-
mismatched natural killer cells after infusion in elderly high risk acute 
myeloid leukemia patients. Blood 118:3273-3279. 

238. Asea, A., S. Hermodsson, and K. Hellstrand. 1996. Histaminergic regulation 
of natural killer cell-mediated clearance of tumour cells in mice. Scand J 
Immunol 43:9-15. 

239. Buggins, A. G., W. J. Hirst, A. Pagliuca, and G. J. Mufti. 1998. Variable 
expression of CD3-zeta and associated protein tyrosine kinases in 
lymphocytes from patients with myeloid malignancies. Br J Haematol 
100:784-792. 

240. Thoren, F. B., J. Aurelius, and A. Martner. 2011. Antitumor properties of 
histamine in vivo. Nat Med 17:537; author reply 537-538. 

241. Asemissen, A. M., C. Scheibenbogen, A. Letsch, K. Hellstrand, F. Thoren, 
K. Gehlsen, A. Schmittel, E. Thiel, and U. Keilholz. 2005. Addition of 
histamine to interleukin 2 treatment augments type 1 T-cell responses in 
patients with melanoma in vivo: immunologic results from a randomized 
clinical trial of interleukin 2 with or without histamine (MP 104). Clin 
Cancer Res 11:290-297. 

242. Whiteside, T. L., S. S. Agarwala, W. Gooding, J. M. Kirkwood, J. Glaspy, 
E. Whitman, K. McMasters, A. Deisseroth, R. Gonzalez, K. Hellstrand, K. 
Gehlsen, and S. O'day. 2001. Recovery of Immune Cell Function in Patients 
with Metastatic Melanoma (MM) Treated with the Combination of 
Histamine Dihydrochloride and Interleukin-2 (IL-2). Proceedings of the 
American Society for Clinical Oncology 20:Abstr 2633. 



Mechanisms of leukemia-induced immunosuppression 

66 

243. Agarwala, S. S., J. Glaspy, S. J. O'Day, M. Mitchell, J. Gutheil, E. 
Whitman, R. Gonzalez, E. Hersh, L. Feun, R. Belt, F. Meyskens, K. 
Hellstrand, D. Wood, J. M. Kirkwood, K. R. Gehlsen, and P. Naredi. 2002. 
Results from a randomized phase III study comparing combined treatment 
with histamine dihydrochloride plus interleukin-2 versus interleukin-2 alone 
in patients with metastatic melanoma. J Clin Oncol 20:125-133. 

244. Donskov, F., M. Hokland, N. Marcussen, H. H. Torp Madsen, and H. von 
der Maase. 2006. Monocytes and neutrophils as 'bad guys' for the outcome 
of interleukin-2 with and without histamine in metastatic renal cell 
carcinoma--results from a randomised phase II trial. Br J Cancer 94:218-
226. 

245. Romero, A. I., F. B. Thoren, J. Aurelius, G. Askarieh, M. Brune, and K. 
Hellstrand. 2009. Post-consolidation immunotherapy with histamine 
dihydrochloride and interleukin-2 in AML. Scand J Immunol 70:194-205. 

246. Brune, M., and K. Hellstrand. 1996. Remission maintenance therapy with 
histamine and interleukin-2 in acute myelogenous leukaemia. Br J 
Haematol 92:620-626. 

247. Sjoberg, J., M. Andersson, B. Björkholm, M. Brune, K. Hellstrand, and P. 
Pisa. 1999. Immunotherapy with IL-2 and histamine upregulates 
downmodulated T cell and NK cell-associated zeta expression in acute 
myeloid leukaemia (AML). Haematologica 84 Abstr Suppl:10. 

248. Wallhult, E. A., J. K. Whisnant, B. Nilsson, D. Bhagwat, K. Hellstrand, and 
M. Brune. 2008. Quality-of-Life During Remission Maintenance 
Immunotherapy in Acute Myeloid Leukemia:  A Prospective Assessment 
using EORTC QLQ-C30 in a Randomized Phase III Trial of Histamine 
Dihydrochloride Plus Low-dose Interleukin-2. In 3rd European Congress of 
the European Hematology Association. 

249. Marrack, P., and J. Kappler. 1990. The staphylococcal enterotoxins and 
their relatives. Science 248:1066. 

250. Chattopadhyay, P. K., and M. Roederer. 2012. Cytometry: Today's 
technology and tomorrow's horizons. Methods. 

251. Roederer, M. 2002. Compensation in flow cytometry. Curr Protoc Cytom 
Chapter 1:Unit 1 14. 

252. Perfetto, S. P., P. K. Chattopadhyay, L. Lamoreaux, R. Nguyen, D. 
Ambrozak, R. A. Koup, and M. Roederer. 2006. Amine reactive dyes: an 
effective tool to discriminate live and dead cells in polychromatic flow 
cytometry. J Immunol Methods 313:199-208. 

253. Valk, P. J., R. G. Verhaak, M. A. Beijen, C. A. Erpelinck, S. Barjesteh van 
Waalwijk van Doorn-Khosrovani, J. M. Boer, H. B. Beverloo, M. J. 
Moorhouse, P. J. van der Spek, B. Lowenberg, and R. Delwel. 2004. 
Prognostically useful gene-expression profiles in acute myeloid leukemia. N 
Engl J Med 350:1617-1628. 

254. D'Autréaux, B., and M. B. Toledano. 2007. ROS as signalling molecules: 
mechanisms that generate specificity in ROS homeostasis. Nature Reviews 
Molecular Cell Biology 8:813-813. 



 

67 

255. Bhat, N. R., and P. Zhang. 1999. Hydrogen peroxide activation of multiple 
mitogen-activated protein kinases in an oligodendrocyte cell line: role of 
extracellular signal-regulated kinase in hydrogen peroxide-induced cell 
death. J Neurochem 72:112-119. 

256. Brand, A., S. Gil, R. Seger, and E. Yavin. 2001. Lipid constituents in 
oligodendroglial cells alter susceptibility to H2O2-induced apoptotic cell 
death via ERK activation. J Neurochem 76:910-918. 

257. Ishikawa, Y., and M. Kitamura. 2000. Anti-apoptotic effect of quercetin: 
intervention in the JNK- and ERK-mediated apoptotic pathways. Kidney Int 
58:1078-1087. 

258. Restifo, N. P., M. E. Dudley, and S. A. Rosenberg. 2012. Adoptive 
immunotherapy for cancer: harnessing the T cell response. Nat Rev Immunol 
12:269-281. 

259. Kurosawa, S., T. Yamaguchi, S. Miyawaki, N. Uchida, T. Sakura, H. 
Kanamori, K. Usuki, T. Yamashita, Y. Okoshi, H. Shibayama, H. Nakamae, 
M. Mawatari, K. Hatanaka, K. Sunami, M. Shimoyama, N. Fujishima, Y. 
Maeda, I. Miura, Y. Takaue, and T. Fukuda. 2010. Prognostic factors and 
outcomes of adult patients with acute myeloid leukemia after first relapse. 
Haematologica 95:1857-1864. 

260. Verma, D., H. Kantarjian, S. Faderl, S. O'Brien, S. Pierce, K. Vu, E. 
Freireich, M. Keating, J. Cortes, and F. Ravandi. 2010. Late relapses in 
acute myeloid leukemia: analysis of characteristics and outcome. Leuk 
Lymphoma 51:778-782. 

261. Anderson, K., C. Lutz, F. W. van Delft, C. M. Bateman, Y. Guo, S. M. 
Colman, H. Kempski, A. V. Moorman, I. Titley, J. Swansbury, L. Kearney, 
T. Enver, and M. Greaves. 2011. Genetic variegation of clonal architecture 
and propagating cells in leukaemia. Nature 469:356-361. 

262. Nowell, P. C. 1976. The clonal evolution of tumor cell populations. Science 
194:23-28. 

263. Bostrom, B., R. D. Brunning, P. McGlave, N. Ramsay, M. Nesbit, Jr., W. G. 
Woods, D. Hurd, W. Krivit, T. Kim, A. Goldman, and et al. 1985. Bone 
marrow transplantation for acute nonlymphocytic leukemia in first 
remission: analysis of prognostic factors. Blood 65:1191-1196. 

264. Copelan, E. A., J. C. Biggs, J. M. Thompson, P. Crilley, J. Szer, J. P. Klein, 
N. Kapoor, B. R. Avalos, I. Cunningham, K. Atkinson, and et al. 1991. 
Treatment for acute myelocytic leukemia with allogeneic bone marrow 
transplantation following preparation with BuCy2. Blood 78:838-843. 

265. McGlave, P. B., R. J. Haake, B. C. Bostrom, R. Brunning, D. D. Hurd, T. H. 
Kim, M. E. Nesbit, G. M. Vercellotti, D. Weisdorf, W. G. Woods, and et al. 
1988. Allogeneic bone marrow transplantation for acute nonlymphocytic 
leukemia in first remission. Blood 72:1512-1517. 

266. Frassoni, F., M. Labopin, E. Gluckman, H. G. Prentice, J. P. Vernant, F. 
Zwaan, A. Granena, G. Gahrton, T. De Witte, A. Gratwohl, J. Reiffers, and 
N. C. Gorin. 1996. Results of allogeneic bone marrow transplantation for 
acute leukemia have improved in Europe with time--a report of the acute 



Mechanisms of leukemia-induced immunosuppression 

68 

leukemia working party of the European group for blood and marrow 
transplantation (EBMT). Bone Marrow Transplant 17:13-18. 

267. Sakaguchi, S. 2000. Regulatory T cells: key controllers of immunologic 
self-tolerance. Cell 101:455-458. 

268. Levin, A. M., D. L. Bates, A. M. Ring, C. Krieg, J. T. Lin, L. Su, I. Moraga, 
M. E. Raeber, G. R. Bowman, P. Novick, V. S. Pande, C. G. Fathman, O. 
Boyman, and K. C. Garcia. 2012. Exploiting a natural conformational 
switch to engineer an interleukin-2 'superkine'. Nature 484:529-U159. 

269. Waldmann, T. A. 2006. The biology of interleukin-2 and interleukin-15: 
implications for cancer therapy and vaccine design. Nat Rev Immunol 6:595-
601. 

270. Gowda, A., A. Ramanunni, C. Cheney, D. Rozewski, W. Kindsvogel, A. 
Lehman, D. Jarjoura, M. Caligiuri, J. C. Byrd, and N. Muthusamy. 2010. 
Differential effects of IL-2 and IL-21 on expansion of the CD4+ CD25+ 
Foxp3+ T regulatory cells with redundant roles in natural killer cell 
mediated antibody dependent cellular cytotoxicity in chronic lymphocytic 
leukemia. MAbs 2:35-41. 

	  

	  


