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1 Hepatocellular carcinoma 

1.1 Pathophysiology 

Hepatocellular	   carcinoma	   (HCC)	   is	   a	   primary	   liver	   tumour	   that	   originates	   in	   a	  
background	   of	   chronic	   liver	   diseases	   (CLD).	   Every	   year	   almost	   500	   000	   new	  
patients	  are	  diagnosed	  with	  HCC,	  making	   it	   the	  5th	  most	   common	  and	   the	  3rd	  
most	  deadly	  cancer	  worldwide.	  The	  tumour	  is	  usually	  diagnosed	  at	  a	  late	  stage,	  
limiting	  the	  therapeutic	  options,	  thus	  mortality	  is	  high	  with	  an	  average	  survival	  
of	  4	  months	  after	  diagnosis	  (1).	  The	  most	  common	  causes	  of	  cirrhosis	  and	  HCC	  
are	  chronic	  alcohol	  abuse,	  hepatitis	  B	  and	  C;	  and	  non-‐alcoholic	  steatohepatitis	  
(NASH).	   Exposure	   to	   chemical	   carcinogens,	   such	   as	   aflatoxins,	   is	   a	   frequent	  
origin	   of	   HCC	   in	   Asia	   and	   Africa.	   Other	   rare	   risk	   factors	   for	   HCC	   are	   alpha-‐1-‐
antitrypsin	  deficiency,	  haemochromatosis	  and	  tyrosinemia.	  

Most	  of	  the	  cases	  of	  HCC	  are	  found	  in	  Southeast	  Asia	  and	  in	  sub-‐Saharan	  Africa.	  
This	  reflects	  the	  prevalence	  of	  hepatitis	  B	  infection,	  which	  is	  the	  most	  common	  
cause	  of	  this	  cancer	  worldwide.	  Recent	  data	  show,	  however,	  that	  the	  frequency	  
of	   liver	   cancer	   in	   the	  Western	   countries	   is	   rising,	   primarily	   due	   to	   increasing	  
obesity	  rates,	  and	  to	  chronic	  hepatitis	  C.	  Notably,	  HCC	  strikes	  almost	  4	  times	  as	  
many	   men	   as	   woman,	   which	   is	   partially	   explained	   by	   the	   protective	   role	   of	  
oestrogens	  and	  the	  HCC-‐stimulating	  effect	  of	  androgens	  (2).	  	  

Like	   any	   other	   cancer,	   HCC	   develops	   as	   a	   result	   of	   mutations	   in	   the	   cellular	  
machinery	  that	  causes	  the	  cell	  to	  replicate	  at	  a	  higher	  rate	  and/or	  by	  escaping	  
apoptosis.	   The	   preceding	   CLD	   results	   in	   a	   constant	   cycle	   of	   liver	   damage,	  
followed	  by	  repair,	  resulting	   in	  the	  replacement	  of	   liver	  tissue	  by	  fibrosis,	  scar	  
tissue	  and	   regenerative	  nodules.	  Unfortunately,	   the	   liver’s	   repair	  mechanisms	  
are	   not	   flawless,	   leading	   to	   mutations	   in	   the	   proto-‐oncogenic	   and	   tumour	  
suppressor	   genes,	   causing	   uncontrollable	   cell	   growth.	   The	  molecular	   steps	   of	  
hepatocarcinogenesis	   are	   being	   actively	   investigated.	   The	   p53-‐tumour	  
suppressor	  gene	  –	  the	  most	  commonly	  mutated	  gene	   in	  human	  cancers	  –	  has	  
been	  suggested	  to	  play	  an	  important	  role	  in	  HCC,	  since	  multiple	  mutations	  have	  
been	   found	   on	   this	   gene	   (3).	   In	   carriers	   of	   the	   hepatitis	   B	   virus	   (HBV),	   p53	  
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expression	   might	   be	   directly	   suppressed	   by	   the	   virus	   itself	   and	   various	   p53	  
mutations	   have	   been	   described	   in	   HBV-‐related	   tumours	   (4,5).	   HBV-‐DNA	  
integration	   and	   genetic	   instability	   are	   also	   frequently	   seen	   in	   the	   oncogenic	  
progression	   (6).	   Also	   in	   chronic	   hepatitis	   C	   it	   is	   often	   observed	   that	   the	   viral	  
genome	   integrates	   in	   the	   infected	   cells	   and	   can	   induce	   HCC,	   even	   in	   a	   non-‐
cirrhotic	  liver	  (7).	  	  

Hepatic	   carcinogenesis	   is	   a	   multistep	   process:	   the	   presence	   of	   specific	   risk	  
factors	  previously	  mentioned,	  promotes	  gene	  damage	   leading	   to	  a	  cascade	  of	  
molecular	   and	   cellular	   deregulations	   that	   ultimately	   result	   in	   the	   malignant	  
transformation	   of	   hepatocytes.	   While	   in	   healthy	   cells	   there	   is	   a	   balance	  
between	   apoptosis	   and	   cell	   growth,	   malignant	   cells	   are	   characterised	   by	  
uncontrolled	   growth	   and	   cell	   division.	   Whether	   these	   malignant	   cells	   will	  
undergo	  local	  and	  distant	  spread	  is	  defined	  by	  determinants	  of	  the	  tumour	  cells	  
such	  as	  proliferating	  activities	  and	  the	  ability	  of	  the	  tumour	  cells	  to	  respond	  to	  
growth	  and	  survival	  signals	  derived	  from	  its	  microenvironment.	  One	  important	  
factor	   that	   determines	   tumour	   growth	   and	   metastasis,	   is	   hypoxia	   and	   the	  
subsequent	  angiogenic	  response,	  which	  we	  will	  discuss	  later	  on	  (8).	  	  

1.2 Diagnosis 

HCC	  often	  arises	  and	  grows	  silently,	  making	  its	  discovery	  very	  challenging.	  The	  
various	   clinical	   presentations	   generally	   relate	   closely	   to	   their	   underlying	   CLD,	  
therefore	   patients	   present	   with	   non-‐specific	   signs	   and	   symptoms	   such	   as	  
jaundice,	  hepatic	  encephalopathy,	  ascites	  and	  variceal	  bleeding.	  Patients	  whose	  
tumours	   have	   been	   identified	   prior	   to	   the	   development	   of	   hepatic	  
decompensation	   or	   other	   complications,	   are	   more	   likely	   to	   be	   better	  
candidates	  for	  curative	  interventions.	  Therefore,	  high-‐risk	  patients	  are	  screened	  
using	  ultrasonography	  (US)	  on	  a	  6	  to	  12	  month	   interval.	  When	  a	  small	   (<1cm)	  
lesion	  is	  discovered,	  the	  standard	  procedure	  (as	  stated	  by	  the	  AASLD-‐guidelines	  
2011	   (9))	   is	   to	   repeat	   the	  US	   after	   3	  months	   to	   evaluate	   its	   stability.	   Routine	  
surveillance	  of	  high-‐risk	  patients	  has	  made	  the	  discovery	  of	  asymptomatic	  HCC	  
more	  common.	  
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Fig1:	  diagnostic	  algorithm	  for	  suspected	  HCC	  (9).	  

The	   tests	   used	   to	   diagnose	   HCC	   include	   radiology,	   biopsy	   and	   α-‐fetoprotein-‐
serology.	  Yet,	  the	  use	  of	  the	  latter	  is	  currently	  under	  discussion.	  Imaging	  plays	  a	  
key	  role	  in	  the	  diagnosis	  of	  HCC,	  however,	  regardless	  of	  the	  immense	  advances	  
in	   imaging	  technology,	  the	  characterisation	  of	  small	  tumours	  remains	  difficult,	  
particularly	   in	   cirrhotic	   livers,	   characterised	   by	   a	   disrupted	   parenchymal	  
architecture.	  	  

Contrast-‐enhanced	  CT	  plays	  a	  major	  role	  in	  the	  detection	  and	  characterisation	  
of	   HCC	   in	   patients	   with	   chronic	   liver	   diseases.	   HCC	   lesions	   are	   usually	  
hypervascularised	   and	   characterised	   by	   an	   increased	   arterial	   blood	   supply,	  
therefore	   they	   are	   best	   assessed	   with	   a	   multiphase	   imaging	   technique,	  
focussing	  on	  the	  arterial	  phase,	  such	  as	  a	  quadruple-‐phase	  CT-‐scan,	  consisting	  
out	  of	  four	  phases	  (pre-‐contrast,	  arterial,	  portal-‐venous	  and	  delayed)	  (10).	  MRI	  
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is	   superior	   to	   CT	   in	   providing	   better	   soft-‐tissue	   contrast,	   a	   more	   nuanced	  
depiction	   of	   different	   tissue	   properties	   with	   a	   higher	   sensitivity,	   without	  
ionizing	   radiation	   (11,12).	   In	   a	   dynamic	   contrast	   enhanced	   MRI	   repeated	  
imaging	  is	  used	  to	  track	  the	  entrance	  of	  diffusible	  contrast	  agents	  in	  tissue	  over	  
time.	  Both	  imaging	  techniques	  are	  used	  to	  detect	  and	  characterise	  liver	  lesions	  
(>1cm),	   as	   different	   types	   of	   tumours	   enhance	   differently	   during	   each	   phase	  
depending	   on	   whether	   they	   are	   hypervascular	   or	   hypovascular	   lesions.	   HCC-‐
lesions	   show	   an	   increased	   arterial	   vascularisation	   and	   a	   venous	   or	   delayed	  
phase	   wash	   out.	   If	   these	   characteristics	   are	   seen	   on	   a	   quadriple	   MDCT	   or	   a	  
dynamic	   contrast	   enhanced	  MRI,	   the	   lesion	   can	   be	   diagnosed	   as	   HCC.	   If	   not,	  
other	   techniques	   must	   be	   applied	   such	   as	   a	   biopsy	   or	   another	   contrast	  
enhanced	  imaging	  technique	  (Figure	  1).	  	  

Another	   fundamental	   technique	   for	   imaging	   of	   the	   liver	   is	   ultrasound.	   Its	  
advantages	   are	   speed	   and	   simplicity.	   Its	   disadvantages,	   which	   include	   rather	  
limited	   resolution	   for	   small	   liver	   lesions	   and	   limited	   specificity,	   can	   be	  
overcome	  with	   the	   use	   of	   ultrasound	   contrast	   agents.	   These	   contrast	   agents	  
open	   the	   possibility	   to	   identify	   HCC-‐nodules	   >2	   cm	   in	   diameter,	   when	  
enhancement	   of	   the	   lesion	   is	   seen	   during	   the	   arterial	   phase	   with	   washout	  
during	  the	  portal	  phase	  (13).	  	  

Usually,	   the	   diagnosis	   of	   HCC	   depends	   on	   the	   measurement	   of	   the	   imaging	  
techniques	   mentioned	   above.	   Still,	   a	   liver	   biopsy	   can	   be	   recommended	   in	  
uncertain	  cases	  (14).	  A	  liver	  biopsy	  is	  a	  more	  invasive,	  however,	  more	  sensitive	  
and	   specific	   technique.	   Histological	   samples	   can	   be	   obtained	   by	   needle	   core	  
biopsy	  under	  CT-‐guidance.	  Nevertheless,	   the	   invasive	  nature	  of	   this	   technique	  
implies	   certain	   risks,	   therefore	   a	   liver	   biopsy	   will	   not	   be	   performed	   under	  
circumstances	  in	  which	  the	  diagnosis	  of	  HCC	  is	  positive	  after	  clinical,	  laboratory	  
and	  radiographic	  evaluation.	  

	   	  



	  

	  

14	  

	  

1.3 Treatment 

Treatment	  of	  HCC	  is	  often	  discussed	  in	  a	  multidisciplinary	  setting,	  depending	  on	  
the	  tumour’s	  stage	  (Figure	  2).	  	  

	  

	  

Fig	  2:	  Barcelona	  Clinic	  Liver	  Cancer	  (BCLC)	  staging	  and	  treatment	  strategy	  (15)(16,17),	  
showing	   that	   very	   early	   and	   early	   stage	   HCC	   can	   be	   treated	   using	   surgical	   resection,	  
liver	   transplantation	   or	   local	   ablation	   strategies.	  While	   patients	   with	  more	   advanced	  
tumours	   are	   subjected	   to	   systemic	   treatment,	   such	   as	   the	   angiogenic	   inhibitor	  
sorafenib.	  When	  the	  terminal	  stage	  of	  this	  tumour	  is	  reached,	  no	  treatment	   is	  feasible	  
and	  best	  supportive	  care	  (BSC)	  is	  provided.	  This	  figure	  was	  obtained	  from	  (17).	  

In	   the	   early	   stages	   of	   HCC	   surgical	   resection	   and	   liver	   transplantation	   are	  
feasible	  curative	  therapeutic	  options,	  but	  the	  high	  level	  of	  recurrence	  limits	  the	  
chances	  of	  survival.	  Because	  most	  HCCs	  occur	  in	  a	  cirrhotic	  liver,	  patients	  are	  in	  
danger	   of	   decompensation	   or	   liver	   failure	   if	   an	   overaggressive	   resection	   is	  
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attempted.	  Most	  surgeons	  will	  only	  perform	  a	  surgical	   resection	   if	   the	  patient	  
has	   cirrhosis	   of	   Child-‐Pugh	   class	   A,	   no	   portal	   hypertension	   and	   a	   single	  
definable	  tumour	  (18).	  	  

Another	   curative	   option	   for	   HCC	   is	   liver	   transplantation.	   Experience	   with	  
transplantation	   has	   shown	   that	   tumour	   size	   is	   a	   very	   important	   variable	   in	  
predicting	   recurrence.	   Therefore,	   the	   current	   guidelines	   for	   liver	  
transplantation	  are	  based	  on	  the	  Milan-‐criteria,	  which	  support	  transplantation	  
in	   the	   setting	   of	   one	   lesion	   ≤5	   cm	   or	   up	   to	   three	   lesions	   ≤3	   cm	   in	   diameter,	  
which	   has	   an	   associated	   5-‐year	   survival	   rate	   of	   >70%	   and	   tumour	   recurrence	  
rate	   of	   <15%	   (19).	   Patients	   on	   the	   liver	   transplant	   waiting	   list	   are	   regularly	  
screened,	  to	  detect	  if	  their	  HCC	  has	  not	  progressed	  beyond	  the	  Milan-‐criteria.	  	  

Local	  ablative	  strategies	  are	  the	  best	   treatment	  option	   for	  patients	  with	  small	  
tumours	  who	  can	  not	  apply	  for	  surgical	  resection	  or	   liver	  transplantation	  (20).	  
These	   local	   ablative	   modalities	   involve	   the	   destruction	   of	   tumour	   cells	   by	  
altering	   the	   temperature	   (RFA,	   cryotherapy,	  microwave,	   laser)	   or	   injection	   of	  
chemical	   substances	   (PEI,	   acetic	   acid	   or	   boiling	   saline).	   During	   precutaneous	  
ethanol	  injection	  (PEI)	  ethanol	  is	  injected	  under	  ultrasound	  guidance	  in	  one	  or	  
more	   sessions	   and	   may	   cause	   complete	   necrosis	   of	   the	   tumour	   (21).	   Yet,	  
radiofrequency	   ablation	   (RFA),	   in	   which	   tumours	   are	   ablated	   using	  
radiofrequency	  waves	  transmitted	  by	  an	  RFA-‐probe	  inside	  the	  tumour,	  is	  more	  
frequently	  applied.	  For	  small	  HCC	  lesions	  RFA	  can	  be	  preferred	  over	  a	  surgical	  
approach,	   since	   similar	   overall	   and	   disease-‐free	   survival	   is	   obtained	   but	   with	  
less	   complications	   and	   a	   shorter	   hospital	   stay	   compared	   to	   surgical	   options	  
(22).	  	  	  

Transarterial	   chemoembolization	   (TACE)	   is	   the	   recommended	   palliative	  
treatment	  for	  patients	  with	  large	  or	  multifocal	  tumours	  (intermediate	  stage	  B).	  
The	   liver	   is	   an	   ideal	   organ	   for	   chemoembolization,	   because	   of	   its	   dual	   blood	  
supply	  from	  the	  hepatic	  artery	  and	  portal	  vein.	  During	  the	  progression	  of	  HCC,	  
its	   blood	   supply	   becomes	   increasingly	   arterialized	   (>90%	   arterial),	   while	   the	  
noncancerous	   liver	   parenchyma	   remains	   supplied	   largely	   by	   the	   portal	   vein	  
(80%	  portal	  venous).	  This	  dual	  blood	  supply	  anatomy	  provides	  the	  rationale	  in	  
support	   of	   arterial	   embolization	   as	   an	   effective	   therapeutic	   option	   to	   induce	  
ischaemic	   tumour	   necrosis	   given	   that	   the	   hepatic	   artery	   almost	   exclusively	  
supplies	   the	   HCC-‐tumours.	   In	   TACE,	   various	   chemotherapeutic	   agents	  



	  

	  

16	  

(doxorubicin,	   cisplatin	   or	   epirubicin)	   are	   delivered	   to	   the	   lesion	   prior	   to	   the	  
arterial	   obstruction,	   to	   enhance	   the	   anti-‐tumoural	   effect	   (23).	   Transarterial	  
radioembolisation	   (TARE)	   with	   intra-‐arterial	   injection	   of	   yttrium-‐90	  
microspheres	  is	  another	  form	  of	  hepatic	  arterial	  therapy,	  in	  which	  spheres	  are	  
trapped	  in	  the	  tumour’s	  capillary	  bed,	  where	  they	  deliver	  β-‐radiation	  to	  induce	  
tumour	  necrosis	  (24).	  

The	   underlying	   liver	   disease	   often	   conceals	   the	   presence	   of	   liver	   tumours;	  
therefore	  most	  tumours	  are	  discovered	  in	  an	  advanced	  stage.	  At	  this	  point	  no	  
curative	   option	   is	   feasible,	   and	   systemic	   treatment	   is	   limited	   due	   to	   the	   high	  
drug	  resistance	  of	  HCC.	  Recently,	  anti-‐angiogenic	  treatment	  has	  proved	  to	  be	  a	  
valuable	  option	  for	  advanced	  HCC,	  which	  will	  be	  discussed	  later	  on.	  	  
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2 Angiogenesis  

2.1 Molecular factors in angiogenesis  

A	   great	   number	   of	   factors	   contribute	   to	   the	   formation	   of	   new	   blood	   vessels.	  
Among	   these	   angiogenic	   growth	   factors	   are	   wide-‐spectrum	   multifunctional	  
mitogens	  (e.g.	  the	  fibroblast	  growth	  factors)	  and	  factors	  with	  distinct	  specificity	  
for	   vascular	   endothelial	   cells	   (ECs)	   (e.g.	   the	   platelet-‐derived	   endothelial	   cell	  
growth	   factor).	   Another	   group	   of	   factors	   induce	   angiogenesis	   indirectly	   (e.g.	  
transforming	   growth	   factor-‐beta)	   by	   stimulating	   target	   cells	   to	   release	  
angiogenic	  factors	  or	  by	  other	  mechanisms.	  The	  differential	  expression,	  release	  
and	   activation	   of	   these	   factors	   might	   regulate	   angiogenesis	   under	   various	  
physiological	  and	  pathological	  conditions.	  Due	  to	  the	  almost	  unlimited	  number	  
of	   factors	   involved	   in	   angiogenesis	   it	   is	   not	   possible	   to	   discuss	   all	   of	   them.	  
Hence,	  we	  will	  mainly	  focus	  on	  the	  role	  of	  prolyl	  hydroxylase	  containing	  domain	  
proteins	   (PHD)	   and	   the	   placental	   growth	   factor	   (PlGF),	   since	   they	   are	   of	  
uttermost	  importance	  in	  our	  research.	  

2.1.1 Hypoxia inducible factors and prolyl hydroxylase domain 
containing proteins 

Hypoxia	   is	   the	   principal	   physiological	   stimulus	   that	   induces	   angiogenesis,	  
providing	  a	  response	  by	  which	  cells	  are	  assured	  of	  adequate	  oxygenation.	  The	  
response	   of	   cells	   to	   hypoxia	   is	   mediated	   by	   hypoxia-‐inducible	   factors	   (HIFs),	  
HIF1-‐α,	  HIF2-‐α	  and	  HIF3-‐α,	  heterodimeric	  transcription	  factors	  consisting	  of	  an	  
α-‐	   and	   β-‐subunit.	   	   Each	   of	   the	   3	   isoforms	   can	   heterodimerize	   with	   the	   β-‐
subunit,	  thus	  forming	  an	  active	  transcriptional	  complex	  that	  is	  able	  to	  regulate	  
hundreds	   of	   genes,	   including	   those	   involved	   in	   cell	   survival,	   metabolism	   and	  
angiogenesis.	  However,	  HIF1-‐α	   and	  HIF2-‐α	  have	  distinct,	   non-‐redundant	   roles	  
in	  angiogenesis.	  For	  instance,	  while	  HIF1-‐α	  is	  ubiquitously	  expressed,	  HIF2-‐α	  is	  
only	   found	   in	   subset	   of	   tissues,	   including	   the	   liver	   and	   several	   tumours	   (25).	  
Although	  HIF2-‐α	   is	   expressed	   in	   EC’s,	   its	   exact	   function	   here	   remains	   elusive,	  
since	  EC	  proliferation	  and	  migration	  is	  mainly	  regulated	  by	  HIF1-‐α.	  Additionally,	  
HIF2-‐α	   deficient	   mice	   develop	   with	   severe	   organ	   abnormalities,	   however	  
without	  apparent	  vascular	  defects	  (26,27).	  Yet,	  studies	  have	  suggested	  a	  role	  of	  
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HIF2-‐α	  in	  the	  formation	  of	  abnormal	  blood	  vessels,	  mainly	  due	  to	  its	  capacity	  to	  
induce	  the	  expression	  of	  eNOS	  (28,29).	  	  	  

Both	  subunits	  of	  HIF	  are	  constitutively	  expressed	  at	  the	  mRNA	  level;	  however,	  
O2	  levels	  post-‐translationally	  regulate	  the	  α-‐subunit.	  In	  normoxia,	  the	  α-‐subunit	  
is	   hydroxylated	  on	   specific,	   conserved	  proline	   residues	  by	  HIF-‐targeting	  prolyl	  
hydroxylase	   domain-‐containing	   proteins	   (PHD1,	   PHD2,	   and	   PHD3)	   (30,31).	  
Hydroxylated	   HIF	   binds	   the	   von	   Hippel–Lindau	   protein	   that	   is	   part	   of	   an	   E3-‐
ubiquitin	   ligase.	  After	  ubiquitination,	  HIF1-‐α	  and	  HIF2-‐α	  molecules	  are	   rapidly	  
degraded	   by	   the	   proteasome.	   In	   the	   event	   of	   hypoxia,	   PHDs	   are	   unable	   to	  
hydroxylate	  HIF,	  thus	  preventing	  its	  degradation	  leading	  to	  heterodimerisation	  
with	   HIF-‐β,	   followed	   by	   translocation	   to	   the	   nucleus,	   and	   binding	   to	   cis-‐
regulatory	  hypoxia-‐response	  elements	  in	  target	  genes.	  	  

Four	   human	   HIF-‐α	   hydroxylases	   have	   been	   characterized	   so	   far	   (PHD1–PHD3	  
and	  factor-‐inhibiting-‐HIF	  or	  FIH1)	  and	  they	  belong	  to	  a	  family	  of	  2-‐oxoglutarate-‐
dependent,	   non-‐haem	   iron-‐binding	  dioxygenases.	  Notably,	   PHD2-‐inhibition	  by	  
RNAi,	  but	  not	   inhibition	  of	  PHD1	  or	  PHD3,	   is	  sufficient	  to	  upregulate	  HIF1-‐α	  in	  
normoxia,	  indicating	  that	  the	  enzymes	  are	  not	  simply	  redundant	  and	  that	  PHD2	  
may	  be	  the	  main	  cellular	  oxygen	  sensor	  (32).	  	  

While	  the	  oxygen-‐dependent	  regulation	  of	  HIF	  has	  been	  well	  established,	  there	  
is	   increasing	   evidence	   that	   HIF1-‐α	   can	   be	   regulated	   independent	   of	   oxygen	  
levels.	  Growth	  promoting	  stimuli	  and	  oncogenic	  pathways	  play	  a	  pivotal	  role	  in	  
this	   O2-‐independent	   activation	   of	   HIF.	   A	   first	   group	   of	   O2-‐independent	  
regulators	  of	  HIF1-‐α	  are	   transition	  metal	   ions,	   such	  as	   cobalt	  and	  nickel.	   	   It	   is	  
suggested	  that	  they	  substitute	  for	  the	  iron	  atom	  in	  the	  haem-‐group	  of	  oxygen-‐
sensing	  proteins	  (33,34)	  or	  for	  the	  ferrous	  ion	  bound	  to	  PHD-‐molecules	  (35,36).	  
The	   second	   kind	   of	   O2-‐independent	   regulator	   is	   nitric	   oxide	   (NO).	   Indeed,	  
hypoxia	  can	  stimulate	  NO-‐production	   through	   the	   induction	  of	   inducible	  NOS,	  
the	   transcription	   of	   which	   is	   regulated	   by	   HIF-‐1.	   But	   independent	   of	   oxygen-‐
levels,	   NO	   can	   block	   the	   stabilisation	   of	   HIF-‐1	   and	   is	   able	   to	   repress	   its	  
transcriptional	  activity	  (37,38).	  Another	  O2-‐independent	  regulator	  is	  heat-‐shock	  
protein	   90	   (HSP90),	   a	   molecular	   chaperone	   that	   induces	   proteosomal	  
degradation	  of	  HIF1-‐α	  (39).	   	  Also,	  a	  variety	  of	  peptides,	  such	  as	   insulin	  (40,41)	  
and	   insulin-‐like	   growth	   factors	   (42),	   interleukin-‐1	   (41)	   and	   tumour	   necrosis	  
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factor-‐α	  (TNFα)	  (43,44),	  angiotensin	  (45)	  and	  thrombin	  (46)	  are	  involved	  in	  the	  
activation	  of	  HIF	  under	  normoxic	  conditions.	  	  

Under	   pathological	   conditions,	   strikingly	   in	   cancer,	   HIF	   becomes	   deregulated.	  
The	   oxygen-‐independent	   activation	   of	   HIF	   plays	   an	   important	   role	   in	   the	  
oncogenic	   progression,	   as	   the	   deregulation	   of	   growth	   factors	   and/or	   their	  
respective	   receptors	  can	   result	   in	  a	  continuous	  activation	  of	   the	  HIF-‐pathway.	  
Clinically,	   HIF	   is	   overexpressed	   in	   a	   variety	   of	   cancers,	   predicting	   poorer	  
prognosis	  (47,48),	  resistance	  to	  radiotherapy	  and	  chemotherapy	  and	  increased	  
patient	  mortality	  (49,50).	  Experimentally,	  HIF	  is	  required	  for	  the	  growth	  of	  solid	  
tumours	  (51,52).	  HIFs	  regulate	  the	  expression	  of	  a	  variety	  of	  angiogenic	  factors,	  
such	   as	   the	   vascular	   endothelial	   growth	   factor	   (VEGF),	   PlGF	   and	   angiopoetins	  
(Ang)	   (53).	   This	   excess	   of	   pro-‐angiogenic	   factors,	   leads	   to	   an	   angiogenic	  
response	   (Figure	   3).	   Besides	   its	   importance	   for	   tumour-‐angiogenesis,	   HIF	   has	  
also	   been	   associated	   with	   increased	   tumour	   aggressiveness	   and	   tumour	   cell	  
heterogeneity	  (54).	  Intratumoural	  hypoxia	  has	  been	  linked	  with	  metastasis,	  and	  
HIF	  has	  been	  identified	  to	  regulate	  several	  steps	  of	  the	  metastatic	  process,	  such	  
as	   invasion	   through	   the	   basement	  membrane	   and	   extracellular	   matrix	   by	   up	  
regulating	   proteases,	   increasing	   production	   of	   fibronectin	   to	   facilitate	   the	  
establishment	  of	  an	  extracellular	  matrix;	  increased	  intravasation	  and	  regulation	  
of	   genes	   that	   promote	   the	   pre-‐metastatic	   niche	   (55).	   The	   epithelial	   to	  
mesenchymal	  transition	  (EMT)	  is	  the	  process	  in	  which	  epithelial	  cells	  lose	  their	  
polarity	  and	  are	  converted	  towards	  a	  mesenchymal	  phenotype,	  is	  regarded	  as	  a	  
critical	   event	   in	   the	   morphogenetic	   changes	   during	   metastasis.	   The	   essential	  
features	   of	   EMT	   are	   the	   disruption	   of	   intercellular	   contacts	   and	   the	  
enhancement	  of	   cell	  motility,	   thereby	   leading	   to	   the	   release	  of	   cells	   from	   the	  
parent	  epithelial	   tissue.	   Indeed,	   the	  hypoxic	  microenvironment	  of	  cancer	  cells	  
has	  been	   identified	  as	  an	   important	   factor	   in	   the	   induction	  of	  EMT.	  Loss	  of	  E-‐
cadherin	   is	   a	   functional	   requirement	   of	   EMT	   and	   is	   induced	   by	   HIF,	   through	  
upregulation	  of	  transcription	  repressors	  of	  E-‐cadherin.	  

Studies	   in	   PHD2-‐deficient	   mice	   indicate	   that	   PHD-‐inhibition	   may	   have	  
interesting	  clinical	  implications	  (56).	  Specific	  knockouts	  of	  the	  Egln1	  gene	  (alias	  
Phd2)	   in	   EC	  affect	   cell	   proliferation,	  whereas	  heterozygosity	   in	  normal	  mouse	  
stroma	  plays	  a	   role	   in	   vessel	  maturation	   (56,57).	  Xenograft	   tumours	  grown	   in	  
Phd2-‐heterozygotes	   are	   less	   hypoxic	   and	   have	   more	   functional	   vessels	   than	  
those	   in	  control	  mice.	  ECs	   from	  these	  animals	  are	  more	  quiescent	  and	  exhibit	  
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an	   altered	   transcriptional	   program	   dependent	   on	   HIF2-‐α.	   This	   transcriptional	  
response	  directs	  ECs	  to	  form	  more	  organised	  vessels	  in	  tumours,	  leading	  to	  less	  
hypoxia	   and	   thus	   a	   less	   aggressive,	  metastatic	   tumour	   phenotype.	   It	   has	   also	  
been	   suggested	   that	   normalisation	   of	   tumour	   vessels	   can	   enhance	   tumour	  
perfusion	  and	  potentially	  improve	  drug	  delivery	  (58).	  Therefore,	  PHD-‐inhibition	  
could	  be	  effective	  in	  several	  aspects	  of	  cancer	  therapy.	  However,	  these	  studies	  
have	   been	   conducted	   in	   xenograft	   models	   where	   PHD-‐activity	   was	   only	  
impaired	  in	  the	  microenvironment,	  not	  in	  the	  tumour	  cells.	  This	  is	  an	  important	  
distinction	  given	  the	  oncogenic	  role	  of	  HIFs.	  The	  reduction	  of	  PHD2	  in	  a	  number	  
of	   cancer	   cell	   lines	   suggests	   the	   possibility	   that	   PHD2	   loss	   contributes	   to	  
tumourigenesis	   and	   represents	   a	   pathway	   for	   HIF-‐activation	   in	   a	   number	   of	  
tumours.	   Studies	   in	   cancer	   gene	   expression	   datasets	   revealed	   that	   Phd2-‐
expression	   is	  significantly	  decreased	   in	  tumours,	  compared	  with	  normal	  tissue	  
(59).	  Although	   this	   reduction	  of	  PHD2	   impairs	   the	  degradation	  of	  HIF,	   studies	  
have	   shown	   that	   PHD2	   also	   has	   an	   additional	   HIF-‐independent	   regulatory	  
function	  (60–62).	  

Thus,	   while	   the	   importance	   of	   HIF	   in	   angiogenesis	   and	   cancer	   has	   long	   been	  
established,	   the	  exact	  role	  of	  PHD-‐molecules	  remains	  elusive.	  They	  have	  been	  
proposed	  as	  both	  tumour	  suppressors	  and	  drivers	  of	  tumourigenesis,	  therefore	  
their	   exact	   function	   in	   the	   progression	   of	   solid	   tumours	   forms	   an	   interesting	  
field	  of	  research.	  	  	  	  
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Fig.3:	   In	   the	  event	  of	  hypoxia,	  PHD2	   is	  unable	   to	  hydroxylate	  HIF,	   thus	  an	  active	   transcriptional	  
complex	   is	   formed,	   able	   to	   regulate	   hundreds	   of	   genes	   including	   several	   factors	   involved	   in	  
angiogenesis.	  	  
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2.1.2 Vascular endothelial growth factor  

VEGF	   is	   most	   likely	   the	   best-‐known	   angiogenic	   factor	   and	   is	   of	   crucial	  
importance	   for	   the	  vascular	   and	   lympathic	   system.	   	   The	  VEGF-‐familiy	   consists	  
out	  of	  5	  homologues,	  VEGF-‐A,	  -‐B,	  -‐C,	  -‐D	  and	  PlGF.	  All	  VEGFs	  bind	  with	  different	  
affinities	   to	   their	   receptors,	   VEGF	   receptor-‐1	   (VEGFR-‐1	   or	   Flt-‐1),	   VEGFR-‐2	   (or	  
Flk)	   and	   VEGFR-‐3,	   of	   which	   only	   the	   first	   two	   are	   responsible	   for	   angiogenic	  
signal	   transduction.	   VEGF-‐A	   is	   the	   key	   factor	   in	   the	   induction	   of	   angiogenesis	  
and	  vasculogenesis,	  by	  binding	  to	  VEGFR-‐2	  and	  increasing	  vascular	  permeability	  
through	  a	  NO-‐dependent	  pathway	  (63,64).	  It	  causes	  vasodilatation	  by	  induction	  
of	   endothelial	   nitric	   oxide	   synthase	   (eNOS)	   and	   increasing	   NO-‐production.	  
VEGF-‐A	  promotes	  EC	  survival	  by	  inducing	  expression	  of	  anti-‐apoptotic	  proteins	  
through	  activation	  of	  phosphatidylinositol-‐3-‐kinase	  (PI3K)	  pathways.	  Binding	  of	  
VEGF-‐A	  to	  VEGFR-‐1	  does	  not	  induce	  signalling	  transduction;	  it	  merely	  serves	  as	  
a	   decoy	   receptor.	   Next	   to	   its	   established	   role	   in	   angiogenesis,	   evidence	   has	  
emerged	  that	  VEGF-‐A	  also	  promotes	  a	  wide	  range	  of	  neuronal	  functions,	  both	  
in	   vitro	   and	   in	   vivo,	   including	   neurogenesis,	   neuronal	   migration,	   neuronal	  
survival	   and	   axon	   guidance	   (65,66).	   VEGF-‐A	   is	   mitogenic	   for	   astroglia	   and	  
Schwann	  cells	  in	  vitro	  (67).	  

Furthermore,	  VEGF-‐A	   is	   known	   to	  promote	   leukemia	   cell	   survival	   through	   the	  
activation	  of	  NF-‐κΒ	  and	  the	  activation	  of	  the	  MAPK/Erk-‐pathways	  (68).	  Also	   in	  
HCC-‐cell	   lines	   it	   has	   been	   shown	   that	   VEGF	   regulates	   cell	   survival	   and	  
proliferation	   via	   various	   signaling	   pathways	   depending	   on	   the	   cellular	   and	  
environmental	  context	  (69).	  	  

VEGF-‐B	   is	   a	   ligand	   for	   VEGFR-‐1,	   but	   can	   also	   form	  heterodimers	  with	  VEGF-‐A	  
(70).	   It	   is	   probably	   involved	   in	   the	   formation	   of	   coronary	   collaterals	   (71)	   and	  
inflammatory	  angiogenesis	  (72),	  nevertheless,	  its	  precise	  function	  is	  unknown.	  

VEGF-‐C	   has	   high	   affinity	   for	   VEGFR-‐2	   and	   VEGFR-‐3.	   It	   is	   primarily	   a	  
lymphangiogenic	   growth	   factor	   that	   induces	   mitogenesis,	   migration	   and	  
survival	  of	  ECs	  through	  activation	  of	  VEGFR-‐3.	  The	  angiogenic	  action	  of	  VEGF-‐C	  
lies	  in	  its	  potential	  to	  bind	  VEGFR-‐2	  (73–75).	  However,	  VEGF-‐C	  is	  also	  involved	  
in	   the	   progression	   of	   several	   types	   of	   tumours,	   including	   non-‐small	   cell	   lung	  
cancer,	   colorectal	   cancer	   and	   breast	   cancer	   (76–78).	   Recent	   studies	   have	  
reported	   that	   VEGF-‐C	   induces	   tumour	   cell	   proliferation,	   invasion	   and	  
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metastasis,	   partially	   through	   the	   VEGFR3-‐Src-‐p38MAPK-‐C/EBP-‐contactin-‐1	  
pathway	  however,	  other	  possible	  mechanisms	  of	   induction	  of	   cell	   locomotion	  
by	  VEGF-‐C	  remain	  largely	  unknown	  (79,80).	  

VEGF-‐D	  is	  responsible	  for	  proliferation	  of	  ECs	  (through	  VEGFR-‐2)	  and	  also	  shows	  
lymphangiogenic	  potential	  (through	  VEGFR-‐3)	  (81,82).	  

2.1.3 Placental growth factor 

PlGF	   is	  a	  member	  of	   the	  VEGF-‐family	  of	  growth	   factors.	  The	  structure	  of	  PlGF	  
exhibits	   remarkable	  similarities	   to	   the	  structure	  of	  VEGF-‐A,	  although	  PlGF	  and	  
VEGF-‐A	   show	  only	   a	   42%	   amino	   acid	   sequence	   identity,	   as	  well	   as	   significant	  
functional	  differences	  (83).	  Human	  PlGF	  occurs	  in	  at	  least	  four	  isoforms,	  PlGF-‐1	  
(PlGF131),	   PlGF-‐2	   (PlGF152),	   PlGF-‐3	   (PlGF203),	   and	   PlGF-‐4	   (PlGF224)	   due	   to	  
alternative	   mRNA	   splicing	   of	   the	   PGF-‐transcripts.	   Apart	   from	   size,	   the	   PlGF-‐
isoforms	   differ	   in	   terms	   of	   both	   their	   secretion	   properties	   and	   their	   binding	  
affinities.	  	  

	  

Fig	  4:	  VEGF	  receptors	  in	  PlGF-‐signalling.	  VEGF	  is	  able	  to	  bind	  on	  VEGFR2	  and	  VEGFR1,	  yet	  only	  the	  
former	   induces	   a	   signalisation	   cascade	   while	   the	   latter	   serves	   as	   a	   decoy	   receptor.	   	   However,	  
VEGFR1	  does	  serve	  as	  functional	  receptor	  for	  PlGF.	  Therefore,	  PlGF	  exerts	  is	  function	  independent	  
from	  VEGF	  by	  inducing	  signalling	  reaction	  after	  binding	  with	  VEGFR1,	  and	  dependent	  from	  VEGF	  
by	  preventing	  its	  binding	  to	  the	  decoy	  receptor.	  
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PlGF	   was	   originally	   discovered	   in	   the	   human	   placenta,	   where	   it	   has	   been	  
proposed	   to	   control	   trophoblast	   growth	  and	  differentiation.	  Now,	   it	   is	   known	  
that	  PlGF	  is	  expressed	  by	  a	  variety	  of	  cell	  types	  and	  organs,	  such	  as	  heart,	  lung,	  
thyroid	   gland	   and	   skeletal	   muscle,	   but	   its	   expression	   remains	   low	   in	   healthy	  
tissue.	   In	   the	   liver,	   PlGF-‐levels	   have	   been	   detected	   in	   hepatocytes,	   EC’s,	   HSC	  
and	  küppfer	  cells.	  It	  mainly	  has	  two	  mechanisms	  of	  action:	  one	  independent	  of	  
VEGF	  and	  one	  dependent	  of	  VEGF.	  The	  independent	  action	  mechanism	  binding	  
of	   PlGF	   to	   VEGFR-‐1	   and	   induces	   auto-‐phosphorylation,	   thereby	   activating	   the	  
VEGFR-‐1	   signalling	   cascade	   (Figure	   4).	   Nevertheless,	   only	   a	   weak	  
phosphorylation	   takes	   place	   when	   binding	   to	   VEGFR1,	   hence	   the	   major	  
angiogenic	  action	  might	   lay	   in	   its	  potential	   to	  bind	  to	  neuropilin-‐1	   (84).	  VEGF-‐
dependent	   activities	   of	   PlGF	   include	   displacement	   of	   VEGF	   from	  membrane-‐
anchored	   or	   soluble	   VEGFR1,	   thereby	   liberating	   VEGF	   for	   stimulation	   of	  
VEGFR2.	   Other	   VEGF-‐dependent	   actions	   of	   PlGF	   include	   the	   upregulation	   of	  
VEGF,	   Fibroblast	   growth	   factor-‐2,	   platelet	   derived	   growth	   factor,	   matrix	  
methaloproteinases	   (MMP)	   and	   other	   angiogenic	   factors	   (85,86);	   and	   an	  
intermolecular	   cross-‐talk	   from	   VEGFR1	   to	   VEGFR2,	   leading	   to	   enhanced	  
activation	  of	  VEGFR2,	  thus	  increasing	  the	  response	  to	  VEGF	  (64).	  	  

PlGF	  induces	  a	  variety	  of	  biological	  effects.	  For	  instance,	  PlGF	  participates	  in	  the	  
angiogenic	  process	  by	  stimulation	  of	  EC	  growth,	  migration	  and	  survival	  (87–90).	  
Furthermore,	   it	  stimulates	  proliferation	  and	  regulates	  the	  contractile	  response	  
of	   mesenchymal	   fibroblasts	   and	   mural	   cells.	   PlGF	   also	   reconstitutes	  
haematopoiesis	   by	   recruiting	   VEGFR1	   positive	   stem	   cells	   from	   the	   bone	  
marrow,	   attracts	   inflammatory	   cells	   and	   recruits	   endothelial	   and	  other	   angio-‐
competent	  bone	  marrow	  progenitors	  to	  the	  site	  of	  tumour	  and	  collateral	  vessel	  
growth	  (89,91–93).	  In	  addition,	  PlGF	  is	  an	  important	  regulator	  of	  in	  the	  process	  
of	  vessel	  stabilisation	  and	  maturation,	  by	  recruiting	  bone	  marrow	  cells,	  smooth	  
muscle	   cells,	   ECs,	   pericytes	   and	   monocytes.	   This	   pleiotropic	   action	   of	   PlGF	  
explains	   why	   PlGF	   stimulates	   revascularization	   of	   ischemic	   tissue,	   increases	  
tumour	  vascularization	  and	  metastasis.	  Several	  studies	  have	  shown	  that	  PlGF	  is	  
involved	   in	   numerous	   pathological	   conditions,	   such	   as	   fracture	   repair	   (94);	  
atherosclerosis	   (95),	   coronary	   artery	   disease	   (96),	   wound	   healing	   in	   diabetes	  
(97)	   and	   nervous	   degeneration	   (98).	   PlGF	   is	   also	   able	   to	   directly	   influence	  
cellular	   motility,	   in	   breast	   cancer	   cells	   (99),	   lung	   carcinoma	   cells	   (100)	   and	  
leukemia	  (101).	  
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In	  addition,	  PlGF	  has	  been	  shown	  to	  be	  important	  for	  leukemia	  cell	  growth	  and	  
survival,	  through	  auto-‐	  and	  paracrine	  pathways	  (102).	  

In	  contrast	  to	  the	  other	  members	  of	  the	  VEGF-‐family,	  PlGF	   is	  not	  essential	   for	  
physiological	   angiogenesis	   during	   development	   and	   reproduction.	   Pgf-‐knock	  
out	  mice	   are	   born	   without	   apparent	   vascular	   defects,	   resulting	   in	   viable	   and	  
fertile	  mice	  that	  do	  not	  display	  any	  major	  abnormalities.	  A	  possible	  explanation	  
for	  this	  is	  that	  PlGF	  is	  nearly	  undetectable	  in	  most	  organs	  in	  healthy	  conditions	  
(103).	   However,	   in	   ischemic	   conditions	   such	   as	   myocardial	   infarction	   or	  
following	  ligation	  of	  the	  hind	  limb	  artery,	  these	  mice	  show	  a	  reduced	  ability	  to	  
respond	  to	  ischemic	  damage	  through	  angiogenesis	  and	  adaptive	  arteriogenesis.	  
Hence,	  together	  with	  VEGFR-‐1,	  PlGF	  is	  an	  important	  mediator	  in	  regulating	  the	  
angiogenic	   switch	   in	   pathological	   conditions	   [3,	   22-‐23].	   Several	   studies	   have	  
shown	   that	   PlGF	   contributes	   to	   the	   angiogenic	   and	   inflammatory	   switch	   in	  
disease,	  including	  tumour	  growth,	  ischemia,	  arthritis,	  ocular	  neovascularisation,	  
atherosclerosis,	   obesity	   and	   portal	   hypertension	   (89,94,104).	   Therefore,	   PlGF	  
has	  become	  an	  attractive	  drug	  candidate.	  A	  PlGF-‐inhibitor	  would	  be	  expected	  
to	   selectively	   inhibit	  pathological	  angiogenesis,	  without	  affecting	  physiological	  
vessel	  growth,	  possibly	  causing	  fewer	  adverse	  effects.	  
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However,	   the	   role	   of	   PlGF	   in	   tumour	   angiogenesis	   is	   controversial.	   While	  
several	   independent	   studies	   showed	   that	   PlGF	   enhances	   pathologic	  
angiogenesis	   by	   initiating	   crosstalk	   between	   VEGFR-‐1	   and	   VEGFR-‐2,	   other	  
studies	  provided	  evidence	  that	  PlGF	  may	  also	  function	  as	  a	  negative	  regulator	  
of	   tumour	  growth	  and	  angiogenesis.	  The	  mechanism	  of	  negative	  regulation	  of	  
angiogenesis	   involves	   the	   formation	   of	   VEGF–PlGF	   heterodimers	   that	   do	   not	  
display	   significantly	   angiogenic	   activity	   as	   compared	   to	   VEGF	   homodimers	  
(105).	   They	   deplete	   the	   intracellular	   pool	   of	   VEGF,	   thereby	   reducing	   the	  
formation	  of	  angiogenic	  VEGF–VEGF	  homodimers,	   lacking	  the	  ability	  to	   induce	  
angiogenesis	  and	  failing	  to	  activate	  the	  VEGFR-‐2	  mediated	  signalling	  pathways.	  
Also,	   in	   a	   recent	   study	   conducted	   by	   Ferrara,	   PlGF	   neutralisation	   with	  
antibodies	   did	   not	   inhibit	   tumour	   growth	   nor	   angiogenesis	   in	   15	   orthotopic	  
tumour	  models	  (106).	  	  	  

Nevertheless,	   multiple	   studies	   did	   provide	   evidence	   for	   the	   potential	   use	   of	  
anti-‐PlGf	   and	  anti-‐VEGFR-‐1	  antibodies	   as	   anti-‐angiogenic	   agents	   in	  pre-‐clinical	  
models	   of	   tumour	   growth.	   Fisher	   et	   al.	   developed	   a	   specific	   blocking	  
monoclonal	   antibody	   against	   mouse	   PlGF	   (90),	   which	   was	   tested	   on	   mouse	  
melanoma,	   pancreatic	   carcinoma,	   colon	   carcinoma,	   and	   lymphoma	   cell	   lines.	  
All	   these	   tumours	   express	   PlGF,	   and	   it	   was	   demonstrated	   that	   the	   anti-‐PlGF	  
antibody	   inhibited	   tumour	   growth.	   The	   anti-‐PlGF	   antibody	   also	   inhibited	  
metastases	   of	   these	   tumours	   and	   enhanced	   the	   efficacy	   of	   the	  
chemotherapeutic	   agents	   in	   melanoma	   and	   pancreatic	   tumour	   models.	   A	  
recent	  study	  has	  demonstrated	  that	  downregulation	  of	  PlGF	  leads	  to	  decreased	  
tumour	   growth	   and	   metastasis	   by	   promoting	   the	   anti-‐tumour	   immunity	  
through	  polarizing	  tumour-‐associated	  macrophages	  (107).	  	  

Thus,	   while	   VEGF	   has	   been	   acknowledged	   as	   an	   indispensible	   factor	   in	   the	  
angiogenic	  switch,	  both	  in	  physiologic	  as	  pathologic	  setting,	  the	  importance	  of	  
PlGF	   has	   only	   recently	   been	   discovered.	   Although	   its	   almost	   exclusive	  
involvement	   in	   pathological	   angiogenesis	   provides	   a	   unique	   potential	   for	   the	  
development	   of	   new	   anti-‐angiogenic	   drugs,	   there	   have	   been	   contradictory	  
findings	   on	   its	   role	   in	   tumour	   angiogenesis.	   Therefore,	   additional	   research	   is	  
essential	   to	   investigate	   its	   potential	   function	   as	   a	   therapeutic	   target	   against	  
cancer.	  	  	  
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2.2 Mechanisms of angiogenesis 

Several	  different	  mechanisms	  of	  angiogenesis	  have	  been	  described	  so	  far.	  The	  
first	   type	   is	   the	   establishment	   of	   new	   vessels	   from	   a	   pre-‐existing	   vessel	   by	  
sprouting.	  This	  type	  of	  neovascularisation	  has	  been	  greatly	  studied	  and	  can	  be	  
defined	   in	   several	   stages.	   Vasodilatation	   is	   the	   first	   step	   in	   the	   formation	   of	  
blood	  vessels.	  The	  influence	  of	  ang-‐2	  and	  VEGF	  gives	  rise	  to	  the	  occurrence	  of	  
fenestrations,	  which	  increases	  the	  vascular	  permeability	  allowing	  extravasation	  
of	  plasma	  proteins	  (figure	  5;	  1-‐2)	  (108–110).	  These	  proteins	  serve	  as	  a	  scaffold	  
for	  migrating	  ECs.	  Integrins	  are	  crucial	  in	  the	  migration	  of	  ECs	  to	  communicate	  
between	   the	   scaffold	   proteins	   and	   the	   ECs,	   thus	   providing	   information	   about	  
the	   location	   of	   the	   angiogenic	   site.	   Attracted	   by	   proangiogenic	   signals,	   ECs	  
become	   motile	   and	   invasive,	   yet	   the	   basement	   membrane	   and	   the	   coat	   of	  
mural	  cells	  prevent	   them	  from	   leaving	  their	  positions.	  Therefore,	  at	   the	  onset	  
of	  sprouting,	  ECs	  must	  be	  liberated,	  a	  process	  requiring	  proteolytic	  breakdown	  
of	   the	   basement	   membrane	   and	   detachment	   of	   mural	   cells,	   mediated	   by	  
MMPs,	  allowing	  subsequent	  EC-‐migration	  and	  proliferation	  (figure	  5;	  2).	  Several	  
angiogenic	  factors	  (VEGF,	  fibroblast	  growth	  factor	  (FGF),	  and	  epidermal	  growth	  
factor	  (EGF))	  induce	  EC	  proliferation	  and	  migration	  through	  the	  matrix	  (figure	  5;	  
3).	  VE-‐cadherin	  and	   integrins	   coordinate	   the	  EC-‐binding	  while	  TNFα,	  FGF,	  and	  
PDGF	   induce	   tube	   formation	   (figure	   5;	   4-‐5).	   Endothelial	   progenitors	  
differentiate	   towards	   ECs	   and	   form	   a	   primitive	   vessel	   (figure	   5;	   5-‐6).	   The	  
surrounding	  vessel	  layers,	  composed	  of	  pericytes	  (or	  smooth	  muscle	  cells	  (SMC)	  
in	  large	  vessels),	  need	  to	  be	  recruited	  (a	  platelet	  derived	  growth	  factor	  (PDGF)-‐	  
and	  VEGF	  mediated	  process)	  (figure	  5;	  6).	  Under	  the	  influence	  of	  TGF-‐β	  ECs	  will	  
tighten	  up,	  pericytes	  are	  recruited	  and	  a	  new	  basement	  membrane	  and	  ECM	  is	  
generated	   (figure	  5;	   7).	  Ang-‐1	   is	   responsible	   for	   vessel	   stabilisation	   leading	   to	  
durable	  and	  mature	  blood	  vessels	  (figure	  5;	  8).	  	  
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Fig	  5:	  	  General	  mechanism	  of	  angiogenesis,	  showing	  the	  stepwise	  formation	  of	  new	  vessels	  out	  of	  
an	  existing	  vessel,	  starting	  with	  destabilisation	  and	  hyperpermeability,	  followed	  by	  EC	  migration	  
towards	   the	   angiogenic	   spot,	   EC	   proliferation	   and	   tube	   formation.	   When	   a	   primitive	   tube	   is	  
formed,	   the	   vessels	   mature	   by	   attracting	   mesenchymal	   cells,	   differentiating	   pericytes	   and	   the	  
generation	  of	  an	  extracellular	  matrix.	  	  	  

A	   second	   type	   of	   angiogenesis	   is	   the	   formation	   of	   a	   new	   vessel	   by	  
intussusception	  of	  an	  existing	  vessel	  (111).	  An	   internal	  division	  forms	  within	  a	  
pre-‐existing	   vessel,	   through	   the	   formation	   of	   transcapillary	   tissue	   pillars,	  
resulting	   in	   two	   new	   vascular	   units.	   Stabilisation	   of	   the	   newly	   formed	   blood	  
vessels	  occurs	  by	  invagination	  of	  surrounding	  pericytes	  and	  extracellular	  matrix.	  	  

A	   third	   type	   is	   called	  vasculogenesis,	  which	   is	   the	   term	  used	   for	   the	  de	  novo	  
formation	   of	   new	   blood	   vessels	   and	   is	   thus	   not	   strictly	   speaking	   a	   form	   of	  
angiogenesis	  since	  this	  term	  implies	  the	  formation	  of	  new	  blood	  vessels	  out	  of	  
existing	   vessels.	   Endothelial	   precursor	   cells	   (angioblasts)	   migrate	   and	  
differentiate	   in	   response	   to	   local	   stimuli	   (such	   as	   growth	   factors	   and	   the	  
extracellular	  matrix)	   to	   form	  new	  blood	  vessels.	  These	  vascular	  trees	  are	  then	  
pruned	   and	   extended	   through	   angiogenesis.	   Vasculogenesis	   occurs	   mostly	  
during	  embryologic	  development	  of	   the	  circulatory	  system	  (112),	  but	  can	  also	  



	  

	  

29	  

occur	   in	   the	   adult	   organism	   from	   circulating	   endothelial	   progenitor	   cells	  
(derivatives	  of	  stem	  cells)	  (113),	  	  especially	  in	  tumours	  (114,115).	  	  

A	   fourth	   type	   of	   blood	   vessel	   formation,	   looping	   angiogenesis,	   has	   recently	  
been	  discovered	  (116,117).	  This	  is	  the	  non-‐angiogenic	  expansion	  of	  preexisting	  
vessels,	   which	   occurs	   rapidly	   after	   tissue	   injury	   and	   is	   responsible	   for	   rapid	  
occurrence	   of	   fully	   functional	   vessels	   in	   granulation	   tissue,	   shortly	   after	  
wounding.	   Biomechanical	   forces,	   mediated	   by	   myofibroblastic	   contraction,	  
induce	   vessel	   translocation	   by	   pulling	   on	   existing	   vessel	   loops	   into	   the	  
granulation	   tissue,	   thereby	   providing	   fully	   functional	   vasculature.	   Similarly,	  
tumours	   are	   known	   to	   incorporate	   the	   hosts	   existing	   vasculature,	   without	  
inducing	   neo-‐angiogenesis,	   a	   process	   that	   is	   called	   “vessel-‐cooption”	   and	   in	  
which	  angiopoetins	  play	  a	  pivotal	  role	  (118,119).	  	  

Another	   way	   of	   forming	   new	   vessels	   is	   vascular	   mimicry,	   a	   process	   that	   is	  
described	  in	  the	  section	  “Angiogenesis	  in	  cancer”.	  	  



	  

	  

30	  

2.3 Angiogenesis in cancer 

	  

Fig	   6:	   	   Tumour	   angiogenesis.	   Tumours	   produce	   pro-‐angiogenic	   factors	   (green)	   but	   also	   factors	  
that	   constrain	   the	   endogenous	   angiogenic-‐inhibitors	   (red),	   thus	   causing	   an	   angiogenic	   switch	  
which	  stimulates	  the	  formation	  of	  new	  blood	  vessels	  and	  enhances	  the	  tumour’s	  blood	  supply.	  

Tumours	  consist	  out	  of	  rapidly	  growing	  and	  dividing	  cells	  and	  thus,	  have	  a	  high	  
need	  for	  oxygen	  and	  nutrients.	  For	  solid	  tumours	  these	  needs	  can	  be	  fulfilled	  by	  
passive	  diffusion	  up	   to	   the	   size	   of	   1-‐2	  mm3	   after	  which	   they	  become	  hypoxic	  
and	  need	  additional	  blood	  supply,	  achieved	  by	  inducing	  an	  “angiogenic	  switch”.	  
At	   this	   point	   the	   net	   balance	   between	   positive	   and	   negative	   angiogenic	  
regulators	   is	   disrupted	   in	   favour	   of	   pro-‐angiogenic	   pathways,	   leading	   to	   the	  
formation	  of	  new	  vessels	  (figure	  6).	  The	  angiogenic	  switch	  is	  not	  only	  triggered	  
by	  metabolic	  stress	  (low	  O2-‐levels,	  low	  pH	  or	  hypoglycaemia)	  (120),	  but	  also	  by	  
mechanical	   stress	   (121),	   the	   inflammatory	   response	   (122,123)	   and	   genetic	  
mutations.	   The	   collaboration	   between	   cancer	   cells	   and	   the	   tumour	  
microenvironment	  leading	  to	  neovascularisation	  is	  a	  complex	  matter	  since	  pro-‐	  
and	  anti-‐angiogenic	   factors	   can	  originate	   from	  cancer	   cells,	  ECs,	   stromal	   cells,	  
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blood	   and	   the	   ECM.	   Their	   relative	   contribution	   changes	   throughout	   the	  
tumour’s	  progression.	  

Tumour	   vessels	   usually	   develop	   by	   sprouting	   or	   intussusception	   from	   pre-‐
existing	  vessels,	  however,	  circulating	  endothelial	  precursor	  cells	  can	  also	  induce	  
de	  novo	   formation	  of	   blood	   vessels	   (111,114,115).	   Because	   the	   temporal	   and	  
spatial	   expression	   of	   angiogenic	   regulators	   in	   tumours	   is	   not	   as	   well	  
coordinated	  as	   in	  physiological	  angiogenesis,	  tumour	  vessels	  are	  characterized	  
by	  a	  limited	  functionality.	  They	  often	  lack	  functional	  perivascular	  cells,	  needed	  
to	   protect	   vessels	   against	   oxygen	   or	   hormonal	   changes	   and	   providing	   them	  
necessary	   vasoactive	   control	   to	   adapt	   to	   metabolic	   needs	   (124).	   Tumour	  
vasculature	   is	  highly	  disorganised,	  vessels	  are	  dilated,	  with	  uneven	  diameters,	  
and	   show	  excessive	  branching	   and	   shunts	   (125).	   Consequently,	   tumour	  blood	  
flow	   is	   chaotic,	   leading	   to	   hypoxia	   and	   thus,	   increasing	   the	   pro-‐angiogenic	  
stimulus,	  creating	  a	  vicious	  circle.	  	  	  

Morphologically,	   these	   tumour	   vessels	   are	   also	   abnormal:	   their	   walls	   have	  
numerous	   fenestrae,	  widened	   inter-‐endothelial	   junctions	   and	   a	   discontinuous	  
or	   absent	   basement	  membrane.	   This	   causes	   vessels	   to	   be	   leaky	   (126),	   which	  
facilitates	   metastasis	   and	   enables	   the	   dispersion	   of	   macromolecules.	  
Furthermore,	  the	  ECs	  are	  abnormal	  in	  shape,	  forming	  multilayers	  and	  bulging	  in	  
the	  lumen.	  Often	  the	  vessel	  walls	  are	  not	  only	  aligned	  by	  ECs,	  but	  by	  a	  mosaic	  
of	   ECs	   and	   cancer	   cells	  mimicking	   the	   former,	   a	   phenomena	   called	   “vascular	  
mimicry”.	  During	  this	  process,	  tumour	  cells	  can	  form	  highly	  structured	  vascular	  
channels,	   independent	   of	   angiogenesis.	   These	   channels	   are	   composed	   of	   a	  
basement	   membrane	   and	   can	   either	   by	   lined	   solely	   by	   tumour	   cells	   or	   by	   a	  
mosaic	  of	  ECs	  and	  cancer	  cells.	  	  

Another	   process	   to	   enhance	   the	   tumour’s	   blood	   supply	   independent	   from	  
angiogenesis	   is	   vessel-‐cooption	   (127,128).	   In	   early	   stages	   of	   tumour	  
progression,	   the	   tumour	   can	   co-‐opt	   host	   vessels,	   without	   inducing	   an	  
angiogenic	   switch.	   Interestingly,	   these	   vessels	   regress	   after	   a	   period	   of	   time,	  
under	   the	   influence	   of	   Ang2	   which	   elicits	   mural	   cell	   detachment	   and	   EC	  
apoptosis,	   possibly	   as	   a	   host	   defence	  mechanism	   inducing	   tumour	   cell-‐death	  
around	   the	   regressed	   vessels	   (118).	   However,	   this	   is	   followed	   by	   a	   massive	  
production	   of	   pro-‐angiogenic	   factors	   in	   the	   tumour,	   thus	   inducing	   the	  
angiogenic	  switch.	  	  
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The	   exact	   cause	   of	   these	   abnormalities	   in	   tumour	   vessels	   remains	   elusive.	  
Indeed,	   the	   imbalanced	   production	   of	   angiogenic	   factors	   in	   tumours	   might	  
cause	  the	  disorganised	  vessel	  formation.	  Especially	  VEGF	  is	  known	  to	  trigger	  the	  
unusual	   vessels	   in	   experimental	   models	   and	   angiopoetins	   are	   important	  
regulators	  of	  vessel	  (de)stabilisation.	  But	  less	  is	  known	  about	  the	  role	  of	  these	  
factors	  in	  tumour	  vessel	  leakiness	  (129).	  	  

Thus,	   tumour	   cells	   outgrow	   their	   vascular	   supply	   and	   therefore	   induce	  
angiogenesis	   by	   producing	   angiogenic	   factors	   and	   suppressing	   angiogenic	  
inhibitors.	   This	   stimulates	   the	   formation	   of	   a	   typical	   abnormal,	   disorganized	  
tumour	  vasculature,	  which	  is	  leaky	  and	  largely	  dysfunctional.	  Not	  only	  does	  this	  
induce	  hypoxia,	  but	  it	  also	  stimulates	  metastasis.	  	  	  

2.4 Angiogenesis in chronic liver disease 

The	   progression	   from	   fibrosis	   to	   cirrhosis	   and	   hepatocellular	   carcinoma,	   the	  
end-‐point	  of	  CLDs,	  is	  distinguished	  by	  a	  prolonged	  inflammatory	  and	  fibrogenic	  
process	   that	   leads	   to	   an	   abnormal	   angio-‐architecture	   distinctive	   for	   cirrhosis.	  
Several	   mechanisms	   are	   responsible	   for	   the	   angiogenic	   switch	   during	   the	  
pathogenesis	   of	   CLDs	   (figure	   7).	   First,	   CLDs	   are	   characterised	   by	   chronic	  
inflammation	   (130).	   Increased	   intrahepatic	   vascular	   resistance	   is	   primarily	  
caused	  by	  anatomical	   changes,	   such	  as	   fibrotic	   scar	   tissue	  compressing	  portal	  
and	   central	   venules.	   In	   addition,	   the	   formation	   of	   fibrotic	   septa,	   as	   well	   as	  
sinusoidal	   capillarisation,	   can	   result	   in	   an	   increased	   resistance	   to	   blood	   flow	  
and	  oxygen	  delivery.	   This	   results	   in	   hypoxia	   and	   the	   transcription	  of	   hypoxia-‐
sensitive	   pro-‐angiogenic	   genes,	   usually	   modulated	   trough	   HIF.	   Also,	   an	  
increased	  contribution	  of	  the	  hepatic	  artery	  to	  the	  sinusoidal	  blood	  flow	  leads	  
to	  sensitisation	  of	  the	  hepatocytes	  to	  abnormal	  high	  oxygen	  conditions	  (131).	  
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Fig	  7:	   Link	  between	  angiogenesis,	   inflammation	  and	   chronic	   liver	  diseases,	  portal	   hypertension,	  
NASH	  and	  HCC,	  showing	  how	  inflammation	  and	  angiogenesis	  are	  involved	  in	  nearly	  all	  stages	  of	  
liver	  disease,	  starting	  from	  the	  onset	  of	  fibrosis	  and	  the	  activation	  of	  hepatic	  progenitor	  cells,	  to	  
the	  occurrence	  of	  HCC	  and	  metastasis.	  	   	   	  

Hepatic	   stellate	   cell	   (HSC)	   motility	   and	   migration	   promote	   coverage	   of	   HSC	  
around	   sinusoids,	   causing	   sinusoidal	   constriction	   and	   contributing	   to	   the	  
hepatic	  resistance	  in	  liver	  cirrhosis.	  The	  characteristic	  fenestrated	  phenotype	  of	  
the	  sinusoidal	  ECs	  is	  lost	  and	  an	  organised	  basement	  membrane	  is	  established,	  
which	   leads	   to	   an	   impairment	   of	   oxygen	  diffusion	   even	   though	   the	   increased	  
arterial	  flow	  provides	  a	  high	  supply	  of	  oxygenated	  blood	  (132).	  The	  deposition	  
of	   collagen	   in	   the	   space	  of	  Disse	   accentuates	   the	  narrowing	  and	  distortion	  of	  
the	   sinusoidal	   lumen,	   further	   restricting	   microvascular	   blood	   flow.	   This	   is	  
aggravated	   by	   leukocytes,	   either	   mechanically	   trapped	   in	   the	   narrowed	  
sinusoids	  or	  adhering	  to	  the	  endothelium,	  as	  a	  result	  of	  activation	  of	  a	  hepatic	  
microvascular	   inflammatory	   response.	   The	   hypoxic	   liver	   tissue	   causes	   an	   up-‐
regulation	   of	   VEGF,	   Ang	   and	   their	   receptors	   in	   HSCs,	   not	   only	   enhancing	   the	  
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hypoxia-‐induced	  angiogenesis	  but	  also	   stimulating	  activation	  and	  migration	  of	  
HSC	   (133–135).	   As	   previously	   stated,	   activated	   HSCs	   induce	   an	   inflammatory	  
response	   and	   enhance	   angiogenesis	   (136,137).	   New	   vessels	   themselves	   can	  
significantly	   contribute	   to	   the	   perpetuation	   of	   the	   inflammatory	   response	   by	  
expressing	  chemokines	  and	  adhesion	  molecules	  promoting	   the	   recruitment	  of	  
inflammatory	   cells.	   Furthermore,	   angiogenesis,	   early	   in	   the	   course	   of	   a	   CLD,	  
may	  contribute	  to	  the	  transition	  from	  acute	  to	  chronic	  inflammation	  (138).	  	  

2.5 Angiogenesis in hepatocellular carcinoma 

2.5.1 Hypoxia and angiogenesis in HCC 

HCC	  is	  a	  primary	  malignancy	  that	  mostly	  emerges	  on	  a	  background	  of	  CLDs.	  It	  is	  
one	   of	   the	   most	   vascular	   solid	   tumours	   in	   which	   angiogenesis	   plays	   an	  
important	   role	   in	   its	   development,	   progression	   and	   metastasis	   (139).	   The	  
hypervasculature	  found	  in	  CLDs	  facilitates	  the	  progression	  from	  small	  dysplastic	  
nodules,	  through	  neoplastic	  lesions	  to	  large	  HCC	  tumours.	  Dysplastic	  nodules	  in	  
the	   pre-‐malignant	   (cirrhotic)	   environment	   are	   responsible	   for	   the	   angiogenic	  
switch	   and	   angiogenesis	   carries	   on	   throughout	   the	   process	   of	   tumour	  
progression	  (140)	  (figure	  6).	  The	  phenotypic	  switch	  to	  angiogenesis	  is	  linked	  to	  
a	   disturbance	   in	   the	   equilibrium	   between	   positive	   and	   negative	   angiogenic	  
regulators.	   Tumours	   secrete	   a	   number	   of	   angiogenic	   growth	   factors,	   such	   as	  
VEGF,	   PDGF,	   PlGF	   and	   TGF-‐β1.	   Furthermore,	   expression	   of	   endogenous	  
inhibitors,	   for	   instance	  TSP-‐1,	   endostatin	   and	  angiostatin,	   are	  down-‐regulated	  
(141).	  This	  activates	  ECs	  and	  basement	  membranes	  to	  remodel	  existing	  vessels,	  
and	  stimulates	   the	  release	  of	  endothelial	  progenitor	   stem	  cells	   from	  the	  bone	  
marrow	   to	   form	   new	   vessels.	   HCC	   cells	   display	   rapid	   growth	   and	   are	  
consequently	   in	   need	   for	   a	   high	   oxygen	   and	   nutrient	   supply.	   Hence,	   tumour	  
cells	   induce	   the	   formation	   of	   new	   blood	   vessels	   to	   fulfil	   this	   aspiration.	   HCC	  
lesions	   are	   characterised	   by	   arterial	   hypervascularity	   to	   provide	   the	   tumour	  
with	  highly	  oxygenated	  blood	  (139).	  However,	  these	  new	  vessels	  are	  marked	  by	  
a	   disorganised	   vasculature,	   consisting	   of	   leaky,	   hemorrhagic	   and	   tortuous	  
vessels.	   The	   irregularity	   of	   tumour	   vessels	   results	   in	   chaotic	   blood	   flow	   with	  
poorly	   oxygenated	   blood.	   Furthermore,	   these	   leaky	   blood	   vessels	   provide	   a	  
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passage	   for	   tumour	   cells	   into	   the	   blood	   circulation	   and,	   hence,	   facilitate	  
metastasis.	  

Hypoxia	   plays	   an	   essential	   role	   in	   promoting	   the	   invasive	   and	   metastatic	  
behavior	   of	   HCC	   cells,	   mostly	   by	   exerting	   significant	   effects	   on	   cellular	  
metabolism,	  with	  numerous	  downstream	  consequences.	  One	  of	   the	   first	   links	  
discovered	   between	   O2-‐levels	   and	   tumour	   behavior	   is	   that	   O2-‐deprivation	  
provides	  a	  selective	  advantage	  within	  tumours	  for	  the	  clonal	  expansion	  of	  cells	  
that	   have	   acquired	   p53-‐mutations,	   thus	   avoiding	   apoptosis	   (142).	   HIFs	   also	  
affect	   the	  Myc-‐pathway,	  which	   is	   an	   important	   regulator	   of	   proliferation	   and	  
anabolic	   metabolism.	   Whereas	   HIF1-‐α	   opposes	  Myc,	   HIF2-‐α	   promotes	  Myc-‐
activity	  (143,144).	  These	  observations	  describe	  crosstalk	  between	  responses	  to	  
changes	   in	  O2	  availability	  and	  a	  key	  transcription	  factor	  regulating	  cell	  growth.	  
Thus,	   hypoxia	   and	   subsequent	   HIF-‐signalling	   can	   influence	   the	   tumour	   cells	  
proliferation.	   It	   has	   also	   been	   found	   that	   hypoxic	   tumours	   are	  more	   likely	   to	  
metastasise	   in	   humans	   (120,145)	   and	   in	   rodent	   models,	   and	   it	   has	   been	  
demonstrated	   that	   exposure	   of	   tumour	   cells	   to	   hypoxia	   in	   vitro	   can	   enhance	  
their	  metastatic	   potential	  when	   they	   are	   reinjected	   in	  mice.	   Hypoxia-‐induced	  
point	   mutations,	   deletions	   and	   gene	   amplifications	   may	   promote	   the	  
development	  of	  metastatic	  disease	  by	  several	  mechanisms,	   including	  genomic	  
instability,	   enhanced	   expression	   of	   pro-‐metastatic	   genes,	   growth	   and	   survival	  
advantages	   of	   metastatic	   tumours	   cells	   and	   inactivation	   of	   metastatic-‐
suppressor	  genes	  (146).	  Degradation	  of	  the	  ECM	  via	  specific	  proteases	  has	  also	  
been	  suggested	  to	  play	  a	  key	  role	   in	  tumour	  metastasis.	  These	  proteases	  may	  
also	  play	  a	  role	  in	  the	  release	  of	  growth	  factors	  from	  the	  ECM	  to	  assist	  growth	  
of	  tumour	  cells	  at	  a	  new	  site,	  and	  indeed	  hypoxia	  is	  known	  to	  stimulate	  factors	  
involved	   in	   this	   proteolytic	   breakdown,	   hence	   facilitating	   this	   metastatic	  
process	   (147,148).	   Recently,	   an	   increasing	   amount	   of	   evidence	   demonstrates	  
that	   alterations	   in	   microenvironmental	   O2	   levels	   and	   activation	   of	   hypoxic	  
signaling	  through	  HIF	  are	  emerging	  as	  important	  triggers	  and	  modulators	  of	  the	  
EMT,	  which	  is	  a	  key	  event	  in	  tumour	  progression	  and	  metastasis	  (149).	  	  

Hypoxia	   also	   influences	   the	   tumours	   metabolism.	   During	   tumoural	   hypoxia,	  
there	   is	  metabolic	   shift	   away	   from	  oxidative	  phosphorylation	   in	  mitochondria	  
towards	  glycolysis,	   a	   state	  also	   involved	   in	   the	   ‘Warburg	  effect’,	   during	  which	  
more	  glucose	  is	  consumed	  and	  less	  ATP	  is	  produced.	  However,	  tumour	  cells	  do	  
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not	   switch	   back	   to	   oxidative	   phosphorylation	   under	   aerobiosis.	   Interestingly,	  
constitutive	  activation	  of	  HIF2-‐α	   results	   in	   the	  development	  of	   severe	  hepatic	  
steatosis	   associated	   with	   impaired	   fatty	   acid	   beta-‐oxidation,	   decreased	  
lipogenic	   gene	   expression,	   and	   increased	   lipid	   storage	   capacity	   (150).	   Thus,	  
demonstrating	  that	  HIF2-‐α	  functions	  as	  an	  important	  regulator	  of	  hepatic	  lipid	  
metabolism,	   which	   also	   has	   implications	   for	   HCC	   since	   these	   lesions	   often	  
accumulate	  lipids	  and/or	  develop	  in	  a	  background	  of	  fatty	  liver	  disease.	  	  

The	  best-‐studied	  effect	  of	  hypoxia	  on	   tumour	  development	  and	  metastasis,	   is	  
angiogenesis.	   VEGF	   is	   one	   of	   the	   uttermost	   important	   factors	   involved	   in	   the	  
angiogenic	  switch	  of	  HCC.	  Already	  in	  an	  early	  phase	  of	  CLDs	  an	  upregulation	  of	  
VEGF	  is	  observed	  (151–153),	  an	  increase	  that	  is	  tremendously	  enhanced	  during	  
HCC	  progression.	  The	  degree	  of	  VEGF	  expression	   increases	  with	   tumour	  stage	  
(154,155)	  and	  is	  associated	  with	  poor	  prognosis	  (156–158).	  Furthermore,	  VEGF	  
levels	   have	   been	   correlated	   to	   vascular	   invasion	   (159,160),	   metastasis	   (161),	  
recurrence	   (162),	   vascular	  density	   (163,164),	  differentiation	   (155)	  and	   tumour	  
aggressiveness	  	  (165).	  Recently,	  the	  importance	  of	  PlGF	  in	  the	  pathogenesis	  of	  
CLD	   has	   been	   established.	   PlGF	   levels	   are	   strongly	   up	   regulated	   in	   HCC	   and	  
correlated	  with	  prognosis	  and	  recurrence	  after	  resection	  (166–168).	  However,	  
less	  is	  known	  about	  the	  involvement	  of	  PlGF	  in	  the	  hepatocarcinogenesis,	  but	  in	  
vitro	  experiments	  have	  shown	  that	  both	  PlGF	  and	  its	  receptors	  are	  expressed	  in	  
hepatocytes,	  EC	  and	  HSC.	  	  

2.5.2 Inhibition of angiogenesis as systemic therapy for HCC 

HCC	   is	   potentially	   curable	   by	   surgical	   resection	   and	   liver	   transplantation,	   as	  
previously	  discussed.	  However,	  the	  majority	  of	  patients	  present	  with	  advanced-‐
stage	   disease,	   which	   is	   most	   commonly	   accompanied	   by	   severe	   CLDs.	  
Therefore,	   surgery	   is	   only	   feasible	   for	   a	   small	   fraction	   of	   patients.	  Moreover,	  
systemic	   chemotherapy	   has	   very	   limited	   impact	   on	   advanced	   HCC,	   partly	  
because	  HCC	   is	  a	  chemotherapy-‐resistant	   tumour	   (169,170).	  Furthermore,	   the	  
underlying	   cirrhosis	   may	   lead	   to	   portal	   hypertension	   with	   hypersplenism,	  
varices	   and	   gastrointestinal	   bleeding,	   hypoalbuminemia,	   hepatic	  

encephalopathy,	   altered	   drug	   binding,	   distribution,	   and	   pharmacokinetics,	  
limiting	   the	  selection	  and	  optimal	  dosing	  of	  most	  cytotoxic	  agents	   (171).	  Until	  
recently,	   systemic	   therapy	   of	   advanced	   HCC	   provided	  marginal	   benefit.	   Since	  
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the	   discovery	   of	   anti-‐angiogenic	   agents	   as	   potential	   inhibitors	   for	   tumour	  
growth	   it	   has	   fundamentally	   landmarked	   a	   new	   era	   of	   anti-‐cancer	   therapy	  
(table	  1)	  (172).	  Anti-‐angiogenic	  agents	  are	  unique	  cancer-‐fighting	  targets.	  Their	  
predominant	   effect	   is	   via	   inhibiting	   vessel	   formation	   and	   thus	   indirectly	  
targeting	   tumour	   cell	   growth.	   By	   inhibiting	   angiogenesis,	   the	   tumour	   is	  
withheld	  from	  its	  blood	  supply	  and	  therefore	  its	  growth	  is	  inhibited	  (173).	  

Significant	  progress	  on	  the	  treatment	  of	  advanced	  HCC	  has	  been	  made	  by	  the	  
introduction	  of	   sorafenib.	   Sorafenib	   is	  a	   small	  molecular	   inhibitor	   that	   targets	  
several	  tyrosine	  protein	  kinases	  in	  the	  Raf/MEK/ERK-‐pathway	  (anti-‐proliferative	  
effect);	   and	   PDGF,	   VEGFR1	   and	   VEGFR2	   (anti-‐angiogenic	   effect).	   In	   vitro,	  
sorafenib	  has	  shown	  to	  stop	  tumour	  growth	  and	   induce	  apoptosis	  of	  HCC	  cell	  
lines,	   and	   thus	   inhibiting	   the	   growth	   of	   HCC	   in	   xenografts	   (174,175).	   A	   large	  
phase	   III	   clinical	   trial	   (SHARP)	   was	   conducted	   in	   602	   patients	   with	   advanced	  
HCC;	  resulting	  in	  a	  31%	  decrease	  in	  the	  risk	  of	  death	  with	  a	  median	  survival	  for	  
sorafenib	   of	   10.6	  months	   vs	   7.9	  months	   for	   placebo	   resulting	   in	   a	   significant	  
increase	  of	   survival	   compared	   to	  placebo	   (176).	   The	  main	  adverse	  effects	   are	  
diarrhoea,	   weight	   loss,	   hand–foot	   skin	   reaction,	   hair	   loss,	   anorexia,	   asthenia,	  
fatigue,	   and	   voice	   changes.	   Sorafenib	   has	   become	   the	   standard	   of	   care	   for	  
patients	  with	  advanced	  HCC	  and	  also	  for	  those	  progressing	  after	   loco-‐regional	  
therapies.	  Therefore,	  the	  SHARP-‐study	  was	  a	  milestone	  in	  the	  management	  of	  
advanced	  HCC	  offering	  hope	  for	  the	  more	  than	  600	  000	  patients	  who	  die	  each	  
year	  of	  HCC	  worldwide.	  	  

Other	  important	  inhibitors	  of	  the	  VEGF-‐pathway	  are	  bevacizumab	  and	  sunitinib.	  
Bevacizumab	   is	   a	   recombinant,	   humanised	   monoclonal	   antibody	   (IgG1)	   that	  
selectively	  binds	  and	  neutralises	  all	   isoforms	  of	  VEGF.	   In	  addition	   to	   its	  direct	  
anti-‐angiogenic	   effects,	   bevacizumab	   may	   enhance	   chemotherapy	  
administration	   by	   decreasing	   the	   elevated	   interstitial	   pressure	   in	   tumours.	  
Reports	   from	   phase	   II	   trials	   showed	   promising	   results	   for	   bevacizumab	  
monotherapy	   in	   advanced	   HCC	   (177).	   Combinations	   of	   bevacizumab	   with	  
chemotherapy	  obtained	  responses	  of	  10%	  -‐	  20%	  with	  a	  median	  survival	  of	  9-‐10	  
months	  (178).	  Despite	  the	  initial	  safety	  concerns	  for	  bevacizumab	  in	  13	  patients	  
with	   liver	   cirrhosis	   and	   portal	   hypertension,	   the	   most	   common	   side	   effects	  
were	   hypertension,	   bleeding,	   and	   proteinuria	   (177).	   Sunitinib	   is	   a	   small	  
molecule	  inhibiting	  VEGFR1	  and	  -‐2,	  PDGFR,	  c-‐Kit	  and	  Flt3.	  In	  a	  preclinical	  study,	  
sunitinib	  suppresses	  tumour	  growth	  in	  HCC	  xenografts,	  by	  increasing	  apoptosis,	  
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reducing	   microvessel	   density	   and	   inhibiting	   tumour	   cell	   proliferation	   (179).	  
Although	  in	  a	  significant	  number	  of	  patients	  sunitinib	  led	  to	  tumour	  necrosis	  in	  
two	  phase	  II	  trials,	  the	  results	  obtained	  in	  HCC-‐patients	  are	  rather	  disappointing	  
given	  the	  treatment-‐related	  adverse	  events	  potentially	  leading	  to	  death	  due	  to	  
gastrointestinal	   bleeding,	   encephalopathy	   and	   hepatorenal	   syndrome	  
(180,181).	   The	  worse	   safety	   profile	   of	   this	   drug	   in	   HCC	   compared	  with	   other	  
tumours	   points	   out	   the	   need	   of	   caution	   in	   the	   management	   of	   potent	   anti-‐
angiogenic	   agents	   in	   cirrhotic	  patients.	  Other	   inhibitors	  of	   the	  VEGF-‐pathway,	  
such	   as	   brivanib	   (182,183),	   foretinib	   (NCT00920192),	   vandetanib	   (184,185),	  
vatalanib	   (186–188),	   cediranib,	   linifanib,	   and	   lenvatenib	   are	   currently	   being	  
tested	  in	  several	  trials	  (189),	  as	  summarised	  in	  table	  1.	  

Thalidomide	   is	   a	   glutamic	   acid	   derivative	   with	   immunomodulatory	   and	   anti-‐
inflammatory	   qualities.	   It	   is	   mostly	   known	   for	   its	   teratogenicity	   when	   it	   was	  
used	  as	  a	  sedative	  drug	  to	  treat	  pregnancy	  related	  nausea,	  but	  has	  become	  the	  
subject	   of	   interest	   in	   oncology	   after	   its	   anti-‐angiogenic	   properties	   have	   been	  
discovered	   in	   1994.	   Still,	   the	   exact	   mechanism	   on	   how	   it	   exerts	   it	   anti-‐
angiogenic	   potential,	   remains	   unclear.	   Studies	   have	   shown	   that	   thalidomide	  
inhibits	   the	  production	  of	  NO,	   a	   factor	   that	   is	   involved	   in	   the	   early	   phases	  of	  
angiogenesis	  (190).	  The	  anti-‐angiogenic	  effect	  of	  thalidomide	  may	  also	  be	  due	  
to	  its	  ability	  to	  alter	  VEGF	  and	  bFGF	  production	  (191)(192).	  Several	  studies	  have	  
shown	  that	  thalidomide	  is	  moderately	  tolerated	  and	  minimally	  effective	  in	  large	  
HCC	  (193).	  	  

Another	  pathway	  that	  is	  currently	  under	  active	  investigation	  for	  potential	  anti-‐
angiogenic	  drugs	  against	  HCC,	  is	  the	  mammalian	  target	  for	  rapamycine	  (mTOR)	  
–	   pathway.	   mTOR	   is	   a	   serine-‐thereonine	   protein	   kinase	   that	   regulates	   cell	  
growth,	   cell	   proliferation,	   cell	   motility,	   cell	   survival,	   protein	   synthesis	   and	  
transcription;	   and	   its	   most	   known	   inhibitor	   is	   rapamycin.	   In	   in	   vivo	   mouse	  
models,	   rapamycin	   displays	   strong	   inhibitory	   effects	   on	   tumour	   growth	   and	  
angiogenesis,	  which	  are	  related	  to	  a	  reduced	  production	  of	  VEGF	  (194).	  Other	  
mTOR	   targeting	   agents	   that	   are	   currently	   investigated	   in	   clinical	   trials	   are	  
everolimus	  and	  temsirolimus,	  as	  shown	  in	  table	  1.	  	  
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Drugs	  (trade	  name)	   Targets	   Number	  of	  trials	  	   Ref	  

Sorafenib	  (Nexavar®)	   PDGF,	   VEGFR1	   and	  
VEGFR2,	  Raf/MEK/ERK	  

133	  –	  Phases	  I,	  I-‐II	  ,	  II,	  
III	  &	  IV	  

(174,176,195,196)	  

Bevacizumab	  
(Avastin®)	  

VEGF	  	   20	  –	  Phases	  I	  &	  II	   (177,178,197–
200)	  

Thalidomide	  (Thado®)	   NO	   19	   –	   Phases	   I/II,	   II,	  
II/III	  &	  III	  	  

(193,201–207)	  

	  
Erlotinib	  (Tarceva®)	   EGFR	  tyrosine	  kinase	  	   14	  –	  Phases	  I,	  I-‐II,	  II	  &	  

III	  
(208–210)	  

Sunitinib	  (Sutent®)	   VEGFR1,VEGFR2,	  
PDGFR-‐a/b,	   c-‐KIT,	   FLT3	  
&	  RET	  kinases	  

12	  -‐	  Phases	  I,	  II,	  II-‐III	  &	  
III	  

(180,211,212)	  

Everolimus	  (Afinitab®)	   mTOR	   7	   –	   Phases	   I,	   I-‐II,	   II	   &	  
III	  

(213–215)	  

Brivanib	  	   VEGFR	  &	  FGFR	  	   6	  –	  Phases	  I,	  II	  &	  III	   (183)	  

Sirolimus	  
(Rapamune®)	  

mTOR	  	   5	   -‐	   Phase	   I,	   II,	   II-‐III	   &	  
III	  

(213,216–218)	  

AZD6244	  	  	   MAP/ERK-‐kinase	  	   3	  –	  Phases	  I/II	  &	  II	   (219,220)	  

Temsirolimus	  
(Torisel®)	  

mTOR	   3	  –	  Phases	  I	  &	  II	   (221)	  

BIBF1120	  (Vargatef®)	   VEGFR,	  PDGFR	  &	  FGFR	   2	  –	  Phase	  II	   (222)	  

Cediranib	  (Recentin®)	   VEGFR,	  PDGFR	  &	  c-‐KIT	  	   2	  -‐	  Phase	  II	   (184,223–227)	  
Cetuximab	  (Erbitux®)	   EGFR	  	   2	  -‐	  Phase	  II	   (228–230)	  
Gefitinib	  (Iressa®)	   EGFR	  	   2	  -‐	  Phase	  II	   (231–233)	  
Lapatinib	  (Tyverb®)	   EGFR	  &	  HER/NEU	   2	  –	  Phase	  II	   (234)	  
Linifanib	  	   VEGF	  &	  PDGF	   2	  –	  Phases	  II	  &	  III	   (235)	  
Pazopanib	   VEGFR,	  PDGFR	  &	  c-‐KIT	   2	  –	  Phase	  I	  	   (236,237)	  

Pazopanib	  	  
(Votrient®)	  

VEGFR,	  PDGFR	  &	  c-‐KIT	  	   2	  –	  Phase	  I	   (238)	  	  

Ramucirumab	  	   VEGFR2	   2	  –	  Phases	  II	  &	  III	   (239)	  

Vandetanib	  
(Caprelsa®)	  

VEGFR	  	   2	  –	  Phases	  I	  &	  II	   (185)	  

AMG386	   Ang	   1	  –Phase	  II	   (240)	  

Foretinib	  	   C-‐MET	  and	  VEGFR2	  	   1	  -‐	  Phase	  I	   (241)	  

Lenvatinib	   VEGFR,	  FGFR	  &	  SCFR	   1	  –	  Phase	  I/II	   (242)	  

TSU-‐68	   VEGFR,	  FGFR	  &	  PDGFR	   1	  –	  Phase	  I/II	   (243)	  

Table	   1:	   Overview	   of	   trials	   with	  anti-‐angiogenic	   agents	   as	   potential	   therapies	   against	  
hepatocellular	  carcinoma,	  registered	  at	  www.clinicaltrials.gov	  (on	  1st	  November	  ‘11)	  (244).	  	  
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2.5.3 Limitations of anti-angiogenic therapy  

The	   use	   of	   VEGF-‐pathway	   inhibitors	   to	   impair	   angiogenesis	   now	   represents	   a	  
clinically	  validated	  treatment	  for	  a	  variety	  of	  solid	  tumours.	  Targeting	  of	  a	  single	  
angiogenic	   protein,	   such	   as	   VEGF,	   might	   initially	   be	   effective,	   but	   ultimately	  
leads	  to	  the	  failure	  due	  to	  escape	  mechanisms.	  Despite	  the	  benefit	  of	  disease	  
stabilisation	   in	  patients	  and	   the	   increase	   in	  progression-‐free	  survival,	   tumours	  
may	   eventually	   relapse	   and	   escape	   therapy	   with	   an	   absolute	   gain	   in	   overall	  
survival	  of	  months	  rather	  than	  years	  (245).	  Escape	  from	  anti-‐angiogenic	  therapy	  
is	  likely	  to	  involve	  multiple	  mechanisms	  (246).	  	  

The	  benefits	  of	  VEGF-‐targeted	  agents	  in	  the	  treatment	  of	  late-‐stage	  cancers	  can	  
be	   temporary,	   resulting	   in	   eventual	   drug	   resistance,	   tumour	   growth	   and/or	  
regrowth,	  and	  rapid	  vascular	  recovery	  when	  therapy	  is	  stopped.	  Ebos	  et	  al.	  and	  
Pàez-‐Ribes	  et	  al.	  demonstrated	  that	  angiogenesis	  inhibition	  in	  mice	  can	  lead	  to	  
opposing	  effects	  on	  tumour	  growth	  and	  metastasis	  depending	  on	  tumour	  stage	  
and	   treatment	   duration	   (246–248).	   Anti-‐angiogenic	   therapy	   disturbs	   the	  
tumour	   vasculature	   and	   in	   some	   cases	   (e.g.	   sunitinib)	   also	   disrupts	   pericyte	  
coverage,	  which	  destabilises	   vessels,	  making	   them	  more	   leaky	   and	   immature,	  
and	  hence	  facilitating	  intravasation	  of	  tumour	  cells	  and	  metastasis	  (249).	  	  
	  
Anti-‐angiogenic	  therapy	   is	  expected	  to	  prune	  the	  tumour	  vasculature,	  thereby	  
depriving	  the	  tumour	  cells	  from	  oxygen.	  The	  hypoxic	  conditions	  created	  by	  anti-‐
angiogenic	   therapy,	   may	   select	   for	   more	   invasive	   tumour	   variants	   better	  
adapted	   to	   survive	   and	   proliferate	   under	   reduced	   oxygen	   tension	  
(56,145,250,251).	   Also,	   as	  mentioned	   previously,	   hypoxia	   is	   known	   to	   induce	  
factors	   involved	   in	   the	   proteolytic	   breakdown	   of	   the	   ECM,	   induce	   EMT	   and	  
activate	  pro-‐metastatic	  pathways,	  thus	  stimulating	  a	  more	  aggressive	  and	  pro-‐
metastatic	  tumour	  phenotype	  (142,146–149,252).	  	  
	  
In	   addition,	   anti-‐angiogenic	   therapies	   that	   inhibit	   a	   single	   target	   cause	   the	  
upregulation	   of	   additional	   angiogenic	   factors,	   in	   a	   process	   called	   “angiogenic	  
rescue”	   (253).	   Alternatively,	   these	   angiogenic	   escape	   mechanisms	   can	   also	  
function	   independent	   from	   hypoxia,	   by	   inducing	   vascular	   mimicry,	   vessel	  
cooption	   or	   switching	   the	   “mechanism”	   of	   angiogenesis.	   Blockage	   of	  
angiogenesis	  also	  commonly	   leads	   to	  a	   switch	   from	  sprouting	  angiogenesis	   to	  
intussusceptive	  angiogenesis	  (254).	  	  This	  might	  represent	  an	  adaptive	  response	  
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to	   treatment	   with	   various	   anti-‐tumour	   and	   anti-‐angiogenic	   compounds.	   It	  
serves	  to	  repair	  a	  damaged	  tumour	  vasculature	  in	  order	  to	  restore	  the	  tumour’s	  
oxygen	  supply	  and	  thus	  preventing	  the	  action	  of	  anti-‐angiogenic	  treatment.	  	  
Also,	  angiogenic	   inhibitors	  are	  known	  to	   inhibit	  vessels	   formed	  by	  ECs,	  but	  do	  
not	   affect	   tumour	   cells	   that	  mimic	   the	   vasculature	   (255).	   Therefore,	   vascular	  
mimicry	   could	   be	   used	   as	   an	   escape	  mechanism	   by	   tumour	   tissue,	   providing	  
progressive	  growth	  without	  angiogenesis	  and	  could	   thereby	   contribute	   to	   the	  
failure	   of	   anti-‐angiogenic	   therapy	   aimed	   to	   fully	   deprive	   tumours	   from	   their	  
blood	  supply.	  	  
	  

In	  addition,	  a	   recent	  study	  of	  Ebos	  et	  al.	   shows	   that	  pre-‐treatment	  of	  healthy	  
mice	   with	   VEGF-‐inhibitors	   (prior	   to	   tumour	   cell	   implantation)	   promotes	  
metastasis	   (247).	   A	   possible	   hypothesis	   is	   the	   creation	   of	   a	   “pre-‐metastatic	  
niche”.	   Administration	   of	   VEGF-‐inhibitors	   prunes	   quiescent	   vessels	   in	   healthy	  
tissues,	   which	   will	   show	   rapid	   rebound	   growth	   after	   withdrawal	   of	   therapy	  
(256)	   and	   such	   a	   well-‐vascularised	   niche	   may	   promote	   metastasis.	  
Furthermore,	   VEGF-‐inhibitors	   are	   known	   to	   induce	   a	   state	   of	   chronic	  
inflammation,	   which	   leads	   to	   the	   upregulation	   of	   several	   inflammatory	  
cytokines	   that	   recruit	   angiogenic	   bone	  marrow-‐derived	   progenitors	   (212)	   and	  
might	  promote	  the	  formation	  of	  a	  premetastatic	  niche	  (257).	  
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3 Experimental mouse models for 
hepatocellular carcinoma research 

3.1 Introduction 

Hepatocarcinogenesis	   is	   a	   multistep	   process	   involving	   different	   genetic	  
alterations	  that	  ultimately	  lead	  to	  the	  malignant	  transformation	  of	  hepatocytes	  
(258).	   The	   availability	   of	   a	   wide	   range	   of	   experimental	   mice	  models	   for	   HCC	  
research,	   has	   given	   researchers	   the	   opportunity	   to	   assess	   tumour-‐host	  
interactions,	   to	   perform	   drug-‐screening	   and	   to	   mimic	   the	   complex	   multistep	  
process	   that	   leads	   to	  malignancy.	  When	   selecting	   a	  model	   for	   HCC	   research,	  
one	   must	   first	   understand	   the	   limitations	   and	   advantages	   that	   the	   specific	  
model	   possesses.	   HCC	   rarely	   occurs	   spontaneously	   in	   humans,	   in	   contrast	   to	  
certain	  mouse	  strains,	  which	  have	  a	  high	  background	  incidence	  of	  spontaneous	  
hepatic	  tumour	  occurrence	  (259).	  The	  same	  mouse	  strains	  are	  very	  susceptible	  
to	  hepatocarcinogens.	  It	  also	  needs	  to	  be	  added	  that	  the	  spectacular	  results	  of	  
potential	  anti-‐tumoural	  agents	  seen	  in	  mice,	  can	  seldom	  be	  repeated	  in	  human	  
studies	  (260).	  	  In	  this	  introduction	  we	  will	  provide	  a	  concise	  overview	  of	  mouse	  
models	   for	  HCC-‐research,	   thereby	  mainly	   focussing	  on	  diethylnitrosamine	  and	  
providing	  a	  general	  outline	  of	  the	  principles	  of	  xenograft	  and	  transgenic	  mouse	  
models.	  For	  a	  more	  complete	  summary,	  we	  would	  like	  to	  refer	  to	  our	  previously	  
published	   review	  on	  mouse	  models	   for	  HCC,	   supplied	  as	  a	   supplement	   in	   this	  
thesis	  (261).	  

3.2 Chemically induced mouse models 

Several	   chemical	   reagents	   induce	   tumour	   formation	   when	   administrated	   in	  
sufficient	   high	   doses	   and	   time	   span.	   There	   are	   two	   types	   of	   carcinogenic	  
compounds:	  (1)	  genotoxic	  compounds	  which	  are	  characterised	  by	  their	  capacity	  
to	  induce	  structural	  DNA	  changes	  and	  (2)	  promoting	  compounds	  lacking	  direct	  
genotoxic	   capability,	   but	   enhance	   tumour	   formation	   after	   initiation	   by	   a	  
hepatoxic	   compound	   (262).	   Treatment	   with	   a	   tumour-‐promoting	   agent	  
facilitates	  the	  clonal	  expansion	  of	  the	  pre-‐neoplastic	  cells.	  	  
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The	   advantage	   of	   chemically	   induced	  models	   is	   the	   similarity	  with	   the	   injury-‐
fibrosis-‐malignancy	  cycle	  seen	  in	  humans.	  This	  makes	  them	  favourable	  models	  
for	   HCC	   research,	   since	   their	   pathogenesis	   is	   more	   similar	   to	   the	   human	  
situation.	  Different	  hepatocarcinogenic	  agents	  are	  metabolised	  through	  diverse	  
metabolic	  pathways	  and	  extrapolation	  should	  be	  considered	  with	  caution	  when	  
it	   is	   uncertain	   if	   the	   agents	  would	  be	  metabolised	  differently	   in	   humans.	  Age	  
and	   dose	   of	   administration	   of	   hepatoxins	   might	   lead	   to	   different	   tumour	  
phenotypes,	  which	  might	  influence	  experimental	  outcomes.	  	  

In	   the	   interest	   of	   space	   and	   convenience,	   we	   will	   only	   discuss	   the	  
diethylnitrosamine	   (DEN)	  model.	   For	   a	  more	   detailed	   summary	   of	   chemically	  
induced-‐mouse	   models,	   we	   would	   like	   to	   refer	   to	   our	   previously	   published	  
review	  on	  mouse	  models	  for	  HCC	  (261).	  

DEN	  is	  often	  used	  as	  a	  carcinogenic	  reagent	  and	  the	  target	  organ	  in	  which	  DEN	  
induces	  tumours	  is	  species	  specific.	  Mice	  mostly	  develop	  liver	  tumours,	  but	  also	  
gastrointestinal	   (263),	   skin,	   respiratory	   (264,265)	   and	   hematopoietic	   tumours	  
have	  been	  found	  (266,267).	  The	  carcinogenic	  capacity	  of	  DEN	  is	  situated	   in	   its	  
capability	   of	   alkylating	   DNA-‐structures	   (figure	   8).	   In	   the	   first	   step	   DEN	   is	  
hydroxylated	   to	   α-‐hydroxylnitrosamine	   (268,269).	   This	   bioactivation	   step	   is	  
oxygen	  and	  NADPH-‐dependent	  and	  is	  mediated	  by	  cytochrome	  P450	  (cyp450),	  
an	  enzyme	   that	  has	   its	  highest	   activity	   in	   the	   centrilobular	  hepatocytes.	  After	  
cleavage	   of	   acetaldehyde,	   an	   electrophilic	   ethyldiazonium	   ion	   is	   formed.	   This	  
ethyldiazonium	   ion	  causes	  DNA-‐damage	  by	  reacting	  with	  nucleophiles	  such	  as	  
DNA-‐bases.	  	  
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Fig.	  8:	  the	  carcinogenic	  action	  of	  diethylnitrosamine	  (DEN)	  during	  which	  cyp450	  hydroxylate	  DEN	  
and	  cause	  the	  formation	  of	  the	  highly	  reactive	  diazonium	  ions,	  which	  can	  react	  with	  DNA-‐bases	  
thus	  creating	  DNA-‐damage.	  	  	  

Furthermore,	   oxidative	   stress	   caused	   by	   DEN	   can	   contribute	   to	   the	  
hepatocarcinogenesis	   (270,271).	   Reactive	   oxygen	   species	   (ROS)	   generated	   by	  
the	  P450-‐dependent	  enzymatic	  system	  might	  induce	  oxidative	  stress	  due	  to	  the	  
formation	   of	   hydrogen	   peroxide	   and	   superoxide	   anions.	   Production	   of	   ROS	   is	  
known	  to	  cause	  DNA,	  protein	  and	  lipid	  damage;	  therefore	  oxidative	  stress	  has	  
been	  known	  to	  play	  an	  important	  role	  in	  carcinogenesis	  (272).	  	  

One	  of	  the	  advantages	  of	  DEN,	  is	  that	  DEN-‐induced	  HCC	  has	  been	  shown	  to	  be	  
molecularly	   similar	   to	  human	  HCC	  with	  poor	  prognosis.	  Genes	   involved	   in	   the	  
regulation	  of	  cell	  growth	  and	  proliferations	  are	  known	  to	  be	  predictors	   for	  an	  
unfavourable	  outcome	  of	  human	  HCC,	  and	  are	  highly	  expressed	  in	  DEN-‐induced	  
HCC.	  For	  instance,	  the	  positive	  regulators	  of	  the	  cell	  cycle	  such	  as	  Cdk4,	  Cdc25a,	  
Cdc7	  and	  Mapk3	  are	  more	  highly	  expressed	  in	  DEN-‐induced	  HCC	  compared	  to	  
other	  mouse	  models.	  And	   the	   expression	  of	   poor	  prognostic	  markers	   such	   as	  
Cd63,	  Rab3d,	  Afp	  and	  Tff3	  is	  seen	  in	  DEN-‐induced	  HCC,	  similar	  to	  patients	  with	  
HCC	  (273,274).	  In	  addition,	  mouse	  tumours	  induced	  by	  DEN	  harbour	  activating	  
mutations	   in	   the	  H-‐ras	   proto-‐oncogene	   (268,269),	   correlated	  with	  metastasis	  
and	  poor	  prognosis	  in	  human	  HCC	  (275,276).	  	  	  
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Furthermore,	   in	   vitro	   studies	   have	   shown	   that	   DEN-‐induced	   hepatocellular	  
carcinomas	   display	   characteristics,	   including	   the	   formation	   of	  Mallory	   bodies,	  
that	  are	  similar	  to	  livers	  with	  alcohol	  induced	  HCC.	  

DEN	  works	  in	  a	  dose-‐dependent	  manner	  (277),	  a	  single	  low	  initiation	  dose	  does	  
not	  lead	  to	  the	  formation	  of	  neoplasms,	  administration	  of	  a	  high	  dose	  induces	  
HCC	   after	   a	   period	   of	   latency.	   Several	   DNA-‐repair	  mechanisms,	   such	   as	   non-‐
homologous	  end	  joining,	  recombinational	  repair,	  base	  excision	  repair	  and	  many	  
more,	  prevent	  the	  mutagenity	  of	  DNA-‐adducts	  when	  DEN	  is	  administrated	  in	  a	  
single	  low	  dose	  (278).	  	  

The	   time	   needed	   after	   a	   single	   DEN-‐injection	   to	   develop	   HCC	   does	   not	   only	  
depend	   on	   the	   administrated	   dose,	   but	   also	   on	   sex,	   age	   and	   strain	   of	   mice	  
(277,279).	   The	   younger	   the	   mice,	   the	   faster	   HCC	   will	   occur	   due	   to	   the	   high	  
hepatocyte	  proliferation	  rates	  found	  in	  juvenile	  animals	  (280).	  After	  a	  long	  term	  
repetitive	  administration	  of	  DEN	  HCC	  develops	  in	  100%	  of	  the	  male	  mice	  and	  in	  
30%	  of	   females.	  The	  gender-‐related	  difference	   in	  HCC	   incidence	   is	  due	   to	   the	  
inhibiting	   effect	   of	   oestrogens	   and	   the	   stimulating	   effect	   of	   androgens	   on	  
hepatocarcinogenesis	   (281).	   The	   methylation	   status	   of	   certain	   genes	   that	  
contribute	   to	   the	   susceptibility	   to	   hepatocarcinogens	   might	   be	   one	   of	   the	  
genetic	   factors	   that	   differ	   between	   tumour	   sensitive	   and	   tumour	   resistant	  
strains	   (282,283).	   Tumour	   sensitive	   mice,	   such	   as	   C3H/HE-‐strain	   are	  
characterized	  by	  a	  hypermethylation	  in	  promoter	  regions	  of	  tumour	  suppressor	  
genes	  after	  hepatocarcinogen	  exposure,	  a	  high	  degree	  of	  methylation	   inhibits	  
the	  DNA-‐transcription	  (284).	  

A	  dose	  dependent	  formation	  of	  carcinomas	  after	  a	  single	  injection	  (5,0	  mg/kg	  –	  
90	  mg/kg)	  of	  DEN	  in	  15-‐day-‐old	  mice	  is	  observed	  after	  45	  to	  104	  weeks	  (285).	  
When	   B6C3F1	  mice	   are	   exposed	   to	   a	   single	   dose	   of	   5,0	  mg/kg	   DEN,	   it	   takes	  
approximately	   64	   weeks	   to	   develop	   HCC	   (286).	   HCC	   occurs	   either	   within	  
existing	   adenomas,	   which	   are	   visible	   after	   24	   weeks,	   or	   within	   the	  
hepatocellular	   parenchyma.	  Metastasis	   to	   the	   lungs	   happens	   quite	   fast	   after	  
the	   development	   of	   HCC	   (287).	   The	   time	   for	   tumour	   development	   differs	  
between	  strains,	  for	  example	  C3H/HE	  (288,289)	  (60	  mg/kg	  DEN,	  HCC	  after	  45-‐
75	  weeks),	  and	  C57BL6/J	  (290)	  (5	  mg/kg	  DEN,	  HCC	  after	  40-‐70	  weeks).	  Only	  30	  
to	  70%	  of	  the	  male	  mice	  develop	  HCC	  after	  a	  single	  injection	  with	  DEN,	  so	  the	  
method	  is	  poorly	  reproducible.	  When	  mice	  are	  subjected	  to	  a	  short	  time	  weekly	  
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administration	  of	  DEN	   it	   leads	   to	  a	  higher	   tumour	   incidence	   in	  a	   shorter	   time	  
span.	  Six	  weeks	  of	   intraperitoneal	   injections	  (3	  weeks	  with	  75	  mg/kg	  followed	  
by	  3	  weeks	  of	  100	  mg/kg)	   lead	  to	  100%	  tumour	   incidence	  after	  52	  weeks	  and	  
the	   first	   tumours	   already	   occur	   after	   30	   weeks	   (291).	   Long	   term,	   weekly	  
administration	  of	  DEN	  could	  enhance	  this	  process	  (292).	  	  

A	  two-‐stage	  model	  in	  which	  the	  initiation	  by	  a	  genotoxic	  compound	  is	  followed	  
by	  a	  promotion	  phase	  is	  another	  strategy	  to	  induce	  HCC	  in	  mice.	  In	  this	  setup,	  
DEN	   can	   be	   used	   as	   initiator	   and	   phenobarbital	   (PB)	   as	   a	   promoting	   agent.	  
Several	  mechanisms	  might	  be	   responsible	   for	   the	   tumour	  promoting	  effect	  of	  
PB.	   First,	   PB	   can	   increase	   the	   expression	   of	   cyp450	   a	   100-‐fold,	   leading	   to	   an	  
enhanced	   effect	   of	   DEN	   (293).	   Second,	   the	   increased	   cyp450	   activity	   induces	  
oxidative	   stress	   (294,295).	   Third,	   PB	   can	   cause	   hypermethylation	   in	   promoter	  
regions	   of	   tumour	   suppressor	   genes,	   therefore	   enhancing	  
hepatocarcinogenesis	   (296,297).	   Fourth,	   PB	   also	   interferes	   with	   the	  
intracellular	  communication	  and	  it	  might	  influence	  cell	  proliferation.	  Promotion	  
with	   PB	   leads	   to	   tumours	   that	   exhibit	   mutations	   in	   the	   β-‐catenin	   proto-‐
oncogene	   (298).	  Mutant	   nuclear	  β-‐catenin	  expression	   is	   associated	  with	   non-‐
invasive	  tumours	  and	  a	  significantly	  higher	  5-‐year	  survival	  rate	  in	  humans	  (299)	  	  

The	   effects	   of	   PB-‐promotion	   on	   DEN-‐initiated	   mice	   also	   vary	   considerably	  
depending	  upon	  strain,	  sex	  and	  age.	  While	  the	  tumour	  promoting	  activity	  of	  PB	  
is	  generally	  accepted	  a	  tumour	  inhibiting	  effect	  is	  seen	  when	  juvenile	  (15-‐days-‐
old)	   B6C3F1	   mice	   are	   treated	   with	   DEN	   followed	   by	   a	   long-‐term	   (36	   weeks)	  
exposure	  to	  PB	   (300)(301).	  The	   inhibitory	  effect	   is	  not	  seen	   in	   female	  B6C3F1-‐
mice	   (282)	  or	  other	  mice	  strains	  such	  as	  Balb/c	   (298)	  and	  C3H	   (302),	   initiated	  
with	  DEN	  in	  juvenile	  mice	  promoted	  with	  PB.	  	  	  

Timing	  of	  initiation	  with	  DEN	  is	  a	  critical	  determinant	  for	  the	  paradoxical	  effect	  
of	  PB	  (300).	  DEN-‐initiation	  alone	  leads	  to	  the	  formation	  of	  lesions	  that	  express	  
the	   Bcl2	   gene	   (Bcl-‐2+),	   regardless	   of	   the	   moment	   of	   initiation.	   Bcl-‐2	   family	  
members	   can	   be	   functionally	   divided	   into	   anti-‐apoptotic	   and	   pro-‐apoptotic	  
groups.	   The	   balance	   between	   these	   two	   groups	   may	   determine	   the	   fate	   of	  
tumour	   cells.	   In	   HCC,	   this	   balance	   is	   often	   shifted	   towards	   the	   anti-‐apoptotic	  
members,	   such	   as	   Bcl-‐2,	   leading	   to	   resistance	   to	   cell	   death	   and	   rapid	  
proliferation.	   Although,	   human	   HCC	   is	   often	   characterised	   by	   a	   higher	   BCL2	  
expression,	   no	   correlation	   has	   been	   found	   with	   tumour	   stage	   or	   prognosis.	  
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When	  adult	  male	  B6C3F1-‐mice	  are	  initiated	  with	  DEN	  between	  6	  and	  10	  weeks	  
of	  age	  followed	  by	  exposure	  to	  PB	  in	  drinking	  water	  for	  36	  weeks,	  PB	  serves	  as	  
a	   tumour-‐promoting	   agent.	   Ninety	   per	   cent	   of	   the	   tumours	   consist	   out	   of	  
eosinophilic	   lesions	   that	   lack	   the	   Bcl2	   expression	   (Bcl2-‐),	   indicating	   that	   PB	  
offers	  a	  selective	  growth	  advantage	  for	  the	  latter.	  When	  juvenile	  male	  B6C3F1-‐
mice	  are	   initiated	  with	  DEN	  at	  15	  days	  of	  age	  and	  submitted	   to	   long-‐term	  PB	  
exposure,	   PB	   serves	   as	   a	   tumour-‐inhibiting	   agent.	   Only	   4%	   of	   the	   lesions	   are	  
Bcl2-‐,	  even	  after	  PB-‐promotion	  (which	  normally	  suppresses	  the	  proliferation	  of	  
Bcl2+	  tumour	  cells	  and	  promotes	  the	  proliferation	  of	  Bcl2-‐	  cells).	  The	  decreased	  
number	  of	  tumours	  is	  explained	  by	  the	  lack	  of	  Bcl2-‐	  lesions	  in	  juvenile	  mice	  and	  
the	  growth-‐inhibiting	  effect	  of	  PB	  on	   the	  Bcl2+	   lesions.	   Juvenile	   livers	   are	   less	  
differentiated	   because	   hepatocytes	   actively	   proliferate	   in	   juvenile	  mice	   (303).	  
These	   qualitative	   differences	   between	   infant	   and	   adult	   hepatocytes	  might	   be	  
the	  reason	  for	  the	  age-‐dependent	  initiation	  properties.	  Although	  PB-‐promotion	  
stimulates	   the	   growth	   of	   Bcl2—lesions,	   it	   is	   not	   known	   if	   this	   significantly	  
influences	   apoptosis,	   since	   PB-‐promoted	   Bcl2—lesions	   often	   overexpress	   the	  
anti-‐apoptotic	   gene	   Bcl-‐XL.	   Also,	   no	   significant	   differences	   are	   seen	   in	   the	  
apoptotic	   index	  of	  PB-‐promoted	  and	  non-‐PB-‐promoted	  basophilic	  HCC-‐lesions	  
(298,304).	  

There	   is	   also	   a	   gender-‐related	   difference	   in	   the	   response	   to	   PB-‐promotion.	  
Female	   mice	   initiated	   with	   DEN	   at	   15	   days	   of	   age	   followed	   by	   long-‐term	  
exposure	   to	  0,05%	  PB	  show	  an	   increase	  of	  carcinomas	  compared	   to	   the	  DEN-‐
only	  group,	  instead	  of	  the	  decrease	  that	  is	  seen	  in	  male	  mice	  (305).	  	  

When	  male	   BALB/c	  mice	   are	   initiated	  with	   DEN	   a	   long-‐term	   treatment	   of	   PB	  
promotes	   the	   development	   of	   liver	   tumours,	   regardless	   of	   the	   age	   of	   DEN-‐
administration.	   Genetic	   differences	   between	   strains	   of	   mice	   are	   likely	   to	  
contribute	   to	   the	  different	   response	  to	  PB.	  Because	  PB	   induces	  an	   increase	   in	  
methylation	  of	  GC-‐rich	  region	  genetic	  differences	  in	  factors	  contributing	  to	  the	  
methylation	  status,	  might	  be	  one	  of	  the	  causes	  of	  the	  differential	  response	  to	  
PB.	  	  

Another	   two-‐step	   hepatocarcinogenesis	   model	   is	   known	   as	   the	   Solt-‐Farber	  
protocol	   (306).	   In	   this	   model	   initiation	   by	   a	   hepatocarcinogenic	   compound	   is	  
followed	  by	  a	  partial	  hepatectomy	  (PH),	  which	  induces	  hepatic	  cell	  proliferation	  
of	   the	   liver,	   leading	   to	   a	   fast	   expansion	   of	   the	   initiated	   cells.	   There	   is	   a	   fast	  
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occurrence	  of	  altered	  hepatic	  foci	  and	  visible	  nodules	  after	  PH.	  Unfortunately,	  
PH	  is	  a	  difficult	  procedure	  in	  mice	  associated	  with	  high	  mortality	  and	  has	  mostly	  
been	  conducted	  in	  rats.	  	  

Thus,	  DEN	   is	   the	  best-‐known	  hepatic	  carcinogen,	  valued	   for	  giving	  occurrence	  
to	   hepatic	   tumours	   that	   closely	   resemble	   human	   HCC.	   Several	   protocols	   are	  
available,	  varying	  from	  single	  injections	  with	  a	  high	  dose	  to	  combinations	  with	  
promoting	  agents	  and	  PHD,	  yet	  strain	  and	  gender	  specific	  characteristics	  might	  
influence	  the	  outcome	  of	  these	  protocols.	  Furthermore,	  most	  experimental	  set-‐
ups	  take	  almost	  1	  year	  to	  develop	  HCC,	  resulting	  in	  a	  time-‐consuming	  practice	  
and	  tumours	  only	  rarely	  occur	  in	  a	  background	  of	  fibrosis.	  	  

3.3 Xenograft mouse models  

In	  xenograft	  models,	  injecting	  human	  cancer	  cells	  from	  a	  lab	  culture	  in	  immune	  
deficient	   mice	   creates	   the	   tumours.	   Athymic	   (nude)	   or	   severe	   combined	  
immune	  deficient	  mice	  are	  often	  used	  as	  hosts	  (307).	  Tumour	  xenografts	  can	  be	  
established	  either	  by	  direct	  implantation	  of	  biopsy	  material	  or	  by	  inoculation	  of	  
human	   tumour	   cell	   lines.	   Several	   kinds	   of	   xenograft	   models	   can	   be	  
distinguished.	  First,	  the	  ectopic	  xenograft	  model,	  in	  which	  human	  tumour	  cells	  
are	   subcutaneously	   injected	   in	   mice.	   Second,	   the	   orthotopic	   model,	   where	  
tumour	   cells	   are	   injected	   intrahepatically	   into	  mice.	   The	   orthotopic	   xenograft	  
model	   is	   more	   suitable	   for	   extrapolation	   to	   humans	   and	   gives	   information	  
about	  the	  metastatic	  spread	  of	  the	  tumour.	  The	  advantage	  of	  xenograft	  mouse	  
models,	  is	  the	  short	  time	  span	  needed	  for	  the	  development	  of	  tumours	  and	  the	  
fact	  that	   it	   is	  an	  efficient	  way	  to	  demonstrate	  proof-‐of-‐principle	  when	  enough	  
cell	  lines	  are	  used.	  	  Tumour	  phenotypes	  can	  vary	  remarkably	  between	  lines,	  it	  is	  
therefore	  important	  to	  use	  different	  cell	  lines	  when	  using	  the	  xenograft	  model.	  
(308).	  

Human	   tumour	   progression	   is	   a	   complicated	   process	   during	   which	   the	  
interaction	  of	  neoplastic	   cells	   and	   the	   surrounding	   tumour	   environment	  plays	  
an	   important	   role.	   A	   micro-‐evolutionary	   process	   takes	   place	   in	   which	  
advantaged	   tumour	  cells	   rapidly	  expand,	  a	  process	   that	   is	  altered	  when	  using	  
cell	   cultures.	   Therefore,	   the	   resemblance	   between	   xenograft	   tumours	   and	  
human	  tumours	  is	  rather	  poor	  (309,310).	  Due	  to	  the	  heterogeneity	  of	  cell	  lines,	  
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multiple	  cell	  lines	  should	  always	  be	  used	  for	  drug	  screening,	  which	  often	  leads	  
to	   different	   outcomes	   depending	   on	   the	   cell	   line’s	   phenotype.	   Significant	  
differences	   in	   tumour	   growth	   inhibition	   are	   often	   noted	   between	   cell	   lines,	  
leading	   to	   discrepancy	   between	   studies.	   The	   lack	   of	   predictability	   of	   results	  
obtained	   from	  xenograft	  mice	  models	  has	  convinced	  many	  researchers	   to	  use	  
models	   in	   which	   tumours	   arise	   in	   a	   background	   that	   resembles	   the	   natural	  
history	  of	  HCC.	  	  

An	  interesting	  setup	  consists	  of	  orthotopic	  implantations	  of	  HCC	  cells	  in	  fibrotic	  
livers	  (311).	  Fibrosis	  is	  established	  by	  intraperitoneal	  injection	  of	  thioacetamide	  
or	   subcutaneous	   injection	  of	  CCL4	  and	  oral	  alcohol	   intake.	  Tumours	   in	   fibrotic	  
livers	  not	  only	  grow	  significantly	   larger	  and	  more	  rapidly	  than	  those	  in	  normal	  
liver,	  they	  also	  have	  the	  capacity	  to	  metastasise	  and	  form	  satellite	  nodules.	  This	  
model	  provides	  a	  useful	   tool	   for	   testing	  drug	  efficacy	   in	  orthotopic	  xenografts	  
within	  the	  context	  of	  liver	  fibrosis,	  but	  there	  is	  also	  variable	  responsiveness	  to	  
drugs	  between	  cell	  lines.	  

Metastatic	  HCC	  xenograft	  models	  are	  used	  for	  the	  research	  on	  the	  mechanism	  
of	  metastasis	  and	  relapse.	  By	  orthotopic	   implantation	  of	  preserved	  metastatic	  
tumour	   tissues	   of	   30	   surgical	   specimens,	   the	   first	   highly	  metastatic	  model	   of	  
HCC	  in	  nude	  mice	  was	  developed	  (312).	  Orthotopic	  transplantation	  of	  this	  cell	  
line	   (LCD-‐D20)	   leads	   to	   highly	   metastatic	   HCC	   that	   exhibits	   several	  
characteristics	  of	  human	  tumour	  behaviour	  and	  the	  tumour	  tissue	  histologically	  
resembles	  human	  HCC.	  Hepatitis	  B	  viral-‐DNA	  has	  been	  integrated	  in	  the	  cellular	  
DNA	  of	  the	  LCI-‐D20	  tumour	  cells.	  Metastasis	  to	  the	  lungs	  occurs	  in	  100%	  of	  the	  
mice	  15	  days	  after	  orthotopic	   inoculation.	   	  Genetically	  comparing	  these	  highly	  
metastatic	  cell	   lines,	  to	   less	  metastatic	  cell	   lines,	  such	  as	  LCI-‐D35,	   leads	  to	  the	  
identification	  of	  several	  genes	  involved	  in	  the	  invasive	  potential	  of	  tumour.	  	  

To	  conclude,	  xenograft	  models	  offer	  a	  fast	  solution	  for	  drug	  screening	  and	  are	  
an	   easy	   way	   for	   proof-‐of-‐principle	   experiments.	   Xenograft	   models	   are	   often	  
used	   for	   drug	   screening,	   nevertheless	   it	   must	   be	   noted	   that	   the	   spectacular	  
results	   often	   seen	   in	   xenograft	   mouse	   models	   can	   seldom	   be	   repeated	   in	  
cancer	  patients.	  It	  should	  also	  be	  noted	  that	  multiple	  cell	  lines	  have	  to	  be	  used	  
in	   experiments	   because	   of	   the	   heterogenity	   between	   cell	   lines.	   In	   addition,	  
ectopic	   implantation	   does	   not	   allow	   research	   about	   complex	   tumour-‐host	  
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interactions,	   but	   orthotopic	   implantation	  makes	   it	   possible	   to	   investigate	   the	  
neoplastic	  hepatocytes	  in	  their	  natural	  environment.	  	  

3.4 Transgenic mouse models 

Genetically	   modified	   mouse	   models	   (GMM)	   are	   engineered	   to	   mimic	  
pathophysiological	   and	   molecular	   features	   of	   HCC	   (313,314).	   It	   is	   a	   unique	  
model	   for	   assessing	   the	   effects	   of	   oncogenes	   either	   alone	   or	   in	   combination	  
with	   other	   oncogenes	   or	   carcinogenic	   agents.	   GMMs	   facilitate	   detailed	  
investigation	   of	   carcinogenic	   pathways	   and	   allow	   the	   assessment	   of	   pathway	  
cooperativity	   and	   dependency	   in	   vivo	   (315).	   Tissue-‐specific	   expression	   can	   be	  
achieved	   by	   designing	   cDNA-‐constructs	   that	   contain	   promoter	   elements.	  
Although	  the	  effect	  of	  the	  mutation	  is	  constitutive,	   its	  expression	  is	   limited	  by	  
the	  use	  of	   tissue-‐specific	  promoters.	  An	  alternative	   to	   the	   constitutive	   tissue-‐
specific	   expression	   is	   the	   induction	   of	   specific	   genes	   with	   molecules.	   This	  
approach	  allows	  research	  toward	  the	  role	  of	  oncogenes	  in	  tumour	  maintenance	  
and	  the	  influence	  of	  age	  on	  the	  carcinogenesis.	  	  

Due	   to	   the	   immense	   amount	   of	   transgenic	   mice,	   only	   a	   small	   selection	   of	  
representative	  models	  for	  HCC-‐research	  will	  be	  discussed	  in	  this	  doctoral	  thesis.	  	  

3.4.1 Transgenic models expressing viral genes 

The	   main	   cause	   of	   HCC	   worldwide	   is	   the	   hepatitis	   B	   virus	   (HBV).	   HBV	   is	   an	  
enveloped	  hepatotropic	  DNA	  virus	  causing	  several	   liver	  diseases	  such	  as	  acute	  
to	   chronic	   hepatitis,	   cirrhosis	   and	  HCC.	   During	   prolonged	   infection,	   viral	   DNA	  
sequences	   integrate	   into	   the	   host	   genome,	   causing	   mutations,	   chromosomal	  
instability	   and	   general	   genomic	   rearrangements.	   The	   genome	   of	   HBV	   is	   a	  
circular	   molecule	   partially	   double-‐stranded	   DNA	   molecule	   and	   it	   is	  
characterized	   by	   its	   four	   overlapping	   open	   reading	   frames	   (ORF)	   that	   encode	  
for	  surface	  (S),	  core	  (C),	  polymerase	  (P)	  and	  X	  proteins	  (HBx).	  There	  is	  increasing	  
evidence	   that	   the	   expression	   of	   viral	   genes,	   in	   particular	   genes	   encoding	   for	  
HBx,	  might	  deregulate	  the	  control	  of	  cellular	  growth	  and	  viability	  and	  sensitize	  
hepatocytes	   to	   exogenous	   and	   endogenous	   carcinogens	   (316).	   The	   oncogenic	  
capacity	  of	  HBx	  is	  a	  result	  of	  the	  fact	  that	  some	  of	  the	  genes	  activated	  by	  HBx,	  
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such	   as	   Icam-‐1,	   c-‐myc	   and	   c-‐fos	   are	   important	   for	   cell	   adhesion	   and	  
proliferation	  (317,318).	  	  

	  

Many	   aspects	   of	   HBV	   induced	   hepatocarcinogenesis	   have	   been	   analyzed	   by	  
generating	  transgenic	  mice	  expressing	  complete	  fragments	  of	  the	  HBV	  genome,	  
under	  control	  of	  either	  the	  HBV	  promoter,	  or	  constitutive	  (mouse	  albumin)	  or	  
inducible	   (mouse	   metallothionein)	   liver-‐specific	   promoters.	   The	   first	   HBV-‐
related	   transgenic	   mice	   model	   was	   produced	   in	   1985	   by	   two	   independent	  
research	  groups	  (319,320).	  	  

Most	  of	   the	  HBV-‐related	  transgenic	  animals	  express	  the	  HBx-‐genes,	  which	  are	  
associated	  with	   altered	   hepatocellular	   functions	   and	  HCC	   development	   (321–
323).	   The	   livers	   of	   HBx	   transgenic	   mice	   exhibit	   megalocytosis,	   nuclear	  
pleomorphism,	   hyperchromatism	  and	   a	   slightly	   increased	  nuclear/cytoplasmic	  
ratio	  after	  approximately	  15	  weeks	   (324).	  The	  birthrate	  of	   the	  HBx-‐transgenic	  
mice	  is	  a	  bit	  lower	  than	  that	  of	  other	  transgenic	  mice	  indicating	  an	  interaction	  
with	   the	   prenatal	   development	   of	   mice	   (321,322).	   	   The	   progression	   to	   HCC	  
takes	   approximately	   52-‐104	   weeks	   (324,325).	   Transgenic	   lineages	   with	   lower	  
HBx	   copy	   number	   showed	   lower	   tumour	   incidence	   comparable	   with	   that	   of	  
wild-‐type	  mice	  (326),	  while	  other	  experiments	  do	  not	  encounter	  any	  tumours	  in	  
HBx	  transgenic	  mice	  (327,328).	  HBx-‐transgenic	  mice	  seem	  to	  be	  more	  sensitive	  
for	  HCC-‐development	  after	  a	  single	  DEN-‐injection	  when	  compared	  to	  their	  non-‐
transgenic	  counterparts	  (329).	  

Viral	  Hepatitis	  C	  (HCV)	   infection	  is	  an	  important	  viral	  risk	  factor	  for	  HCC	  (330).	  
Chronic	   HCV	   can	   cause	   cirrhosis	   and	   increases	   the	   risk	   of	   HCC	   with	  
approximately	   1%	   to	   3%.	   A	   number	   of	   HCV-‐proteins,	   such	   as	   core,	   NS3	   and	  
NS5A	   play	   an	   important	   role	   in	   the	   hepatocarcinogenesis	   (331–333).	   The	  
proteins	   encoded	   by	   the	   HCV-‐genome,	   especially	   core,	   interrupt	   the	  
intracellular	  signal	  transduction	  pathways.	  Numerous	  transgenic	  mouse	  models	  
are	   made	   expressing	   different	   HCV	   proteins	   and	   differences	   occur	   in	   the	  
development	   of	   tumours.	   When	   the	   complete	   viral	   protein	   is	   expressed,	  
steatosis	  and	  HCC	  occurs	  in	  15%	  of	  the	  mice	  after	  approximately	  90-‐100	  weeks	  
(334).	  Other	   researchers	  did	  not	  encounter	   the	   tumour	  phenotype,	   indicating	  
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that	   genetic	   background	   of	   mice	   and/or	   oncogene	   expression	   level	   plays	   an	  
important	  role	  in	  the	  outcome	  of	  transgenic	  mice	  models	  (335).	  	  

The	   core	   protein	   interferes	   with	   the	   lipid	   metabolism	   by	   activating	   PPARα,	  
leading	  to	   lipid	  accumulation	   in	   the	  hepatocytes	   (336).	  The	  expression	  of	  HCV	  
core	   leads	   to	   progressive	   hepatic	   steatosis	   in	   several	   lines	   of	   constitutive	  
transgenic	  mice,	  followed	  by	  HCC	  after	  80-‐105	  weeks	  in	  32%	  of	  the	  male	  mice	  
(337).	   Inducible	   expression	   of	   core-‐protein	   by	   tetracycline	   and	   Dox	  
administration	   leads	   to	  a	  peak	   in	   steatosis	   after	  2	  months	  but	  no	  HCC	  occurs	  
(338).	   An	   accelerated	   tumour	   progression	   occurs	   after	   DEN-‐injection,	   after	  
merely	   32	   weeks	   HCC	   is	   found	   in	   100%	   of	   the	  male	  mice.	   HCV	   proteins	   and	  
chemical	   carcinogens	   such	   as	   DEN	   have	   a	   synergistic	   influence	   on	   HCC-‐
development,	   because	   HCV	   proteins	   blocks	   apoptosis	   in	   the	   hepatocytes,	  
therefore	   leading	   to	   an	   accelerated	   expansion	   of	   the	   neoplastic	   hepatocytes	  
(339).	  	  

3.4.2 Transgenic mice over-expressing oncogenes  

An	   oncogene	   is	   a	   protein-‐encoding	   gene	   that	   participates	   in	   the	   onset	   and	  
development	  of	  cancer.	  Genetic	  alterations	  resulting	   in	  the	  activation	  or	  over-‐
expression	  of	  oncogenes,	  increases	  the	  chance	  of	  tumour	  development.	  	  

The	   MYC	   protein	   is	   a	   transcription	   factor	   that	   activates	   the	   expression	   of	  
several	  genes	   through	  binding	  on	  consensus	  sequences	  and	  recruiting	  histone	  
acetyltransferases.	   When	  myc	   is	   mutated	   or	   over-‐expressed,	   it	   is	   associated	  
with	  a	  variety	  of	  tumours.	  Transgenic	  mice	  over-‐expressing	  c-‐myc	  develop	  liver	  
tumours	  after	  a	  long	  period	  of	  latency	  (65-‐90	  weeks)	  (340).	  Five	  to	  10%	  of	  the	  
tumours	  show	  increased	  β-‐catenin	  expression.	  

β-‐catenin,	   a	   subunit	   of	   the	   cadherin-‐complex,	   plays	   an	   important	   role	   in	   the	  
development	   and	   regeneration	   of	   the	   liver.	   β-‐catenin	   is	   one	   of	   the	   key	  
downstream	  effectors	  of	  the	  Wnt-‐signaling	  pathway,	  a	  network	  of	  proteins	  that	  
is	  known	  for	   its	   involvement	   in	  tumour	  development.	  β-‐catenin	  mutations	  are	  
considered	   to	   be	   an	   early	   event	   in	   the	   hepatocarcinogenesis.	   Approximately	  
30%	  of	   the	  human	  hepatic	   tumours	  harbour	  activated	  β-‐catenin	  mutations.	  A	  
Wnt-‐activating	  β-‐catenin	  mutation	   alone	   causes	   hepatomegaly,	   but	   to	   induce	  
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hepatocarcinogenesis	  additional	  mutations	  or	  epigenetic	  changes	  are	  required	  
(341).	  When	  mutations	  in	  both	  the	  β-‐catenin	  and	  H-‐ras	  genes	  are	  introduced	  by	  
adenovirus-‐mediated	   Cre	   expression,	   early	   HCC	   is	   found	   in	   all	   the	   mice	  
sacrificed	   8	   weeks	   after	   induction	   (342).	   High	   grade	   HCC	   is	   established	   after	  
approximately	  26	  weeks.	  	  

3.4.3 Transgenic mice models over-expressing growth factors 

During	  HCC	  an	  unregulated	  expression	  of	  hepatocyte	  mitogens	  occurs,	   leading	  
to	   an	   uncontrolled	   expansion	   of	   the	   hepatocytes.	   Over-‐expression	   of	   growth	  
factors	  that	  mediate	  hepatocyte	  growth	  induces	  HCC.	  

Transforming	   growth	   factor	   α	   (TGFα)	   is	   a	   potent	   hepatotrophic	   mitogen	  
synthesized	   in	   hepatocytes	   during	   regeneration.	   Transgenic	   mice	   over-‐
expressing	   human	   TGF-‐α	   under	   the	   inducible	   methallothionein	   1	   promotor	  
develop	  liver	  tumours	  as	  well	  as	  an	  abnormal	  development	  of	  the	  pancreas	  and	  
mammary	   glands	   (343).	   Zinc	   administrated	   through	   the	   drinking	   water	  
enhances	  the	  tumour	  formation	  and	  after	  40	  to	  70	  weeks	  HCC	  occurs	  in	  50%	  of	  
the	  mice.	  Double	  transgenic	  mice	  carrying	  both	  c-‐myc	  (albumin	  promotor)	  and	  
TGF-‐α	  (methallothionein	  promotor)	   leads	  to	  a	  tremendous	  acceleration	  of	   the	  
neoplastic	  development	  compared	  to	  both	  single	  transgenic	  models	  (344).	  The	  
faster	   occurrence	   of	   HCC	   in	   the	   double	   transgenic	   model,	   compared	   to	   the	  
parental	   lines,	   suggests	   that	   the	   interaction	  of	  c-‐myc	   and	  TGF-‐α	   increases	   the	  
malignant	  conversion	  by	  the	  selection	  and	  expansion	  of	  preneoplastic	  cells.	  	  

Epidermal	  growth	  factor	  (EGF)	  is	  a	  growth	  factor	  that	  plays	  an	  important	  role	  in	  
the	   regulation	   of	   cell	   growth,	   proliferation	   and	   differentiation.	   Its	   over-‐
expression	  is	  associated	  with	  hepatocellular	  carcinoma.	  Over-‐expression	  of	  the	  
secreted	  form	  of	  EGF	  results	  in	  multiple	  highly	  malignant	  hepatic	  tumours	  after	  
24-‐36	  weeks	  (345).	  	  

While	  most	   transgenic	  mouse	  models	  use	   tissue	   specific	  promoters	   to	  ensure	  
liver-‐specific	  expression,	  there	  is	  one	  model	  that	  does	  not	  require	  liver-‐specific	  
expression	   for	   the	   development	   of	   HCC.	   A	   transgenic	   mouse	   model	   over-‐
expressing	   fibroblast	   growth	   factor	   19	   (Fgf19)	   in	   skeletal	  muscle	   leads	   to	   the	  
occurrence	  of	  HCC	   in	  50%	  of	   the	  mice	  after	  approximately	  52	  weeks	   (346).	   In	  
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contrast	  to	  the	  other	  mice	  models,	  this	  model	  produces	  a	  higher	  HCC-‐incidence	  
in	   female	   mice	   than	   male.	   All	   female	   mice	   tumours	   exhibit	   an	   increased	   β-‐
catenin	   expression,	   which	   is	   not	   found	   in	   the	  male	  mice	   tumours.	   The	   exact	  
mechanism	   of	   the	   Fgf19-‐induced	   hepatocarcinogenesis	   is	   still	   unclear,	   but	  
might	  be	  a	  result	  of	  the	  increased	  metabolic	  rate	  which	  leads	  to	  an	  increase	  in	  
ROS-‐production.	  	  

3.4.4 Other transgenic models 

Alpha-‐1	   antitrypsin	   (AAT)	   is	   a	   glycoprotein	   that	   is	   produced	   in	   the	   liver.	  
Transgenic	  mice	  expressing	  a	  human	  form	  of	  transport-‐impaired	  AAT	  represent	  
a	   good	   model	   for	   studying	   the	   effects	   of	   AAT-‐deficiency	   on	   the	   liver.	   AAT-‐
deficiency	   is	   an	   autosomal	   recessive	   disorder	   in	  which	   a	  mutation	   causes	   the	  
production	   of	   AAT	   that	   is	   unable	   to	   be	   transported.	   	   This	   leads	   to	   decreased	  
AAT	   activity	   in	   serum	   and	   deposition	   of	   excessive	   AAT	   in	   the	   liver.	   Both	  
heterozygous	  and	  homozygous	   individuals	  develop	  cirrhosis	  and	  HCC	  after	  52-‐
90	  weeks	  (347).	  

Phosphatase	   and	   tensin	   homolog	   (Pten)	   is	   a	   tumour	   suppressor	   gene	   that	  
regulates	  the	  serine-‐threonine	  kinase	  protein	  kinase	  B	  (PKB/akt)	  pathway.	  Pten	  
deficiency	   induces	   cellular	   hyperproliferation,	   anti-‐apoptosis	   and	   oncogenesis	  
(348).	   Liver-‐specific	   Pten-‐deficient	   mice	   develop	   hepatic	   steatosis,	  
inflammation,	  fibrosis	  and	  tumours	  that	  are	  very	  similar	  to	  human	  NASH	  (349).	  
Liver	   tumours	   are	   present	   in	   66%	   of	   male	   and	   30%	   of	   female	   Pten-‐deficient	  
mice	  by	  40–44	  weeks	  of	  age.	  	  

The	  Simian	  vacuolating	  virus	  40	  (SV40)	  is	  a	  DNA-‐virus	  that	  has	  the	  potential	  to	  
cause	   tumours.	   It	   suppresses	   the	   transcriptional	   properties	   of	   the	   tumour-‐
suppressing	  p53-‐gene.	  When	  the	  SV40	  T-‐antigen	  is	  brought	  to	  expression	  under	  
a	  specific	  or	  inducible	  promotor	  such	  as	  albumin,	  α1-‐antitrypsin,	  serum	  amyloid	  
P	  component	  or	  antithrombin	  III,	   	   liver	  tumours	  are	  found	  after	  a	  short	  period	  
of	   latency	   (4	   to	   12	   weeks)	   (350–354).	   Metastasis	   to	   the	   lungs	   can	   occur.	  
Tumour	  progression	  is	  very	  rapid	  in	  these	  models	  and	  therefore	  differs	  radically	  
from	  the	  development	  of	  human	  tumours	  which	  progress	  more	  gradually.	  	  
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Sleeping	   Beauty	   (SB)	   is	   a	   genetically	   engineered	   insertional	   mutagenesis	  
system.	  Its	  ability	  to	  rapidly	  induce	  cancer	  in	  SB-‐transgenic	  mice	  as	  well	  as	  the	  
ease	  of	   identification	  of	   the	  mutated	  genes	  suggests	   important	  roles	   for	  SB	   in	  
the	   discovery	   of	   novel	   cancer	   genes	   (355).	   The	   range	   of	   SB-‐related	   tumours	  
extends	   from	   haematopoietic	   to	   solid	   cancers	   such	   as	   HCC.	   	   For	   the	   latter	  
Rosa26-‐LsL-‐SB11;	   T2/Onc-‐low	   copy	   mice	   are	   crossed	   with	   Albumin-‐Cre	   mice	  
and	   in	   order	   to	   increase	   susceptibility	   to	   HCC,	   mice	   can	   carry	   a	   dominant-‐
negative	  Trp53	  allele.	  Several	  male	  but	  no	  female	  mice	  develop	  HCC	  with	  lung	  
metastases	  at	  approximately	  15	  months	  of	  age	  and	  liver	  nodules	  are	  observed	  
in	  approximately	  half	  of	   these	  male	  mice	  sacrificed	  between	  3	  and	  10	  months	  
of	  age	  (356).	  	  

	  

To	   conclude,	   genetically	  modified	  mouse	  models	   are	   favourable	   to	   identify	   a	  
range	  of	  discrete	  molecular	  and	  histological	  stages	  during	  the	  multistep	  process	  
of	   hepatocarcinogenesis.	   GMMs	   harbouring	   multiple	   mutations	   allow	   the	  
investigation	   of	   cooperation	   and	   dependency	   between	   oncogenes,	   growth	  
factors	   and	   viral	   genes.	   Use	   of	   an	   inducible	   promoter	   offers	   significant	  
advantages	   because	   the	  mutation	   can	   be	   switched	   on	   and	   off	  when	   needed.	  
The	  biological	  insight	  gained	  from	  transgenic	  mice	  is	  invaluable.	  Nevertheless,	  a	  
mutation	  in	  a	  gene	  does	  not	  always	  result	   in	  the	  expected	  phenotype	  and	  the	  
phenotypic	   outcome	   can	   be	   influenced	   by	   many	   environmental	   and	   genetic	  
factors.	   It	   should	   also	   be	   stated	   that	   most	   models	   do	   not	   demonstrate	   the	  
advanced	   neoplastic	   lesions	   and	   that	   metastasis	   occurs	   only	   seldom.	   One	  
should	  also	  consider	  the	  fact	  that	  natural	  tumours	  consist	  out	  of	  a	  heterogenic	  
group	  of	  cells	  in	  which	  multiple	  mutations	  have	  occurred.	  The	  interpretation	  of	  
results	   from	   studies	   using	   GMMs	   is	   not	   always	   as	   simple,	   especially	   when	  
extrapolating	  to	  a	  human	  setting.	  
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1 General Aims 

The	   importance	   of	   angiogenesis	   in	   the	   development	   and	   progression	   of	   HCC	  
has	   long	   been	   established.	   It	   is	   therefore	   not	   surprising	   that	   inhibiting	  
angiogenesis,	   has	   opened	   up	   the	   world	   of	   therapeutic	   targets	   against	   HCC.	  
These	   angiogenic	   inhibitors	   are	   unique	   cancer-‐fighting	   agents,	   inhibiting	   the	  
growth	   of	   blood	   vessels,	   without	   directly	   targeting	   the	   tumour	   cells.	  
Unfortunately,	   recent	   studies	   have	   shown	   that	   this	   tactic	   also	   has	   a	   negative	  
side,	   since	  hypoxia	  can	   induce	  a	  more	  aggressive	   tumour	  phenotype	  and	   that	  
tumours	   tend	   to	   escape	   their	   anti-‐angiogenic	   therapy	   through	   other	  
mechanisms.	   Furthermore,	   classic	   anti-‐angiogenic	   treatment	   targets	   both	  
physiologic	  as	  pathologic	  angiogenesis,	  resulting	  in	  numerous	  adverse	  effects.	  	  

To	   assess	   new	  anti-‐angiogenic	   drugs,	   a	   representative	  mouse	  model	   for	  HCC	  
had	  to	  be	  developed.	  It	  was	  important	  that	  it	  resembled	  human	  HCC,	  not	  only	  
molecularly,	   but	   also	   in	   its	   development	   on	   a	   background	   of	   chronic	   liver	  
damage.	  Therefore,	  a	  chemically	  induced	  mouse	  model	  for	  HCC	  was	  established	  
in	  the	  first	  part	  of	  our	  study.	  

Since	   we	   will	   mainly	   focus	   on	   tumour	   growth	   and	   vascularisation,	   several	  
innovative	  imaging	  techniques	  will	  be	  validated.	  Non-‐invasive	  technology,	  such	  
as	  PET-‐CT	  imaging,	  will	  be	  verified	  as	  techniques	  to	   identify	  small	  HCC-‐lesions.	  
Furthermore,	   techniques	   for	   visualizing	   the	   tumours	  microvasculature	  will	   be	  
established.	  	  	  

The	  placental	  growth	  factor	  is	  the	  new	  kid	  on	  the	  angiogenesis	  block.	  Its	  mere	  
involvement	  in	  pathological	  angiogenesis,	  offers	  a	  unique	  potential	  in	  targeting	  
tumour	  blood	  vessels	  without	  affecting	  healthy	  tissue.	  Whether	  PlGF	  is	  involved	  
in	   the	   pathogenesis	   of	   HCC	   remains	   unknown	   and	   is	   thus,	   one	   of	   the	   key	  
research	  questions	  that	  have	  been	  investigated	  in	  the	  doctoral	  thesis.	  	  
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After	   the	   role	   of	   PlGF	   in	   the	  hepatocarcinogenesis	   has	   been	   established	   in	   a	  
transgenic	   Pgf	   knock	   out	   model,	   our	   goal	   is	   to	   assess	   whether	   monoclonal	  
antibodies	   targeting	   PlGF	   could	   serve	   as	   a	   potential	   therapy	   against	  
hepatocellular	   carcinoma.	   Since	   inhibiting	   PlGF	   is	   likely	   to	   alter	   the	   genomic	  
expression	   of	   tumours,	   a	   genomic	   expression	   signature	   of	   anti-‐PlGF	   treated	  
tumours	  will	  be	  compared	  to	  WT	  tumours.	  The	  prognostic	  and	  predictive	  value	  
of	   the	   PlGF-‐gene-‐profile	   will	   be	   validated,	   using	   genomic	   datasets	   of	   human	  
HCC.	  

Contradictory	   findings	   regarding	   the	   role	   of	   prolyl	   hydroxylase	   containing	  
domains	  in	  tumour	  progression	  and	  vascularisation,	  has	  made	  this	  factor	  a	  hot	  
research	   topic.	   Whether	   PHD2	   plays	   a	   role	   in	   the	   pathogenesis	   of	   HCC,	   is	  
unknown	   and	   has	   been	   investigated	   in	   our	   research	   project.	   The	   effect	   of	  
PHD2-‐silencing	  will	  be	  assessed	  using	  a	  heterozygous	  Phd2	  knock	  out	  model,	  in	  
which	   we	   will	   focus	   on	   angiogenesis,	   tumour	   development	   and	   hepatic	  
progenitor	  cells.	  	  
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2 Specific aims  

2.1 Develop a representative mouse model for HCC. 

- Develop	  an	  orthotopic	  mouse	  model	   in	  which	  hepatocellular	   tumours	  
develop	  as	  a	  result	  of	  chronic	  liver	  damage.	  	  
	  

- Validate	   innovative	   imaging	   techniques	   for	   investigating	   tumour	  
vascularisation,	   vascular	   morphology	   and	   tumour	   progression	   in	   an	  
orthothopic	  mouse	  model	  for	  HCC.	  
	  

- Confirm	  the	  presence	  of	  angiogenesis	  in	  this	  mouse	  model.	  

These	  objectives	  were	  assessed	  in	  the	  following	  manuscript:	  

Heindryckx	   F,	   Mertens	   K,	   Charette	   N,	   Vandeghinste	   B,	   Casteleyn	   C,	   Van	  
Steenkiste	  C,	  et	  al.	  Kinetics	  of	  angiogenic	  changes	   in	  a	  new	  mouse	  model	  for	  
hepatocellular	  carcinoma.	  Molecular	  cancer.	  2010	  Jan;	  9:219.	  	  
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2.2 Determine the role of PlGF in the pathogenesis of 
HCC 

- Assess	   whether	   administration	   of	   PlGF-‐antibodies	   could	   serve	   as	   a	  
potential	  therapy	  against	  hepatocellular	  carcinoma.	  
	  

- Investigate	   the	   involvement	   of	   PlGF	   in	   the	   tumorigenesis	   of	   HCC	  
through	   a	   transgenic	   Pgf-‐knock	   out	   model.	  
	  

- Confirm	  the	  importance	  of	  PlGF	  in	  human	  HCC-‐	  and	  cirrhotic	  patients.	  	  
	  

- Determine	  the	  gene	  expression	  profile	  of	  PlGF-‐regulated	  angiogenesis	  
in	  anti-‐PlGF	  treated	  mice.	  
	  

- Evaluate	  the	  prognostic	  and	  predictive	  value	  of	  the	  PlGF-‐gene-‐profile,	  
using	  genomic	  datasets	  of	  human	  HCC.	  
	  

These	  objectives	  were	  assessed	  in	  the	  following	  manuscripts:	  

Van	   de	   Veire,	   S.,	   Stalmans,	   I.,	   Heindryckx,	   F.,	   Oura,	   H.,	   Tijeras	   Raballand,	   A.,	  
Schmidt,	   T.,	   Loges,	   S.,	   et	   al.	   (2010).	   Further	   pharmacological	   and	   genetic	  
evidence	   for	   the	   efficacy	   of	   PlGF	   inhibition	   in	   cancer	   and	   eye	   disease.	   Cell,	  
141(1),	  178-‐190.	  	  

Heindryckx	  F.,	  Coulon	  S.,	  Terrie	  E.,	  Casteleyn	  C.,	  Laukens	  D.,	  Colle	  I.,	  Stärkel	  P.,	  
et	   al,	   The	   placental	   growth	   factor	   as	   a	   target	   against	   hepatocellular	  
carcinoma,	  submitted	  for	  publication	  in	  Hepatology	  	  
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2.3 Determine the effect of PHD2 silencing on the 
pathogenesis of hepatocellular carcinoma. 

- Assess	   the	   effect	   of	   PHD2	   silencing	   and	   up-‐regulation	   of	   HIF	   on	   the	  
hepatocarcinogenesis,	   using	   a	   transgenic	   Phd2-‐heterozygous	   knock	  
out	  mouse	  model.	  	  
	  

- Determine	   the	   effect	   of	   decreased	   degradation	   of	   HIF	   on	   the	  
differentiation	  of	  hepatic	  progenitor	  cells.	  

These	  objectives	  were	  assessed	  in	  the	  following	  manuscript:	  

Heindryckx,	   F.,	   Kuchnio,	   A.,	   Casteleyn,	   C.,	   Coulon,	   S.,	   Olievier,	   K.,	   Colle,	   I.,	  
Geerts,	   A.,	   et	   al.	   Effect	   of	   prolyl	   hydroxylase	   domain-‐2	   haplodeficiency	   on	  
hepatocarcinogenesis	  in	  mice.	  Journal	  of	  Hepatology,	  accepted	  20	  feb.	  12.	  

2.4 Determine the effect of PlGF inhibition on the 
pathogenesis of cholangiocarcinoma. 

- Assess	   whether	   administration	   of	   PlGF-‐antibodies	   could	   serve	   as	   a	  
potential	  therapy	  against	  cholangiocarcinoma.	  

This	  objective	  was	  assessed	  in	  the	  following	  manuscript:	  

Heindryckx	   F.,	   Bogaerts	   E.,	   Coulon	   S.,	   Devlies	   H.,	   Geerts	   A.,	   Libbrecht	   L.,	  
Carmeliet	   P.	   et	   al,	   Inhibition	   of	   the	   placental	   growth	   factor	   decreases	  
cholangiocarcinoma	   and	   hepatocellular	   carcinoma	   burden	   in	   a	   transgenic	  
mouse	  model,	  European	  journal	  of	  gastroenterology	  and	  hepatology,	  accepted	  
27	  apr.	  12.	  	  
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1 Angiogenic changes in a new mouse 
model for HCC 
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1.1 Abstract 

Background:	   The	   increasing	   incidence	  of	  hepatocellular	   carcinoma	   in	  Western	  
countries	   has	   led	   to	   an	   expanding	   interest	   of	   scientific	   research	   in	   this	   field.	  
Therefore,	   a	   vast	   need	   of	   experimental	   models	   that	   mimic	   the	   natural	  
pathogenesis	   of	   hepatocellular	   carcinoma	   (HCC)	   in	   a	   short	   time	   period	   is	  
present.	  The	  goal	  of	  our	  study	  was	  �	  to	  develop	  an	  efficient	  mouse	  model	  for	  
HCC	  research,	  in	  which	  tumours	  develop	  in	  a	  natural	  background	  of	  fibrosis	  and	  
�	   to	   assess	   the	   time-‐dependent	   angiogenic	   changes	   in	   the	   pathogenesis	   of	  
HCC.	  Methods:	  Weekly	   intraperitoneal	   injections	  with	   the	  hepatocarcinogenic	  
compound	   N-‐nitrosodiethylamine	   was	   applied	   as	   induction	   method	   and	  
samples	   were	   taken	   at	   several	   time	   points	   to	   assess	   the	   angiogenic	   changes	  
during	   the	   progression	   of	   HCC.	   Results:	   The	   N-‐nitrosodiethylamine-‐induced	  
mouse	  model	  provides	  well	  vascularised	  orthotopic	  tumours	  after	  25	  weeks.	  It	  
is	   a	   representative	   model	   for	   human	   HCC	   and	   can	   be	   used	   as	   an	   excellent	  
platform	  for	  the	  development	  of	  new	  therapeutic	  targets.	  	  

1.2 Introduction 

An	  efficient	  and	  representative	  mouse	  model	  is	  the	  cornerstone	  of	  a	  successful	  
experiment.	   The	   growing	   incidence	   of	   hepatocellular	   carcinoma	   (HCC)	   in	  
Western	  countries	  has	  resulted	  in	  an	  expanding	  interest	  of	  scientific	  research	  in	  
this	  field.	  Therefore,	  a	  vast	  need	  of	  experimental	  models	  that	  mimic	  the	  natural	  
pathogenesis	  of	  HCC	  in	  a	  short	  time	  period	  is	  present.	  	  

Several	   genetically	  modified	  mouse	  models	   (GMM)	   develop	   HCC	   in	   relatively	  
short	  time	  periods.	  They	  often	  represent	  only	  one	  or	  a	  few	  specific	  mutation(s),	  
while	  natural	   tumours	  are	  a	  dynamic	  environment	  consisting	  of	  a	  heterogenic	  
cell	  population	  with	  different	  genotypes	  which	  change	  over	  time	  as	  a	  response	  
to	   variable	   external	   conditions	   [1-‐3].	   Xenograft	   models	   are	   relevant	   for	   fast	  
drug	   screening	   and	   proof-‐of-‐principle	   experiments	   [4],	   but	   face	   similar	  
limitations	   as	   the	   GMMs,	   since	   only	   one	   cell	   phenotype	   is	   assessed,	   while	  
tumours	   exist	   of	   a	   large	   variety	   of	   phenotypes.	   Results	   should	   always	   be	  
interpreted	  with	  care,	  because	  introducing	  foreign	  cells	  in	  an	  animal	  system,	  as	  
done	   in	  a	  xenograft	  mouse	  model,	  creates	  an	  altered	  physiological	   interaction	  



	  

	  

97	  

between	   tumour	  and	  environment	   [5],	   leading	   to	   spectacular	   results	   that	   can	  
seldom	  be	  confirmed	  in	  cancer	  patients	  [6].	  	  

A	   compound	   often	   used	   for	   the	   chemical	   induction	   of	   HCC	   is	   N-‐
nitrosodiethylamine	   (DEN).	  DEN	   is	  metabolised	  by	  cytochrome	  P450	  enzymes,	  
which	   are	   abundantly	   present	   in	   the	   liver,	   leading	   to	   the	   formation	   of	   the	  
reactive	  ethyl	  diazonium	  ion	  [7].	  The	  latter	  holds	  the	  potential	  to	  alkylate	  DNA	  
structures,	   causing	   alterations	   in	   the	   expression	   levels	   of	   tumour	   promoting	  
and/or	   suppressing	   genes	   [8].	   Single	   injections	   of	   DEN,	   sometimes	   in	  
combination	   with	   phenobarbital	   treatment,	   are	   frequently	   used	   for	   the	  
induction	   of	   HCC	   in	   mice	   and	   rats	   and	   have	   been	   validated	   as	   a	   genetically	  
representative	  model	  for	  human	  HCC	  [9].	  However,	  it	  does	  not	  induce	  fibrosis.	  

The	   goal	   of	   our	   study	   was	   �	   to	   develop	   an	   efficient	   mouse	   model	   for	  
hepatocellular	   carcinoma	   (HCC)	   research,	   in	  which	   HCC	   develops	   in	   a	   natural	  
background	  of	  fibrosis	  and	  �	  to	  assess	  the	  time-‐dependent	  angiogenic	  changes	  
in	   the	   pathogenesis	   of	   HCC	   [10-‐11]	   since	   anti-‐angiogenic	   molecules	   are	  
currently	  a	  hot	   topic	   in	   research	  concerning	   therapies	   for	  non-‐resectable	  HCC	  
[12-‐14].	  	  

1.3 Materials & Methods 

1.3.1  Animals 

4-‐week-‐old	   male	   mice	   (129S2/SvPasCrl)	   were	   purchased	   from	   Charles	   River	  
laboratories	   (Brussels,	   Belgium).	   They	  were	   kept	   under	   constant	   temperature	  
and	  humidity	  in	  a	  12h	  controlled	  dark/light	  cycle.	  Mice	  were	  fed	  ad	  libitum	  on	  a	  
standard	   pellet	   diet.	   The	   Ethical	   Committee	   of	   experimental	   animals	   at	   the	  
Faculty	  of	  Medicine	  and	  Health	  Sciences,	  Ghent	  University,	  Belgium,	  approved	  
the	  protocols.	  	  

1.3.2  HCC induction 

5-‐week-‐old	   male	   mice	   (n	   =	   45)	   received	   intraperitoneal	   injections	   once	   per	  
week	  with	  DEN	  (35	  mg/kg	  bodyweight)	  diluted	  in	  saline	  using	  a	  0,5	  mL	  syringe	  
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with	   a	   29G	   needle.	   If	  mice	   suffered	   from	  weight	   loss	   ≥15%	   compared	   to	   the	  
previous	  week,	  an	   injection	  was	  omitted.	  The	  control	  group	  was	   injected	  with	  
an	   equal	   volume	   of	   saline	   and	   injections	   were	   randomly	   passed	   over	   in	   a	  
comparable	  quantity	  as	  in	  the	  DEN-‐group.	  

1.3.3  Tissue sampling & histology 

After	   4,	   16,	   20,	   25	   and	   30	  weeks,	   8	   animals	   per	   group	  were	   sacrificed	   under	  
isoflurane	   (Forene®)	   anaesthesia	   while	   blood	   was	   obtained	   from	   the	   carotic	  
artery.	  After	  macroscopic	  evaluation,	  all	  organs	  were	  sampled	  in	  4%	  phosphate	  
buffered	   formaldehyde	   (Klinipath,	   ref:	   4078.9020)	   and	   embedded	   in	   paraffin.	  
HCC-‐lesions	   and	  non-‐HCC-‐tissue	  were	   separately	   collected	   and	   snap	   frozen	   in	  
liquid	  nitrogen.	  Haematoxilin-‐eosin	   staining	   (H&E)	  was	  performed	   to	  evaluate	  
the	  morphological	   changes	   inflicted	  by	   the	  DEN-‐treatment.	  Sirius	  Red	  staining	  
was	   carried	   out	   to	   score	   the	   fibrotic	   stage	   of	   the	   liver.	   Reticulin	   staining	  was	  
performed	   to	   help	   identifying	   HCC-‐nodules.	   All	   stainings	   were	   done	   using	  
standard	  histology	  protocols	  and	  evaluated	  by	  an	  experienced	  pathologist.	  	  

1.3.4 Immunohistochemistry 

Immunohistochemical	  stainings	  (IHC)	  were	  used	  to	  quantify	  protein	  expression	  
levels	  inside	  HCC-‐nodules,	  tissue	  surrounding	  HCC-‐nodules	  and	  non-‐HCC	  tissue.	  	  
As	  a	  marker	  for	  angiogenesis	  specific	  monoclonal	  antibodies	  were	  used	  against	  
vascular	   endothelial	   growth	   factor	   (VEGF)	   (Santa	   Cruz	   biotechnology,	   ref	   sc-‐
152),	  CD105	   (R&D	  systems,	   ref	  AF1320)	  and	  Tie2	   (BD	  Bioscience,	   ref	  557039).	  
Tumour	  hypoxia	  was	  evaluated	  by	  staining	  for	  hypoxia	  inducible	  factor	  1	  alpha	  
(HIF1α)	   (Santa	   Cruz	   ref	   sc-‐53546)	   and	   macrophages	   were	   visualised	   using	  
F4/80-‐staining	   (AbD	  serotec,	   ref	  MCA497G).	  A	  negative	  marker	   for	  HCC,	  Fatty	  
Acid	  Binding	  Protein	   (FABP,	  Hycult	  biotechnology,	   ref	  HP8010)	  was	  used	   [15].	  
Stainings	   were	   performed	   as	   previously	   described	   [15-‐17]	   and	   were	   semi-‐
quantitatively	   measured	   by	   Olympus	   CellD	   software.	   Intercapillary	   distance	  
(ICD)	  was	  used	  as	  a	  marker	  for	  microvessel	  density,	  by	  measuring	  the	  average	  
distance	  between	  vessels	  in	  HCC-‐nodules	  on	  CD105-‐stained	  slides.	  	  
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1.3.5  Medical imaging 

Additional	  in	  vivo	  tests	  were	  performed	  using	  microPET	  imaging	  as	  non-‐invasive	  
technology.	   The	   latter	   acquisitions	  were	   performed	   using	   a	   GE	   FLEX	   Triumph	  
micro-‐PET/SPECT/CT	   scanner	   (Gamma	   Medica-‐Ideas).	   This	   state-‐of-‐the-‐art	  
scanner	   consists	   of	   a	   micro-‐PET	   module	   (LabPET8)	   with	   2×2×10	   mm3	  
LYSO/LGSO	  scintillators	  in	  an	  8-‐pixel,	  quad-‐APD	  detector	  module	  arrangement.	  
This	   system	   is	   capable	   of	   delivering	   1	   mm	   spatial	   resolution	   in	   rodents	   at	   a	  
sensitivity	  of	  4%,	  thereby	  covering	  a	  field-‐of-‐view	  of	  10	  cm	  transaxially	  by	  8	  cm	  
axially,	  while	  the	  CT	  part	  can	  scan	  structures	  down	  to	  10-‐15	  μm.	  	  The	  micro-‐CT	  
part	   consists	   of	   a	   high-‐resolution	   micro-‐CT	   tube	   with	   a	   focal	   spot	   size	  
switchable	  between	  10	  or	  50	  μm,	  combined	  with	  a	  flat-‐panel	  CsI	  detector.	  

Animals	   were	   injected	   with	   18,5	   MBq	   of	   [18F]-‐fluoromethylcholine	  
([18F]FMCH)	   (Laboratory	   of	   Radiopharmacy,	   Ghent,	   Belgium)	   [18-‐19]	  
immediately	  prior	   to	   their	  microPET	  scan	  on	   the	  camera	  bed	  at	   the	   start	  of	  a	  
dynamic	   acquisition.	   Frames	   of	   15x20sec	   and	   5x5min	   were	   accordingly	  
sequentially	   recorded.	   	   For	   anatomical	   localisation,	   a	   microCT-‐scan	   was	  
sequentially	  acquired	  using	  256	  projections	  over	  360	  degrees	  at	  70	  kVp/180	  µA	  
and	  1,3	  magnification	  with	  a	  spot	  size	  of	  50	  μm.	  This	  results	  in	  a	  scanning	  time	  
below	   2	   minutes,	   whilst	   keeping	   the	   radiation	   dose	   at	   20	   –	   25	   mGy.	   This	  
radiation	   dose	   is	   sufficiently	   low	   enough	   to	   allow	   for	   follow-‐up	   studies.	   The	  
resulting	   PET	   data	   were	   reconstructed	   using	   30	   iterations	   of	   the	   Maximum	  
Likelihood	  Expectation	  Maximisation	  algorithm	   in	  160x160x63	   images	  of	  0,5	  x	  
0,5	   x	   1,175	   mm	   voxel	   size	   and	   no	   posteriori	   3D	   filtering	   was	   applied.	   	   CT-‐
reconstruction	   was	   straightforward	   analytical.	   	   All	   images	   were	   fused	   and	  
analysed	  with	  VIVID	  (Amira	  ®,	  San	  diego,	  USA).	  

Vascular	   corrosion	   casts	   (VCC)	   were	   obtained	   by	   perfusing	   Batson	   n°17	  
(Polysciences	   ref:	   07349)	   through	   the	   aorta	   (arterial	   casts)	   or	   vena	   ileocolica	  
(venous	  cast);	  and	  dissolving	  soft	  tissue	  in	  KOH.	  The	  VCC	  were	  then	  scanned	  in	  
the	  micro-‐CT	   scanner,	   after	   which	   the	   reconstructed	   dataset	   was	   segmented	  
before	  generating	  3D	  surface	  models.	  In	  order	  to	  assess	  the	  VCC	  with	  scanning	  
electron	   microscopy	   (SEM),	   the	   relevant	   parts	   were	   cut	   off	   and	   coated	   with	  
platinum.	  
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1.3.6  Protein expression 

Alterations	  in	  protein	  levels	  of	  angiogenic	  factors	  in	  HCC-‐tissue	  were	  measured	  
by	   ELISA	   [20].	   Placental	   growth	   factor	   (PlGF)	   (Mouse	   PlGF-‐2	  Quantikine	   ELISA	  
Kit,	   R&D	   Biosystems)	   and	   VEGF	   (Mouse	   VEGF	   Quantikine	   ELISA	   Kit,	   R&D	  
Systems)	  were	  measured	   in	   liver	  tissue	  and	   in	  serum.	  Protein	   levels	  of	  soluble	  
VEGF	   receptor	   1	   (sVEGFR1)	   (Mouse	   sVEGF	   R1/Flt-‐1	  Quantikine	   ELISA	   Kit	   R&D	  
Biosystems)	   were	   measured	   in	   serum.	   To	   normalise	   the	   total	   protein	  
concentration	   in	   the	   samples,	   a	   normalisation	   factor	   was	   determined	   by	   a	  
Biorad	  RC/DC	  Protein	  Assay	  kit.	  

1.3.7  Statistics 

Data	   were	   statistically	   analysed	   with	   SPSS16.	   Datasets	   were	   tested	   for	  
normality	   using	   the	   Kolmogorov-‐Smirnov	   test	   before	   further	   analysis.	  
Parametric	  data	  were	  subjected	  to	  a	  student’s	  t-‐test	  to	  evaluate	  the	  difference	  
between	   the	   DEN	   and	   control	   group.	   Data	   that	   did	   not	   show	   a	   normal	  
distribution	   were	   tested	   with	   the	   non-‐parametric	   Mann-‐Whitney-‐U	   test.	   A	   p	  
value	   of	   <0.05	   was	   considered	   statistically	   significant.	   Correlations	   were	  
calculated	  using	  the	  Pearson	  correlation	  test.	  	  

1.4 Results 

1.4.1  Macroscopic evaluation 

Significant	   lower	   weight	   (p<0,001)	   was	   observed	   between	   adult	   DEN-‐mice	  
(25,26	   g	   (±	   0,49))	   and	   control	   mice	   (31,28	   g	   (±	   0,91))	   at	   25W.	   Macroscopic	  
evaluation	   of	   the	   liver	   revealed	   tumours	   at	   20W	   (2,6	   (±2,66)	   tumours/liver),	  
25W	  (6,81	  (±	  1,69)	  tumours/liver)	  and	  30W	  (12,9	  (±	  2,17)	  tumours/liver)	  (figure	  
1).	  	  	  
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Fig	   1:	  macroscopic	   HCC-‐lesions	   at	   different	   time	   points	   throughout	   the	   experiment.	  
Asterisks	  («)	  represent	  the	  significant	  P-‐values	  of	  	  the	  control	  group	  compared	  to	  DEN-‐
groups	  (««	  =	  p<0,01	  and	  «««	  =	  p	  <	  0,001).	  

1.5 Microscopic evaluation 

1.5.1 HCC progression 

H&E	   staining	   showed	   dysplastic	   changes	   at	   20W,	   25W	   and	   30W.	   Small	   cell	  
dysplasia	  was	  frequently	  found	  throughout	  the	  liver	  and	  readily	  distinguishable	  
nodules	  of	  neoplasia	  were	  seen	  at	  25W	  and	  30W	  (figure	  2).	  These	  nodules	  were	  
confirmed	   as	  HCC	  using	   reticulin	   staining	   and	  HE	   (and	   immunohistochemistry	  
for	   FABP).	   	   HCC	   nodules	  were	   identified	   and	  measured	   on	   reticulin	   and	   H&E	  
stained	   histological	   slides.	   Tumour	   burden	   (size	   x	   number)	   increased	  
significantly	  during	  DEN-‐treatment	   (figure	  2).	  Sirius	   red	  staining	  demonstrated	  
the	   fibrotic	   action	   of	   DEN,	   with	   time-‐dependent	   increase	   of	   Metavir-‐score	  
(figure	  3),	  while	  controls	  did	  not	  show	  any	  fibrotic	  septa.	  	  	  



	  

	  

102	  

	  

Figure	  2:	  Mean	  HCC	  burden	  at	  different	  time	  points	  and	  representative	  pictures	  of	  H&E	  
stained	  	  HCC-‐nodules	  

	  
Figure	  3:	  representative	  pictures	  of	  fibrosis	  in	  non–tumorous	  tissue	  on	  sirius	  red	  staining	  
(top),	   inflammatory	   foci	   on	   H&E	   staining	   (middle)	   and	   macrophages	   on	   F4/80	  
immunohistochemistry	  (bottom)	  	  
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A	   time-‐dependent	   increase	   in	   FABP-‐negative	   spots	   was	   seen	   throughout	   the	  
experiment	   (figure	   4).	   While	   parts	   of	   the	   liver	   were	   FABP-‐negative,	   some	  
hepatocytes	   had	   an	   increased	   FABP-‐expression	   in	   the	   DEN-‐treated	   groups	  
whereas	   control	   livers	   showed	   a	   homogenous	   expression	   (figure	   4).	   FABP	  
(p<0,001)	   was	   significantly	   down	   regulated	   in	   all	   the	   DEN-‐treated	   groups	  
compared	  to	  the	  control	  group	  (figure	  4).	  

	  

Figure	   4:	   percentage	   of	   FABP-‐negative	   sites	   and	   representative	   pictures	   of	   the	   IHC	  
staining.	  Asterisks	  («)	  represent	  the	  significant	  p-‐value	  of	  	  the	  control	  group	  compared	  
to	  DEN-‐groups	  («««	  =	  p	  <	  0,001).	  	  

1.5.2 Inflammation and fibrosis 

The	   number	   and	   size	   of	   inflammatory	   foci	   significantly	   increases	   after	   20W	  
(p<0,001	  and	  p<0,05),	  25W	  (p<0,001	  and	  p<0,05)	  and	  30W	  DEN	  (p<0,001	  and	  
p<0,05)	  compared	  to	  control	   livers	  (figure	  3	  and	  5).	   	  This	  was	  accompanied	  by	  
an	  increased	  abundance	  of	  Kuppfer	  cells	  in	  and	  around	  HCC,	  as	  well	  as	  in	  non-‐
HCC	  tissue	  (figure	  3).	  Compared	  to	  non-‐HCC	  tissue,	  the	  expression	  of	  F4/80	  was	  
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significantly	  upregulated	  after	  16W	  (p<0,01),	  20W	  (p<0,05),	  25W	  (p<0,001)	  and	  
30W	  (p<0,001)	  in	  HCC,	  and	  in	  the	  surrounding	  matrix	  of	  HCC-‐lesions	  (p<0,001)	  
(figure	  5).	  	  

Figure	  5:	  Top:	  mean	  number	  (left)	  and	  size	  (right)	  of	  inflammatory	  foci	  at	  different	  time	  
points.	  Bottom:	  expression	  of	  F4/80	  on	  immunohistochemistry.	  Asterisks	  («)	  represent	  
the	   significant	   P-‐value	   of	   the	   difference	   between	   expression	   inside	   and	   around	   HCC-‐
nodules	  compared	  to	  non-‐tumour	  tissue	  in	  DEN-‐treated	  livers	  («	  =	  p	  <	  0,05,	  ««	  =	  p	  <	  
0,01,	  «««	  =	  p	  <	  0,001).	  	  
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1.5.3 Angiogenesis  

VEGF-‐expression	   was	   more	   promintent	   inside	   HCC-‐nodules	   (figure	   6	   and	   7)	  
than	   in	   the	  surrounding	  matrix,	   yet	  both	  were	  significantly	   increased	   (p<0,01)	  
after	   20W,	   25W	   and	   30W	  DEN	   compared	   to	   adjacant	   non-‐HCC	   tissue.	   VEGF-‐
levels	   were	   significantly	   increased	   inside	   HCC-‐nodules	   compared	   to	   controls	  
after	   25W	   (p<0,05)	   and	   30W	  DEN	   (p<0,05)	   (table	   1).	   The	   expression	   of	   VEGF	  
was	   correlated	   (r=0,68,	   p<0,001)	   with	   HIF1-‐α	   levels.	   HIF1-‐α	   levels	   were	  
significantly	  upregulated	   in	  and	  around	   tumour	   tissue	  at	  20W	  (p<0,001),	  25W	  
(in:	   p<0,001;	   around:	   p<0,05)	   and	   30W	  DEN	   (p<0,001)	   compared	   to	   adjacant	  
non-‐HCC	   tissue	   (figure	   6	   and	   7).	   Non-‐HCC	   tissue	   was	   hypoxic	   after	   16W	  
(p<0,01),	   25W	   (p<0,01)	   and	   30W	   (p<0,001)	   of	   DEN	   compared	   to	   healthy	  
controls	  (table	  1).	  The	  increased	  HIF1-‐α	  expression	  was	  more	  prominent	  inside	  
HCC-‐nodules	   than	   in	   surrounding	   matrix	   (figure	   6),	   the	   latter	   being	  
characterised	  by	  a	  major	   increase	   in	  vascularisation	  after	  20W,	  25W	  and	  30W	  
of	   DEN	   compared	   to	   non-‐tumour	   tissue	   (p<0,001).	   CD105	  was	   also	   increased	  
inside	  HCC-‐lesions	  after	  20W	  (p<0,05),	  25W	  (p<0,001)	  and	  30W	  (p<0,01)	  (figure	  
6	  and	  7),	  implicating	  an	  increased	  intratumoural	  neovascularisation,	  confirmed	  
by	   ICD	   (figure	   8).	   The	   ICD	   decreased	   at	   20W	   and	   25W,	   verifying	  
neovascularisation;	  an	   increase	  was	  seen	  at	  30W	  (figure	  8).	  Differences	  of	   ICD	  
were	   statistically	   significant	   between	   all	   groups	   (p<0,001).	   DEN-‐induced	   HCC-‐
lesions	   showed	   an	   increased	   expression	   of	   Tie2	   which	   was	   higher	   in	   HCC-‐
surrounding	  tissue	  than	  inside	  HCC-‐nodules	  (figure	  6).	  Tie2	  was	  significantly	  up-‐
regulated	   around	   HCC	   after	   20W	   (p<0,01),	   25W	   (p<0,001)	   and	   30W	   (p<0,01)	  
compared	  to	  non-‐HCC	  tissue,	  and	  inside	  HCC	  after	  25W	  (p<0,001)	  and	  30W	  DEN	  
(p<0,01	   (figure	  7,	   table	  1).	   	  TIE2-‐expression	  was	  correlated	   (r	  =	  0,58,	  p<0,001)	  
with	  macrophage	  recruitment	  (F4/80-‐staining).	  	  
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Table	  1:	  Summary	  of	  %	  IHC-‐positive	  staining	  of	  TIE2,	  VEGF,	  HIF1-‐a,	  CD105	  and	  F4/80	  in	  
tumour,	  peritumoural	  and	  non-‐tumour	  tissue	  of	  mice	   injected	  with	  DEN	  for	  16W,	  20W	  
and	  25W.	  	  	  

	  

	  

	  

	  

	  

Inside tumour
16W 20W 25W 30W

Av (%) SEM p Av (%) SEM p Av (%) SEM p Av (%) SEM p
TIE2 0,75 0,68 NS 8,81 2,52 NS 13,24 1,53<0,01 9,17 1,84 NS
VEGF 6,74 2,09 <0,05 16,91 3,28 <0,001 27,72 3,42<0,001 33,50 8,16 <0,01
HIF1-a 3,79 0,57 <0,001 5,49 0,48 <0,001 7,63 0,37<0,001 11,47 0,50 <0,001
CD105 6,29 2,88 NS 10,40 1,70 <0,001 15,08 1,44<0,001 12,57 1,75 <0,001
F4/80 3,12 0,30 <0,001 5,70 1,25 <0,001 6,16 0,46<0,001 3,21 0,30 <0,001

Surrounding tumour
16W 20W 25W 30W

Av (%) SEM p Av (%) SEM p Av (%) SEM p Av (%) SEM p
TIE2 0,36 0,68 NS 12,35 2,37 <0,05 17,63 2,52<0,01 13,30 2,89 <0,05
VEGF 8,06 2,09 <0,01 10,35 1,92 <0,001 26,56 4,23<0,001 30,01 7,39 <0,001
HIF1-a 1,51 0,70 <0,01 1,43 0,17 <0,001 1,67 0,19<0,001 3,20 0,17 <0,001
CD105 5,17 2,49 NS 13,68 0,88 <0,001 17,14 1,77<0,001 21,94 3,24 <0,001
F4/80 5,82 0,37 <0,001 10,78 0,50 <0,001 13,92 0,72<0,001 10,24 0,98 <0,001

Non-tumour
16W 20W 25W 30W

Av (%) SEM p Av (%) SEM p Av (%) SEM p Av (%) SEM p
TIE2 4,77 1,75 NS 4,33 1,36 NS 3,90 0,62 NS 2,95 0,83 NS
VEGF 4,50 0,88 NS 2,80 0,73 NS 4,19 0,85 NS 8,72 1,60 <0,01
HIF1-a 1,04 0,16 <0,01 0,38 0,12 NS 0,98 0,19<0,01 2,53 0,08 <0,001
CD105 3,74 0,68 NS 6,06 0,74 <0,05 5,36 0,48<0,001 4,40 0,31 <0,05
F4/80 0,87 0,27 NS 1,62 0,37 <0,05 2,43 0,28<0,01 1,44 0,16 <0,01

Table 1: average protein expression in DEN-treated liver determined  with immunohistochemistry 

by measuring DAB-posi ve staining.  P-values were calculated for the difference with healthy liver 

protein levels.
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TIE2 0,75 0,68 NS 8,81 2,52 NS 13,24 1,53<0,01 9,17 1,84 NS
VEGF 6,74 2,09 <0,05 16,91 3,28 <0,001 27,72 3,42<0,001 33,50 8,16 <0,01
HIF1-a 3,79 0,57 <0,001 5,49 0,48 <0,001 7,63 0,37<0,001 11,47 0,50 <0,001
CD105 6,29 2,88 NS 10,40 1,70 <0,001 15,08 1,44<0,001 12,57 1,75 <0,001
F4/80 3,12 0,30 <0,001 5,70 1,25 <0,001 6,16 0,46<0,001 3,21 0,30 <0,001
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Av (%) SEM p Av (%) SEM p Av (%) SEM p Av (%) SEM p
TIE2 0,36 0,68 NS 12,35 2,37 <0,05 17,63 2,52<0,01 13,30 2,89 <0,05
VEGF 8,06 2,09 <0,01 10,35 1,92 <0,001 26,56 4,23<0,001 30,01 7,39 <0,001
HIF1-a 1,51 0,70 <0,01 1,43 0,17 <0,001 1,67 0,19<0,001 3,20 0,17 <0,001
CD105 5,17 2,49 NS 13,68 0,88 <0,001 17,14 1,77<0,001 21,94 3,24 <0,001
F4/80 5,82 0,37 <0,001 10,78 0,50 <0,001 13,92 0,72<0,001 10,24 0,98 <0,001

Non-tumour
16W 20W 25W 30W

Av (%) SEM p Av (%) SEM p Av (%) SEM p Av (%) SEM p
TIE2 4,77 1,75 NS 4,33 1,36 NS 3,90 0,62 NS 2,95 0,83 NS
VEGF 4,50 0,88 NS 2,80 0,73 NS 4,19 0,85 NS 8,72 1,60 <0,01
HIF1-a 1,04 0,16 <0,01 0,38 0,12 NS 0,98 0,19<0,01 2,53 0,08 <0,001
CD105 3,74 0,68 NS 6,06 0,74 <0,05 5,36 0,48<0,001 4,40 0,31 <0,05
F4/80 0,87 0,27 NS 1,62 0,37 <0,05 2,43 0,28<0,01 1,44 0,16 <0,01

Table 1: average protein expression in DEN-treated liver determined  with immunohistochemistry 

by measuring DAB-posi ve staining.  P-values were calculated for the difference with healthy liver 

protein levels.



	  

	  

107	  

	  

Figure	   6:	   Representative	   pictures	   of	   immunohistochemical	   stainings	   for	   Tie2,	   VEGF,	  
HIF1α	   and	   CD105	   in	   healthy	   liver,	   20W	   DEN	   (tumour	   tissue)	   and	   30W	   DEN	   (tumour	  
tissue).	  	  
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Figure	  7:	  Top:	  Tie2	  expression	   (left)	  and	  VEGF	  expression	   (right).	  Bottom:	  HIF1-‐α	   (left)	  
and	   CD105	   (right).	   Asterisks	   («)	   represent	   the	   significant	   P-‐value	   of	   the	   difference	  
between	  expression	   inside	  and	  around	  HCC-‐nodules	  compared	  to	  non-‐tumour	  tissue	   in	  
DEN-‐treated	  livers	  («	  =	  p	  <	  0,05,	  ««	  =	  p	  <	  0,01,	  «««	  =	  p	  <	  0,001).	  	  
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Figure	  8:	  	  Left:	  mean	  intercapillary	  distances	  at	  different	  time	  points,«««	  =	  p	  <	  0,001.	  
Right:	  measurement	  of	  ICD.	  	  

1.5.4 Medical imaging 

Preliminary	  results,	  illustrated	  by	  Figure	  9	  suggest	  that	  these	  tumours	  could	  be	  
visualised	   by	   [18F]FMCH	   PET	   imaging;	   and	   that	   this	   technique	   is	   useful	   for	  
follow	  up	  studies.	  A	  short	   follow	  study	   (25W	  –	  35W)	  was	  conducted	  on	  mice.	  
An	   increased	   uptake	   was	   seen	   at	   the	   sequential	   measurements,	   which	  
correlates	  with	  their	   increased	  tumour	  burden.	  However,	  further	  confirmation	  
in	  larger	  groups	  is	  needed.	  	  

The	   combination	   of	   VCC	   and	   CT-‐scanning	   revealed	   the	   chaotic	   pattern	   and	  
dishierarchical	   organisation	   of	   tumour	   vessels	   (figure	   10).	   The	   SEM-‐images	  
provide	  further	  insight	  in	  the	  microvasculature	  (figure	  10),	  showing	  the	  tumour	  
vessel	   abnormality	   and	   visualising	   two	   mechanisms	   of	   neovascularisation,	  
pruning	  and	  intussusceptive	  angiogenesis	  (figure	  11).	  
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Figure	   9:	   Top:	   PET-‐images	   of	   mice	   at	   30	   weeks,	   static	   reconstruction	   of	   a	   30	   min	  
acquisition.	   Bottom:	   normalised	   counts	   of	   F[18]MCH	   uptake	   during	   a	   follow-‐up	   study	  
(n=1).	  
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Figure	  10:	  Top:	  3D	  reconstructions	  of	  vascular	  corrosion	  castings.	  	  Middle:	  SEM-‐images	  
of	  venous	  corrosion	  castings.	  Bottom:	  SEM-‐images	  of	  arterial	  corrosion	  castings.	  	  

	  

Figure	  11:	  Left:	  sprouting	  angiogenesis	  Right:	  intussusceptive	  angiogenesis	  
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1.5.5 Protein expression 

PlGF	  and	  VEGF	  are	  important	  factors	  involved	  in	  tumour	  angiogenesis	  and	  were	  
significantly	   upregulated	   in	   liver	   tissue	   at	   16W	   (respectively	   p<0,05	   and	  
p<0,001),	   20W	   (p<0,05	   and	   p<0,01)	   and	   tumour	   tissue	   samples	   at	   25W	   DEN	  
(p<0,05	  and	  p<0,01).	  The	  up-‐regulation	  of	  PlGF	  was	  more	  prominent	  in	  tumour	  
tissue	  at	  30W	  with	  an	  average	  of	  422,28	  pg/mg	  (±76,99)	  PlGF	  compared	  to	  the	  
2,90	  pg/mg	  (±0,77)	  PlGF	  detected	  in	  the	  control	  group	  (p<0,001)	  (figure	  12).	  	  

In	   serum,	   the	   PlGF	   protein	   levels	   were	   significantly	   upregulated	   at	   16W	  
(p<0,05),	   25W	   (p<0,05)	   and	  30W	   (p<0,01)	  with	   similar	   results	   as	   seen	   in	   liver	  
tissue	   (figure	   12).	   VEGF	   levels	   were	   upregulated	   at	   25W	   (p<0,05)	   and	   30W	  
(p<0,05).	   	  There	  was	  a	  slight	   increase	  of	  sVEGFR1	  at	  30W	  DEN	  treatment,	  but	  
no	  significant	  difference	  was	  seen	  between	  controls	  and	  25W	  DEN	  (figure	  12).	  

	  

Figure	   12:	   Left:	   protein	   concentrations	   in	   liver	   tissue,	   determined	   by	   ELISA.	   Right:	  
protein	   concentrations	   in	   serum,	   determined	   by	   ELISA.	   Asterisks	   («)	   represent	   the	  
significant	  P-‐value	  of	  the	  difference	  between	  DEN-‐treated	  groups	  and	  controls.	  («	  =	  p	  <	  
0,05,	  ««	  =	  p	  <	  0,01,	  «««	  =	  p	  <	  0,001).	  
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1.6 Discussion 

Animal	   models	   can	   provide	   essential	   knowledge	   about	   the	   pathogenesis	   of	  
hepatocellular	   carcinoma,	   particularly	   when	   they	   mimic	   the	   environment	   in	  
which	   human	   tumours	   develop.	   N-‐nitrosodiethylamine	   has	   been	   shown	   to	  
induce	   tumours,	   which	   are	   molecularly	   similar	   to	   human	   HCC	   with	   poor	  
prognosis	   [9].	   Yet,	   the	   major	   drawback	   is	   the	   long	   time	   needed	   for	   tumour	  
progression	   [21-‐26].	   The	  macroscopic	  and	  microscopic	  evaluation	  of	   tumours,	  
PET-‐CT	   images	   and	   histopathological	   analysis	   confirmed	   the	   presence	   of	   HCC	  
after	  25	  weeks	   in	  our	  mouse	  model.	  While	  most	  DEN-‐induced	  models	   take	  at	  
least	   1	   year	   to	   develop	   tumours,	   weekly	   intraperitoneal	   injections	   with	   35	  
mg/kg	   DEN	   give	   rise	   to	   relatively	   fast	   tumour	   occurrence	   in	   a	   background	   of	  
fibrosis.	   Since	   HCC	   is	   known	   to	   be	   a	   hypervascularised	   tumour,	   and	   recent	  
therapies	  have	   focused	  on	   inhibiting	   angiogenesis,	  we	  have	   studied	   the	   time-‐
dependent	   changes	   in	   angiogenic	   and	   inflammatory	   factors	   in	   this	   mouse	  
model.	  	  

Previous	   studies	  with	   several	   DEN-‐induced	   rat	   and	  mice	  models,	   have	   shown	  
that	  the	  expression	  level	  of	  FABP	  is	  decreased	  in	  DEN-‐induced	  liver	  lesions	  [15,	  
27].	   L-‐FABP	   is	   induced	   in	   mitotic	   hepatocytes	   and	   studies	   with	   transfected	  
hepatoma	   cell	   lines	   have	   shown	   that	   a	   high	   expression	   of	   L-‐FABP	   stimulates	  
DNA-‐synthesis.	   However,	   L-‐FABP	   also	   binds	   growth	   inhibitory	   prostaglandins	  
with	   high	   affinity	   and	   the	   inhibitory	   potency	   of	   these	   substances	   correlated	  
with	   their	   binding	   affinity	   to	   L-‐FABP.	   Previous	   data	   thus	   seem	   contradictory,	  
with	  an	  elevated	  expfression	  of	  L-‐FABP	  in	  AAF-‐induced	  early	  HCC	  and	  decreased	  
L-‐FABP	   levels	   at	   later	   stages	   of	   liver	   carcinogenesis,	   including	   hepatocellular	  
carcinomas.	   However,	   in	   a	   DEN-‐model	   it	   has	   been	   shown	   that	   that	   L-‐FABP-‐
negative	   foci	   have	   a	   larger	   growth	   potential	   compared	   to	   other	   foci	   in	   DEN-‐
treated	  rats	  [15].	  	  

Consequently,	   the	   FABP-‐expression	   was	   measured	   as	   a	   parameter	   for	   HCC-‐
development.	  Even	  after	  a	  relatively	  short	  period	  of	  DEN	  administration	  (16W)	  
significant	   decrease	   in	   FABP-‐expression	   is	   seen	   compared	   to	   controls.	   After	  
25W	  DEN	  large	  FABP-‐negative	   lesions	  appear	  throughout	  the	   liver,	  alternating	  
with	   small	   FAPB-‐positive	   regions,	  while	   control	   tissue	   showed	   a	   homogenous	  
expression.	  However,	  keeping	   in	  mind	  the	  previous	  contradictory	  results	  on	  L-‐
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FABP	  as	  a	  marker	  for	  HCC,	  more	  studies	  are	  needed	  to	  confirm	  the	  use	  of	  FABP	  
as	  a	  negative	  marker	  for	  HCC.	  	  

DEN-‐injections	   also	   gave	   rise	   to	   increased	   inflammation,	   confirmed	   by	   H&E	  
staining,	   as	   well	   as	   F4/80,	   which	   is	   a	   marker	   for	   Kuppfer	   cells.	   Activation	   of	  
Kupffer	   cells	   leads	   to	   the	   release	   of	   cytokines,	   reactive	   oxygen	   species,	   and	  
platelet	   activating	   factors,	   which	   are	   involved	   in	   the	   angiogenic	   switch.	  
Furthermore,	   the	  chronic	   inflammation	  causes	  hepatocyte	  damage,	   leading	   to	  
fibrosis	  as	  seen	  on	  the	  sirius	  red	  staining.	  	  In	  our	  study	  we	  showed	  that	  Tie2	  is	  
upregulated	  in	  the	  fibrotic	  matrix	  surrounding	  the	  HCC-‐lesions,	  which	  was	  also	  
characterised	   by	   increased	   macrophage	   infiltration,	   confirming	   Tie2’s	  
correlation	   with	   hepatic	   inflammation.	   In	   addition,	   Tie2	   is	   a	   receptor	   for	  
angiopoetins,	  which	  play	   an	   important	   role	   in	   angiogenesis.	   Furthermore,	   the	  
presence	   of	   fibrosis	   creates	   an	   increased	   intrahepatic	   vascular	   resistance	   and	  
impairs	   oxygen	   diffusion,	   resulting	   in	   hypoxia,	   which	   is	   the	   onset	   for	   the	  
angiogenic	   switch.	   This	   is	   supported	   by	   our	   findings	   HIF1-‐α	   and	   VEGF	   levels	  
were	   increased	   in	   the	   fibrotic	   non-‐HCC	   tissue	   after	   DEN-‐treatment.	   The	  
increased	  expression	  of	  HIF1α	  inside	  tumour	  nodules,	  confirms	  the	  vast	  oxygen	  
need	   of	   the	   malignant	   hepatocytes.	   To	   fulfil	   that	   requirement,	   tumour	   cells	  
start	   expressing	   angiogenic	   factors,	   such	   as	   VEGF	   and	   PlGF,	   inducing	   the	  
angiogenic	  switch.	  	  

Up	   till	   now,	   VEGF	   was	   one	   of	   the	   key	   targets	   in	   angiogenesis	   research,	   but	  
recently	   PlGF	   gained	   interest	   because	   its	   association	   with	   pathological	  
conditions.	  PlGF	  levels	  are	  known	  to	  be	  elevated	  in	  a	  variety	  of	  cancers	  [28-‐33]	  
and	  is	  associated	  with	  poor	  prognosis	   in	  HCC	  [34].	  The	  upregulation	  of	  PlGF	  in	  
this	   DEN-‐model	   supports	   the	   theory	   that	   PlGF	   plays	   an	   essential	   role	   in	   the	  
angiogenesis	  of	  HCC.	  Protein	  levels	  of	  sVEGFR1,	  an	  important	  inhibitor	  for	  VEGF	  
and	  PlGF,	  did	  not	  significantly	  alter,	  suggesting	  that	  the	  increase	  of	  angiogenic	  
factors	   was	   physiologically	   relevant.	   Thus,	   the	   increase	   of	   angiogenic	   factors	  
(VEGF,	   PlGF	   and	   Tie2)	   resulted	   in	   an	   increased	   neovascularisation.	   The	   IHC-‐
results	   of	   the	   CD105-‐staining	   revealed	   a	   low	  CD105-‐expression	   in	   the	   normal	  
endothelial	  cells	  of	  the	  liver	  and	  was	  upregulated	  in	  the	  malignant	  liver	  lesions	  
at	   20W,	   consistent	   with	   previous	   studies	   [17].	   The	   intercapillary	   distances	  
significantely	  decreased	  after	  25W	  DEN,	  verifying	  neovascularisation;	  although	  
an	  increase	  was	  seen	  at	  30W	  supporting	  the	  theory	  that	  malignant	  hepatocytes	  
tend	  to	  outgrow	  their	  vascular	  supply	  and	  become	  accostumed	  to	  hypoxia.	  This	  
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upregulation	   of	   CD105	   was	   more	   prominent	   around	   HCC-‐lesions,	   suggesting	  
that	   the	   newly	   formed	   vessels	   form	   a	   circumferential	   mantle	   around	   the	  
tumours.	   This	  was	   confirmed	   by	   the	   CT-‐reconstructions	   of	   the	   vascular	   casts.	  
SEM-‐images	   demonstrate	   the	   presence	   of	   neo-‐angiogenesis,	   by	   visualising	  
budding	   and	   intussusceptive	   angiogenesis.	   Furthermore,	   the	   images	   illustrate	  
the	   overall	   microvascular	   abnormality	   of	   DEN-‐treated	   livers.	   Thus,	   the	  
combination	   of	   casting	   and	   micro-‐CT	   imaging	   provides	   unique	   data	   on	   the	  
hepatic	   circulation	   and	   neovascularisation.	   It	   allows	   to	   digitally	   visualise	   the	  
complex	  architecture	  of	   the	   liver	  blood	  vessels	  and	   to	  provide	  high-‐resolution	  
data	  for	  qualitative	  morphological	  analysis.	  

During	   this	   study	  we	  have	   established	   a	   new	  mouse	  model	   for	  HCC,	  which	   is	  
considerably	   faster	   than	   current	   chemically	   induced	   models	   and	   has	   the	  
advantage	   of	   tumour	   progression	   occurring	   in	   a	   background	   of	   inflammation	  
and	   fibrosis.	   Furthermore,	   angiogenic	   factors	  were	   assessed	   at	   different	   time	  
points,	   to	   provide	   important	   information	   about	   the	   kinetic	   changes	   of	  
angiogenic	   factors	   during	   HCC	   progression.	   Moreover,	   several	   innovative	  
imaging	  techniques	  were	  applied,	  not	  only	  to	  assess	  tumour	  growth,	  but	  also	  to	  
provide	  further	  insight	  in	  microvascular	  alterations	  HCC	  livers.	  
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2 Pharmacological PlGF inhibition 
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2.1 Introduction 

Placental	   growth	   factor	   (PlGF)	   is	   a	   VEGF-‐homologue.	   Genetic	   studies	   in	   two	  
independently	   generated	   PlGF-‐/-‐	   mouse	   lines	   identified	   a	   role	   for	   PlGF	   in	  
ischemic,	   inflammatory	   and	  malignant	   disease	   (Carmeliet	   et	   al.,	   2001;	   Cheng	  
and	  Sefton,	  2009;	  Cheung	  et	  al.,	  2009;	  Fischer	  et	  al.,	  2008;	  Luttun	  et	  al.,	  2002a;	  
Oura	   et	   al.,	   2003;	   Van	   Steenkiste	   et	   al.,	   2009;	   Yano	   et	   al.,	   2008;	   Yoo	   et	   al.,	  
2009).	   PlGF	   induces	   responses	   in	   endothelial,	   malignant,	   immune,	   marrow	  
progenitor	  and	  other	  cells	   (Fischer	  et	  al.,	  2008).	  PlGF	  binds	   to	  VEGFR1	  and	   its	  
co-‐receptor	  neuropilin-‐1	  (NP1).	  While	  VEGFR1	  may	  act	  as	  a	  trap	  for	  VEGF	  (Park	  
et	  al.,	  1994),	  it	  also	  transmits	  signals	  in	  response	  to	  PlGF	  via	  its	  tyrosine	  kinase	  
(TK)	   domains	   (Autiero	   et	   al.,	   2003;	   Landgren	   et	   al.,	   1998).	   The	   role	   of	   Flt1	   in	  
cancer	  remains	  controversial,	  but	  the	  majority	  of	  studies	  report	  that	  inhibition	  
or	   silencing	   of	   VEGFR1	   blocks	   tumour	   growth	   and	   metastasis.	   In	   mice	  
expressing	  a	   signalling-‐dead	  VEGFR1	  without	   (TK)	  domains	   (Flt1-‐TK-‐/-‐),	   tumour	  
growth	  and	  metastasis	  were	   inhibited	   (Hiratsuka	  et	  al.,	  2001;	  Hiratsuka	  et	  al.,	  
2002;	  Kerber	  et	  al.,	  2008;	  Murakami	  et	  al.,	  2008)	  or	  not	  affected	  (Dawson	  et	  al.,	  
2009).	  	  

An	   increasing	  number	  of	   clinical	   studies	   shows	   that	  PlGF	   levels	   correlate	  with	  
poor	  prognosis	  of	  diverse	  types	  of	  cancers,	   including	  hepatocellular	  (Ho	  et	  al.,	  
2006),	   colorectal	   (Wei	  et	   al.,	   2005),	   renal	   (Matsumoto	  et	   al.,	   2003)	  and	  other	  
cancer	   types.	   In	   some	  cancers,	   PlGF	  expression	   can	  be	  epigenetically	   silenced	  
(Xu	  and	  Jain,	  2007).	  PlGF	  levels	  are	  also	  upregulated	  in	  cancer	  patients	  treated	  
with	   VEGF-‐inhibitors	   (Ebos	   et	   al.,	   2007;	   Willett	   et	   al.,	   2009).	   Elevated	   PlGF	  
expression	  in	  tumour	  or	  stromal	  cells	  promotes	  tumour	  growth	  (Li	  et	  al.,	  2006;	  
Marcellini	  et	  al.,	  2006).	  	  

Anti-‐PlGF	  mAbs	  were	  generated	  and	  reduced	  tumour	  growth	  and	  metastasis,	  in	  
part	   by	   inhibiting	   angiogenesis	   and	   inflammation	   (Fischer	   et	   al.,	   2007).	  
However,	  anti-‐PlGF	  mAbs,	  generated	  by	  Bais	  et	  al,	  were	  ineffective	  (Bais	  et	  al.,	  
2009),	   begging	   for	   the	   question	   whether	   the	   anti-‐cancer	   activity	   of	   5D11D4	  
could	  be	  reproduced	  by	   independently	  generated	  anti-‐PlGF	  mAbs.	   In	  addition,	  
questions	  were	   raised	   about	   the	   high	   doses	   used	   and	  whether	   the	   effects	   of	  
5D11D4	  were	   related	   to	   an	  off-‐target	   activity.	   Furthermore,	  Bais	  et	  al	   argued	  
that	   little	   genetic	   evidence	   supported	   a	   role	   for	   PlGF	   in	   cancer,	   overall	  
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questioning	   the	   therapeutic	   value	   of	   anti-‐PlGF	   strategies.	   In	   this	   study,	   we	  
addressed	  these	  outstanding	  questions	  in	  a	  mouse	  model	  for	  HCC.	  

2.2 Materials and methods 

2.2.1 DEN-Induced HCC Model 

Five-‐week-‐old	   male	   WT	   and	   PlGF−/−	   mice	   (129/Sv)	   received	   weekly	   i.p.	  
injections	  with	  DEN	   (35	  mg/kg).	  Wild-‐type	  mice	  were	   treated	  with	  5D11D4	  or	  
IgG	  (20	  mg/kg;	  2×/week).	  

2.2.2 Morphometry of tumour microvessel density 

Stained	  pancreata	  sections	  were	  viewed	  on	  a	  Nikon	  Diaphot	  300	  fluorescence	  
microscope	   (Nikon,	   Egg,	   Switzerland)	   using	   Openlab	   3.1.7.	   Software	  
(Improvision,	   Coventry,	   England).	   Tumor	   vessel	   density	   was	   quantified	   using	  
Image	   J	   software	   (Rasband,	  W.S.,	   ImageJ,	   U.	   S.	   National	   Institutes	   of	   Health,	  
Bethesda,	  Maryland,	  USA,	  http://rsb.info.nih.gov/ij/,	  1997-‐2007)	  and	  displayed	  
as	  %	  of	  stained	  intratumoral	  area	  to	  total	  tumor	  area.	  

2.2.3 Immunohistology and morphometry 

All	  methods	  for	  histology	  and	  immunostaining	  have	  been	  described	  (Carmeliet	  
et	   al.,	   1998;	   Fischer	   et	   al.,	   2007;	   Luttun	   et	   al.,	   2002b).	   Immunohistological	  
stainings	  were	  performed	  using	  the	  following	  primary	  antibodies:	  rat	  anti-‐F4/80	  
(MCA497G,	  Serotec	  Cruz	  Biotechnology)	  and	  rabbit	  anti-‐VEGFR1	   (sc316,	  Santa	  
Cruz).	   Sections	  were	   then	   incubated	  with	   the	   appropriate	   peroxidase	   labeled	  
IgGs	   (Dako),	   followed	   by	   amplification	   with	   the	   proper	   tyramide	   signal	  
amplification	   systems	   (Perkin	   Elmer,	   Life	   Sciences)	   when	   necessary.	  
Morphometric	   analyses	   were	   performed	   using	   a	   Zeiss	   Axio	   Imager	   Z1	  
microscope	   with	   customized	   macros	   developed	   in	   KS300	   image	   analysis	  
software.	  Neovascular	  growth	  was	  determined	  on	  sections	  as	  the	  endoglin	  area	  
and	  vessel	  density	  as	  endoglin	   vessels	  per	  mm;	   inflammation	  was	  determined	  
as	  F4/80+	  area.	  
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2.3 Results 

2.3.1 Transgenic and carcinogen-induced hepatocellular carcinoma 
model  

To	   exclude	   that	   germline	   Pgf	   deficiency	   induces	   compensatory	   changes	   that	  
favour	  tumour	  inhibition	  independently	  of	  PlGF	  deficiency,	  we	  tested	  whether	  
genetic	   (PlGF-‐/-‐	   mice)	   and	   pharmacologic	   PlGF	   silencing	   inhibited	   growth	   of	  
hepatocellular	  carcinoma	  (HCC)	  models.	  	  

We	   used	   a	   carcinogen-‐induced	   HCC	   model	   by	   treating	   mice	   with	  
diethylnitrosamine	   (DEN).	   In	   this	  model,	   fibrosis	  and	  dysplastic	   lesions	  appear	  
at	  16	  weeks,	  while	  hypervascularised	  HCC	  tumours	  become	  visible	  by	  25	  weeks.	  
Hepatic	   PlGF	   levels	   were	   not	   acutely	   upregulated	   by	   DEN	   (not	   shown)	   and	  
remained	   initially	   low	   (pg/mg:	   2.9	   ±	   0.7	   in	   healthy	   vs	   1.5	   ±	   0.4	   after	   4	  weeks	  
DEN;	  N=6;	  P=NS),	  but	  increased	  to	  423	  ±	  77	  pg/mg	  in	  end	  stage	  tumour	  nodules	  
(N=6;	  P<0.05).	  After	  30	  weeks	  of	  DEN-‐treatment,	  58%	  of	  WT-‐mice	   (N=24)	  but	  
only	   5%	   of	   PlGF-‐/-‐	   mice	   (N=21)	   succumbed	   (P=0.002,	   Log-‐rank)	   and	   fewer	  
tumour	  nodules	  were	  present	  in	  PlGF-‐/-‐	  mice	  (nodules/liver:	  17.9	  ±	  2.2	  in	  WT	  vs	  
5.9	  ±	  2.4	  in	  PlGF-‐/-‐;	  N=18;	  P=0.002).	  When	  WT-‐mice	  with	  established	  HCC	  were	  
treated	  with	  5D11D4	   (20	  mg/kg;	  2x/wk)	   from	  25	  weeks	  onwards	   for	  5	  weeks,	  
45%	   of	   mice	   receiving	   control	   IgG	   died	   while	   only	   23%	   died	   in	   the	   5D11D4	  
group	  (N=25-‐23;	  P<0.05).	  Also,	  5D11D4-‐treated	  mice	  developed	  fewer	  nodules	  
per	  liver	  (21.6	  ±	  2.9	  after	  IgG	  vs	  11.1	  ±	  2.6	  after	  5D11D4;	  N=15;	  P=0.02).	  After	  
10	  weeks	  of	  mAb	  treatment,	  mortality	  was	  90%	  in	  the	  control	  group,	  but	  only	  
41%	  after	  5D11D4	  (N=11;	  P<0.05).	  	  
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Fig.	   1	   (F–H)	   SMA	   staining,	   revealing	   a	   portal	   triad	   with	   paired	   hepatic	   artery	   in	   a	  
healthy	   liver	   (F),	   large,	   smooth	  muscle	   cell-‐coated	  unpaired	  arteries	   (asterisks)	   in	  HCC	  
mice	  treated	  with	  IgG	  (G),	  and	  a	  portal	  triad	  and	  small	  unpaired	  artery	  (asterisk)	  in	  HCC	  
liver	   after	   5D11D4	   (H).	   Black	   arrowhead	   (bile	   duct);	   blue	   arrowhead	   (hepatic	   paired	  
artery);	   PV	   (portal	   vein).(I–K)	   Immunostaining	   for	   the	   endothelial	   marker	   endoglin,	  
showing	  portal	   vein	   (PV)	  and	  central	   vein	   (CV)	  amidst	  a	   sinusoidal	  network	   in	  healthy	  
liver	   (I);	   black	   arrowhead	   (bile	   duct);	   blue	   arrowhead	   (hepatic	   paired	   artery).	   In	   IgG-‐
treated	   HCC	   nodules,	   the	   capillary	   network	   is	   chaotically	   organized,	   with	   tortuous	  
vessels	  and	  cords,	  laying	  at	  large	  distances	  from	  each	  other	  (J),	  in	  contrast	  to	  the	  more	  
regular	   pattern,	   size,	   and	   shape	   of	   capillaries	   and	   shorter	   intercapillary	   distances	   in	  
5D11D4-‐treated	   HCC	   (K).(L–N)	   Immunostaining	   for	   SMA,	   showing	   undetectable	  
expression	  in	  HSCs	  around	  sinusoids	  in	  healthy	  liver	  (L).	   In	  HCC,	  tumour	  capillaries	  (red	  
arrowhead)	  are	  surrounded	  by	  strongly	  SMA+-‐stained	  HSCs	  in	  IgG-‐treated	  mice	  (M)	  but	  
not	   in	   5D11D4-‐treated	   mice	   (N).(O)	   Histogram	   of	   intercapillary	   distances,	   showing	  
shorter	   distances	   in	   5D11D4-‐treated	   HCC;	   values	   in	   healthy	   liver	   are	   shown	   for	  
comparisonBars:	  100	  μm	  (F–K);	  20	  μm	  (L–N).	  Data	  are	  mean	  ±	  SEM.	  

We	   then	   explored	   the	   underlying	   mechanisms	   of	   the	   responsiveness	   or	  
resistance	  of	   the	   spontaneous	   tumour	  model	   to	  PlGF	  blockage.	   In	   contrast	   to	  
the	   largely	   portal	   venous	   blood	   supply	   in	   healthy	   livers,	   the	   hepatic	   arterial	  
network	   expanded	   substantially	   in	   HCC	   (Fernandez	   et	   al.,	   2009).	   In	   the	   DEN-‐
induced	   HCC	  model,	   5D11D4-‐treated	   HCC-‐livers	   contained	   fewer	   and	   smaller	  
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unpaired	  arteries,	   identified	  by	   their	  presence	  of	   smooth	  muscle	  actin	   (SMA)+	  

smooth	  muscle	  cells	  (SMA+	  unpaired	  vessels:	  relative	  area,	  %	  and	  number/mm2:	  
5.8	  ±	  1.0	  and	  11.3	  ±	  2.9	  after	  IgG	  vs	  1.4	  ±	  0.3	  and	  6.3	  ±	  0.3	  after	  5D11D4;	  N=7-‐3;	  
P<0.001	  and	  P<0.05;	  Figure	  1).	  

	  

Figure	  2:	  (B)	  Endothelial	  staining	  for	  endoglin,	  revealing	  comparable	  capillary	  density	  in	  
tumour	   nodules	   of	   control	   and	   PlGF-‐blocked	   HCC	   in	   the	   DEN-‐induced	   HCC	   model	  
(n	  =	  5–8;	  p	  =	  NS).Data	  are	  mean	  ±	  SEM.	  

PlGF-‐blockage	   also	   affected	   angiogenesis	   within	   tumour	   nodules.	   In	   healthy	  
liver,	  sinusoids	  are	  fenestrated,	  devoided	  of	  basement	  membrane	  and	  covered	  
by	  quiescent	  hepatic	  stellate	  cells	   (HSCs),	  which	   function	  as	  pericytes	  but	   lack	  
SMA-‐expression	   (Fernandez	   et	   al.,	   2009);	   staining	   for	   the	   endothelial	   marker	  
endoglin	  and	  for	  SMA	  confirmed	  these	  findings	  (Figure	  1).	  In	  HCC,	  sinusoids	  are	  
known	   to	   loose	   their	   typical	   characteristics	   and	   develop	   into	   capillaries	  
(“sinusoidal	   capillarisation”)	   (Fernandez	   et	   al.,	   2009).	   HCC-‐capillaries	   had	   an	  
abnormal	  shape	  and	  size	  (ranging	  from	  dilated	  tortuous	  lakes	  to	  cords	  without	  
recognizable	   lumen),	   and	   were	   chaotically	   organized	   at	   large	   inter-‐capillary	  
distances	   (Figure	   1).	   Unlike	   in	   other	   tumour	   types,	   where	   capillaries	   often	  
become	   devoid	   of	   mural	   cells,	   HCC	   vessels	   instead	   become	   surrounded	   by	  
activated	   HSCs,	   that	   express	   increased	   amounts	   of	   SMA,	   deposit	  matrix,	   and	  
release	   angiogenic	   and	   tumorigenic	   factors	   (Johnson	   et	   al.,	   1998);	   increased	  
SMA-‐expression	  by	  perivascular	  cells	  was	  also	  observed	  in	  control	  HCC	  tumours	  
(Figure	  1).	  Such	  “vessel	  abnormalisation”	  increases	  the	  resistance	  to	  blood	  flow	  
and	  oxygen	  delivery	  (Fernandez	  et	  al.,	  2009;	  Paternostro	  et	  al.),	  leading	  in	  turn	  
to	  hypoxia	  which	  fuels	  HCC	  malignancy	  (Wu	  et	  al.,	  2007).	  PlGF-‐blockage	  did	  not	  
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affect	   the	   relative	   tumour	   vessel	   area	   (Figure	   2),	   but	   induced	   partial	  
normalization	   of	   tumour	   capillaries.	   Indeed,	   in	   PlGF-‐blocked	   tumours,	   there	  
were	   fewer	   tortuous	   capillaries	   and	   non-‐luminised	   cords,	   and	   the	  
vascularisation	   pattern	   was	   more	   regular	   (tortuous	   vessels/mm2	   and	  
cords/mm2:	  44	  ±	  44	  and	  237	  ±	  21	  in	  IgG	  vs	  22	  ±	  2	  and	  181	  ±	  15	  in	  5D11D4;	  N=4-‐
5;	   P<0.001	   and	   P=0.05;	   Figure	   1);	   intercapillary	   distances	   were	   also	   shorter	  
(Figure	   1).	   These	   changes	   were	   functionally	   relevant,	   as	   PlGF-‐blocked	   HCC	  
nodules	  expressed	   lower	   levels	  not	  only	  of	  HIF-‐2a	   (HIF-‐2a+	   area,	  %	  of	  nodular	  
area:	  28.1	  ±	  4.3	  for	  IgG	  versus	  14.6	  ±	  2.6	  for	  5D11D4;	  n	  =	  4–5;	  p	  <	  0.05)	  but	  also	  
of	   other	   hypoxia-‐inducible	   genes	   (table	   1).	   Further,	   fewer	   capillaries	   were	  
covered	  by	  SMA+	  mural	   cells	   (SMA+	  area	  around	  capillaries,	  %:	  5.9	  ±	  1.3	  after	  
IgG	  vs	  2.2	  ±	  0.6	  after	  5D11D4;	  N=6-‐7;	  P=0.02;	  Figure	  1).	  Overall,	  PlGF-‐blockage	  
counteracted	   the	  highly	  abnormal	  nature	  of	  HCC	  capillaries.	  As	  a	   result,	  PlGF-‐
blocked	   HCC	   nodules	   were	   less	   hypoxic,	   as	   suggested	   by	   the	   reduced	  
expression	  of	  hypoxia-‐inducible	  genes	  (table	  1);	  the	  weaker	  staining	  of	  tumour	  
capillaries	   for	   the	   hypoxia-‐inducible	   endoglin	   further	   suggests	   a	   less	   hypoxic	  
microenvironment.	  Notably,	  malignant	   hepatocyte	   proliferation	  was	   higher	   in	  
zones	  with	  large	  inter-‐capillary	  distances	  in	  IgG-‐treated	  mice	  than	  in	  zones	  with	  
short	   inter-‐capillary	  distances	   in	  5D11D4-‐treated	  mice	   (PCNA+	  cells/mm2:	  90	  ±	  
18	  after	  IgG	  vs	  36	  ±	  2	  after	  5D11D4;	  N=4;	  P=0.02).	  	  

Consistent	  with	  the	  SMA+	  HSC	  coverage	  around	  HCC	  capillaries,	  activated	  HSCs	  
expressed	   VEGFR1	   (not	   shown)	   and	   responded	   to	   PlGF	   by	   increased	  
proliferation	  (BrdU+	  cells,	  %	  of	  total:	  3.4	  ±	  0.8	  after	  control	  vs	  20.5	  ±	  3.0	  after	  
PlGF;	  N=4;	  P<0.05)	  and	  migration	  (migrated	  cells:	  5.3	  ±	  1.2	  after	  control	  vs	  39	  ±	  
7.9	  after	  PlGF;	  N=4;	  P<0.05).	  That	  activated	  HSCs	  may	  also	  stimulate	  (abnormal)	  
capillary	   growth	   is	   suggested	   by	   findings	   that	   they	   produced	   substantial	  
amounts	   of	   PlGF	   and	   that	   tumoural	   capillaries,	   but	   not	   healthy	   sinusoids,	  
expressed	   high	   levels	   of	   Flt1.	   In	   line	   with	   reports	   that	   macrophage	  
accumulation	   promotes	   HCC	   (Roberts	   et	   al.,	   2007),	   PlGF-‐blockage	   reduced	  
hepatic	  macrophage	  numbers	  in	  the	  PlGF	  knock	  out	  model	  (Figure	  1).	  PlGF	  itself	  
was,	  however,	  not	  a	  mitogen	  for	  cultured	  hepatoma	  cells	  (not	  shown).	  	  
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Table	  1:	  RT-‐PCR	  analysis	  of	  expression	  of	  hypoxia-‐inducible	  glycolytic	  genes	  in	  HCC	  livers	  
(DEN	  model)	   showing	   reduced	  expression	  upon	  5D11D4	   treatment.	   The	  data	   (mean	  ±	  
SEM)	  are	  expressed	  as	  mRNA	  copies	  /	  103	  mRNA	  copies	  ß-‐actin	  (control	  vs	  PlGF-‐blocked;	  
N=4;	  *P<0.05).	  Since	  tumour	  nodules	  could	  not	  be	  dissected	  separately,	  contaminating	  
healthy	   liver	   parenchyma	   could	   not	   be	   avoided	   (explaining	   why	   a	   tendency	   was	  
observed	   for	  PFK;	   #P=0.08).	   These	   findings	   suggest	   that	  5D11D4-‐treated	  HCC	   tumours	  
may	   be	   less	   glycolytic	   because	   of	   improved	   oxygenation;	   such	   metabolic	  
reprogramming	  counteracts	  the	  Warburg	  effect,	  which	  is	  well	  known	  to	  increase	  cancer	  
malignancy.	   In	  agreement	  with	   this	  metabolic	   reprogramming,	  PlGF-‐blockage	   lowered	  
the	  expression	  levels	  of	  PDK1,	  which	  inhibits	  the	  activity	  of	  the	  pyruvate	  dehydrogenase	  
complex	  (PDC)	  required	  for	  the	  conversion	  of	  pyruvate	  to	  acetyl	  CoA	  and	  thus	  the	  entry	  
of	   glycolytic	   intermediates	   into	   the	   Krebs	   cycle	   for	   oxidative	   metabolism,	   suggesting	  
that	   PlGF-‐blocked	   HCC	   tumours	   had	   a	   more	   oxidative	   metabolism	   due	   to	   higher	  
oxygenation.	  

2.4 Discussion  

Bais	  et	  al	   raised	  questions	   regarding	   the	  disease	   role	  of	  PlGF	  and	   therapeutic	  
potential	  of	  anti-‐PlGF	  mAbs	   (Bais	  et	  al.,	  2009).	  A	   first	   comment	   relates	   to	   the	  
lack	  of	  genetic	  evidence	  for	  a	  cancer	  role	  of	  PlGF.	  We	  show	  that	  PlGF	  deficiency	  
delays	   carcinogen-‐induced	   HCC	   consistent	   with	   reports	   that	   PlGF	   levels	  
correlate	   with	   a	   poor	   outcome	   in	   HCC	   patients	   (Ho	   et	   al.,	   2006)	   and	   are	  
elevated	  in	  hepatitis	  (Salcedo	  Mora	  et	  al.,	  2005),	  a	  risk	  factor	  for	  malignancy.	  	  

A	   second	   concern	  was	  whether	   the	   5D11D4	  effects	   are	   specific.	   Independent	  
evidence	  argues	  for	  a	  specific	  activity.	  First,	  the	  anti-‐cancer	  effects	  by	  5D11D4	  
are	   phencopied	   by	   the	   loss	   of	   PlGF.	   In	   the	   transgenic	   mouse	   model.	   Similar	  
findings	   were	   obtained	   independently	   in	   pediatric	   brain	   tumours	   (R.	   Jain,	  
personal	   communication).	   Furthermore,	   the	   safety	   profile	   of	   5D11D4	   in	  mice	  
(Fischer	   et	   al.,	   2007)	   and	   of	   the	   humanized	   anti-‐human	   PlGF	   mAb	   TB403	   in	  
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humans	  (Lassen	  et	  al.,	  2009;	  Riisbro	  et	  al.,	  2009)	  resembles	  the	  lack	  of	  disease	  
development	   in	  PlGF-‐/-‐	  mice	   (Carmeliet	  et	  al.,	  2001).	  Overall,	  when	  PlGF-‐/-‐	   and	  
5D11D4	   effects	   were	   compared,	   5D11D4	   mimicked	   each	   PlGF-‐/-‐	   phenotype	  
analysed	  so	  far,	  supporting	  a	  specific	  activity	  of	  5D11D4.	  	  

Another	  argument	  for	  the	  specificity	  of	  5D11D4	  is	  that	  delivery	  of	  this	  mAb	  and	  
loss	  of	  PlGF	  induced	  similar	  mechanisms,	  albeit	  with	  contextual	  differences.	  For	  
instance,	  angiogenesis	  was	  inhibited	  comparably	  by	  loss	  or	  inhibition	  of	  PlGF	  in	  
choroidal	   neovascularisation	   (CNV).	   In	   HCC,	   silencing	   or	   inhibition	   of	   PlGF	  
reduced	  arterialisation	  and	  tumour	  vessel	  abnormalisation.	  Angiogenic	  defects	  
were	  also	  observed	  in	  skin	  papillomas,	  reminiscent	  of	  those	  seen	  after	  PlGF	  loss	  
/	   inhibition	   in	   implanted	   tumours	   and	   other	   diseases	   (Carmeliet	   et	   al.,	   2001;	  
Fischer	  et	  al.,	  2007)	  and	  in	  ischemic	  retina	  in	  an	  independently	  generated	  PlGF-‐/-‐	  
model	   (Cheung	   et	   al.,	   2009).	   Arterialization	   defects	   in	   PlGF-‐blocked	   HCC	  
tumours	   resemble	   those	   in	   portal	   hypertension	   and	   ischemic	   limb	  
revascularization	   in	   PlGF-‐/-‐	  mice	   (Carmeliet	   et	   al.,	   2001;	   Van	   Steenkiste	   et	   al.,	  
2009).	   Also,	   in	   HCC,	   loss,	   silencing	   or	   inhibition	   of	   PlGF	   blocked	  macrophage	  
infiltration,	   as	   in	   PlGF-‐blocked	   atherosclerosis	   (Roncal	   et	   al.,	   2009),	   arthritis	  
(Yoo	   et	   al.,	   2009)	   and	   skin	   inflammation	   (Oura	   et	   al.,	   2003),	   in	   line	   with	  
numerous	   reports	  on	  a	   role	  of	  PlGF	   in	   inflammation.	   In	  papilloma,	  PlGF	   loss	   /	  
inhibition	   did	   not	   prevent	   macrophage	   accumulation,	   but	   since	   these	   cells	  
promote	  angiogenesis	  by	  releasing	  PlGF,	  blockage	  of	  macrophage-‐derived	  PlGF	  
can	   also	   impair	   papilloma	   growth.	   As	   a	   word	   of	   caution,	   short-‐term	   PlGF	  
inhibition	   at	   an	   advanced	   stage	   in	   a	   chronic	   malignant	   process	   should	   not	  
necessarily	  induce	  similar	  effects	  as	  permanent	  germline	  Pgf	  gene-‐inactivation.	  	  

Third,	   the	  dose	  of	  5D11D4	  was	  criticized.	   In	   initial	  studies,	  we	  used	  50	  mg/kg,	  
even	  though	  signs	  of	  efficacy	  were	  noticed	  at	  12.5	  mg/kg	  (Fischer	  et	  al.,	  2007).	  
This	  is	  higher	  than	  the	  dose	  used	  for	  other	  mAbs	  against	  (un)related	  targets	  (1	  
to	   10	   mg/kg),	   but	   comparable	   to	   the	   dose	   used	   for	   DC101	   or	   anti-‐Flt1	   (40	  
mg/kg).	   Anti-‐VEGF	  mAbs	   are	   used	   clinically	   at	   5	   to	   15	  mg/kg.	   In	  more	   recent	  
studies,	   we	   obtained	   anti-‐disease	   activity	   with	   5D11D4	   at	   20-‐25	   mg/kg	   in	  
atherosclerosis,	  CNV	  and	  HCC,	  delivered	  two	  and	  not	  three	  times	  per	  week	  (this	  
study	   and	   (Roncal	   et	   al.,	   2009)).	   Furthermore,	   16D3	   inhibited	   human	   cancer	  
xenografts	   at	   12.5	   mg/kg,	   while	   statistically	   significant	   tumour	   growth	  
inhibition	  has	  been	  observed	  with	  the	  humanized	  anti-‐human	  PlGF	  mAb	  TB-‐403	  
in	   a	   human	   RCC	   xenograft	   at	   doses	   as	   low	   as	   3	   mg/kg	   (Rizzo,	   C.	   personal	  
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communication).	   Furthermore,	   disease	   stabilization	   for	   12	   months	   has	   been	  
observed	  with	  TB403	  at	  5	  mg/kg	  in	  two	  out	  of	  23	  cancer	  patients	  with	  advanced	  
disease	  refractory	  to	  standard	  therapy	  (Lassen	  et	  al.,	  2009;	  Riisbro	  et	  al.,	  2009).	  
Anti-‐PlGF	  and	  anti-‐VEGF	  mAbs	  are	  circulating	   in	  vast	  excess	  over	  their	   ligands.	  
Indeed,	  in	  cancer	  patients	  and	  mice,	  comparable	  levels	  have	  been	  reported	  for	  
VEGF	   and	   PlGF	   (10	   to	   100	   pg/ml)	   and	   for	   anti-‐VEGF	   and	   anti-‐PlGF	   mAbs	  
delivered	  at	  effective	  doses	  (300	  to	  600	  µg/ml)	  (Gordon	  et	  al.,	  2001;	  Lassen	  et	  
al.,	  2009;	  Riisbro	  et	  al.,	  2009).	  Of	  note,	  gene	   transfer	  elevated	  plasma	  human	  
PlGF-‐2	   levels	   to	   >200-‐300	   ng/ml,	   i.e.	   >1,000-‐fold	   higher	   than	   endogenous	  
mouse	  PlGF	  levels	  in	  tumour-‐bearing	  mice.	  Nonetheless,	  the	  precise	  reason	  for	  
the	   need	   of	   a	   higher	   dose	   of	   5D11D4	   than	   of	   anti-‐VEGF	   mAbs	   needs	   to	   be	  
clarified.	  	  

While	   we	   do	   not	   question	   the	   findings	   by	   Bais	   et	   al,	   we	   also	   do	   not	   have	   a	  
unifying	   explanation	   and	   additional	   studies	   will	   be	   required	   to	   resolve	   the	  
matters	   arising.	   For	   instance,	   an	   outstanding	   question	   is	   how	  our	   PlGF-‐/-‐	   data	  
can	  be	  reconciled	  with	  Flt1:TK-‐/-‐	  data.	  Controversial	  findings	  on	  tumour	  growth	  
in	  Flt1:TK-‐/-‐	  mice	  will	  need	  to	  be	  resolved	  as	  well	  (Autiero	  et	  al.,	  2003;	  Dawson	  
et	  al.,	  2009;	  Hiratsuka	  et	  al.,	  2001;	  Hiratsuka	  et	  al.,	  2002;	  Kerber	  et	  al.,	   2008;	  
Landgren	  et	  al.,	  1998;	  Murakami	  et	  al.,	  2008).	  	  

HCC	  is	  a	  “hypervascular”	  cancer.	  Indeed,	  a	  marked	  arterialization	  in	  response	  to	  
intra-‐tumoural	  hypoxia	  takes	  place	  in	  an	  effort	  to	  provide	  more	  oxygen	  to	  the	  
highly	   proliferative	   cancer	   cells.	   However,	   this	   increase	   in	   proximal	   blood	  
supply	   is	   counteracted	   by	   the	   sinusoidal	   capillarisation	   and	   capillary	   vessel	  
abnormalisation	   distally	   in	   the	   vascular	   tree,	   which	   impair	   oxygen	   delivery.	  
Other	   vascular	   changes	   including	   shunts,	   which	   already	   develop	   in	   cirrhotic	  
livers	   prior	   to	   becoming	   neoplastic,	   may	   aggravate	   this	   situation.	   Notably,	  
tumour	  endothelial	   cells	   in	  HCC	  exhibit	  marked	  phenotypic	  abnormalities	  and	  
loose	  their	  cobblestone	  appearance,	  typical	  of	  quiescent	  normal	  cells	  (Xiong	  et	  
al.,	   2009),	   reminiscent	   of	   the	   capillary	   aberrancies	   in	   the	   HCC	   model.	   By	  
inducing	  partial	  vessel	  normalization	  distally,	  5D11D4	  may	  restore	  the	  balance	  
between	   oxygen	   supply	   and	   demand,	   and	   thereby	   reduce	   the	   need	   for	  
arterialization.	   As	   hypoxia	   promotes	   HCC	   malignancy	   and	   chemo-‐resistance	  
(Wu	  et	  al.,	  2007),	  it	  will	  be	  interesting	  to	  asses	  whether	  anti-‐PlGF	  treatment	  will	  
also	   improve	   chemotherapy.	   Furthermore,	   given	   the	   possibility	   that	   VEGF-‐
inhibitors	  fuel	  metastasis	  by	  evoking	  hypoxia,	  the	  effect	  of	  anti-‐PlGF	  treatment	  



	  

	  

129	  

on	  metastasis	  of	  this	  cancer	  warrants	  further	  investigation.	  	  

Finally,	   the	   results	  of	   the	  phase	   I	   clinical	   trial	  with	  TB403	  have	  been	   reported	  
very	  recently	  (Lassen	  et	  al.,	  2009;	  Riisbro	  et	  al.,	  2009).	  These	  first-‐in	  man	  anti-‐
PlGF	   studies	   show	   that	   TB403	   was	   well	   tolerated	   without	   increased	   risk	   of	  
adverse	   effects	   in	   healthy	   volunteers	   and	   terminal	   cancer	   patients,	   but	   with	  
signs	  of	  disease	  stabilization	  in	  six	  of	  23	  cancer	  patients.	  Future	  clinical	  studies	  
will	   be	   required	   to	   assess	   the	   therapeutic	   potential	   of	   anti-‐PlGF	   strategies	   in	  
cancer	   and	   non-‐oncology	   indications	   but,	   by	   their	   very	   nature,	   such	  
developments	  represent	  complex	  challenges.	  	  
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3 The placental growth factor as a 
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3.1 Abstract 

The	   placental	   growth	   factor	   (PlGF)	   is	   member	   of	   the	   vascular	   endothelial	  
growth	   factor	   (VEGF)-‐family	   known	   to	   stimulate	   endothelial	   cell	   growth,	  
migration	  and	  survival,	  attract	  angiocompetent	  macrophages	  and	  bone	  marrow	  
progenitor	   cells	   and	   determine	   the	   metastatic	   niche.	   Unlike	   VEGF,	   genetic	  
studies	   have	   shown	   that	   PlGF	   is	   specifically	   involved	   in	   the	   pathologic	  
angiogenesis,	   thus	   its	   inhibition	   would	   not	   affect	   healthy	   blood	   vessels,	  
providing	  an	  attractive	  drug	  candidate	  with	  a	  good	  safety	  profile.	  In	  this	  study,	  
we	   assess	   whether	   inhibition	   of	   PlGF	   could	   be	   used	   as	   a	   potential	   therapy	  
against	   hepatocellular	   carcinoma	   (HCC),	   by	   using	   PlGF-‐knock	   out	   mice	   and	  
monoclonal	  antibodies	  targeting	  PlGF	  in	  an	  orthotopic	  mouse	  model	  for	  HCC.	  In	  
addition,	  the	  effect	  of	  PlGF-‐antibodies	  is	  compared	  to	  that	  of	  sorafenib,	  as	  well	  
as	  the	  combination	  of	  both	  therapies.	  In	  our	  study	  we	  have	  found	  that	  both	  in	  a	  
transgenic	  knock	  out	  model	  as	   in	  a	  treatment	  model,	  silencing	  or	   inhibition	  of	  
PlGF	   significantly	   decreased	   tumour	   burden.	   This	   was	   achieved	   not	   only	   by	  
inhibiting	   neo-‐vascularisation,	   but	   also	   by	   decreasing	   hepatic	   macrophage	  
recruitment	   and	   by	   normalizing	   the	   remaining	   blood	   vessels,	   thereby	  
decreasing	   hypoxia	   and	   thus,	   reducing	   the	   pro-‐metastatic	   potential	   of	   HCC.	  
Conclusion:	   considering	   its	   favourable	   safety	   profile	   and	   its	   pleiotropic	   effect	  
on	  vascularisation,	  metastasis	  and	  inflammation,	  targeting	  PlGF	  could	  become	  a	  
valuable	  therapeutic	  strategy	  against	  HCC.	  

3.2 Introduction 

Hepatocellular	   carcinoma	   (HCC)	   is	   a	   primary	   liver	   tumour	   that	   originates	   in	   a	  
background	  of	  cirrhosis.	  Every	  year	  almost	  500.000	  patients	  are	  diagnosed	  with	  
HCC,	  making	  it	  the	  5th	  most	  common	  and	  the	  3rd	  most	  deadly	  cancer	  worldwide.	  
The	   underlying	   liver	   disease	   often	   conceals	   the	   presence	   of	   liver	   tumours;	  
therefore	  most	  tumours	  are	  discovered	  in	  an	  advanced	  stage.	  At	  this	  point	  no	  
curative	   option	   exists	   and	   systemic	   treatment	   is	   limited	  due	   to	   the	  high	  drug	  
resistance	  of	  HCC	  (1).	  	  

Significant	  progress	  on	  the	  treatment	  of	  advanced	  HCC	  has	  been	  made	  by	  the	  
introduction	  of	  sorafenib	  (2).	  Sorafenib	  is	  a	  small	  molecular	   inhibitor	  targeting	  
tyrosine	  protein	  kinases	  in	  the	  Raf/MEK/ERK-‐pathway	  (anti-‐proliferative	  effect)	  
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(3);	   the	   platelet	   derived	   growth	   factor	   and	   the	   vascular	   endothelial	   growth	  
factor	  receptor	  1	  and	  receptor	  2	  (VEGFR1	  and	  VEGFR2)	  (anti-‐angiogenic	  effect).	  
However,	  patients	  receiving	  sorafenib	  often	  encounter	  adverse	  effects	  such	  as	  
diarrhoea,	  weight	  loss,	  hand–foot	  skin	  reaction,	  anorexia,	  and	  fatigue	  (4,5).	  	  

Another	   weakness	   of	   current	   anti-‐angiogenic	   therapies	   is	   tumours	   tend	   to	  
escape	   their	   treatment	   by	   upregulating	   alternative	   angiogenic	   pathways	   and	  
becoming	  resistant.	  As	  a	  result,	  several	  cases	  have	  been	  reported	  of	  resistance	  
against	   sorafenib	   (6,7),	   sunitinib	   (8,9)	   and	   VEGF(R)-‐inhibitors	   (10–14).	  
Furthermore,	   the	   hypoxic	   conditions	   created	   by	   anti-‐angiogenic	   therapy,	  may	  
select	   for	   more	   invasive	   tumour	   variants,	   better	   adapted	   to	   survive	   and	  
proliferate	   under	   reduced	  oxygen	   tension	   (15–17).	   Intratumoural	   hypoxia	   has	  
been	  linked	  with	  metastasis,	  regulating	  several	  steps	  of	  the	  metastatic	  process,	  
such	   as	   invasion	   through	   the	   basement	   membrane	   and	   extracellular	   matrix,	  
increasing	  production	  of	   fibronectin;	   increased	   intravasation	  and	  regulation	  of	  
genes	  that	  promote	  the	  pre-‐metastatic	  niche	  (18).	  

The	   placental	   growth	   factor	   (PlGF)	   is	   member	   of	   the	   VEGF-‐family	   known	   to	  
stimulate	   endothelial	   cell	   growth,	   migration	   and	   survival	   (19–21).	   It	   also	  
attracts	   angiocompetent	  macrophages	   and	  bone	  marrow	  progenitor	   cells	   and	  
determines	   the	   metastatic	   niche	   (19,20).	   Unlike	   VEGF,	   PlGF	   binds	   to	   VEGF	  
receptor	   1	   (VEGFR1)	   and	   its	   co-‐receptors	   neuropilin-‐1	   and	   2.	   Therefore,	   anti-‐
PlGF	   exerts	   its	   anti-‐angiogenic	   potential	   directly	   by	   preventing	   signal	  
transduction	   through	   its	   receptors	   (22)	   and	   indirectly,	   by	   preventing	   the	  
binding	  of	  VEGF	  on	  its	  decoy	  receptor	  VEGFR1	  (23).	  Furthermore,	  PlGF	  is	  known	  
to	   alter	   the	   tumour	   associated	   macrophage	   (TAM)	   niche	   (24).	   In	   non-‐
progressing	   or	   regressing	   tumours,	   TAMs	   are	   characterised	   by	   an	   M1-‐like	  
program,	   resulting	   in	   pro-‐inflammatory	   activity	   and	   tumour	   inhibition.	   In	  
malignant	   tumours,	  TAMs	   resemble	  alternatively	  activated	  macrophages	   (M2-‐
type),	   that	   stimulate	   angiogenesis,	   metastasis	   and	   tumour	   growth;	   by	  
suppressing	  anti-‐tumour	  immunity	  (25).	  

Genetic	   studies	   have	   shown	   that	   PlGF	   is	   specifically	   involved	   in	   pathologic	  
angiogenesis	   (19,21).	   Therefore,	   its	   inhibition	  would	   not	   affect	   healthy	   blood	  
vessels,	  providing	  an	  attractive	  drug	  candidate	  with	  a	  good	  safety	  profile	  (26).	  
In	  this	  study,	  we	  assess	  whether	  inhibition	  of	  PlGF	  could	  serve	  as	  a	  therapeutic	  
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agent	   in	   an	   orthotopic	   mouse	   model	   for	   HCC,	   focussing	   on	   the	   effect	   on	  
angiogenesis,	  metastasis,	  inflammation	  and	  vascular	  morphology.	  

3.3 Material & methods  

3.3.1 HCC induction 

Mice	   received	   intraperitoneal	   injections	   of	   diethylnitrosamine	   (DEN)	   (Sigma-‐
Aldrich,	  Bornem,	  Belgium)	  once	  a	  week	  or	  saline	  as	  previously	  described	   (27).	  
The	  Ethical	  Committee	  of	  experimental	  animals	  at	  the	  Faculty	  of	  Medicine	  and	  
Health	  Sciences,	  Ghent	  University,	  Belgium,	  approved	  the	  protocol.	  

3.3.2 PlGF inhibition 

An	   anti-‐PlGF	   monoclonal	   antibody	   (clone	   5D11D4;	   referred	   to	   as	   αPlGF)	  
specifically	   recognizing	   mouse	   PlGF-‐2	   was	   obtained	   from	   Thrombogenics,	  
Belgium.	   Mice	   that	   received	   DEN	   for	   25	   weeks	   had	   developed	   HCC,	   were	  
subsequently	  treated	  with	  25mg/kg	  αPlGF	  	  (2x/week,	  intraperitoneal),	  10mg/kg	  
sorafenib	   (daily,	   intragrastric),	   combination	   of	   αPlGF	   +	   sorafenib,	   or	   25mg/kg	  
IgG	  (2x/week,	   intraperitoneal)	   for	  5	  weeks.	  Pgf-‐knock	  out	  mice	  (PlGFKO)	  were	  
obtained	   from	   the	   laboratory	   of	   Angiogenesis	   &	   Neurovascular	   link	   (Leuven)	  
and	  injected	  with	  DEN	  or	  saline	  for	  20W,	  25W	  and	  30W,	  after	  which	  they	  were	  
sacrificed	  and	  compared	  to	  their	  WT-‐counterparts.	  	  

3.3.3 Sampling & histology 

Eight	  animals	  per	  group	  were	  sacrificed	  under	  isoflurane	  (Forene®,	  Hoofddorp,	  
The	  Netherlands)	   anaesthesia	  while	   blood	  was	  obtained	   from	   the	  ophthalmic	  
artery.	   After	   macroscopic	   evaluation	   and	   quantification	   of	   hepatic	   tumours,	  
organs	  were	  sampled	  as	  previously	  described	  (25).	  Haematoxilin-‐eosin	  staining	  
was	  performed	  to	  evaluate	  the	  morphological	  changes.	  Sirius	  Red	  staining	  was	  
used	   to	   determine	   the	   Metavir-‐score	   for	   fibrosis.	   Reticulin	   staining	   was	  
performed	   to	   identify	   HCC-‐nodules.	   Stainings	   were	   done	   using	   standard	  
histology	  protocols	  and	  evaluated	  by	  an	  experienced	  pathologist.	  	  
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3.3.4 Immunohistochemistry 

Immunohistochemistry	  (IHC)	  was	  used	  to	  quantify	  protein	  levels	  inside	  hepatic	  
tumours	   and	   surrounding	  non-‐tumour	   tissue.	   Stainings	  were	  used	   to	  quantify	  
vascularisation,	  macrophages	  (M1	  and	  M2),	  activated	  hepatic	  stellate	  cells	  and	  
hypoxia,	  as	  described	  in	  supplementary	  table	  1.	  A	  semi-‐quantitatively	  analysis	  
was	   performed	  with	  Olympus	   CellD	   software	   (Zoeterwoude,	   The	  Netherlands)	  
by	  using	  automatic	  DAB-‐staining	  detection	   in	  tumour	  and	  non-‐tumour	   lesions.	  
Intercapillary	  distances	  (ICD)	  were	  used	  as	  a	  marker	  for	  microvessel	  density.	  	  

3.3.5 Vascular corrosion casting 

Vascular	   corrosion	   casts	   were	   obtained	   as	   previously	   described.	   To	   provide	  
insight	  in	  the	  microvasculature	  of	  the	  livers	  the	  peritumoural	  fragments	  of	  the	  
casts	  were	  qualitatively	  assessed	  with	  scanning	  electron	  microscopy	  (SEM)	  (Jeol	  
5600-‐LV,	  Zaventem,	  Belgium).	  

	  

Supplementary	  table	  1:	  IHC-‐staining	  protocols.	  
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3.3.6 ELISA 

PlGF	  (R&D	  Biosystems	  ,Mouse	  PlGF-‐2	  Quantikine	  ELISA	  Kit,	  Abingdon,	  UK)	  and	  
VEGF	  (R&D	  Biosystems,	  Mouse	  VEGF	  Quantikine	  ELISA	  Kit,	  Abingdon,	  UK)	  levels	  
were	  measured	  in	  liver	  tissue	  and	  serum.	  Human	  serum	  of	  HCC-‐patients	  (n=17),	  
cirrhotic	   patients	   (n=17)	   and	   healthy	   controls	   (n=8)	   were	   collected	   after	  
informed	   consent	   and	   PlGF-‐serum	   levels	   were	   determined	   (R&D	   Biosystems,	  
human	   PlGF-‐2	   Quantikine	   ELISA	   Kit,	   Abingdon,	   UK).	   Cirrhotic	   patients	   were	  
matched	  with	   HCC-‐patients	   regarding	   sex,	   age	   and	   etiology.	   PlGF-‐levels	  were	  
tested	   for	   correlation	   with	   the	   following	   parameters:	   presence	   of	   HCC,	  
concentrations	  of	  AFP,	  bilirubin,	  AST/ALT	  and	  alcohol	  intake.	  

3.3.7 Microarrays 

Gene	  expression	  analysis	  was	  carried	  out	  using	  Agilent	  SurePrint	  G3	  Mouse	  GE	  
8x60K	  Microarrays	  (Agilent	  Technologies,	  Diegem,	  Belgium).	  This	  specific	  array	  
represents	   41,000+	   mouse	   genes	   and	   transcripts,	   providing	   full	   coverage	   of	  
mouse	  genes	  and	  transcripts.	  Following	  conditions	  were	  assessed:	  25W	  DEN	  +	  
5W	  αPlGF	  tumour	  tissue	  (n=5),	  25W	  DEN	  +	  5W	  αPlGF	  surrounding	  tissue	  (n	  =	  4),	  
25W	  DEN	  +	  5W	  IgG	  tumour	  tissue	  (n=5),	  25W	  DEN	  +	  5W	  IgG	  surrounding	  tissue	  
(n	  =	  4),	  25W	  saline	  +	  5W	  αPlGF	  (n=3)	  and	  25W	  saline	  +	  5W	  IgG	  (n=3).	  The	  data	  
are	  accessible	  on	  the	  GEO-‐database	  (GSE35289).	  Expression	  data	  for	  sorafenib-‐
treated	  mice	  were	  obtained	  from	  the	  GEO-‐database	  (GSE33621)	  consisting	  of	  6	  
sorafenib	   and	   6	   control-‐treated	   xenograft	   HCC-‐tumours.	   Human	   expression	  
data	   were	   obtained	   from	   the	   GEO-‐database	   (GSE25097),	   consisting	   of	   whole	  
genome-‐expression	  profiles	  of	  268	  HCC,	  243	  adjacent	  non-‐tumour,	  40	  cirrhotic	  
and	  6	  healthy	  liver	  samples.	  

3.3.8 Quantitative Real Time PCR (qPCR) 

RNA	   was	   extracted	   from	   20mg	   frozen	   liver	   tissue,	   following	   manufacturer’s	  
guidelines	  (Qiagen,	  RNeasy	  Mini	  Kit	  ref:	  74104,	  Venlo,	  Netherlands)	  and	  diluted	  
to	   a	   concentration	   of	   100	   ng/µl.	   RNA	   Quality	   was	   evaluated	   using	  
spectrophotometry.	   cDNA	  was	  obtained	   from	  10µl	  RNA	  with	   the	   iScript	   cDNA	  
Synthesis	   Kit	   using	   Oligo(Dt)	   primers,	   according	   to	   manufacturer's	   protocol	  
(Bio-‐Rad,	  170-‐8890,	  Nazareth,	  Belgium).	  Expression	  levels	  were	  measured	  using	  
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qRT-‐PCR,	   with	   3µl	   cDNA	   and	   the	   LightCycler	   480	   Green	   Master	   Mix	   (Roche,	  
04707516001,	   Vilvoorde,	   Belgium).	   Genes	   and	   corresponding	   primersets	   are	  
provided	   in	   supplementary	   table	   2.	   The	   efficiency	   of	   each	   primer	   pair	   was	  
calculated	   using	   the	   formula	   10-‐1/slope.	   All	   reactions	   were	   run	   in	   duplicate	   and	  
normalised	   to	   a	   set	   of	   reference	   genes	   that	   had	   a	   stable	   expression	   in	   all	  
samples.	  The	  comparative	  Ct	  method	  was	  used	  for	  determining	  the	  number	  of	  
transcripts.	  

	  

Supplementary	  table	  2:	  genes	  and	  primer	  sets	  

3.3.9 Statistics	  

Data	   were	   analysed	   with	   SPSS19.	   After	   testing	   for	   normality	   and	  
homoscedasticity,	   data	   were	   subjected	   to	   a	   student’s	   t-‐test	   or	   a	   Mann-‐
Whitney-‐U	  test.	  A	  P-‐value	  of	  <0.05	  was	  considered	  statistically	  significant.	  

For	   the	   microarray	   data,	   statistical	   differences	   between	   the	   conditions	   were	  
calculated	   using	   the	   log2-‐intensities	   with	   the	   limma	   package	   (25,26)	   of	  
Bioconductor	   by	   estimating	   the	   contrasts	   of	   interest	   between	   combinations	  
that	   were	   plotted	   in	   advance.	  Whether	   this	   contrast	   is	   significantly	   deviating	  
from	  0	  was	  tested	  using	  a	  moderated	  t-‐statistic	  (implemented	  in	  limma)	  and	  a	  
stringent	  cut-‐off	  of	  p<0,001	  was	  applied	  to	  prevent	  false	  positive	  results.	  	  	  
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3.4 Results 

3.4.1 PlGF knock out study 

Silencing	   of	  Pgf	   in	   the	   PlGFKO-‐model	   significantly	   improved	   survival	   (P<0,01),	  
80%	  of	   the	  WT-‐mice	   died,	  while	   only	   23%	  of	   the	   PlGFKO-‐mice	   succumbed	   to	  
the	   disease.	   Furthermore,	   PlGFKO-‐mice	   suffered	   less	   from	   weight	   loss	  
compared	   to	  WT-‐mice	   (25W,	  P<0,05),	   suggesting	  an	   improved	  wellbeing.	   This	  
was	  possibly	  a	   result	  of	  a	  decreased	  tumour	  number,	  as	  macroscopically	  seen	  
after	   20W	   (P<0,001),	   25W	   (P<0,01)	   and	   30W	   (P<0,05)	   DEN	   (fig1A)	   and	  
confirmed	  by	  a	   significant	  decrease	   in	  histological	  HCC-‐burden	  after	  25W	  and	  
30W	  (P<0,05)	  (fig1B).	  	  Small	  cell	  dysplasia	  was	  frequently	  found	  throughout	  the	  
liver	  starting	  from	  20W	  DEN	  in	  WT-‐mice	  and	  readily	  distinguishable	  nodules	  of	  
neoplasia	  were	  seen	  at	  25W	  and	  30W,	  while	  only	  small	  tumours	  were	  seen	  in	  
PlGFKO-‐mice	   (supplementary	   figure	   1).	   Tumours	   were	   significantly	   less	  
vascularised	   after	   30W	   (P<0,05)	   and	   the	   surrounding	   non-‐tumour	   tissue	   also	  
showed	  a	  decreased	  expression	  of	  the	  endothelial	  cell	  marker	  endoglin	  (fig1C-‐
D).	   Measurements	   of	   ICD	   confirmed	   that	   PlGFKO-‐tumours	   had	   a	   lower	  
microvessel	   density	   (20W,	   P<0,05)	   (supplementary	   figure	   1).	   VEGF-‐ELISA	  
showed	   that	   PlGF-‐silenced	   tumours	   had	   lower	   VEGF-‐levels	   (30W,	   P<0,05)	  
(fig1E-‐F).	   SEM-‐analysis	   of	   vascular	   casts	   showed	   that	   capillaries	   of	   WT-‐mice	  
injected	   with	   30W	   DEN	   had	   an	   abnormal	   shape	   and	   chaotic	   organisation,	  
resulting	   in	  a	   tortuous	  and	  disorganised	  vasculature	   typically	   seen	   in	   tumours	  
(Fig2A),	  while	  complete	  blockage	  of	  PlGF	  induced	  partial	  normalization	  (Fig2B).	  
PlGF-‐blockage	   reduced	   the	   expression	   of	   the	   hypoxia-‐inducible	   genes	   Glut1	  
(P<0,05)	   and	   Pfk	   (not	   significant)	   after	   30W	   DEN	   in	   tumour	   (no	   significant	  
differences	  were	   seen	   at	   other	   time	   points)	   (Fig2C)	   and	  Glut1	   in	   surrounding	  
tissue	  after	  25W	  DEN.	   IHC	  also	  showed	  a	  decreased	  staining	  of	  HIF1α	  at	  20W	  
and	   30W	   in	   tumour	   (20W	  P<0,01;	   30W	  P<0,01)	   and	   surrounding	   tissue	   (20W	  
P<0,001;	  30W	  P<0,01)	  (Fig2F).	  Furthermore,	  PlGF-‐deficient	  livers	  expressed	  less	  
pro-‐metastatic	   markers	   Mmp-‐9	   (20W,	   P<0,05;	   25W	   P<0,01),	   Itgav	   (25W,	  
P<0,05;	  30W,	  P<0,05)	  and	  Icam	  (20W,	  P<0,01;	  25W,	  P<0,01)	  compared	  to	  WT-‐
mice	  with	  HCC	  (fig2D-‐E).	  	  

F4/80-‐staining	   revealed	   less	   infiltration	  of	  macrophages	   in	  PlGFKO-‐tumours	  at	  
30W	   (P<0,05)	   (supplementary	   figure	   1,	   Fig3A).	   A	   similar	   trend	   was	   seen	   in	  
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surrounding	   non-‐tumour	   tissue.	   The	   M2-‐markers	   CD206	   and	   CD163	   were	  
significantly	  decreased	  surrounding	  tissue	  of	  20W	  DEN	  (respectively	  P<0,01	  and	  
P<0,05),	   while	   tumour	   samples	   showed	   fewer	   CD163+macrophages	   in	   30W	  
DEN	  (P<0,05)	  (Fig3B-‐C,	  supplementary	  figure	  2).	  However,	  the	  M1-‐marker	  HLA-‐
DR	  was	  also	  significantly	  decreased	  20W	  DEN	  surrounding	  tissue	  (P<0,05).	  Less	  
activation	   of	   HSC	  was	   seen	   in	   tumour	   (25W,	   P<0,05;	   30W,	   P<0,01)	   and	   non-‐
tumour	   tissue	   (25W,	  P<0,05;	  30W,	  P<0,01)	   (Fig3A,	  Fig3D-‐F).	   Inhibition	  of	  PlGF	  
slightly	  decreased	  Metavir-‐score,	  but	  not	  statistically	  significant.	  	  
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Figure	   1:	  PlGF	   knock	   out	   study.	   Silencing	   of	   PlGF	   significantly	   decreased	  macroscopic	  
tumour	   numbers	   (fig1A)	   and	   histological	   HCC-‐burden	   (P<0,05)	   (fig1B).	   Tumours	   were	  
significantly	  less	  vascularised	  after	  30W	  and	  the	  surrounding	  non-‐tumour	  tissue	  showed	  
a	   decreased	   expression	   of	   the	   endothelial	   cell	   marker	   Endoglin	   (fig1C-‐D).	   VEGF-‐ELISA	  
showed	  that	  PlGF-‐silenced	  tumours	  had	  lower	  VEGF-‐levels	  after	  30W	  (fig1E-‐F).	  Asterisks	  
represent	  p-‐values	  (*	  =	  P<0,05,	  **	  =	  P<0,01	  and	  ***	  =	  P<0,001).	  
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Supplementary	   figure	   1:	   HE-‐stained	   slides	   of	   WT	   (A)	   and	   PlGFKO	   (B)	   HCC-‐lesions.	  
Endoglin-‐stained	   slides	   of	   WT	   (C)	   and	   PlGFKO	   (D)	   HCC-‐lesions,	   showing	   tumour	  
vascularisation.	  Scale	  bars	  =	  200	  µm.	  
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Figure	  2	  (previous	  page):	  Vascular	  normalisation	  and	  metastasis	  in	  the	  PlGFKO-‐model.	  
Capillaries	   of	   WT-‐mice	   injected	   with	   30W	   DEN	   had	   an	   abnormal	   shape	   and	   chaotic	  
organisation	   of	   the	  microvasculature	   (Fig2A)	   and	   complete	   blockage	   of	   PlGF	   induced	  
partial	   normalization	  of	   tumour	   capillaries	   (Fig2B).	   PlGF-‐blocked	  HCC-‐nodules	   and	   the	  
surrounding	   non-‐tumour	   tissue	   were	   therefore	   less	   hypoxic,	   as	   suggested	   by	   the	  
reduced	  expression	  of	  hypoxia-‐inducible	  genes	  of	  Glut1	  and	  PFK	  (not	  significant)	  (Fig2C).	  
PlGF-‐deficient	   livers	   expressed	   less	   pro-‐metastatic	   markers	   Mmp-‐9,	   Itgav	   and	   Icam	  
compared	  to	  WT-‐mice	  with	  HCC	  (fig2D-‐E).	  HIF1α-‐staining	  showed	  a	  significant	  decrease	  
in	  PlGF-‐deficient	   livers	  compared	  to	  WT-‐mice	   (Fig2F).	  Asterisks	   represent	  p-‐values	   (*	  =	  
P<0,05,	  **	  =	  P<0,01	  and	  ***	  =	  P<0,001)	  
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Figure	   3:	   tumour	   associated	   macrophage	   niche.	   F4/80-‐staining	   revealed	   less	  
infiltration	   of	  macrophages	   in	   PlGFKO-‐tumours	   at	   30W	  and	  a	   decreased	   activation	   of	  
HSC,	  both	  in	  tumour	  as	  non-‐tumour	  tissue	  (fig3A).	  	  The	  M2-‐markers	  CD206	  and	  CD163	  
and	   the	  M1-‐marker	  HLA-‐DR	  were	  significantly	  decreased	  20W	  DEN	  surrounding	   tissue	  
(Fig3B).	   Tumour	   samples	   showed	   fewer	   CD163+macrophages	   in	   30W	  DEN	   (P	   (Fig3C).	  
Nearly	   no	   αSMA-‐expression	   was	   seen	   in	   healthy	   livers	   (Fig3D).	   Staining	   with	   αSMA	  
showed	  that	  there	  were	  less	  activated	  HSC	  in	  30W	  DEN	  PlGFKO-‐mice	  (Fig3E),	  compared	  
to	   30W	   DEN	  WT-‐mice	   (Fig3F).	   Scale-‐bars	   =	   100µm.	   Asterisks	   represent	   p-‐values	   (*	   =	  
P<0,05,	  **	  =	  P<0,01	  and	  ***	  =	  P<0,001).	  
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Supplementary	   figure	   2:	   Tumour	   associated	   macrophage	   niche.	   Representative	  
stainings	  of	  HLA-‐DR	  in	  30W	  DEN	  WT-‐livers	  (Supplementary	  figure2A)	  and	  PlGFKO-‐livers	  
(Supplementary	  figure2B);	  CD206	  in	  30W	  DEN	  WT-‐livers	  (Supplementary	  figure2C)	  and	  
PlGFKO-‐livers	   (Supplementary	   figure2D),	   and	   CD163	   in	   30W	   DEN	   WT-‐livers	  
(Supplementary	   figure2E)	   and	   PlGFKO-‐livers	   (Supplementary	   figure2F).	   These	   results	  
show	  a	  switch	  from	  an	  M2-‐phenotype	  towards	  M1-‐macrophages.	  Scale-‐bars	  =	  100µm.	  
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3.5 Monotherapy: αPlGF and sorafenib 

Treatment	   with	   sorafenib	   or	   αPlGF	   improved	   survival,	   since	   25%	   of	   the	   IgG-‐
treated-‐mice	   died,	   while	   8,3%	   of	   αPlGF	   and	   16%	   of	   sorafenib-‐treated	   mice	  
succumbed	  during	  the	  5W	  of	  treatment.	  Treatment	  with	  αPlGF	  and	  sorafenib	  in	  
a	  monotherapeutic	  setting	  significantly	  decreased	  macroscopic	  tumour	  number	  
(αPlGF,	  P<0,01;	  sorafenib,	  P<0,01)	  (Fig4A)	  and	  microscopic	  HCC-‐burden	  (αPlGF,	  
P<0,01;	   sorafenib,	   P<0,01)	   (Fig4B,	   supplementary	   figure	   3).	   However,	   no	  
significant	  difference	  was	  seen	  between	  treatments.	  	  

	  

Supplementary	   figure	   3:	   H&E-‐stained	   slides	   of	   mice	   treated	   with	   IgG	   (A),	   αPlGF	   (B),	  
sorafenib	  (C)	  and	  αPlGF+sorafenib	  (D),	  showing	  HCC-‐lesions.	  	  

ELISA	   confirmed	   that	   VEGF-‐levels	   in	   serum	   and	   non-‐tumorous	   tissue	   were	  
unaltered	  after	  treatment	  with	  αPlGF	  and	  sorafenib.	  Nevertheless,	  a	  significant	  
downregulation	   of	   VEGF	   was	   seen	   in	   HCC-‐tissue	   treated	   with	   αPlGF	   (P<0,01)	  
and	  sorafenib	  (P<0,01),	  (Fig4C),	  and	  no	  significant	  difference	  was	  seen	  on	  RNA-‐
transcription	   (Fig4D).	   There	   was	   a	   trend	   towards	   higher	   PlGF-‐levels	   in	  
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sorafenib-‐treated	   tumours	   (Fig4C)	   and	   sorafenib-‐treated	   livers	   were	  
characterised	   by	   decreased	   expression	   of	   Vegf	   (Fig4D).	   Endoglin-‐staining	  
showed	   that	   tumours	   (αPlGF,	   P<0,05;	   sorafenib,	   not	   significant)	   and	   the	  
surrounding	   fibrotic	   matrix	   (αPlGF,	   P<0,05;	   sorafenib,	   P<0,05)	   were	   less	  
vascularised	   after	   treatment	   (Fig4E),	   however	   no	   significant	   difference	   was	  
seen	   between	   treatments	   (supplementary	   figure	   5).	   Treatment	   with	   αPlGF	  
improved	   the	   hepatic	   vasculature	   surrounding	   HCC-‐lesions	   (supplementary	  
figure	   6),	   while	   sorafenib-‐treated	   livers	   still	   had	   a	   chaotically	   organised	  
vasculature,	  characterised	  by	  several	   small	   sprouting	  vessels	  and	  a	   the	   lack	  of	  
hierarchic	  branching.	  	  
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Figure	   4:	   Both	   combination	   and	   monotherapies	   significantly	   decreased	   macroscopic	  
tumour	  number	  (Fig4A)	  and	  microscopic	  tumour	  burden	  	  (Fig4B).	  ELISA	  confirmed	  that	  
VEGF-‐levels	   in	   serum	   and	   non-‐tumorous	   tissue	   were	   unaltered	   after	   treatment	   with	  
αPlGF	  and	  sorafenib,	  however,	  a	  significant	  down	  regulation	  was	  seen	  in	  treated	  HCC-‐
tissue	   (Fig4C),	   but	   no	   significant	   difference	  was	   seen	   on	   RNA-‐transcription	   (Fig4D).	   A	  
trend	  towards	  higher	  expression	  of	  PlGF	  was	  seen	  in	  sorafenib-‐treated	  tumours,	  which	  
was	  diminished	  in	  the	  combination	  treatment	  (Fig4C).	  On	  RNA-‐levels,	  sorafenib-‐treated	  
livers	  had	  less	  expression	  of	  VEGF	  (Fig4D).	  Endoglin-‐staining	  showed	  that	  tumours	  and	  
the	  surrounding	  fibrotic	  matrix	  were	  less	  vascularised	  in	  the	  treatment-‐regimes	  (Fig4E).	  
Asterisks	  represent	  p-‐values	  (*	  =	  P<0,05,	  **	  =	  P<0,01	  and	  ***	  =	  P<0,001)	  
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Supplementary	   figure	  4:	  Endoglin-‐stained	   slides	  of	   IgG-‐treated	   (A),	  αPlGF-‐treated	   (B),	  
sorafenib-‐treated	   and	   αPlGF+sorafenib-‐treated	   livers,	   showing	   that	   treatment	   with	  
αPlGF	  and	  sorafenib	  decreased	  HCC-‐vascularisation.	  	  

Sorafenib	  caused	  a	  significant	  upregulation	  of	  the	  hypoxic	  marker	  Pfk	   (P<0,05)	  
and	   a	   trend	   towards	   higher	  Glut1-‐expression	   (Fig5C).	   There	   was	   a	   significant	  
increase	   of	   HIF1α	   in	   the	   surrounding	   tissue	   and	   in	   tumour	   tissue	   of	   mice	  
treated	   with	   sorafenib,	   compared	   to	   those	   treated	   with	   αPlGF	   (non-‐tumour:	  
P<0,05;	   tumour	   P<0,01)	   (Fig5D).	   Treatment	   with	   αPlGF	   also	   significantly	  
decreased	  tumoural	  hypoxia	  compared	  to	  IgG-‐controls	  (P<0,01).	  The	  metastatic	  
marker	  Mmp9	  was	  upregulated	  (P<0,05)	  in	  the	  tumour’s	  surrounding	  compared	  
to	   IgG-‐treated	   mice.	   Other	   metastatic	   markers	   were	   not	   altered	   (Fig5E-‐F).	  
F4/80-‐staining	   revealed	   a	   significantly	   lower	   macrophage	   infiltration	   in	  
surrounding	   non-‐tumour	   tissue	   (αPlGF,	   P<0,05;	   sorafenib	   P<0,05),	   and	   a	  
lowered	   trend	   inside	   HCC-‐lesions	   (Fig6A).	   The	   M2-‐marker	   CD206	   was	  
significantly	  decreased	  in	  surrounding	  and	  tumour	  tissue	  of	  αPlGF-‐treated	  mice,	  
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compared	   to	   IgG-‐controls.	   The	  M1-‐marker	  HLA-‐DR	  was	   significantly	   increased	  
in	   αPlGF-‐treated	   tumours	   (P<0,05).	   No	   differences	   were	   seen	   on	   overall	  
macrophage	   recruitment	   or	   HSC-‐activation	   between	   treatments.	   However,	  
treatment	   with	   αPlGF	   resulted	   in	   a	   significantly	   increased	   number	   of	   HLA+-‐
macrophages	   in	   the	   surrounding	   (P<0,05)	   and	   tumour	   (P<0,055)	   tissue	  
compared	  to	  sorafenib	   (Fig6B-‐C).	  Furthermore,	   less	  activated	  HSC	  were	   found	  
in	   tumour	   (αPlGF,	   P<0,01;	   sorafenib,	   P<0,01)	   as	   in	   non-‐tumour	   tissue	   (αPlGF,	  
P<0,05;	   sorafenib,	   P<0,01).	   Inhibition	   of	   PlGF	   slightly	   improved	   fibrosis,	  
however	  not	  significantly	  (Fig6D).	  	  

	  

Supplementary	   figure	  5:	  SEM-‐images	   showing	   the	  microvasculature	  of	   IgG	   (A),	  αPlGF	  
(B),	  sorafenib	  (C)	  and	  sorafenib+αPlGF	  (D)	  treated	  peritumoural	  vessels.	  	  

Microarrays	   showed	   that	   αPlGF-‐treatment	   significantly	   altered	   expression-‐
levels	  129	  gene-‐probes	  in	  surrounding	  tissue	  (Fig5A)	  and	  of	  115	  gene-‐probes	  in	  
tumour	   tissue	   (Fig5B).	  Genes	   involved	   in	   tumour	   development,	   angiogenesis	  
and	   metastasis	   were	   selected	   for	   further	   analysis	   (table	   1).	   The	   angiogenic	  
genes	   Sema3g,	   Sds,	   Igfbp2,	   Ccl28	   and	   Apln	   had	   a	   decreased	   expression	   in	  
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tumour	   tissue	  of	  αPlGF-‐treated	  mice	   compared	   to	   IgG-‐treated	  mice	  with	  HCC	  
(p<0,001).	   Furthermore,	   surrounding	   liver	   tissue	   of	   αPlGF-‐treated	  mice	   had	   a	  
lower	  expression	  of	  the	  pro-‐angiogenic	  genes	  Kdr,	  Thsd7a	  and	  Prcp	  (p<0,001).	  
Both	   in	   tumour	   and	   surrounding	   tissue,	   no	   alternative	   angiogenic	   pathways	  
were	  upregulated	  after	  treatment	  with	  αPlGF	  (table	  1).	  15	  genes	  in	  tumour	  and	  
14	  genes	  in	  surrounding	  tissue	  that	  are	  involved	  in	  tumour	  progression	  and	  had	  
a	   different	   expression	   between	   αPlGF-‐	   and	   IgG-‐treated	   mice.	   Most	   of	   these	  
alterations	  showed	  that	  αPlGF	  could	  decrease	  the	  hepatocarcinogenic	  process	  
(table	   1).	   The	   metastatic	   suppressor	   Cd82	   was	   significantly	   upregulated	   in	  
αPlGF-‐treated	   tumours	   (P<0,001),	  whereas	  pro-‐metastatic	  genes	  Actc1,	  Ptprb,	  
Gjc1	  and	   Igfbp2	  were	  significantly	  downregulated	   (P<0,001)	  compared	   to	   IgG-‐
treated	  mice.	  This	  decrease	  of	   the	  pro-‐metastatic	  niche	  was	  also	   found	   in	   the	  
surrounding	  tissue	  of	  αPlGF-‐treated	  mice,	  where	  the	  pro-‐metastatic	  gene	  Ptprb	  
was	  downregulated	  and	  the	  metastatic-‐suppressor	  gene	  Klf17	  was	  upregulated.	  
However,	   the	   metastatic-‐suppressors	   Erdr1	   and	   Akap12	   were	   significantly	  
downregulated	   and	   the	   pro-‐metastatic	   gene	   Camk1d	   was	   overexpressed	   in	  
αPlGF-‐treated	  tumours	  (P<0,001)	  (table	  1).	  	  

Analysis	  of	  the	  GSE33621-‐dataset	  showed	  that	  the	  metastatic	  suppressor	  Kiss1	  
was	   significantly	   downregulated	   (P<0,001)	   and	   the	   pro-‐metastatic	   gene	  Mta1	  
was	   significantly	   upregulated	   (P<0,001)	   after	   treatment	   with	   sorafenib.	  
Furthermore,	   expression	   of	   Bad	   was	   downregulated	   (P<0,001).	   Sorafenib	  
suppressed	  tumour	  progression	  by	  downregulating	  Pkb-‐alpha,	   Il-‐8,	  Muc18	  and	  
P110beta	   (P<0,001),	   however	   three	   important	   tumour	   suppressor	   genes	  Rb1,	  
P27Kip1	  and	  Casper/Flip,	  were	  also	  significantly	  downregulated.	  	  
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Figure	   5	   (previous	   page):	   hypoxia	   and	   metastasis	   in	   the	   treatment	   study.	   Gene	  
expression	   profiling	   revealed	   that	   treatment	   with	   αPlGF	   significantly	   altered	   the	  
expression	  of	  115	  gene-‐probes	  in	  the	  tumour	  tissue	  (Fig5A)	  and	  129	  gene-‐probes	  in	  the	  
surrounding	  non-‐tumour	   tissue	   (Fig5B).	   Treatment	  with	   sorafenib	   caused	  a	   significant	  
upregulation	   of	   the	   hypoxic	   marker	   PFK	   (P<0,05)	   and	   a	   trend	   towards	   higher	   Glut1	  
expression	  (Fig5C).	  HIF1α-‐staining	  showed	  a	  significant	  decrease	  in	  PlGF-‐deficient	  livers	  
compared	   to	   those	   treated	  with	   sorafenib	   (Fig5D).	   The	   pro-‐metastatic	  marker	  MMP9	  
was	   significantly	   upregulated	   in	   the	   tumour’s	   surrounding	   compared	   to	   IgG-‐treated	  
mice,	  however	  no	  significant	  difference	  was	  seen	  between	  the	  other	  tested	  metastatic	  
markers	   (Fig5E-‐F).	   Asterisks	   represent	   p-‐values	   (*	   =	   P<0,05,	   **	   =	   P<0,01	   and	   ***	   =	  
P<0,001).	  
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Table	  1:	  Summary	  of	  the	  data	  obtained	  by	  gene	  expression	  profiling.	  

!

!
Gene$ aPlGF$ IgG$ p,value$$ Function$

Tu
m
ou

r!t
iss

ue
!

Cd82! 11,32262362! 10,3205116! 5,83E606! Anti6metastatic!

Actc1! 2,94360859! 5,746879282! 0,000264959! Cell!motility!

Ptprb! 2,941555092! 4,4147304! 0,000719374! Cell!spreading!and!migration!

Gjc1! 1,969745953! 4,10946648! 3,40E605! Pro6metastatic!

Erdr1! 10,68560564! 12,32152879! 0,000532221! Anti6metastatic!

Akap12! 7,800377961! 9,103115799! 0,000155914! Anti6metastatic!

Camk1d! 10,46507258! 8,417571631! 0,000817848! Pro6metastatic!!

Igfbp2! 11,96987373! 14,91463022! 0,000407379! Pro6metastasic!and!pro6angiogenic!

Sema3g! 3,317762963! 6,087361833! 0,000641693! Interacts!with!neuropilin!!

Sds! 2,319141919! 5,645935511! 0,00025411! Associated!with!hypoxia!

Ccl28! 1,768524008! 3,56918628! 0,000715052! Chemoresistance!and!pro6angiogenic!

Apln! 3,386074216! 5,718111483! 0,000252562! Vascularisation!and!tumour!growth!!

Saa2! 16,43385725! 12,94100384! 0,000790312! Inflammatory!

Saa1! 16,50476705! 13,1982873! 0,000718441! Inflammatory!!

Hist1h1c! 12,58495171! 11,17582426! 0,000786575! Cel!growth!!

Csrp3! 10,10254127! 7,965980017! 2,95E605! Cell!differentiation!

Fryl! 2,147350179! 3,935702291! 9,17E605! Cell!fate!

Igfbp2! 11,79719471! 14,85805604! 0,000316272! Chemoresistance!and!cell!growth!

Lcp1! 11,78188757! 10,44976147! 0,000485338! Expressed!in!tumours!

Ccdc37! 2,220600282! 4,34710114! 0,000860019! Expressed!in!tumours!

Foxn2! 2,272566846! 3,995211378! 6,98E605! Might!be!involved!in!tumorigenesis!

Fam26f! 7,517755359! 5,154391333! 4,31E605! Might!be!involved!in!tumorigenesis!

Ifna12! 4,630404796! 3,408593743! 0,000172986! Tumour!suppressor!!

Sfxn2! 10,57364591! 11,72440017! 0,000128068! Tumour!marker!!

S100pbp! 2,021279746! 3,627055461! 0,000181348! Tumour!marker,!correlated!with!tumour!agressiveness!

Casz1! 5,419481734! 4,162747453! 0,000346735! Tumour!suppressor!!

Extl1! 7,964363498! 6,180440917! 0,000301712! Tumour!suppressor!
Per1! 10,12105345! 11,28903258! 7,89E605! Circadian!clock!gene,!tumour!promotor!

Su
rr
ou

nd
in
g!
tis
su
e!
!

Ptprb! 2,353250134! 3,948066425! 0,000966469! Cell!spreading!and!migration!

Klf17! 3,66613759! 2,200691406! 0,000652595! Anti6metastasic!

Kdr! 9,727835341! 10,73885097! 0,000865578! Pro6angiogenic!

Thsd7a! 2,77926104! 4,804056739! 0,000639571! Pro6angiogenic!

Prcp! 4,639719282! 6,389373506! 0,00054792! Pro6angiogenic!

Nsd1! 10,46916694! 11,47207781! 0,000538778! Chromogene!integrity!and!cellular!transformation!

Taok2! 2,174860245! 4,075178946! 1,02E605! Upregulated!during!cell!damage!

Dcc! 15,23946929! 17,04420232! 0,000983316! Tumour!supressor!!

Ahrr! 3,152750174! 2,033422346! 0,000691642! Tumour!supressor!

Specc1! 1,664845557! 3,044047708! 0,000591178! Tumour!marker!

Brd7! 7,107010451! 8,122823566! 0,000228486! Tumour!supressor!

Zfp612! 8,092251952! 9,458517486! 0,000135993! Might!be!involved!in!tumorigenesis!

Sdad1! 7,352384829! 9,140246686! 0,000568129! Might!be!involved!in!tumorigenesis!

Per1! 9,940612605! 11,19206578! 0,000126739! Circadian!clock!gene,!tumour!promotor!

Gcm1! 15,04849311! 17,02734644! 0,000411643! Cell!fusion!in!cancer!!

Mucl1! 2,883424064! 1,695993993! 0,00019326! Expressed!in!tumours!

Nkx264! 2,971674486! 1,804238408! 1,13E607! Tumour!suppressor!

Homer3! 1,990967395! 3,691589245! 0,000168722! Expressed!in!tumours!

Edaradd! 2,942614415! 1,648383944! 0,000351932! Tumour!supressor!
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Figure	  6	  (previous	  page):	  Inflammation.	  F4/80	  staining	  showed	  a	  trend	  towards	  lower	  
macrophage	   recruitment	   in	   the	   3	   treatments	   (Fig6A).	   The	   M2-‐marker	   CD206	   was	  
significantly	   decreased	   in	   surrounding	   and	   tumour	   tissue	   of	   αPlGF-‐treated	   mice,	  
compared	   to	   IgG-‐controls.	   	   Treatment	  with	  αPlGF	   resulted	   in	   a	   significantly	   increased	  
number	  of	  HLA+-‐macrophages	  in	  the	  surrounding	  compared	  sorafenib	  (Fig6B).	  	  The	  M1-‐
marker	  HLA-‐DR	  was	  significantly	  increased	  in	  αPlGF-‐treated	  tumours	  compared	  to	  IgG-‐
controls	   and	   sorafenib	   (Fig6C).	   No	   significant	   differences	   were	   seen	   on	   total	  
macrophage	   recruitment	   or	   HSC-‐activation	   between	   treatments.	   Inhibition	   of	   PlGF	  
slightly	  improved	  fibrosis,	  though	  this	  was	  not	  significant	  (Fig6D).	  

	  

3.5.1 Combination therapy: sorafenib and αPlGF 

The	   combination-‐treatment	   improved	   survival,	   only	   7,7%	   of	   mice	   died	   while	  
receiving	   the	   combination-‐therapy.	   The	   combination	   of	   αPlGF	   and	   sorafenib	  
significantly	   decreased	   macroscopic	   tumour	   number	   (P<0,001)	   (Fig4A)	   and	  
microscopic	   tumour	   burden	   (P<0,01)	   compared	   to	   IgG-‐controls	   (Fig4B	   &	  
supplementary	   figure	   3).	   However,	   no	   significant	   improvement	   was	   seen	  
between	  the	  combination	  and	  the	  monotherapeutic	  set-‐up.	  RNA-‐levels	  of	  Vegf	  
were	  significantly	  downregulated	  in	  the	  combination	  therapy	  compared	  to	  the	  
αPlGF-‐monotherapy	   and	   IgG-‐controls	   (Fig4D),	   yet	   this	   was	   not	   reflected	   in	  
protein	  levels	  (Fig4C).	  Protein	  levels	  of	  PlGF	  were	  significantly	  downregulated	  in	  
the	  tumour	  compared	  to	  mice	  treated	  with	  sorafenib	  (P<0,05)	  and	  IgG-‐controls	  
(P<0,05).	   The	   αPlGF-‐sorafenib-‐combination	   led	   to	   a	   significantly	   decreased	  
vascularisation	  of	   tumours	   (P<0,05)	   and	   surrounding	   (fibrotic)	   tissue	   (P<0,05),	  
measured	   by	   endoglin-‐staining	   (supplementary	   figure	   5).	   No	   significant	  
difference	   was	   observed	   between	   monotherapy	   and	   combination-‐therapy	  
(Fig5B).	   While	   no	   significant	   differences	   were	   seen	   in	   Glut1	   and	   PfK-‐
transcription	   levels,	  HIF1α	  was	  significantly	   increased	   in	   tumours	   treated	  with	  
the	   combination-‐therapy,	   compared	  αPlGF	   (Fig5C-‐D).	   Compared	   to	   sorafenib-‐
treated	   mice,	   the	   pro-‐metastatic	   genes	  Mmp-‐9	   (P<0,05)	   and	   Itgav	   (P<0,05)	  
were	  significantly	  decreased	  in	  the	  combination	  treatment	  group’s	  surrounding	  
tissue,	  and	  a	  trend	  towards	  lower	  Icam	  expression	  was	  observed	  (Fig5E-‐F).	  Pro-‐
metastatic	   gene	   expression	   in	   the	   tumour	  was	   not	   altered	   compared	   to	   IgG-‐
controls.	  	  
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F4/80	   staining	   showed	  a	   trend	   towards	   lower	  macrophage	   recruitment	   in	   the	  
αPlGF-‐Sorafenib-‐combination	   treatment.	   No	   significant	   difference	   was	   seen	  
compared	  to	  monotherapy	  or	  IgG-‐controls	  (Fig6A).	  However,	  the	  combination-‐
treated	  mice	  had	  significantly	  less	  M1-‐macrophages	  in	  tumour	  tissue	  compared	  
to	   αPlGF-‐treated	   (P<0,01)	   and	   a	   similar	   trend	   was	   seen	   in	   the	   surrounding	  
tissue	  (Fig6B-‐C).	  

3.5.2 Human PlGF 

PlGF-‐serum	   levels	  were	   significantly	   upregulated	   in	   cirrhotic	   patients	   (P<0,05)	  
and	  HCC-‐patients	   (P<0,001)	  compared	  to	  healthy	  controls	   (Fig6).	  HCC-‐patients	  
had	   significantly	   higher	   serum	   levels	   of	   PlGF	   compared	   to	   cirrhotic	   patients	  
(P<0,05),	  and	  PlGF-‐levels	  were	  correlated	  to	  the	  presence	  of	  HCC	  (P<0,05;	  corr	  
0,41),	   AST/ALT	   (P<0,05;	   corr	   0,40)	   and	   CRP	   (P<0,001;	   corr	   0,81).	   Also,	   gene-‐
expression-‐levels	  of	  PGF	  were	  significantly	  higher	  in	  HCC	  compared	  to	  cirrhotic	  
(P<0,05)	   and	   non-‐tumour	   tissue	   (P<0,001)	   (Fig7B).	  While	  ENG-‐expression	  was	  
significantly	   decreased	   in	   HCC-‐patients	   (P<0,001),	   a	   significant	   increased	   was	  
seen	   in	   the	   vascular	   marker	   VWF	   compared	   to	   healthy	   (P<0,05)	   and	   non-‐
tumour	  tissue	  (P<0,001)	  (Fig7C).	  The	  pro-‐metastatic	  markers	  MMP9	  and	  ITGAV	  
were	   significantly	   increased	   in	   HCC-‐patients	   compared	   to	   non-‐tumour	  
(P<0,001)	   and	   cirrhotic	   tissue	   (respectively	   (P<0,05	   and	   P<0,01)	   (Fig7D).	  
However,	  the	  pro-‐metastatic	  marker	   ICAM	  was	  significantly	  decreased	  in	  HCC-‐
tissue	   compared	   to	   surrounding	   non-‐tumour	   (P<0,001)	   and	   cirrhotic	   tissue	  
(P<0,001).	   This	   led	   to	  a	   significant	   correlation	  between	   the	  RNA-‐levels	  of	  PGF	  
with	  MMP9	  (P<0,001;	  Corr	  0,48),	  ITGAV	  (P<0,001,	  Corr	  0,50)	  and	  VWF	  (P<0,001;	  
Corr	  0,44)	  
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Figure	   7:	   Human	   PlGF-‐data.	   PlGF-‐serum	   levels	   were	   significantly	   up	   regulated	   in	  
cirrhotic	  patients	  and	  HCC-‐patients	  compared	  to	  healthy	  controls.	  Asterisks	  represent	  p-‐
values	  (*	  =	  P<0,05,	  **	  =	  P<0,01	  and	  ***	  =	  P<0,001).	  Also,	  gene-‐expression-‐levels	  of	  PGF	  
were	   significantly	  higher	   in	  HCC	   compared	   to	   cirrhotic	  and	  non-‐tumour	   tissue	   (Fig7B).	  
While	   ENG-‐expression	   was	   significantly	   decreased	   in	   HCC-‐patients,	   a	   significant	  
increased	  was	  seen	   in	  the	  vascular	  marker	  VWF	  compared	  to	  healthy	  and	  non-‐tumour	  
tissue	   (Fig7C).	   The	   pro-‐metastatic	   markers	   MMP9	   and	   ITGAV	   were	   significantly	  
increased	  in	  HCC-‐patients	  (Fig7D).	  	  Asterisks	  represent	  p-‐values	  (*	  =	  P<0,05,	  **	  =	  P<0,01	  
and	  ***	  =	  P<0,001).	  
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3.6 Discussion 

Anti-‐angiogenic	   treatment	   has	   opened	   a	   new	   era	   in	   the	   field	   of	   anti-‐cancer	  
therapy.	  While	  most	  studies	  have	  focussed	  on	  inhibiting	  VEGF	  and	  its	  receptors,	  
we	  have	  chosen	  to	  investigate	  the	  role	  of	  the	  VEGF-‐homologue	  PlGF,	  known	  for	  
its	  sole	  involvement	  in	  pathologic	  angiogenesis,	  in	  the	  pathogenesis	  of	  HCC.	  

HCC	   is	   a	   solid	   tumour	   greatly	   depending	   on	   neovascularisation	   to	   support	   its	  
growth.	   Therefore,	   anti-‐angiogenic	   treatment	   with	   sorafenib	   has	   shown	  
substantial	  improvement	  for	  patients	  with	  advanced	  HCC.	  In	  our	  study,	  we	  have	  
shown	   that	   PlGF	   is	   involved	   in	   the	   pathogenesis	   of	   HCC,	   both	   in	   mice	   and	  
human.	   In	   the	  transgenic	  knock	  out	  model	  as	  well	  as	   in	   the	  treatment	  model,	  
silencing	  or	  inhibition	  of	  PlGF	  significantly	  decreased	  tumour	  burden,	  however,	  
blockage	   of	   PlGF	   did	   not	   result	   in	   a	   complete	   stop	   of	   tumour	   growth.	   PlGF-‐
inhibition	   decreased	   vascularisation	   and	   reduced	   hepatic	   macrophage	  
recruitment,	   in	   line	   with	   previous	   reports	   showing	   that	   PlGF	   is	   a	   potent	  
attractor	   for	   endothelial	   cells	   and	  macrophages	   (20,24).	   Other	   in	   vivo	   and	   in	  
vitro	   studies	   have	   found	   that	   PlGF	   exerts	   part	   of	   its	   effect	   by	   recruiting	   pro-‐
angiogenic	  macrophages	   (24)(26).	   Although	   the	   results	   in	   our	   study	  were	   not	  
always	   consistent	   (the	  PlGFKO-‐study	   showed	  a	  decrease	  of	   the	  M1-‐marker	   at	  
20W	  DEN),	  there	  was	  a	  general	  trend	  in	  the	  knock	  out	  and	  treatment	  study	  of	  a	  
switch	   towards	   the	  M1-‐macrophage	  phenotype.	   Furthermore,	  we	  did	  not	   see	  
an	   increase	   of	   M1-‐macrophages	   in	   mice	   treated	   with	   sorafenib.	   M1-‐
macrophages	   are	   known	   to	   promote	   a	   tumouricidal	   response	   (30),	   thus	   this	  
could	  have	  contributed	  to	  the	  decreased	  tumour	  burden	  in	  PlGF-‐inhibited	  mice.	  	  	  	  	  

Compared	   to	   sorafenib,	   αPlGF	   did	   not	   provoke	   a	   significant	   improvement	   on	  
survival,	   tumour	   burden,	   and	   hepatic	   stellate	   cell	   activation.	   However,	  
sorafenib	  and	  other	  VEGF-‐VEGFR-‐targeted	  therapies	  cause	  a	  number	  of	  adverse	  
effects,	   including	   teratogenicity,	   pruning	   of	   healthy	   vessels,	   thrombosis,	  
hypertension,	  bleeding,	  disrupted	  wound	  healing	  and	  skin	  toxicity.	  In	  our	  study,	  
sorafenib-‐treated	   mice	   were	   more	   prone	   to	   bleeding.	   PlGF-‐expression	   is	  
negligible	   in	  quiescent	  tissues	   in	  baseline	  conditions	  and	  a	  full	  knock	  out	  does	  
not	  cause	  any	  noteworthy	  abnormalities	   in	  mice.	  So	  far,	  a	  phase	   I	  clinical	   trial	  
with	   a	   humanised	   PlGF-‐antibody	   (TB403)	   has	   shown	   good	   safety	  
(NCT00702494).	   In	   line	  with	  previous	  reports	  PlGF-‐levels	  of	  HCC-‐patients	  were	  
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significantly	   upregulated	   compared	   to	   cirrhotic	   and	   healthy	   controls,	  
confirming	   PlGF	   could	   play	   a	   role	   in	   human	   hepatocarcinogenesis	   (31,32).	  
Although	   other	   studies	   have	   shown	   a	   correlation	   between	   PlGF-‐levels	   and	  
tumour	  stage,	  we	  were	  not	  able	  to	  show	  this	  in	  our	  patient-‐population,	  perhaps	  
due	   to	   the	   small	   sample	   size	   (33).	  However,	  microarray	  expression	  data	   from	  
the	  GSE25097-‐dataset	  revealed	  a	  correlation	  between	  PGF-‐expression	  and	  the	  
pro-‐metastatic	   markers	  MMP9	   and	   ITGAV,	   as	   well	   as	   vascular	   marker	   VWF,	  
suggesting	   a	   possible	   involvement	   of	   PlGF	   in	   tumour-‐angiogenesis	   and	  
metastasis.	   Yet,	   further	   analysis	   in	   larger	   datasets	   should	   be	   performed	   to	  
provide	   additional	   insight	   into	   which	   patients	   would	   potentially	   benefit	   the	  
most	   from	   αPlGF-‐treatment.	   Larger	   studies	   in	   human	   patients,	   thereby	  
specifically	  focussing	  on	  those	  receiving	  anti-‐angiogenic	  treatment	  are	  needed	  
in	  the	  future.	  	  	  	  

Even	  though	  HCC	  is	  a	  “hypervascular”	  cancer,	  it	  is	  characterised	  by	  hypoxia,	  and	  
its	  growth	  is	  promoted	  by	  hypoxia	  (34).	  While	  hypoxic	  HCC	  cells	  try	  to	  improve	  
their	  oxygenation	  by	  stimulating	  the	  arterial	  blood	  supply,	  their	  oxygen	  delivery	  
is	  often	  impaired	  by	  the	  formation	  of	  abnormal	  tumour	  vessels.	  This	  initiates	  a	  
reinforcing	   vicious	   circle	   of	   vascularisation	   and	   promoting	   malignancy.	   Anti-‐
angiogenic	   therapy	   is	   expected	   to	   prune	   tumour	   vasculature,	   depriving	   the	  
tumour	   from	   oxygen.	   The	   hypoxic	   conditions	   created	   by	   anti-‐angiogenic	  
therapy,	   may	   select	   for	   more	   invasive	   tumour	   variants	   better	   adapted	   to	  
survive	   and	   proliferate	   under	   reduced	   oxygen	   tension,	   leading	   to	   increased	  
intravasation	   and	   metastatic	   dissemination	   (18).	   Furthermore,	   this	   increased	  
hypoxia	   often	   induces	   an	   additional	   angiogenic	   switch,	   thereby	   allowing	  
tumours	  to	  provoke	  angiogenic-‐escape	  mechanisms	  by	  upregulating	  alternative	  
angiogenic	  pathways.	   Indeed,	  PlGF-‐inhibited	   tumours	  were	  characterized	  by	  a	  
decreased	   infiltration	   of	   M2-‐like	   TAMs	   which	   induce	   vessel	   abnormalisation,	  
while	  M1-‐like	  TAMs	  are	  not	  or	  less	  involved	  (25,36).	  αPlGF	  did	  not	  only	  inhibit	  
the	   formation	   of	   tumour	   blood	   vessels,	   but	   also	   normalized	   remaining	   blood	  
vessels	   as	   seen	   on	   the	   SEM-‐images	   of	   the	   vascular	   corrosion	   casts.	   PlGF-‐
inhibition	  did	  not	  lead	  to	  an	  upregulation	  of	  other	  pro-‐angiogenic	  factors	  such	  
as	   VEGF.	   A	   decrease	   of	   VEGF	   was	   seen	   in	   HCC-‐tissue	   treated	   with	   αPlGF,	  
perhaps	  due	  to	  increased	  binding	  to	  the	  decoy	  receptor	  VEGFR1,	  since	  this	  was	  
not	  reflected	   in	  the	  RNA-‐transcription.	  By	  switching	  TAMs	  away	  from	  the	  M2-‐	  
to	  a	  tumour-‐inhibiting	  M1-‐like	  phenotype,	  PlGF-‐inhibition	  could	  promote	  anti-‐
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tumour	   immune	   responses	  and	  vessel	  normalization	   (20,24,35).	   Indeed,	  PlGF-‐
inhibited	   tumours	   were	   characterized	   by	   a	   decreased	   infiltration	   of	   M2-‐
macrophages,	   which	   are	   also	   known	   to	   produce	   angiogenic	   factors.	   Thus,	  
switching	  the	  TAMs	  towards	  an	  M1-‐phenotype	  could	  have	  a	  positive	  influence	  
on	  the	  pathogenesis	  of	  HCC	  and	  could	  partially	  explain	  the	  vessel	  normalization	  
and	   the	   decreased	   angiogenic	   response	   seen	   in	   PlGF-‐silenced	   tumours	   (24).	  
However,	   the	   complex,	  highly	  heterogeneous	  nature	  of	  HCC	  makes	   it	  unlikely	  
that	   targeting	  one	  pathway	  will	   achieve	  optimal	  disease	   control.	   Even	   though	  
no	  evidence	  was	  found	  towards	  angiogenic	  escape,	  further	   investigation	  using	  
long-‐term	   administration	   of	   PlGF-‐antibodies	   is	   necessary	   to	   exclude	   this	  
phenomenon.	  	  

Microarray	   analysis	   showed	   that	   PlGF-‐inhibition	   possibly	   selects	   for	   a	   less	  
metastatic	   tumour	   phenotype,	   possibly	   by	   normalising	   the	   vasculature	   and	  
subsequently	   decreasing	   hypoxia	   (37).	   Indeed,	   αPlGF–treated	   mice	   had	  
decreased	  expression	  of	  the	  pro-‐metastatic	  genes	  Actc1,	  Ptprb,	  Gjc1,	  Ptprb	  and	  
Igfbp2	  and	   the	   increased	  expression	  of	   the	  metastatic	   suppressor	   gene	  Klf17.	  
qPCR-‐analysis	   showed	  that	   treatment	  with	  sorafenib	   increased	   the	  expression	  
of	  Mmp9	  and	   Icam,	   two	  pro-‐metastatic	   genes,	  probably	  due	   to	   the	   increased	  
hypoxia.	  Analysis	  of	  the	  sorafenib-‐expression-‐data	  showed	  that	  the	  metastatic-‐
suppressor	   gene	  Kiss1	   is	   decreased	   after	   treatment	  with	   sorafenib.	   However,	  
since	  this	  DEN-‐model	  does	  not	   induce	  extrahepatic	  metastasis	  and	  not	  al	  pro-‐
metastatic	   markers	   were	   consistently	   decreased,	   further	   investigation	   using	  
more	  suitable	  metastatic	  models	  for	  HCC,	  would	  provide	  valuable	  insight	  on	  the	  
influence	  of	  αPlGF	  and	  sorafenib	  on	  the	  metastatic	  potential.	  

Inhibition	  of	  PlGF	  leads	  to	  an	  increased	  expression	  of	  tumour-‐suppressor-‐genes	  
and	   a	   decrease	   of	   tumour-‐promoting-‐genes,	   possibly	   suggesting	   a	   less	  
aggressive	  tumour	  environment.	  This	  effect	  was	  not	  observed	  in	  the	  sorafenib-‐
treated	   xenografts.	   Furthermore,	   studies	   have	   shown	   vessel	   normalisation	  
could	   improve	   drug	   delivery	   and	   efficacy	   (38–40).	   Whereas	   analysis	   of	   the	  
GSE33621-‐dataset	   showed	   that	   sorafenib	   possibly	   selects	   for	   a	   more	  
chemoresistant	   phenotype	   by	   downregulating	   Bad.	   Thereby,	   treatment	   with	  
αPlGF	   could	   open	   new	   therapeutic	   opportunities	   for	   this	   otherwise	  
chemoresistent	   tumour.	   Combining	   αPlGF	   with	   classic	   chemotherapeutic	  
agents,	  would	  hold	  great	  potential	  for	  future	  research.	  	  
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To	  conclude,	  both	  in	  the	  transgenic	  knock	  out	  model	  as	  in	  the	  treatment	  model,	  
silencing	  or	   inhibition	  of	  PlGF	  significantly	  decreased	  tumour	  burden,	  not	  only	  
by	   inhibiting	   the	   vascularisation,	   but	   also	   by	   decreasing	   hepatic	   macrophage	  
recruitment	   and	   inducing	   a	   switch	   towards	  M1-‐macrophage	   polarization.	   The	  
use	  of	  αPlGF	  holds	  great	  potential,	  since	  it	  does	  not	  only	  inhibit	  the	  formation	  
of	   tumour	   blood	   vessels,	   but	   also	   normalizes	   the	   remaining	   blood	   vessels,	  
thereby	  decreasing	  hypoxia	  and	  reducing	  the	  pro-‐metastatic	  potential	  of	  HCC.	  	  
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4  Effect of PHD2 haplodeficiency on 
hepatocarcinogenesis in mice. 
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4.1 Abstract 

Background	   and	   Aims:	   The	   two	   major	   primary	   liver	   cancers	   in	   adults	   are	  
hepatocellular	   carcinoma	   and	   cholangiocarcinoma.	   These	   tumours	   rapidly	  
outgrow	  their	  vascular	  supply	  and	  become	  hypoxic,	  resulting	  in	  the	  production	  
of	  hypoxia	   inducible	   factors.	  Recently,	   interest	  has	  grown	   in	   the	   regulators	  of	  
these	  factors.	  Several	  reports	  have	  been	  published	  describing	  the	  role	  of	  prolyl	  
hydroxylase	  domains	  –	  the	  key	  oxygen	  sensor	  responsible	  for	  the	  degradation	  
of	  hypoxia	   inducible	   factors	  –	   in	   tumour	  progression	  and	  vascularisation.	   	  The	  
effect	  of	  prolyl	  hydroxylase	  domain	  2	  on	   the	  pathogenesis	  of	   liver	   cancer	  has	  
never	  been	  studied.	  Methods:	  a	  diethylnitrosamine	  induced	  mouse	  model	  was	  
used	   in	   this	   study,	   allowing	   primary	   hepatic	   tumours	   to	   occur	   as	   a	   result	   of	  
chronic	   liver	   damage.	   Several	   parameters	   of	   prolyl	   hydroxylase	   domain	   2-‐
haplodeficient	   mice	   were	   compared	   to	   those	   of	   wild	   type-‐mice,	   thereby	  
focussing	  on	  the	  expression	  of	  angiogenic	  factors	  and	  on	  hepatic	  progenitor	  cell	  
activation	   and	   differentiation.	   Results:	   this	   study	   shows	   that	   inhibiting	   prolyl	  
hydroxylase	   domain	   2	   increases	   the	   hepatocarcinogenesis	   and	   stimulates	   the	  
development	   of	   cholangiocarcinoma.	   Furthermore,	   PHD2-‐deficiency	   and	   the	  
accompanying	   continuous	   HIF-‐activation,	   selected	   for	   a	   more	   metastatic	  
tumour	   phenotype.	   Conclusion:	   The	   effect	   of	   prolyl	   hydroxylase	   domain	   2-‐
deficency	   on	   the	   hepatocarcinogenesis	   hold	   a	   great	   potential	   for	   therapeutic	  
intervention,	   since	   hypoxia	   and	   the	   selection	   for	   a	   more	   aggressive	  
cholangiocarcinoma-‐phenotype	   might	   also	   have	   a	   repercussion	   on	   patients	  
receiving	  long-‐term	  treatment	  with	  anti-‐angiogenic	  compounds.	  	  

4.2 Background 

Hepatocellular	   carcinoma	   (HCC)	   is	   a	   primary	  malignancy	   that	  mostly	   emerges	  
on	   a	   background	   of	   chronic	   liver	   diseases.	   This	   process	   is	   characterised	   by	  
increased	  hypoxia	  due	  to	   the	   formation	  of	   fibrotic	  septa,	  as	  well	  as	  sinusoidal	  
capillarisation,	  resulting	  in	  an	  increased	  resistance	  to	  blood	  flow	  and	  decreased	  
oxygen	   delivery	   [1].	   Furthermore,	   HCC	   is	   a	   fast	   growing	   tumour	   that	   rapidly	  
exceeds	   its	  blood	  supply	  and	  becomes	  hypoxic.	  Through	  the	  expression	  of	  the	  
hypoxia	   inducible	   factor	   (HIF),	   several	   angiogenic	   factors,	   such	   as	   vascular	  
endothelial	   growth	   factor	   (VEGF)	   and	   placental	   growth	   factor	   (PlGF),	   are	  
regulated.	   HIF	   is	   tightly	   controlled	   by	   prolyl	   hydroxylase	   domain	   (PHD)	  
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molecules,	   and	   particularly	   PHD2	   plays	   an	   essential	   role	   as	   the	   key	   oxygen	  
sensor	  [2].	  Proline	  hydroxylation	  regulates	  the	  stability	  of	  the	  α-‐subunits	  of	  HIF.	  
In	   the	   event	   of	   hypoxia,	   PHD2	   is	   unable	   to	   hydroxylate	   HIF,	   preventing	   its	  
degradation	  and	  inducing	  an	  angiogenic	  switch.	  This	  leads	  to	  an	  uncoordinated	  
production	   of	   angiogenic	   factors,	   inducing	   a	   poorly	   functional	   vasculature	  
incapable	  of	  meeting	  tumoural	  oxygen	  demands.	  	  

The	  main	  rationale	  behind	  the	   intensive	   interest	   in	  prolyl	  hydroxylases	   is	  their	  
potential	   to	   serve	   as	   therapeutic	   targets.	   Recent	   studies	  have	  highlighted	   the	  
importance	   of	   PHD2	   in	   tumorigenesis	   [3–5]	   and	   shown	   a	   differential	   role	   of	  
PHD2	  in	  tumoural	  and	  stromal	  compartments.	  Some	  studies	  suggest	  that	  PHD2-‐
haplodeficiency	   normalises	   vessel	   morphology,	   therefore	   improving	   tumour	  
perfusion	  and	  oxygenation,	  resulting	  in	  a	  less	  aggressive	  tumour	  phenotype	  [5].	  
However,	   this	   is	   in	  contrast	   to	  other	   findings	  describing	  an	   increased	  capillary	  
density,	  vessel	  branching	  and	  an	  increased	  tumour	  growth	  as	  a	  result	  of	  PHD2	  
silencing	   in	   the	   tumour	   environment	   [3].	   Furthermore,	   studies	   in	   pancreatic	  
cancer	   have	   shown	   that	   PHD2	   serves	   as	   a	   potential	   tumour	   inhibitor	   [6]	   and	  
results	  in	  glioma	  tumour	  cells	  support	  the	  positive	  effect	  of	  PHD2-‐expression	  on	  
mice	  survival	   [4].	  Most	  of	   these	  studies	  use	  different	  mouse	  models	   to	  assess	  
the	  effect	  of	  PHD2-‐inhibition	  on	  tumour	  development,	  which	  might	  explain	  part	  
of	   the	   discrepancies	   [7]	   and	   also	   the	   distinct	   role	   of	   PHD2	   in	   specific	   tumour	  
compartments	  will	  influence	  the	  outcome.	  The	  effect	  of	  PHD2-‐deficiency	  on	  the	  
development	   and	   progression	   of	   primary	   liver	   tumours,	   has	   never	   been	  
studied.	  Therefore,	  we	  used	  a	  DEN-‐induced	  mouse	  model	  and	  compared	  PHD2-‐
heterozygous	  knock	  out	  mice	  with	   their	  wild	   type	   (WT)	   counterparts,	   thereby	  
focusing	  on	  angiogenesis,	  tumour	  development	  and	  tumour	  phenotype.	  	  

4.3 Material and methods 

4.3.1 HCC induction 

5-‐week-‐old	  male	  mice	   received	   intraperitoneal	   injections	   once	  per	  week	  with	  
DEN	   (35	   mg/kg	   bodyweight)	   diluted	   in	   saline,	   as	   previously	   described	   [8].	  
PHD2+/-‐-‐mice	   were	   obtained	   from	   the	   Vesalius	   Research	   Centre	   (KULeuven,	  
Belgium).	   A	   heterogenic	   couple	  was	   used	   for	   breeding	   and	   the	   offspring	  was	  
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genotyped.	   The	   Ethical	   Committee	   of	   experimental	   animals	   at	   the	   Faculty	   of	  
Medicine	   and	   Health	   Sciences,	   Ghent	   University,	   Belgium,	   approved	   the	  
protocols.	  

4.3.2 Sampling & histology 

8	   mice	   per	   group	   were	   sacrificed	   by	   isoflurane	   (Forene®,	   Abott,	   Wavre,	  
Belgium)	   anaesthesia	   while	   blood	   was	   obtained	   from	   the	   ophthalmic	   venous	  
sinus.	   After	   macroscopic	   evaluation	   and	   quantification	   of	   the	   number	   of	  
tumours,	  all	  organs	  were	  sampled	  as	  previously	  described	  [8,9].	  Tumour-‐lesions	  
and	  non-‐tumour-‐tissue	  were	   separately	   collected.	  Haematoxilin-‐eosin	   staining	  
was	  performed	  to	  evaluate	  the	  morphological	  changes	  and	  to	  identify	  HCC	  and	  
CC-‐lesions.	  Sirius	  Red	  was	  used	  to	  stain	  CC-‐lesions	  and	  was	  carried	  out	  to	  score	  
CC-‐burden,	  which	  was	  also	  staged	  by	  distinguishing	  normal	  bile	  ducts	  (stage	  0),	  
pre-‐malignant	   cholangioma	   (stage	   1),	  mixed	   cholangioma-‐cholangiocarcinoma	  
(stage	   2)	   and	   cholangiocarcinoma	   (stage	   3),	   on	   haematoxilin-‐eosin-‐stained	  
slides	  as	  previously	  described	  [10].	  An	  experienced	  pathologist	  used	  histological	  
characteristics	  of	  haematoxylin-‐eosin-‐stained	  slides	  and	  immunohistochemistry	  
to	   distinguishing	   HCC	   and	   CC.	   Pre-‐malignant	   hepatocellular	   lesions	   were	  
separated	   from	   HCC	   using	   the	   absence	   reticulin	   and	   micropathologiccal	  
characteristics	  as	  diagnostic	  criteria	  [11].	  Fibrosis	  was	  quantified	  using	  Metavir-‐
score	  on	  Sirius	  Red-‐stained	  slides	  [12,13],	  analysing	  5	  ROI’s	  per	  slide.	  Stainings	  
were	   done	   using	   standard	   histology	   protocols	   and	   blindly	   evaluated	   by	   an	  
experienced	  pathologist.	  	  

4.3.3 Protein levels 

Immunohistochemistry	   was	   used	   to	   quantify	   protein	   levels	   inside	   hepatic	  
tumours	  and	  in	  surrounding	  non-‐tumour	  tissue.	  Immunohistochemical	  staining	  
protocols	  for	  HPC-‐markers	  (CK19,	  LIF	  and	  Oct4)	  [14],	  angiogenesis	  (CD105	  and	  
VEGF),	   macrophage	   recruitment	   (F4/80)	   and	   hypoxia	   (HIF1α)	   are	   provided	   in	  
supplementary	   table	   1	   and	   were	   quantified	   as	   previously	   described	   [13].	  
Intercapillary	  distance	   (ICD)	  was	  used	  as	   a	  marker	   for	  microvessel	   density,	   by	  
measuring	   the	   average	   distance	   between	   vessels	   in	   HCC-‐nodules	   on	   CD105-‐
stained	   slides.	   Protein	   levels	   of	   PlGF	   (R&D	   Biosystems,	   Mouse	   PlGF-‐2	  
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Quantikine	  ELISA	  Kit,	  Abingdon,	  UK)	  and	  VEGF	   (R&D	  Biosystems,	  Mouse	  VEGF	  
Quantikine	  ELISA	  Kit,	  Abingdon,	  UK)	  were	  measured	  in	  liver	  tissue. 

	  

Supplementary	  table	  1:	  immunohistochemistry	  protocols	  

4.3.4 Quantitative Real Time PCR (qPCR) 

RNA	  was	  extracted	  from	  20mg	  frozen	  liver	  tissue	  (macroscopic	  tumour	  or	  non-‐
tumour)	  preserved	  on	  RNA-‐latter,	  following	  manufacturer’s	  guidelines	  (Qiagen,	  
RNeasy	   Mini	   Kit,	   Venlo,	   Netherlands)	   and	   diluted	   to	   a	   concentration	   of	  
100ng/µl.	   RNA-‐Quality	   was	   evaluated	   using	   spectrophotometry.	   cDNA	   was	  
obtained	   from	   10µl	   RNA	   with	   the	   iScript	   cDNA	   Synthesis	   Kit	   using	   random	  
hexamere	   primers,	   according	   to	   manufacturer's	   protocol	   (Bio-‐Rad,	   Eke,	  
Belgium).	   Expression	   was	   measured	   using	   qRT-‐PCR,	   with	   3µl	   cDNA	   and	   the	  
LightCycler	   480	   Green	   I	  Master	  Mix	   (Roche,	   Vilvoorde,	   Belgium).	   Primers	   are	  
shown	  in	  supplementary	  table	  2.	  	  

Buffers

Product
(reference)

Time Peroxidase Product 
(dilution)

Time Product 
(ref) 

dilution

Time Product (ref) 
dilution Time 

VEGF Trypsin 7' (37°C) 15' 3% H2O2 Goat serum 
(1/5) 45' (RT)

Rabbit polyclonal 
anti-VEGF 

(sc-152, Santa 
Cruz) 
 1/250

18h (4°C)
Goat anti-Rabbit
(P0448, Dako)

 1/300

45' (RT)
+ 

Vectastain 
kit

TNB 

CD105 Citrate 30 ' (99°C) 15' 3% H2O2 BSA
 (0,1%) 30' (RT)

Goat polyclonal anti- 
Endoglin 

(AF1320, R&D 
systems)

1/50

18h (RT) LSAB-kit
(K0690, Dako)

Manufactur
ers 

protocol
TBS

HIF1-alpha Citrate 30' (99°C) 15' 3% H2O2 BSA
 (1%) 30' (37°C)

Rabbit polyclonal 
anti-HIF1alpha 

(sc-10790, Santa 
Cruz) 
1/400

1h (37°C) LSAB-kit
(K0690, Dako)

Manufactur
ers 

protocol
PBS

F4/80
Target 

Retrieval 
solution

(S1699, Dako)

20' (99°C) 15' 3% H2O2 Rabbit serum
 (1/5) 45' (RT)

Rat monoclonal anti-
F4/80 

(MCA497, Serotec) 
1/300

18h (RT)
Rabbit anti-Rat 
(E0468, Dako)

 1/300

45' (RT)
+ 

Vectastain 
kit

TNB

CK19
Proteinase K

(S302080, 
Dako)

10' (RT) 15' 3% H2O2 BSA 
(2%) 30' (RT)

Rat anti-TROMA III 
(DSHB) 
 1/500

1,5h (RT)
Rabbit anti-Rat 
(E0468, Dako) 

1/300

45' (RT)
+ 

Vectastain 
kit

PBS

LEF-1
Proteinase K

(S302080, 
Dako)

10' (RT) 15' 3% H2O2 BSA
 (2%) 15 ' (RT)

Goat polyclonal anti-
Lef1

(sc-8592, Santa 
Cruz)
1/200

18h (RT) LSAB-kit
(K0690, Dako)

Manufactur
ers 

protocol

PBS 
 0,1% BSA 

0,01% 
Tween20

Oct4
Proteinase K

(S302080, 
Dako)

10' (RT) 15' 3% H2O2 BSA
 (2%) 15 ' (RT)

Rabbit polyclonal 
anti-oct4

(ab18976, Abcam)
1/50

18h (4°C)
Goat anti-Rabbit
(P0448, Dako) 

1/50

45' (RT)
+ 

Vectastain 
kit

PBS 
 0,1% BSA 

0,01% 
Tween20

Antigen 
retrieval Blocking Primary 

Antibody
Secundary 
Antibody
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Supplementary	  table	  2:	  qPCR	  primers	  

4.3.5 Human gene expression 

Gene	   expression	   data	   of	   HCC-‐	   and	   CC-‐lesions	   were	   obtained	   from	   the	  
GSE15765	  dataset	  [15].	  70	  HCC-‐patients	  and	  13	  CC-‐patients	  were	  included	  and	  
expression	  of	  the	  Notch-‐pathway	  was	  assessed	  using	  robust	  multichip	  averages	  
(RMA).	  

4.3.6 Vascular corrosion casting 

Vascular	   corrosion	   casts	  were	   created	  by	  perfusing	  Batson	  n°17	   (Polysciences	  
ref:	   07349,	   Eppelheim,	   Germany)	   through	   the	   aorta	   abdominalis	   and	   vena	  
ileocolica;	  followed	  by	  dissolving	  soft	  tissue	  in	  25%	  KOH.	  Casts	  were	  evaluated	  
with	  scanning	  electron	  microscopy	  (Jeol	  JSM5600LV,	  Zaventem,	  Belgium).	  

4.3.7 Statistics 

Data	   were	   analysed	   with	   SPSS16.	   After	   testing	   for	   normality	   and	  
homoscedasticity,	  data	  were	  either	  subjected	  to	  a	  student’s	   t-‐test	  or	  a	  Mann-‐
Whitney-‐U	  test.	  P<0.05	  was	  considered	  statistically	  significant.	   

Gene name (ID) Forward Primer Reverse Primer 

Hprt (15452) GTTAAGCAGTACAGCCCCAAA AGGGCATATCCAACAACAAACTT 

Hmbs (15288) AAGGGCTTTTCTGAGGCACC AGTTGCCCATCTTTCATCACTG 

Sdha (66945) CTTGAATGAGGCTGACTGTG ATCACATAAGCTGGTCCTGT 

Gapdh (14433) CATGGCCTTCCGTGTTCCTA GCGGCACGTCAGATCCA 

Notch2 (18129) ATGTGGACGAGTGTCTGTTGC GGAAGCATAGGCACAGTCATC 

Jag2 (16450) CCAAAGTGGACAACCGCGCC CTGGCTATTCCCTGCCAGCACG 

PFK1 ( ) 18641 GCCGGCTCAGTGAGACAAG TGGCACCTTCAGCAACAATG 

Glut1 (20512) GCTTAT GGGCTTCTCCAAAC GTGACACCTCTCCCACATAC 

Endoglin (13805) CCACCGGCCATGAACTTGTCCC AGTGGGGTGAGGAGATCCCAAGG 
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4.4 Results 

4.4.1 Macroscopic evaluation 

No	   significant	   difference	  was	   seen	   in	  mortality	   between	   PHD2-‐inhibited	  mice	  
and	  WT	   (Fig.	   1.).	   Nevertheless,	  while	  WT-‐mice	   displayed	   a	   steady	   increase	   in	  
mortality	   that	   starts	  early	   in	   the	  experiment,	   in	   the	  PHD2+/-‐-‐group	  80%	  of	   the	  
mice	  died	  in	  the	  last	  5	  weeks	  of	  the	  experiment.	  PHD2+/-‐-‐mice	  suffered	  from	  a	  
significantly	   increased	  weight	   loss	  compared	  to	  their	  WT-‐counterparts	  at	  20W	  
(P<0,01)	   and	   25W	   (P<0,001)	   (Fig.	   1.).	   Furthermore,	   there	   were	   an	   increased	  
number	   of	   macroscopic	   liver	   tumours	   after	   25W	   (P<0,05)	   (Fig.	   1.);	   in	   PHD2-‐
inhibited	  mice	  and	  at	  30W	  this	   resulted	   in	  a	  higher	   liver	  weight	   (P<0,05)	   (Fig.	  
1.).	  No	  ascites	  was	  present	  and	  no	  extrahepatic	  metastases	  were	  observed.	  	  
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Fig.	  1.:	  Macroscopic	  parameters.	  Mortality	  of	  PHD2+/-‐	  mice	  and	  WT-‐mice	   injected	  with	  
DEN	  did	  not	   yield	  a	   significant	  difference.	  However,	   a	   sudden	   increase	  of	  mortality	  of	  
PHD2+/-‐mice	  is	  seen	  in	  the	  last	  5	  weeks	  (A).	  PHD2+/-‐	  mice	  suffered	  from	  more	  weight	  loss	  
compared	  to	  WT-‐mice,	  suggesting	  that	  PHD2-‐deficiency	  negatively	  influenced	  the	  mice's	  
wellbeing	   (B).	   The	  number	  of	  macroscopic	   liver	   tumours	  was	   significantly	   increased	   in	  
PHD2+/-‐-‐mice	   after	   25W	   and	   30W	   DEN	   (C).	   The	   liver	   to	   bodyweight	   ratio,	   was	  
significantly	  increased	  after	  30W	  DEN	  in	  PHD2+/-‐-‐mice,	  correlating	  with	  tumour	  burden	  
(D).	  Livers	  of	  WT	  (E)	  and	  PHD2+/-‐	  (F)	  mice	  after	  30W	  DEN.	  
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4.4.2 Histological evaluation 

Microscopic	   analyses	   revealed	   that	   tumours	   in	   WT-‐mice	   are	   predominantly	  
HCC,	   while	   PHD2+/-‐	   -‐mice	   are	   characterised	   by	   both	   HCC	   and	   CC	   (Fig.	   2.).	  
Starting	   from	   20W	   DEN	   all	   PHD2+/-‐-‐mice	   had	   developed	   pre-‐malignant	  
dysplastic	  nodules	  and	  HCC-‐burden	  was	  significantly	  increased	  at	  20W	  and	  25W	  
DEN	  (Fig.	  2.).	  Interestingly,	  dysplastic	  foci	  were	  predominantly	  of	  the	  small-‐cell	  
type,	   yet	   large	   dysplastic	   hepatocytes	   were	   also	   found	   in	   both	   groups.	   No	  
vascular	   invasion	  was	   seen	   in	   tumour	   lesions.	   Sirius	   Red	   showed	   there	  was	   a	  
significant	   increase	   of	   CC-‐lesions	   at	   25W	  and	   30W	   (Fig.	   2.).	   Evaluation	   of	   CC-‐
stage	   revealed	   that	   WT-‐mice	   occasionally	   displayed	   pre-‐malignant	  
cholangioma-‐lesions	  at	  25W	  and	  30W	  DEN	  (Fig.	  2.).	  At	  20W	  DEN,	  PHD2+/-‐-‐livers	  
showed	  several	  biliary	  hyperplastic	  and	  cholangioma-‐lesions,	  lined	  by	  flattened	  
epithelium	  (stage	  1)	  (Fig.	  2.),	  suggesting	  a	  pre-‐malignant	  state	  (Table	  1).	  These	  
progressed	  further	  at	  25W	  DEN	  to	  a	  mixed	  occurrence	  of	  cholangioma	  and	  CC,	  
characterised	  by	   the	  appearance	  of	   some	  goblet-‐like	  cells	  as	  well	  as	   flattened	  
epithelium	  and	  biliary	  dysplasia	   (stage	  2)	   (Fig.	  2.).	  After	  30W	  DEN	  several	  CCs	  
are	   present,	   tumour	   cells	   remain	   heterogeneous	   even	  within	   the	   same	   gland	  
but	   often	   display	   an	   intestinal	   goblet	   cell	   like	   phenotype	   (stage	   3)	   (Fig.	   2.).	  
Percentages	   of	   malignant	   and	   pre-‐malignant	   lesions	   from	   all	   groups	   are	  
provided	  in	  table	  1.	  	  

	   Dysplastic	  
nodules	  

HCC	   Cholangioma	   Cholangiocarcinoma	  

20W	  DEN	  WT	   86	  %	   14	  %	   0	  %	   0	  %	  
20W	  DEN	  PHD2+/-‐	   100	  %	   43	  %	   43	  %	   14	  %	  
25W	  DEN	  WT	   100	  %	   88	  %	   13	  %	   0	  %	  
25W	  DEN	  PHD2+/-‐	   100	  %	   100	  %	   47	  %	   50	  %	  
30W	  DEN	  WT	   100	  %	   100	  %	   20	  %	   0	  %	  
30W	  DEN	  PHD2+/-‐	   100	  %	   100	  %	   100	  %	   75	  %	  

Table	   1:	   percentages	   of	   pre-‐malignant	   HCC-‐lesions	   (dysplastic	   nodules),	   HCC-‐lesions,	  
pre-‐malignant	  CC-‐lesions	  (cholangioma)	  and	  CC-‐lesions	  in	  mice	  treated	  with	  DEN.	  	  
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Fig.	  2.:	  H&E-‐staining	  of	  WT	  (A)	  and	  PHD2+/-‐-‐livers	  (B)	  respectively	  showing	  HCC-‐lesions	  
and	  CC-‐lesions.	  Sirius	  Red	  staining	  showing	  some	  fibrotic	  septa	  in	  WT-‐mice	  (C)	  and	  a	  CC-‐
lesion	  in	  PHD2+/-‐	  mice	  (D).	  HCC-‐burden	  was	  significantly	  increased	  in	  PHD2+/-‐-‐mice	  after	  
20W	   and	   25W	   of	   DEN	   (E).	   Percentage	   of	   Sirius	   Red	   showed	   that	   PHD2-‐deficiency	  
significantly	   increased	   CC-‐burden	   (F).	   Staging	   of	   CC	   happened	   as	   followed:	   stage	   0	   =	  
healthy	   biliary	   ducts	   (G);	   stage	   1	   =	   ductular	   reaction	   and	   cholangioma	  with	   flattened	  
epithelium	  (H),	  stage	  2	  =	  lesions	  characterised	  some	  goblet-‐like	  cells	  but	  also	  flattened	  
epithelium	  (I)	  and	  stage	  3	  =	  cholangiocarcinoma	  (J).	  Scale-‐bars	  =	  100µm.	  
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HIF1α	  staining	  was	  significantly	  increased	  in	  PHD2+/-‐-‐livers	  and	  expression	  data	  
of	  Pfk	  and	  Glut1,	  confirmed	  that	  PHD2-‐inhibition	  increased	  the	  activation	  of	  the	  
HIF-‐pathway	   (Fig.	  3.).	  PHD2-‐inhibition	  did	  not	  significantly	  alter	  VEGF-‐levels	   in	  
liver	   tissue,	   but	   decreased	   the	   production	   of	   PlGF	   in	   liver	   tissue.	   PlGF-‐levels	  
were	  significantly	  lower	  (P<0,05)	  in	  surrounding	  non-‐tumorous	  tissue	  of	  healthy	  
and	  25W	  DEN	  PHD2+/-‐	  compared	  to	  WT,	  yet	  at	  20W	  and	  30W	  a	  trend	  towards	  
higher	   PlGF-‐levels	   was	   seen	   (Table	   2).	   No	   PlGF	   was	   measured	   in	   PHD2+/-‐-‐
tumours,	  while	  a	  time	  dependent	  increase	  was	  noted	  in	  WT-‐tumours,	  differing	  
significantly	  at	  30W	  DEN	  (P<0,05).	  aSMA	  staining	  showed	  that	  PHD2+/-‐-‐mice	  had	  
less	   activated	   HSC	   in	   HCC-‐lesions	   after	   25W	   of	   DEN.	   The	   CC-‐lesions	   were	  
characterised	  by	  a	  high	  activation	  of	  HSCs	  (not	  shown).	  No	  significant	  difference	  
was	  seen	  in	  Metavir-‐score.	  	  

	  

Table	  2:	  Protein	   levels	   of	   PlGF	  and	  VEGF	   in	   tumour	  and	  non-‐tumour	   tissue	  of	   PHD2+/-‐	  
and	  WT-‐mice	  injected	  with	  DEN.	  	  

	   	  

  

Concentration of PlGF in tumour  Concentration of PlGF in non tumour tissue 

!

WT HE   WT HE   

!
Mean SEM Mean SEM P Mean SEM Mean SEM P 

!Healthy . . . .   6,67 1,83 1,33 0,65 * 

!20W DEN 11,82 2,68 12,22 4,67   10,39 5,31 29,08 11,46   

!25W DEN 101,27 46,92 25,19 9,17   66,35 31,59 11,85 4,93 * 

!30W DEN 1497,04 264,28 20,37 9,25 * 73,33 22,02 106,29 50,63   

!

  

Concentration of VEGF in tumour  Concentration of VEGF in non tumour tissue 

!
WT HE   WT HE   

!
Mean SEM Mean SEM P Mean SEM Mean SEM P 

!Healthy           110,39 10,49 106,77 8,13   

!20W DEN 144,86 23,80 106,79 20,78   116,25 6,30 68,24 9,86 * 

!25W DEN 145,96 31,00 139,61 14,65   143,79 18,32 118,15 19,16   

!30W DEN 202,31 16,39 173,88 15,50   106,87 20,52 105,33 10,23   

!
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F4/80-‐staining	   showed	  macrophage	   recruitment	  was	   significantly	   increased	   in	  
non-‐tumour	  tissue	  of	  the	  PHD2+/-‐-‐groups	  after	  20W	  and	  25W	  DEN	  (P<0,05)	  (Fig.	  
3.).	   HCC-‐lesions	   occurring	   after	   30W	   DEN	   in	   the	   PHD2+/-‐-‐mice	   were	  
characterised	  by	  higher	  macrophage	  infiltration	  compared	  to	  similar	  WT-‐lesions	  
(P<0,05).	   In	   CC-‐lesions	   there	   was	   also	   a	   high	   F4/80-‐expression	   (not	   shown).	  
PHD2+/-‐-‐tumours	   were	   characterised	   by	   a	   higher	   microvessel	   density	   (20W,	  
P<0,01;	  30W	  P<0,05)	  determined	  by	  the	  ICD	  (Fig.	  3.)	  and	  confirmed	  by	  CD105-‐
staining	  in	  tumour	  tissue	  (Fig.	  3.).	  Scanning	  electron	  microscopy	  images	  of	  the	  
vascular	  corrosion	  casts	  and	  histological	  evaluation	  of	  the	  number	  of	  abnormal	  
vessels	  on	  CD105-‐stained	  slides	  revealed	  that	  PHD2-‐inhibition	  did	  not	  improve	  
the	  vessel	  morphology	  after	  30W	  DEN	  (Fig.	  3.).	  On	  the	  contrary,	  PHD2+/-‐-‐livers	  
were	  characterised	  by	  more	  vascular	  buds	  in	  the	  microvasculature	  and	  a	  more	  
irregular	   organisation	   (Supplementary	   Fig.	   1),	   supporting	   the	   increased	  
vascularisation	  in	  CD105-‐stained	  slides	  (Supplementary	  Fig.	  2).	  
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Fig.	  3.:	  PFK-‐expression	  was	  significantly	   increased	   in	  non-‐tumoural	   (A)	  and	  tumour	   (B)	  
tissue	  of	  PHD2+/-‐.	  A	   trend	  towards	  higher	  Glut1-‐expression	  was	  seen	   in	  non-‐tumoural	  
(C)	  and	  a	  significant	  upregulation	  was	  seen	   inside	   tumours	   (D)	  of	  PHD2+/-‐mice.	  F4/80	  
showed	   increased	  macrophage	   recruitment	   inside	  HCC	   (E)	   and	   in	   non-‐tumoural	   tissue	  
(F)	  of	  PHD2+/-‐-‐mice.	   ICD	  showed	   that	  HCC-‐lesions	  of	  PHD2+/-‐	  were	  more	  vascularised	  
(G),	   confirmed	   by	   expression	   of	   CD105	   in	   tumour	   tissue	   (H).	   PHD2+/-‐	   (I)	   and	   WT	   (J)	  
livers,	  stained	  for	  HIF1α.	  SEM-‐images	  of	  PHD2+/-‐	  (K)	  and	  WT	  (L)	  and	  healthy	  livers	  (M),	  
showing	  no	  vascular	  normalisation.	  Black	  scale	  bars	  =	  100µm,	  white	  scale	  bars	  =	  50	  µm	  
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Supplementary	   figure	   1:	   SEM-‐images	   of	   vascular	   corrosion	   casts,	   showing	   that	   the	  
overall	  organization	  of	  WT	  (A)	  and	  PHD2+/-‐	  (B)	  is	  clearly	  disrupted	  compared	  to	  healthy	  
WT	   (E)	   and	   PHD2+/-‐	   (F)	   mice	   (scale	   bars	   =	   50µm).	   A	   more	   detailed	   view	   shows	   that	  
vascular	  buds	  are	  found	  more	  frequently	  in	  PHD2+/-‐mice-‐	  (D)	  then	  in	  WT-‐mice	  (C)	  (scale	  
bars	  =	  20µm).	  These	  images	  show	  that	  PHD+/-‐	  did	  not	  normalize	  the	  vasculature,	  on	  the	  
contrary,	   a	   more	   disorganised	   vessel-‐organisation	   was	   found	   in	   PHD2+/-‐mice	   treated	  
with	  DEN.	  	  
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Supplementary	   figure	  2:	  CD105-‐stained	   slides	  of	  20W	  DEN	  WT	   (A),	  20W	  DEN	  PHD2+/-‐	  

(B),	  25W	  DEN	  WT	  (C),	  25W	  DEN	  PHD2+/-‐	  (D),	  30W	  DEN	  WT	  (E)	  and	  30W	  DEN	  PHD2+/-‐	  (F)	  
mice,	   verifying	   that	   PHD2-‐deficiency	   did	   not	   lead	   to	   a	   more	   normalized	   vasculature.	  
Scale	  bars	  =	  200µm.	  
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4.4.3 Hepatic progenitor cells (HPC)  

Occurrence	   of	   both	   HCC	   and	   CC	   could	   imply	   involvement	   of	   HPCs,	   thus,	   the	  
HPC-‐niche	  was	   immunohistochemically	   assessed	   using	   HPC-‐markers	   CK19,	   LIF	  
and	  Oct4	  (Supplementary	  Fig.	  3.).	  CK19-‐staining	  showed	  that	  HCC	  and	  CC	  were	  
characterised	  by	  CK19+	  cells.	  In	  WT-‐mice,	  activation	  of	  HPCs	  mostly	  occurred	  in	  
small	   HCC-‐lesions	   and	   in	   surrounding	   non-‐tumour	   tissue.	  While	   CC-‐lesions	   of	  
PHD2+/-‐	  mice	   remained	  CK19+	  at	  all	   time,	   larger	  HCC-‐lesions	   tended	   to	  have	  a	  
lower	   CK19-‐expression	   compared	   to	   small	   HCC-‐lesions.	   The	   majority	   of	   WT	  
HCC-‐lesions	  were	  Oct4+,	  while	  little	  expression	  was	  seen	  in	  PHD2+/-‐	  CC-‐lesions,	  
although	   their	   surroundings	   showed	   several	   Oct4+	   cells	   especially	   in	   highly	  
inflammated	  regions.	  LIF	  was	  expressed	  both	  in	  HCC	  and	  CC	  in	  respectively	  WT	  
and	   PHD2+/-‐livers,	   however	   CC-‐lesions	   often	   showed	   a	   stronger	   LIF+	   staining	  
than	  HCC	  lesions.	  	  

PHD2+/-‐-‐mice	  showed	  a	  significant	  higher	  expression	  of	  receptors	  and	  ligands	  of	  
the	   Notch-‐pathway,	   especially	   during	   early	   stages	   Jagged2	   was	   significantly	  
increased	   (P<0,05)	   in	   non-‐tumour	   and	   early	   tumour	   lesions	   at	   20W	   DEN	  
compared	   to	  WT’s	   (Fig.	   4.).	  Notch2	  was	   significantly	   increased	   in	  non-‐tumour	  
tissue	  at	  20W	  and	  30W	  of	  DEN	  administration	  (P<0,05)	  (Fig.	  4.).	  	  

Furthermore,	  a	  comparison	  of	  human	  gene	  expression	  data	  between	  HCC	  and	  
CC	   patients,	   confirmed	   that	   CC	   have	   a	   higher	   expression	   of	   NOTCH1	   and	  
JAGGED1	   (P<0,001)	   and	   levels	   of	   PFK	   showed	   an	   increased	   activation	   of	   the	  
HIF-‐pathway	  (Fig.	  4.).	  	  
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Supplementary	   figure	   3:	   immunohistochemistry	   describing	   the	  HPC-‐niche	   in	   PHD2+/-‐	   -‐
mice	  and	  WT-‐mice	  in	  healthy,	  20W	  DEN	  and	  30W	  DEN,	  by	  using	  markers	  for	  CK19	  (A-‐F),	  
Oct4	   (G-‐L)	   and	   LIF	   (M-‐R),	   showing	   that	   both	   CC	   as	   HCC-‐lesions	   express	   HPC-‐markers.	  
Scale-‐bars	  =	  100µm.	  
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4.4.4 Metastasis 

The	   occurrence	   of	   extrahepatic	   tumours	   in	   the	   DEN-‐induced	  mouse	  model	   is	  
very	   rare.	  Therefore,	  we	  used	  pro-‐metastatic	  markers,	   to	  assess	   the	   influence	  
of	   PHD2-‐deficiency	   on	   the	   metastatic	   potential.	   Indeed,	   after	   30W	   of	   DEN,	  
PHD2+/-‐	  expressed	  significantly	  higher	  levels	  of	  the	  pro-‐metastatic	  markers	  Icam	  
(p<0,05)	   and	   Mmp9	   (p<0,05)	   in	   tumour	   tissue,	   whereas	   Itgav	   was	   not	  
significantly	   altered	   (Fig.	   4.).	   No	   significant	   difference	   in	   expression	   of	   these	  
metastastic	  markers	  was	  seen	  in	  the	  surrounding	  tissue	  (Fig.	  4.).	  	  
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Fig.	   4	   	   (previous	   page):	   Expression	   levels	   of	   ligands	   of	   the	   Notch-‐pathway	   were	  
increased	   in	   surrounding	   (A,C)	   and	   tumour	   (B,D)	   tissue	   of	   PHD2+/-‐-‐mice.	   Human	  
expression	  levels	  showed	  as	  the	  robust	  multichip	  average	  (RMA),	  verified	  that	  NOTCH1,	  
JAGGED1,	   JAGGED2	   and	   PFK	   were	   also	   significantly	   upregulated	   in	   CC-‐lesions	   of	  
patients	   compared	   to	   HCC.	   However,	   NOTCH2	   was	   downregulated	   in	   human	   CC	   (E).	  
Expression	   of	   metastatic	   markers	   Mmp9	   and	   Icam	   were	   significantly	   increased	   in	  
PHD2+/-‐-‐tumours.	  No	  significant	  difference	  was	  seen	  in	  Itgav-‐levels	  (F)	  or	  in	  non-‐tumour	  
lesions	  (G).	  No	  extrahepatic	  metastasis	  were	  observed.	  

4.5 Discussion 

Two	  main	  primary	  liver	  cancers	  in	  adults	  are	  HCC	  and	  CC.	  These	  tumours	  rapidly	  
outgrow	  their	  vascular	  supply	  and	  become	  hypoxic,	  initiating	  the	  production	  of	  
several	   angiogenic	   factors	   [8,9,16].	   The	   identity	   and	   regulation	   of	   factors	  
responsible	  for	  these	  angiogenic	  processes	  are	  areas	  of	  active	   investigation	  as	  
these	   pathways	   could	   provide	   valuable	   targets	   for	   therapeutic	   intervention,	  
especially	   in	  HCC	  where	  sorafenib	  (Nexavar®)	   is	  currently	  the	  standard	  of	  care	  
for	  advanced	  HCC-‐patients.	  HIF	  and	  VEGF	  have	  gathered	  extensive	  attention	  for	  
their	   roles	   in	  mediating	   tumour	   angiogenesis.	   Recently,	   interest	   has	   grown	   in	  
regulators	   of	  HIF	   and	   in	   alternative	  mechanisms	  of	   pathological	   angiogenesis.	  
Thus,	   several	   reports	   have	   been	   published	   describing	   the	   role	   of	   PHD2	   in	  
tumour	   progression	   and	   vascularisation,	   leading	   to	   contradictory	   findings.	   In	  
our	   study	   we	   used	   an	   orthotopic	   model	   for	   liver	   cancer	   in	   which	   PHD2	   is	  
silenced	  both	   in	   the	   tumour	  as	   in	   the	   stroma,	  while	   the	   study	  of	  Giacca	  et	  al	  
used	  PHD2-‐silenced	  tumour	  cells	  and	   in	  the	  study	  of	  Mazzone	  et	  al	  PHD2	  was	  
silenced	  only	  in	  the	  tumour	  environment.	  Macroscopic	  evaluation	  showed	  that	  
PHD2+/-‐-‐mice	   developed	   more	   tumours	   compared	   to	   their	   WT-‐counterparts.	  
This	  was	  also	  found	  in	  other	  studies	  [3,17]	  .	  Microscopic	  analysis	  confirmed	  an	  
increased	  HCC-‐burden	   at	   20W	   and	   25W,	   yet	   HCC-‐progression	   stagnates	   after	  
30W,	   perhaps	   due	   to	   the	   increased	   presence	   of	   CC,	   possibly	   resulting	   in	   a	  
competition	  for	  nutrients	  between	  tumours	  [18].	  	  

We	   found	   that	   PHD2-‐inhibition	   did	   not	   significantly	   alter	   VEGF-‐levels.	   This	  
corresponds	   to	   in	   vitro	   studies	   showing	   that	   PHD2	   does	   not	   influence	   VEGF-‐
expression,	  but	  exerts	   its	  proangiogenic	  potential	   through	  other	  factors	   [3].	   In	  
addition,	   studies	   have	   also	   shown	   that	   CC-‐lesions	   are	   characterised	   by	   less	  
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expression	  of	  angiogenic	  factors	  compared	  to	  HCC	  [19]	  .	  Our	  research	  suggests	  
that	   this	   is	  also	   independent	  of	  PlGF	   in	   tumour	   lesions,	  which	  can	  be	  partially	  
explained	  by	  the	  decrease	  of	  HSC-‐activation	  in	  HCC-‐lesions,	  the	  main	  source	  of	  
PlGF	   in	   chronic	   liver	   diseases.	   Studies	   have	   shown	   that	   PlGF	   exerts	   its	   main	  
angiogenic	  effects	   in	  the	  non-‐tumorous	  surrounding	  [20],	  and	   indeed	  here	  we	  
see	  an	  up-‐regulation	  in	  DEN-‐treated	  PHD2+/-‐	  -‐mice	  compared	  to	  healthy	  livers.	  	  

Previous	   studies	   have	   shown	   that	   tumours	   implanted	   in	   PHD2-‐haplodeficient	  
mice	  are	  characterised	  by	  a	  morphologically	  normalised	  vasculature,	  enhancing	  
tumour	  oxygenation	  and	  promoting	  a	  less	  aggressive	  tumour	  phenotype	  [5,21].	  
This	   effect	   was	   not	   observed	   in	   our	   study,	   however,	   only	   advanced	   tumours	  
were	   assessed	   using	   vascular	   corrosion	   casting	   and	   in	   certain	   cancer	   models	  
vascular	  normalisation	  only	  occurs	  at	  an	  early	  stage.	  Earlier	  tumour	  stages	  were	  
histologically	  evaluated	  using	  CD105-‐stained	  slides	  and	  no	  improvement	  of	  the	  
vascular	  morphology	  was	  seen.	  Furthermore,	  the	  PHD2+/-‐	  tumour	  lesions	  were	  
characterised	  by	  a	  higher	  expression	  of	  pro-‐metastatic	  markers,	  thus	  providing	  
evidence	   that	   PHD2-‐deficiency	   did	   not	   select	   for	   a	   less	   aggressive	   hepatic	  
tumour	   phenotype.	   This	   is	   in	   line	   with	   multiple	   reports	   showing	   a	   positive	  
correlation	  between	  HIF-‐activation	  and	  metastasis	  [22].	  Histologically	  we	  were	  
not	   able	   to	   identify	   the	   loss	   of	   epithelial	   characteristics	   and	   gain	   of	  
mesenchymal	   attributes,	   as	   typically	   seen	   during	   epithelial-‐mesenchymal	  
transition.	  However,	  expression	  of	  Mmp9	  and	   Icam	   is	  known	  to	  be	  involved	  in	  
this	  process,	  thus	  PHD2	  might	  influence	  this	  event.	  	  

An	   interesting	   finding	   was	   that	   PHD2-‐inhibition	   influenced	   hepatic	  
carcinogenesis,	   resulting	   in	   a	   shift	   from	   HCC	   to	   CC.	   Indeed,	   the	   prolonged	  
administration	  of	  DEN-‐induced	  inflammation	  and	  fibrosis	  around	  cancer	  foci	  or	  
in	  non-‐cancer	  liver	  tissues	  and	  could	  thereby	  influence	  ductular	  reaction.	  PHD2-‐
deficiency	   increased	   the	   infiltration	   of	   macrophages,	   however,	   no	   significant	  
difference	   in	  Metavir-‐score,	   a	   fibrosis-‐staging	   system,	   was	   seen	   between	  WT	  
and	   PHD2+/-‐	   mice,	   suggesting	   the	   ductular	   reaction	   is	   not	   merely	   a	   result	   of	  
increased	  inflammation.	  Since	  CC	  and	  HCC	  could	  be	  derived	  from	  HPCs	  [23–25],	  
PHD2	  might	   have	   altered	   their	   differentiation.	  HPC-‐proliferation	   is	   one	  of	   the	  
earliest	  responses	  to	  DEN,	  however,	  contradictory	  results	  have	  been	  found	  on	  
whether	  DEN-‐induced	  tumours	  HPC-‐derived	  [25,26].	  Staining	  of	  CK19,	  Oct4	  and	  
LEF	   in	   the	   surrounding	   tissue	   and	   tumour	   lesions	   of	   DEN-‐injected	   WT	   and	  
PHD2+/-‐	  could	  suggest	  an	  HPC-‐origin	  of	  these	  tumours.	  	  
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In	   this	   study,	   we	   propose	   that	   the	   switch	   from	   HCC	   towards	   CC	   might	   be	   a	  
result	   of	   the	   continuous	   HIF-‐activation	   in	   PHD2+/-‐-‐mice.	   Current	   literature	  
showed	   that	   HPC-‐differentiation	   and	   embryonic	   stem	   cells	   towards	  
cholangiocytes	   is	   regulated	   through	   the	  Notch-‐pathway	   [14,27].	   This	   supports	  
our	  findings	  that	  PHD2+/-‐-‐livers	  have	  a	  higher	  expression	  of	  Jagged2	  and	  Notch2	  
in	  the	  DEN-‐model,	  especially	  in	  the	  pre-‐malignant	  lesions	  and	  surrounding	  non-‐
tumoural	  tissue.	  PHD2+/-‐-‐mice	  have	  a	  higher	  level	  of	  HIFs	  stimulating	  the	  Notch-‐
pathway,	   possibly	   causing	   HPCs	   to	   differentiate	   towards	   a	   cholangiocytic-‐
lineage.	   Additional	   studies	   using	   transgenic	   mice	   models	   will	   be	   needed	   to	  
support	   this	   hypothesis,	   but	   human	   expression	   data	   also	   show	   a	   significant	  
upregulation	   of	   the	   Notch-‐pathway	   in	   CC-‐lesions.	   However,	   the	   difference	   is	  
not	  as	  distinct	  as	   in	   the	  mouse	  model,	  perhaps	  because	  only	  established	  HCC	  
and	   CC	   were	   assessed	   in	   the	   human	   study,	   while	   a	   follow-‐up	   study	   was	  
conducted	   in	   the	   mouse	   model.	   It	   also	   needs	   to	   be	   clarified	   that	   the	   pre-‐
malignant	  “cholangioma-‐lesions”	  are	  not	  often	  found	  in	  patients,	  while	  they	  are	  
abundant	  in	  this	  and	  other	  rodent	  models	  [10].	  

Alternatively,	   the	   occurrence	   of	   CC-‐lesions	   after	   continuous	   activation	   of	   HIF	  
could	   also	   be	   a	   consequence	   of	   resistance	   of	   cholangiocytes	   to	   ischemic	  
conditions	   and	   their	   potential	   to	   proliferate	   under	   these	   conditions	   [28,29].	  
Liver	  ischemia	  is	  known	  to	  stimulate	  ductular	  reaction,	  by	  inducing	  proliferation	  
of	   the	   bile	   duct	   epithelium,	   providing	   a	   functional	   response	   to	   biliary	  
dysfunction	  [28].	  Further	  studies	  will	  be	  needed	  to	  clarify	  the	  exact	  influence	  of	  
hypoxia	  on	  different	  types	  of	  liver-‐cells.	  Conditional	  knock	  out	  models	  that	  fully	  
silence	  PHD2-‐expression	   in	   specific	  hepatic	   cell	   types	  could	  provide	  additional	  
insight	  on	  how	  PHD2	  influences	  the	  hepatocarcinogenesis.	  	  

These	   results	   provide	   interesting	   insight	   in	   the	   effect	   of	   long-‐term	   HIF-‐
activation	  on	  hepatic	  tumours,	  and	  could	  hold	  a	  great	  potential	  for	  therapeutic	  
intervention.	   Recent	   studies	   have	   shown	   that	   inducing	   ischemic	   injury	   by	  
transarterial	   chemoembolization	   (TACE)	   leads	   to	  an	   increased	  occurrence	  of	  a	  
mixed	   hepatocholangiocellular	   phenotype	   [30,31].	   This	   biliary	   phenotype	   of	  
HCC	   is	   more	   aggressive	   and	   could	   possibly	   be	   derived	   from	   HPCs,	   activated	  
through	   the	   TACE-‐induced	   hypoxia	   to	   differentiate	   towards	   a	   cholangiocytic	  
lineage.	   A	   possible	   link	   between	   hypoxia	   and	   the	   selection	   for	   a	   more	  
aggressive	   tumour	   phenotype	   might	   also	   have	   a	   repercussion	   on	   patients	  
receiving	   long-‐term	   treatment	   with	   anti-‐angiogenic	   compounds,	   such	   as	  
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sorafenib,	  which	  create	  a	  more	  hypoxic	  environment	  [32].	  Since	  recent	  studies	  
have	  shown	  an	  association	  between	  the	  epidermal	  growth	  factor	  pathway	  and	  
CK19-‐expression	   in	   liver	   tumours,	   this	   could	   open	   a	   possible	   role	   for	  
therapeutic	   agents	   targeting	   this	   pathway,	   such	   as	   erlotinib	   and	   gefitinib,	   in	  
patients	  with	   this	  aggressive	  class	  of	  HCC	  or	  as	  an	  adjuvant	   therapy	   for	   those	  
receiving	  long-‐term	  administration	  of	  anti-‐angiogenic	  treatments	  [33].	  	  	  

To	   conclude,	   this	   study	   provides	   new	   insight	   in	   the	   role	   of	   PHD2,	   in	   the	  
pathogenesis	   of	   primary	   liver	   cancer.	   We	   have	   shown	   that	   PHD2-‐inhibition	  
aggravates	  HCC	  growth	  and	   induces	   the	  presence	  of	  CC,	  possibly	   through	   the	  
Notch-‐pathway.	  	  Future	  research	  is	  necessary	  to	  clarify	  the	  exact	  role	  of	  PHD2	  
or	   HIF-‐stimuli	   on	   the	   differentiation	   of	   liver	   progenitor	   cells,	   especially	   for	  
patients	  receiving	  long-‐term	  administration	  of	  anti-‐angiogenic	  therapy.	  	  
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5  Inhibition of PlGF decreases 
cholangiocarcinoma and HCC burden 
in a transgenic mouse model  
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5.1 Abstract 

Objectives:	   Hepatocellular	   carcinoma	   and	   cholangiocarcinoma	   form	   the	  
majority	  of	  primary	  hepatic	  tumours	  and	  are	  the	  third	  most	  common	  cause	  of	  
cancer-‐related	   deaths.	   	   These	   liver	   tumours	   rapidly	   outgrow	   their	   vascular	  
supply	   and	   become	   hypoxic,	   resulting	   in	   the	   production	   of	   hypoxia	   inducible	  
factors	  and	  triggering	  the	  angiogenic	  switch.	  Therefore,	  inhibiting	  angiogenesis	  
has	  proved	   to	  be	  a	  valuable	   therapeutic	   strategy	   in	  hepatocellular	   carcinoma,	  
yet	  less	  is	  known	  about	  its	  use	  in	  cholangiocarcinoma.	   In	  this	  study,	  we	  assess	  
whether	  inhibiting	  the	  placental	  growth	  factor	  could	  offer	  a	  therapeutic	  option	  
in	  mice	  with	  hepatocellular	   carcinoma	  and	  cholangiocarcinoma.	  The	  placental	  
growth	  factor	   (PlGF)	   is	  a	  homologue	  of	   the	  vascular	  endothelial	  growth	  factor	  
that	  is	  only	  involved	  in	  pathological	  angiogenesis,	  therefore,	  its	  inhibition	  does	  
not	   induce	   adverse	   effects.	   Methods:	   We	   have	   used	   a	   chemically	   induced	  
transgenic	   mouse	   model	   in	   which	   both	   hepatocellular	   carcinoma	   and	  
cholangiocarcinoma	   develop	   after	   25	   weeks	   and	   treated	   these	   tumours	   with	  
murine	  monoclonal	  antibodies	  targeting	  PlGF.	  Results:	  This	  study	  has	  shown	  for	  
the	   first	   time	   that	   inhibiting	   PlGF	   decreases	   cholangiocarcinoma	   burden,	   by	  
affecting	   both	   angiogenesis	   and	   inflammation.	   Conclusion:	   The	   use	   of	  
monoclonal	   antibodies	   targeting	   PlGF	   could	   thus	   offer	   a	   potential	   systemic	  
treatment	  for	  patients	  who	  suffer	  from	  primary	  liver	  tumours.	  	  

5.2 Introduction 

Almost	   all	   primary	   liver	   carcinomas	   are	   broadly	   classified	   either	   as	  
hepatocellular	   carcinoma	   (HCC),	   derived	   from	   hepatocytes,	   or	  
cholangiocarcinoma	  (CC),	  arising	  from	  intrahepatic	  bile	  duct	  epithelium.	  These	  
tumours	  rapidly	  outgrow	  their	  vascular	  supply	  and	  become	  hypoxic,	  resulting	  in	  
the	  production	  of	  hypoxia	  inducible	  factors	  and	  triggering	  the	  angiogenic	  switch	  
[1],	  [2].	  The	  identity	  and	  regulation	  of	  factors	  responsible	  for	  these	  angiogenic	  
processes	   are	   areas	   of	   active	   investigation	   as	   these	   pathways	   could	   provide	  
valuable	   targets	   for	   therapeutic	   intervention,	   especially	   in	   HCC	   where	   the	  
multikinase	  inhibitor	  sorafenib	  (Nexavar®)	  is	  currently	  the	  standard	  of	  care	  for	  
advanced	   HCC-‐patients	   [3–5].	   The	   vascular	   endothelial	   growth	   factor	   (VEGF)	  
has	  gathered	  extensive	  attention	  for	  its	  role	  in	  mediating	  tumour	  angiogenesis	  
[6–9],	  but	  recently	  the	  interest	  has	  grown	  in	  the	  placental	  growth	  factor	  (PlGF)	  
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[10–14].	   PlGF	   is	   a	   VEGF-‐homologue	   that	   is	   only	   involved	   in	   pathologic	  
angiogenesis,	  therefore	  its	  inhibition	  does	  not	  induce	  side	  effects	  [14],	  [15].	  	  

The	  placental	  growth	  factor	  (PlGF),	  a	  member	  of	  the	  VEGF	  family,	   is	  known	  to	  
stimulate	   endothelial	   cell	   growth,	   migration	   and	   survival	   [15],	   [16].	   It	   also	  
attracts	   angiocompetent	  macrophages	   and	  bone	  marrow	  progenitor	   cells	   and	  
determines	   the	   metastatic	   niche[16],	   [17].	   Unlike	   VEGF,	   PLGF	   binds	   to	   VEGF	  
receptor	   1	   (VEGFR1)	   and	   its	   co-‐receptors	   neuropilin-‐1	   and	   2	   [18].	   Therefore,	  
PlGF	  exerts	   its	  anti-‐angiogenic	  potiential	   through	  two	  mechanisms,	  directly	  by	  
inducing	   signal	   transduction	   through	   its	   receptors	   [19]	   and	   indirectly,	   by	  
preventing	  the	  binding	  of	  VEGF	  on	  its	  decoy	  receptor	  VEGFR1	  [20].	  In	  contrast	  
to	   VEGF,	   genetic	   studies	   have	   shown	   that	   PlGF	   is	   specifically	   involved	   in	   the	  
pathologic	   angiogenesis	   [14],	   [15].	   Therefore	   its	   inhibition	   would	   not	   affect	  
healthy	  blood	  vessels,	  providing	  an	  attractive	  drug	  candidate	  with	  a	  good	  safety	  
profile.	  Treatment	  with	  PlGF-‐antibodies	  has	  shown	  beneficial	  effects	  in	  several	  
mouse	   models	   for	   chronic	   liver	   disease,	   including	   portal	   hypertension	   [21],	  
cirrhosis	  [12]	  and	  HCC	  [13].	  Its	  influence	  on	  CC	  remains	  unknown.	  	  

While	  anti-‐angiogenic	  treatment	  for	  HCC	  has	  been	  established	  as	  the	  standard	  
of	   care	   for	   advanced	   HCC-‐patients,	   its	   potential	   for	   CC-‐patients	   is	   less	  
investigated.	   Yet,	   the	   role	   of	   the	   Ras-‐Raf-‐Mek-‐Erk-‐pathway	   [5]	   and	   VEGF	   in	  
biliary	   carcinomas	   has	   already	   been	   clarified	   in	   several	   studies	   [23],	   [24].	  
Furthermore,	   patients	  with	   biliary	   cancers	   receiving	   sorafenib	   (Nexavar®)	   had	  
some	  therapeutic	  benefit.	  However,	  the	  severe	  adverse	  effects	  have	  forced	  an	  
early	   stop	   to	   the	   phase	   II	   trial	   (SWOG	   0514)	   [25].	   The	   combination	   of	  
bevacizumab	  and	  erlotinib	  may	  offer	   therapeutic	   alternative	   for	  patients	  with	  
advanced	   biliary	   cancer,	   but	   may	   also	   be	   limited	   due	   to	   the	   occurrence	   of	  
adverse	   effects	   (NCT00356889) [26].	   	   Additionally,	   studies	   have	   shown	   that	  
inducing	  ischemic	  injury	  by	  transarterial	  chemoembolization	  in	  HCC	  leads	  to	  an	  
increased	   occurrence	   of	   a	   mixed	   hepatocholangiocellular	   tumour	   phenotype,	  
emphasizing	  the	  need	  for	  new	  therapeutics	  to	  manage	  this	  aggressive	  form	  of	  
primary	  liver	  cancer	  [27],	  [28].	  	  	  

In	   a	   previous	   study,	   we	   have	   shown	   that	   mice	   containing	   a	   heterozygous	  
mutation	  silencing	  the	  prolyl	  hydroxylase	  containing	  domain	  2	  (PHD2)	  proteins	  
develop	   both	   HCC	   and	   CC	   after	   25	   weeks	   of	   diethylnitrosamine	   (DEN)	  
administration	  [22][21][20]	  [3].	  In	  this	  study,	  we	  would	  like	  to	  use	  this	  model	  to	  



	  

	  

200	  

assess	   whether	   treatment	   with	   monoclonal	   antibodies	   targeting	   PlGF	   could	  
offer	  a	  therapeutic	  option	  in	  mice	  with	  HCC	  and	  CC.	  	  

5.3 Material & Methods  

5.3.1 Genotyping 

PHD2+/-‐mice	   were	   obtained	   from	   the	   Vesalius	   Research	   facility	   (KULeuven,	  
Belgium).	   A	   heterogenic	   couple	  was	   used	   for	   breeding	   and	   the	   offspring	  was	  
genotyped	   with	   following	   primers	   in	   a	   concentration	   of	   10	   µM:	  
ACCTATGATCTCAGCATTTGGGAG;	   TCAGGACAGTGAAGCCTAGAAACT	   and	  
AAATTCTAATCGTAGCTGATGTGAGC;	  the	  latter	  being	  used	  as	  a	  reversed	  primer	  
in	  both	  the	  Wild	  Type	  as	  the	  MUTANT-‐reaction.	  The	  PCR-‐product	  was	  run	  on	  a	  
1,5%	  agarose	  gel	  and	  heterozygous	  mice	  were	  distinguished	  by	  the	  appearance	  
of	  PCR-‐bands	  at	  380	  bp	  and	  340	  bp.	  

5.3.2 Hepatocellular carcinoma and cholangiocarcinoma induction 

Five	  weeks	  old	  heterzygous	  PHD2	  knock	  out	  male	  mice	  (PHD2+/-‐)	  with	  an	  sv129-‐
background	   received	   intraperitoneal	   injections	   once	   weekly	   with	  
diethylnitrosamine	   (DEN)	   (Sigma-‐Aldrich,	   Bornem,	   Belgium)	   or	   saline	   as	  
previously	   described	   [3],	   [17].	   After	   25	   weeks,	   mice	   develop	   both	  
hepatocellular	   carcinoma	   (HCC)	   and	   cholangiocarcinoma	   (CC).	   The	   Ethical	  
Committee	   of	   experimental	   animals	   at	   the	   Faculty	   of	   Medicine	   and	   Health	  
Sciences,	  Ghent	  University,	  Belgium,	  approved	  the	  protocol.	  

5.3.3 Placental Growth Factor inhibition 

A	  murine	  anti-‐PlGF	  monoclonal	  antibody	  (clone	  5D11D4;	  referred	  to	  as	  αPlGF)	  
that	   specifically	   recognizes	  mouse	   PlGF-‐2	  was	   obtained	   from	   Thrombogenics,	  
Leuven	   (Belgium).	   Mice	   that	   received	   25	   weeks	   of	   DEN	   were	   subsequently	  
treated	  with	  25	  mg/kg	  αPlGF	  	  (2x	  /	  week,	  n	  =	  8)	  for	  5	  weeks	  or	  IgG	  	  (2x	  /	  week,	  
n	   =	   8)	   as	   a	   control	   substance.	   	   During	   the	   treatment	  mortality	   was	   noted	   to	  
obtain	  survival	  curves.	  	  
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5.3.4 Sampling & histology 

Animals	   were	   sacrificed	   after	   25	   weeks	   of	   DEN	   subsequently	   followed	   by	   5	  
weeks	   of	   treatment	   (αPlGF	   (n	   =	   6)	   or	   IgG	   (n	   =	   5))	   under	   isoflurane	   (Forene®)	  
anaesthesia	   while	   blood	   was	   obtained	   from	   the	   ophthalmic	   artery.	   The	   liver	  
was	   prelevated	   first	   and	   after	   washing	   with	   sterile	   5%	   NaCl,	   cut	   into	   5	   mm	  
pieces	   for	  macroscopic	  quantification	  of	   the	  number	  of	  macroscopic	   (>1	  mm)	  
hepatic	   tumours.	  Subsequently,	  all	  organs	  were	  evaluated	  and	  sampled	   in	  4%	  
phosphate	  buffered	  formaldehyde	  (Klinipath,	  ref:	  4078.9020)	  and	  embedded	  in	  
paraffin,	   as	  previously	  described	   [29].	   	   Tumour-‐lesions	  and	  non-‐tumour-‐tissue	  
were	   separately	   collected	   and	   snap	   frozen	   in	   liquid	   nitrogen	   for	   subsequent	  
analysis.	   Haematoxilin-‐eosin	   staining	   (H&E)	   was	   performed	   to	   evaluate	   the	  
morphological	   changes	   inflicted	   by	   the	   treatment	   with	   αPlGF.	   Sirius	   Red	  
staining	  was	  used	  to	  determine	  the	  Metavir	  score	  for	  fibrosis	  and	  to	  indirectly	  
score	  the	  burden	  of	  CC-‐lesions	  since	  it	  is	  closely	  linked	  to	  cholangiofibrosis.	  CC-‐
lesions	   were	   also	   staged	   by	   distinguishing	   normal	   bile	   ducts	   (stage	   0),	  
cholangioma	   (stage	   1),	   mixed	   cholangioma-‐cholangiocarcinoma	   (stage	   2)	   and	  
cholangiocarcinoma	   (stage	   3),	   as	   previously	   described	   [30].	   Reticulin	   staining	  
was	   performed	   to	   identify	   HCC-‐nodules.	   The	   HCC-‐burden	   was	   quantified	   by	  
multiplying	  the	  size	  by	  the	  number	  of	  tumours	  in	  10	  random	  regions	  of	  interest	  
of	   376665,37	   µm2.	   Tumour	   area	   was	   calculated	   by	   manually	   selecting	   the	  
tumour’s	   perimeter	   in	   Olympus	   CellD	   software	   (Zoeterwoude,	   The	  
Netherlands).	  	  

Stainings	   were	   done	   using	   standard	   histology	   protocols	   and	   evaluated	   by	   an	  
experienced	  pathologist.	  	  

5.3.5 Immunohistochemistry 

Immunohistochemistry	   was	   used	   to	   quantify	   protein	   levels	   inside	   hepatic	  
tumours	  and	  in	  surrounding	  non-‐tumour	  tissue.	  As	  a	  marker	  for	  angiogenesis,	  a	  
monoclonal	  antibody	  was	  used	  targeting	  CD105	  or	  Endoglin	  (R&D	  systems,	  ref	  
AF1320,	  Abingdon,	  UK)	  [31].	  Intercapillary	  distance	  (ICD)	  was	  used	  as	  a	  marker	  
for	  microvessel	  density,	  by	  measuring	  the	  average	  distance	  between	  vessels	  in	  
HCC-‐nodules	   on	   CD105-‐stained	   slides.	   F4/80	   (AbD	   serotec,	   ref	   MCA497G,	  
Dusseldorf,	   Germany)	   was	   used	   as	   a	   pan-‐macrophage	   marker.	   CD206	   and	  
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CD163	  were	   used	   as	  M2-‐macrophage	  markers,	  while	  HLA-‐DR	  was	   used	   as	   an	  
M1-‐macrophage	  marker.	  Stainings	  were	  performed	  as	  described	  in	  table	  1	  and	  
quantified	  with	  Olympus	  CellD	  software	  (Zoeterwoude,	  The	  Netherlands).	  	  

	  

Table	  1:	  immunohistochemistry	  protocols	  

5.3.6 ELISA 

Protein	   levels	   of	   VEGF	   (R&D	   Biosystems,	   Mouse	   VEGF	   Quantikine	   ELISA	   Kit,	  
Abingdon,	  UK)	  were	  measured	  in	  liver	  tissue	  and	  serum.	  	  

5.3.7 Quantitative real time PCR (qPCR) 

Total	  RNA	  was	  extracted	  from	  20mg	  frozen	  tumour	  or	  non-‐tumour	  lesions	  from	  
IgG	  or	  αPlGF	  treated	  mice,	  following	  manufacturer’s	  guidelines	  (Qiagen,	  RNeasy	  
Mini	  Kit	  ref:	  74104,	  Venlo,	  Netherlands)	  and	  diluted	  to	  a	  concentration	  of	  100	  
ng/µl.	   RNA	   Quality	   was	   evaluated	   using	   spectrophotometry.	   cDNA	   was	  
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obtained	   from	   10	   µl	   RNA	   with	   the	   iScript	   cDNA	   Synthesis	   Kit	   using	   oligo(dT)	  
primers,	   according	   to	   manufacturer's	   protocol	   (Bio-‐Rad,	   170-‐8890,	   Nazareth,	  
Belgium).	  Expression	  levels	  were	  measured	  using	  qRT-‐PCR,	  with	  3	  µl	  cDNA	  and	  
the	   LightCycler	   480	   Green	   Master	   Mix	   (Roche,	   04707516001,	   Vilvoorde,	  
Belgium).	   Genes	   and	   corresponding	   primer	   sets	   are	   provided	   in	   table	   2.	   The	  
efficiency	   of	   each	   primer	   pair	   was	   calculated	   using	   the	   formula	   10-‐1/slope.	   All	  
reactions	  were	  run	  in	  duplicate	  and	  normalised	  to	  a	  set	  of	  reference	  genes	  that	  
had	  a	  stable	  expression	  in	  all	  samples.	  The	  comparative	  Ct	  method	  was	  used	  for	  
determining	  the	  number	  of	  transcripts.	  	  

	  

Table	  2:	  Genes	  and	  primer	  sets	  

5.3.8 Statistics 

Data	   were	   analysed	   with	   SPSS	   19.	   After	   testing	   for	   normality	   and	  
homoscedasticity,	  data	  were	  either	  subjected	  to	  a	  Student’s	  t-‐test	  or	  a	  Mann-‐
Whitney-‐U	  test.	  A	  p	  value	  of	  <0.05	  was	  considered	  statistically	  significant.	  	  Data	  
mentioned	  in	  the	  manuscript	  are	  shown	  as	  averages	  ±	  standard	  error	  of	  mean.	  
αPlGF	  n	  =	  6	  and	  for	  IgG	  n	  =	  5	  in	  all	  the	  experiments.	  
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5.4 Results 

5.4.1 Macroscopic evaluation 

Significant	   increase	   of	   weight	   (p<0,05)	   was	   observed	   between	   DEN-‐induced	  
PHD2+/-‐	  mice	  treated	  with	  αPlGF	  (25,37g	  ±	  0,95)	  compared	  to	  the	   IgG-‐controls	  
(22,16g	   ±	   0,46)	   (Fig.	   1).	   Macroscopic	   evaluation	   of	   the	   liver	   revealed	   DEN-‐
induced	   that	   PHD2+/-‐	  mice	   treated	  with	  αPlGF	  had	   less	  hepatic	   tumours	   (7,80	  
liver	   tumours	   ±	   2,20)	   compared	   to	   those	   who	   received	   control	   (22,17	   liver	  
tumours	   ±	  4,22).	  No	   significant	  difference	  was	   seen	   in	   relative	   liver	  or	   spleen	  
weight	  (Fig.	  1).	  Treatment	  with	  αPlGF	  also	  did	  not	  significantly	  improve	  survival.	  
While	  DEN-‐injected	  IgG	  mice	  did	  not	  show	  any	  extrahepatic	  metastasis,	  2	  out	  of	  
8	   (25%)	   αPlGF-‐treated	   mice	   developed	   tumours	   in	   the	   lungs	   and	   vesicula	  
seminalis.	  However,	  this	  was	  not	  significant.	  	  
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Figure	  1:	  Upper	  left	  panel:	  No	  significant	  difference	  was	  seen	  on	  survival	  between	  αPlGF	  
and	   IgG	   treated	  mice.	  Upper	   right	   panel:	   Administration	   of	   αPlGF	   causes	   significantly	  
increased	   bodyweight,	   used	   as	   a	  marker	   for	   overall	  wellbeing.	  Middle	   left	   panel:	   The	  
relative	  liver	  weight,	  calculated	  as	  the	  ratio	  of	  liver	  to	  bodyweight,	  did	  not	  significantly	  
differ	  between	  treatment	  and	  control.	  Middle	  right	  panel:	  The	  relative	  spleen	  weight,	  an	  
indirect	  marker	  for	  portal	  hypertension	  calculated	  as	  the	  ratio	  of	  spleen	  to	  bodyweight,	  
did	   not	   significantly	   differ	   between	   treatment	   and	   control.	   Lower	   left	   panel:	   The	  
macroscopic	   number	   of	   tumours	   is	   significantly	   decreased	   by	   treatment	   with	   PlGF-‐
antibodies.	  Asterisks	  represent	  significant	  p-‐values	  (*	  =	  p	  <	  0,05;	  **	  =	  	  p	  <	  0,01;	  ***	  =	  p	  <	  
0,001).	  
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Hepatocellular	  carcinoma	  

H&E	   staining	   showed	   that	   all	   PHD2+/-‐	   mice	   had	   developed	   hepatocellular	  
carcinoma.	   Besides	   HCC-‐lesions,	   small	   cell	   dysplasia	   was	   frequently	   found	  
throughout	   the	   liver	   and	   readily	   distinguishable	   nodules	   of	   hepatic	   neoplasia	  
were	  seen	  in	  both	  treatment	  types	  (table	  3).	  These	  nodules	  were	  confirmed	  as	  
HCC	   using	   reticulin	   staining	   and	   H&E.	   Treatment	   with	   αPlGF	   significantly	  
decreased	  both	  the	  number	  (αPlGF	  3,8	  ±	  0,49	  vs	  IgG	  8,5	  ±	  0,65;	  P	  <	  0,001)	  and	  
the	  size	   (αPlGF	  467000	  µm2	  ±	  64000	  vs	   IgG	  5633000	  ±	  1480000;	  P	  <	  0,001)	  of	  
HCC-‐lesions.	  Consequently,	  the	  tumour	  burden	  was	  significantly	  decreased	  (P	  <	  
0,01)	  (table	  3).	  

Cholangiocarcinoma	  

H&E	  staining	  showed	  that	  all	  PHD2+/-‐	  mice	  had	  developed	  cholangiocarcinoma	  
(Fig.	  3).	  Evaluation	  of	  CC-‐stage,	   revealed	  that	  αPlGF	   -‐treated	  mice	  were	  more	  
likely	   to	   show	  biliary	  hyperplastic	   and	   cholangioma	   lesions,	   lined	  by	   flattened	  
epithelium	  while	  control-‐treated	  livers	  had	  a	  mixed	  occurrence	  of	  cholangioma	  
and	   CC,	   characterised	   by	   the	   appearance	   of	   some	   goblet-‐like	   cells	   as	   well	   as	  
flattened	  epithelium	  and	  biliary	  dysplasia	  (Fig.	  3).	  An	  increased	  uptake	  of	  Sirius	  
Red	   was	   seen	   in	   the	   CC-‐lesions	   (Fig.	   3).	   Measurement	   of	   the	   percentage	   of	  
Sirius	   red	   staining,	   confirmed	   that	   αPlGF	   decreased	   the	   cholangiofibrosis,	  
compared	  to	  mice	  that	  received	  IgG	  as	  a	  control	  (Fig.	  2).	  	  	  

	  

	   	  
IgG	   aPlGF	  

	  

	   	  
Mean	   St.	  Err.	   Mean	   St.	  Err.	   P	  

Number	  of	  HCC	  (n)	   8,5	   0,65	   3,8	   0,49	   ***	  
Area	  of	  HCC	  (µm2)	   5633168,02	   1479988,35	   467461,56	   63513,22	   ***	  
HCC	  burden	  (n	  x	  µm2)	   47881928,17	   961992,42	   1776353,92	   31121,47	   **	  
Number	   of	   dysplastic	  
lesions	  (n)	  

5,67	   0,67	   3,4	   0,51	  

	  Cholangiocarcinoma	  (n)	   4,77	   0,33	   2,4	   0,98	   *	  

Table	  3:	  liver	  tumours	  



	  

	  

207	  

	  

Figure	   2:	  Microscopic	   tumour	   burden.	  Upper	   left	   and	   right	   panel:	   representative	  H&E	  
stained	  slide	  of	   IgG-‐treated	  livers,	  showing	  severe	  hepatocellular	  and	  cholangiocellular	  
damage.	  Middle	   left	   and	   right	   panel:	   H&E	   stained	   slide	   of	   αPlGF	   treated	   liver.	   Lower	  
panel:	  The	  percentage	  of	  Sirius	  Red,	  used	  as	  a	  marker	  for	  cholangiofibrosis,	  showing	  a	  
decrease	   after	   treatment	  with	  αPlGF.	   Asterisks	   represent	   significant	   p-‐values	   (*	   =	   p	   <	  
0,05;	  **	  =	  	  p	  <	  0,01;	  ***	  =	  p	  <	  0,001).	  Scale	  bars	  represent	  200	  µm.	  	  
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Figure	  3:	  Upper	  left	  panel:	  H&E	  stained	  slide	  of	  DEN-‐induced	  PHD2+/-‐	   IgG	  treated	  liver.	  
Arrowheads	   represent	   cholangiocellular	   carcinoma	   lesions,	   clearly	   showing	   thickened	  
endothelium	  (200x).	  Upper	  right	  panel:	  H&E	  stained	  slide	  of	  DEN-‐induced	  PHD2+/-‐	  αPlGF	  
treated	   liver	   (200x).	   	  Middle	   left	  panel:	  Sirius	  red	  stained	  slide	  of	  DEN-‐induced	  PHD2+/-‐	  
IgG	  treated	  liver.	  Cholangiocellular	  carcinoma	  is	  characterized	  by	  an	  increased	  uptake	  of	  
Sirius	   Red	   (100x).	   	  Middle	   right	   panel:	   Sirius	   red	   stained	   slide	   of	  DEN-‐induced	  PHD2+/-‐	  
αPlGF	  treated	  liver.	  Arrowheads	  represent	  cholangiocellular	  lesions	  characterized	  by	  an	  
increased	   uptake	   of	   Sirius	   Red	   (100x).	   Lower	   left	   panel:	   Endoglin	   staining	   showing	  
vascularisation	  around	  cholangiocellular	  carcinoma	  lesions	  in	  DEN-‐induced	  PHD2+/-‐	   IgG	  
treated	   liver	   (100x).	   Lower	   right	   panel:	   Endoglin	   staining	   showing	   vascularisation	  
around	  cholangioma	  lesions	  in	  DEN-‐induced	  PHD2+/-‐	  αPlGF	  treated	  liver	  (100x).	  
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5.4.2 Inflammation and fibrosis 

Fibrosis	   induced	  by	   chronic	  administration	  of	  DEN	  was	   significantly	  decreased	  
(P	  <	  0,05)	  by	  the	  PlGF-‐antibodies	  (Metavir	  scores:	  αPlGF	  1,27	  ±	  0,40	  vs	  IgG	  2,73	  
±	  0,07)	   (Fig.	  4).	  Macrophage	   recruitment,	  measured	  using	  F4/80-‐staining,	  was	  
significantly	  decreased	  in	  surrounding	  tissue	  of	  αPlGF-‐treated	  mice	  (αPlGF	  4,02	  
%	   F4/80	   ±	   1,50	   vs	   IgG	   7,02	  %	   F4/80	   ±	   0,52;	   P	   <	   0,05)	   (Fig.	   4).	   No	   significant	  
difference	   was	   seen	   in	   percentage	   of	   F4/80	   staining	   the	   HCC	   lesions,	   but	   a	  
significant	   increase	   took	   place	   in	   the	   CC-‐lesions	   (Fig.	   4).	   	   αPlGF	   significantly	  
decreased	   infiltration	   of	   CD206+	   macrophages	   (M2-‐marker)	   in	   non-‐tumour	  
tissue	  	  and	  in	  CC-‐lesions	  ,	  however	  a	  non-‐significant	  trend	  towards	  increase	  was	  
seen	  in	  HCC-‐lesions	  (Fig.	  5).	  No	  significant	  difference	  was	  seen	  in	  HLA-‐DR	  (M1-‐
marker)	  or	  in	  CD163	  (M2-‐marker)	  (Fig.	  6).	  
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Figure	  4:	  Upper	  left	  panel:	  fibrosis	  was	  measured	  using	  Metavir	  score	  and	  significantly	  
decreased	   after	   treatment	   with	   PlGF-‐antibodies.	   Upper	   right	   panel:	   αPlGF-‐treatment	  
significantly	   decreased	  macrophage	   recruitment	   in	   the	   surrounding	   tissue.	  Middle	   left	  
panel:	  No	  significant	  difference	  was	  seen	  on	  macrophage	  recruitment	  inside	  CC-‐lesions.	  
Middle	   right	   panel:	   No	   significant	   difference	   was	   seen	   on	   macrophage	   recruitment	  
inside	   HCC-‐lesions.	   Lower	   left	   panel:	   F4/80	   stained	   liver	   treated	   with	   IgG.	   Lower	   left	  
panel:	  F4/80	  stained	  liver	  treated	  with	  αPlGF.	  Asterisks	  represent	  significant	  p-‐values	  (*	  
=	  p	  <	  0,05;	  **	  =	  	  p	  <	  0,01;	  ***	  =	  p	  <	  0,001).	  Scale	  bars	  represent	  200	  µm.	  
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Figure	   5:	   tumour	   associated	   macrophage	   niche.	   Upper	   panel:	   Treatment	   with	   PlGF-‐
antibodies	  significantly	  decreased	  the	  recruitments	  of	  CD206+	  M2-‐macrophages	  in	  non	  
tumour	   tissue.	  No	   significant	   differences	  were	   seen	   on	   the	  M1-‐marker	  HLA-‐DR	   or	   the	  
M2-‐marker	   CD163.	   Middle	   panel:	   Treatment	   with	   PlGF-‐antibodies	   significantly	  
decreased	   the	   recruitments	   of	   CD206+	   M2-‐macrophages	   in	   CC	   tissue.	   No	   significant	  
differences	   were	   seen	   on	   the	   M1-‐marker	   HLA-‐DR	   or	   the	   M2-‐marker	   CD163.	   Lower	  
panel:	   No	   significant	   differences	  were	   seen	   in	   the	  M1/M2	  macrophage	   niche	   in	   HCC-‐
lesions	  treated	  with	  αPlGF	  or	  IgG.	  	  
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Figure	   6:	  macrophage	   histology.	   Upper	   left	   panel:	   staining	   for	  M1-‐marker	   HLA-‐DR	   in	  
IgG-‐treated	   liver.	   Upper	   right	   panel:	   staining	   for	  M1-‐marker	  HLA-‐DR	   in	   αPlGF-‐treated	  
liver.	  Middle	  left	  panel:	  staining	  for	  M2-‐marker	  CD206	  in	  IgG-‐treated	  liver.	  Middle	  right	  
panel:	   staining	   for	  M2-‐marker	  CD206	   in	  αPlGF-‐treated	   liver.	  Lower	   left	  panel:	   staining	  
for	  M2-‐marker	   CD163	   in	   IgG-‐treated	   liver.	   Lower	   right	   panel:	   staining	   for	  M2-‐marker	  
CD163	  in	  αPlGF-‐treated	  liver.	  Scale	  bars	  represent	  200	  µm.	  
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5.4.3 Angiogenesis 

No	  significant	  difference	  was	  seen	  between	  αPlGF	  and	  IgG	  treated	  mice	  (Fig.	  3).	  
Yet,	  αPlGF	  -‐treated	  HCC-‐lesions	  showed	  a	  trend	  towards	  lower	  vascularisation,	  
measured	   both	   by	   determining	   the	   intercapillary	   distances	   as	   by	   the	  
percentages	   of	   endoglin	   (CD105)	   staining	   inside	   the	   hepatocellular	   tumours	  
(Fig.	   7).	   Treatment	   with	   αPlGF	   significantly	   decreased	   the	   vascularisation	   of	  
fibrotic,	   non-‐tumour	   tissue	   surrounding	   the	   CC	   and	   HCC	   lesions.	   Vegf	   had	   a	  
significantly	  higher	  expression	  in	  αPlGF-‐treated	  tumours,	  which	  was	  not	  seen	  in	  
the	  surrounding	  tissue	  (Fig.	  8).	  However,	   this	   increase	  was	  not	  translated	   into	  
protein	   levels,	  since	  no	  significant	  difference	  was	  seen	  on	  VEGF-‐concentration	  
in	  tumour	  and	  non-‐tumour	  tissue	  between	  αPlGF	  and	  IgG	  treated	  livers	  (Fig.	  7).	  
Furthermore,	   treatment	   with	   αPlGF	   significantly	   decreased	   serum	   levels	   of	  
VEGF	   compared	   to	   IgG	   controls	   (αPlGF	   206,35	   pg/mL	   ±	   12,70	   vs	   IgG	   528,94	  
pg/mL	  ±	  210,56;	  p	  <	  0,05)	  (Fig.	  7).	  	  
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Figure	  7:	  Hepatic	  angiogenesis.	   	  Upper	   left	  panel:	  Although	  not	   significant,	  a	   relevant	  
trend	   towards	   lower	  vascularisation	  of	   the	  HCC-‐lesions	  was	  seen	  after	   treatment	  with	  
αPlGF.	   Upper	   right	   panel:	   The	   surrounding	   tissue	   was	   also	   not	   significantly	   less	  
vascularized,	  yet	  a	  trend	  towards	  lower	  expression	  of	  CD105	  was	  seen	  after	  treatment	  
with	   αPlGF.	   Middle	   left	   panel:	   As	   a	   marker	   for	   microvessel	   density,	   intercapilary	  
distances	  were	  measured	  and	   showed	  a	   trend	   towards	  a	  decreased	  vascularisation	  of	  
αPlGF-‐treated	   HCC-‐lesions.	   Middle	   right	   panel:	   Treatment	   with	   αPlGF	   significantly	  
decreased	  serum	  levels	  of	  VEGF.	  Lower	  left	  panel:	  Treatment	  with	  αPlGF	  did	  not	  induce	  
an	   angiogenic	   escape	  mechanism	   through	   up-‐regulation	   of	   VEGF	   inside	   the	   tumours.	  
Lower	   right	   panel:	   Treatment	   with	   αPlGF	   did	   not	   induce	   an	   angiogenic	   escape	  
mechanism	   through	   up-‐regulation	   of	   VEGF	   in	   the	   surrounding	   non-‐tumoural	   tissue.	  
Asterisks	  represent	  significant	  p-‐values	  (*	  =	  p	  <	  0,05;	  **	  =	  	  p	  <	  0,01;	  ***	  =	  p	  <	  0,001).	  
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Fig.	  8:	  Vegf.	  Left	  panel:	  No	  significant	  difference	  was	  seen	  in	  Vegf-‐transcription	  between	  
αPlGF-‐treated	   mice	   and	   IgG-‐treated	   mice	   in	   the	   surrounding	   tissue.	   Right	   panel:	  
Treatment	   with	   αPlGF	   significantly	   increased	   Vegf-‐expression	   in	   tumour	   lesions.	  
Asterisks	  represent	  significant	  p-‐values	  (*	  =	  p	  <	  0,05;	  **	  =	  	  p	  <	  0,01;	  ***	  =	  p	  <	  0,001).	  

5.4.4 Metastasis 

Expression	  levels	  of	  the	  pro-‐metastatic	  markers	  Mmp9,	  Itgav	  and	  Icam	  showed	  
that	  αPlGF	  significantly	  decreased	  the	  pro-‐metastatic	  potential.	   In	   the	  tumour	  
surrounding,	  a	  significant	  decrease	  of	   Itgav	  (p	  <	  0,05)	  and	   Icam	  (p	  <	  0,05)	  was	  
measured,	  while	   a	   trend	   towards	   lower	  Mmp9	   expression	  was	   observed	   (Fig.	  
9).	   Inside	   tumour	   lesions,	   a	   significant	  decrease	  of	   Icam	   (p	  <	  0,05)	  was	   found	  
and	  a	  non-‐significant	  trend	  towards	  higher	  Itgav-‐expression	  was	  seen.	  
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Figure	  9:	  Metastasis.	  Upper	  left	  panel:	  Although	  not	  significant,	  a	  trend	  towards	  lower	  
expression	   of	   the	  metastatic	   marker	  Mmp9	  was	   seen	   in	   the	   surrounding	   tissue	   after	  
treatment	  with	  αPlGF.	  Upper	  right	  panel:	  A	  trend	  towards	  lower	  expression	  of	  the	  pro-‐
metastatic	  marker	  Mmp9	  was	  seen	  in	  the	  tumour	  tissue	  treated	  with	  αPlGF.	  Middle	  left	  
panel:	   Treatment	  with	   αPlGF	   significantly	   decreased	   expression	   of	   the	   pro-‐metastatic	  
marker	   Itgav	   in	   the	   surrounding	   tissue.	   	   Middle	   right	   panel:	   A	   trend	   towards	   lower	  
expression	  of	  the	  metastatic	  marker	  Itgav	  was	  seen	  in	  the	  αPlGF-‐treated	  tumour	  tissue.	  
Lower	   left	   panel:	   Treatment	   with	   αPlGF	   significantly	   decreased	   the	   expression	   of	   the	  
metastatic	  marker	   Icam	   in	   the	   surrounding	   tissue.	   Lower	   right	   panel:	   Treatment	  with	  
αPlGF	  significantly	  decreased	  the	  expression	  of	  the	  metastatic	  marker	  Icam	  in	  tumours.	  
Asterisks	  represent	  significant	  p-‐values	  (*	  =	  p	  <	  0,05;	  **	  =	  	  p	  <	  0,01;	  ***	  =	  p	  <	  0,001).	  
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5.5 Discussion 

Treatment	  with	  PlGF-‐antibodies	  has	  shown	  beneficial	  effects	   in	  several	  mouse	  
models	   for	   chronic	   liver	   disease,	   including	   portal	   hypertension	   [21],	   cirrhosis	  
[12]	  and	  HCC	  [13],	  yet	  its	  influence	  on	  CC	  remained	  unknown.	  	  

In	   a	   previous	   study	  we	   have	   shown	   that	   heterozygous	   PHD2	   knock	   out	  mice	  
develop	  both	  HCC	  as	  CC	  after	  chronic	  administration	  of	  DEN	  [22].	  Therefore,	  we	  
used	  this	  model	  to	  assess	  the	  effect	  of	  monoclonal	  antibodies	  targeting	  PlGF	  on	  
the	  progression	  of	  HCC	  and	  CC.	  	  

Treatment	  with	  PlGF-‐antibodies	  significantly	  improved	  tumour	  burden,	  both	  of	  
HCC	   and	   CC.	   This	   might	   be	   due	   to	   inhibiting	   PlGF’s	   proliferative	   effect	   on	  
macrophages	   [16],	   [34]	   and	   endothelial	   cells	   [14],	   [16],	   however	   further	  
investigation	   is	   needed	   to	   assess	   the	   exact	   mechanism	   on	   how	   (anti-‐)PlGF	  
influences	  the	  hepatocarcinogenesis	  	  

Since	  PlGF	  is	  known	  to	  affect	  the	  tumour-‐associated	  macrophage	  niche	  [17],	  we	  
assessed	   the	  M1	   and	  M2-‐macrophages	   using	   3	  markers	   (HLA-‐DR,	   CD206	   and	  
CD163).	   A	   significant	   decrease	   of	   CD163+-‐macrophages	   was	   observed	   in	   CC-‐
lesions,	   suggesting	   a	   possible	   reduction	   in	  M2-‐macrophage	   infiltration.	   These	  
macrophages	   are	   known	   to	   have	   a	   pro-‐tumoural	   effect	   and	   could	   possibly	  
enhance	   metastasis.	   Recent	   studies	   using	   microarrays	   and	  
immunohistochemistry	   have	   shown	   that	   PlGF	   expression	   is	   increased	   in	  
Japanese	  non-‐fluke	   related	  cholangiocarcinoma	   [32]	  and	   that	   its	  expression	   is	  
correlated	   with	   loss	   of	   liver-‐intestine	   cadherine	   [33],	   which	   may	   reflect	   that	  
PlGF	  could	  be	  correlated	  with	  metastasis	  development	   in	  cholangiocarcinoma.	  
In	  our	  study,	  RNA-‐analysis	  showed	  a	  significant	  decrease	  of	  the	  pro-‐metastatic	  
markers	   Itgav	   and	   Icam	   in	   the	   tumour’s	   surrounding	   tissue.	   However,	   in	   the	  
tumour	   tissue	  only	   Icam	  was	   significantly	   decreased,	  while	   there	  was	   a	   trend	  
towards	  higher	  Itgav-‐expression.	  Also,	  the	  occurrence	  of	  extrahepatic	  tumours	  
in	  some	  αPlGF-‐treated	  mice	  needs	  further	  investigation	  in	  mouse	  models	  more	  
suitable	  for	  metastasis-‐research.	  
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Possibly	   due	   to	   the	   small	   sample	   size	   only	   a	   positive	   trend	   but	   no	   significant	  
difference	  was	  observed	  between	  vascularisation	  in	  αPlGF	  and	  IgG	  treated	  HCC-‐
lesions,	   while	   previous	   studies	   have	   shown	   that	   PlGF-‐antibodies	   decrease	  
tumour	  induced	  vascularisation	  in	  and	  around	  HCC-‐lesions	  [13].	  Several	  studies	  
have	   shown	   that	   targeting	   the	   VEGF-‐pathway	   often	   induces	   “angiogenic	  
escape”	  by	  upregulating	  other	  angiogenic	  factors	  [35],	  [36].	  Therefore,	  we	  have	  
measured	  expression	  levels	  of	  VEGF,	  since	  escape	  of	  PlGF-‐treatment	  is	  likely	  to	  
act	   through	   this	   factor	   [15].	   No	   significant	   differences	   were	   seen	   in	   protein	  
VEGF-‐levels	  after	   treatment	  with	  αPlGF,	  nevertheless.	  However,	  RNA-‐levels	  of	  
Vegf	  showed	  a	  significant	  upregulation	  in	  tumour	  tissue.	  Thus,	  a	   longer	  follow	  
up	  study	  would	  be	  needed	  to	  confirm	  that	  long	  term	  inhibition	  of	  PlGF	  does	  not	  
induce	  angiogenic	  escape	  through	  VEGF.	  Treatment	  with	  αPlGF	  did	  significantly	  
decrease	  the	  serum	  levels	  of	  VEGF,	  possibly	  due	  to	  an	  increased	  binding	  to	  its	  
decoy	  receptor	  VEGFR1.	  	  

To	   conclude,	   this	   study	   has	   shown	   for	   the	   first	   time	   that	   inhibiting	   PlGF	  
decreases	  HCC	  and	  CC	  burden	  in	  an	  orthothopic	  DEN-‐induced	  mouse	  model	  for	  
these	  primary	  liver	  tumours.	  Unlike	  VEGF,	  genetic	  studies	  have	  shown	  that	  PlGF	  
is	  specifically	  involved	  in	  the	  pathological	  angiogenesis	  [14],	  [15]	  thus	  providing	  
an	   attractive	   drug	   candidate	   against	   CC	   and	   HCC	   with	   a	   good	   safety	   profile.	  
Since	   clinical	   studies	   using	   sorafenib	   (Nexavar®)	   in	   CC	   have	   only	   provided	  
minimal	   therapeutic	   benefit,	   accompanied	   by	   severe	   adverse	   effects	   (SWOG	  
0514)	   [25],	   the	   use	   of	   monoclonal	   antibodies	   targeting	   PlGF	   could	   offer	   a	  
potential	  systemic	  treatment	  for	  patients	  that	  suffer	   from	  this	  aggressive	   liver	  
tumour.	  	  
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1 The development of a mouse model for 
HCC 

1.1 Advantages of the mouse model 

Animal	   models	   can	   provide	   essential	   knowledge	   about	   the	   pathogenesis	   of	  
HCC,	   particularly	   when	   they	  mimic	   the	   natural	   environment	   in	   which	   human	  
tumours	   develop.	   Diethylnitrosamine	   or	   “DEN”	   has	   been	   shown	   to	   induce	  
hepatic	   tumours,	   which	   are	   molecularly	   similar	   to	   human	   HCC	   with	   poor	  
prognosis.	   Yet,	   the	   major	   drawback	   is	   the	   long	   time	   needed	   for	   tumour	  
progression,	   it	   can	   take	   over	   one	   year	   for	   tumours	   to	   develop.	   In	   our	   study,	  
weekly	   intraperitoneal	   injections	   with	   35	   mg/kg	   DEN	   gave	   rise	   to	   tumour	  
formation	   in	  a	   relatively	   short	  period	  of	   time	  and	   in	  a	  background	  of	   fibrosis.	  
The	   macroscopic	   and	   microscopic	   evaluation,	   PET-‐CT	   images	   and	  
histopathological	   analysis	   confirmed	   the	   presence	   of	   HCC	   after	   25	   weeks,	  
thereby	   providing	   a	   relatively	   fast	   and	   economical	   model	   for	   HCC.	   The	  main	  
advantage	   is	   that	   tumour	   progression	   occurred	   in	   a	   background	   of	  
inflammation	   and	   fibrosis,	   thus	   mimicking	   the	   human	   setting	   and	   that	   the	  
tumours	  were	  well	  vascularised,	  providing	  an	  excellent	  base	  for	  anti-‐angiogenic	  
research. 

1.2 Drawbacks of the mouse model 

Although	   effective,	   this	   tumour	   model	   holds	   some	   weaknesses.	   The	   major	  
drawback	  is	  the	  high	  labour	  intensity	  caused	  by	  these	  weekly	  injections	  of	  DEN.	  
Furthermore,	  the	  continuous	  intraperitoneal	  injections	  cause	  peritoneal	  stress,	  
inflammation,	   gastrointestinal	   perforations	   and	   urolithiasis,	   resulting	   in	  
discomfort	   and	  mortality.	   The	   high	   and	   unpredictable	  mortality	   rates	   seen	   in	  
the	   last	   few	   weeks,	   are	   certainly	   a	   disadvantage	   in	   this	   tumour	   model;	   and	  
always	   need	   to	   be	   taken	   in	   account	  when	   planning	   future	   experiments.	   Also,	  
even	  though	  25	  weeks	  is	  a	  short	  period	  of	  time	  for	  a	  chemically	  induced	  mouse	  
model,	  the	  additional	  use	  of	  xenograft	  or	  transgenic	  mouse	  models	  for	  HCC	  (as	  
described	   in	   our	   review	   (1)),	   or	   in	   vitro	   angiogenesis	   assays	   would	   be	  
recommended	  for	  faster	  drug	  screening.	  To	  reduce	  the	  labour	  intensity	  and	  the	  
animal’s	   discomfort	   caused	   by	   intraperitoneal	   injections,	   DEN	   can	   be	  
administrated	   in	   drinking	   water,	   resulting	   in	   tumour	   formation	   after	   3	   to	   4	  
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months	  in	  rats.	  Since	  rats	  are	  more	  prone	  to	  HCC,	  the	  dose	  and	  time	  should	  be	  
validated	  for	  mice,	  however,	  by	  using	  non-‐invasive	  imaging	  techniques	  such	  as	  
the	  combined	  PET-‐CT,	   the	  number	  of	   laboratory	  animals	  could	  be	   limited	   in	  a	  
first	  pilot	  experiment.	  	  

1.3 Imaging-techniques 

The	  combination	  of	  casting	  and	  micro-‐CT	  imaging	  provides	  unique	  data	  on	  the	  
hepatic	   circulation	   and	   neovascularisation.	   It	   allows	   to	   digitally	   visualise	   the	  
complex	  architecture	  of	   the	   liver	  blood	  vessels	  and	   to	  provide	  high-‐resolution	  
data	   for	   qualitative	   morphological	   analysis.	   However,	   up	   till	   now,	   it	   has	   not	  
been	   possible	   to	   quantitatively	   score	   the	   images,	  mainly	   due	   to	   the	   different	  
camera-‐angles	   used	   in	   SEM.	   A	   possibility	   for	   the	   future	   would	   be	   combining	  
video-‐capture	   and	   images,	   to	   quantify	   the	   number	   of	   branching	   points	   in	  
vessels	  as	  a	  marker	  for	  microvessel	  density	  and	  vessel	  distribution.	  	  

1.4 Conclusion 

Thus,	   during	   the	   first	   part	   of	   this	   study	   we	   have	   established	   a	   new	   mouse	  
model	   for	   HCC,	   which	   is	   considerably	   faster	   than	   current	   chemically	   induced	  
models	   and	   has	   the	   advantage	   of	   tumour	   progression	   occurring	   in	   a	  
background	   of	   inflammation	   and	   fibrosis,	   resembling	   the	   human	   situation.	  
However,	  the	  high	  mortality,	  the	  discomfort	  caused	  by	  the	  DEN-‐injections,	  and	  
the	  almost	  6-‐month	  time	  span,	  might	  provoke	  the	  need	  for	  alternative	  methods	  
to	  assess	  HCC	  and	  would	  require	  additional	  research.	  	  
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2 Role of PlGF in the pathogenesis of 
primary liver tumours 

2.1 Effect on tumour growth and vascularisation 

In	   the	   second	   part	   of	   our	   study,	  we	   have	   shown	   that	   PlGF	   is	   involved	   in	   the	  
pathogenesis	   of	   HCC.	   Both	   in	   the	   transgenic	   knock	   out	   model	   as	   in	   the	  
treatment	  model,	  silencing	  or	  inhibition	  of	  PlGF	  significantly	  decreased	  tumour	  
burden,	   not	   only	   by	   inhibiting	   the	   vascularisation,	   but	   also	   by	   decreasing	  
hepatic	  macrophage	  recruitment,	  in	  line	  with	  reports	  that	  state	  that	  PlGF	  exerts	  
part	  of	   its	  effect	  by	   recruiting	  pro-‐angiogenic	  macrophages	   (2).	   Indeed,	  αPlGF	  
acts	   also	   as	   an	   anti-‐inflammatory	   compound,	   since	   PlGF	   is	   known	   to	   attract	  
VEGF-‐1+	   macrophages	   (3,4).	   These	   macrophages	   are	   associated	   with	   tumour	  
progression,	  metastasis	  and	  poor	  prognosis	   (2,5,6),	   thus	  the	   inhibition	  of	  PlGF	  
could	  have	  an	   important	   influence	  on	  the	  establishment	  of	  the	  pre-‐metastatic	  
niche,	  by	  preventing	  recruitment	  of	  tumour-‐associated	  macrophages.	  

Protein	   levels	   of	   HCC	   and	   cirrhotic	   patients	   confirm	   that	   PlGF	   is	   upregulated	  
during	   the	   pathogenesis	   of	   HCC,	   thus	   an	   anti-‐human	   PlGF	   antibody	   (such	   as	  
TB403)	   could	   become	   a	   valuable	   therapy	   in	   HCC-‐patients.	   Furthermore,	   our	  
study	  using	  PHD2+/-‐-‐mice	  injected	  with	  DEN,	  showed	  that	  inhibiting	  PlGF	  could	  
also	  offer	  a	  therapeutic	  solution	  for	  patients	  with	  CC.	  	  

Besides	  the	  good	  safety	  profile	  of	  PlGF-‐antibodies,	  treatment	  with	  αPlGF	  holds	  
great	   potential	   due	   to	   its	   effect	   on	   vascularisation	   and	   vascular	  morphology.	  
Even	  though	  HCC	  is	  a	  “hypervascular”	  cancer,	  it	  is	  characterised	  by	  hypoxia,	  and	  
its	  growth	   is	  promoted	  by	  hypoxia	  (7).	  While	  hypoxic	  HCC	  cells	  try	  to	   improve	  
their	  oxygenation	  by	  stimulating	  the	  arterial	  blood	  supply,	  their	  oxygen	  delivery	  
is	  often	  impaired	  by	  the	  formation	  of	  abnormal	  tumour	  vessels.	  This	  initiates	  a	  
reinforcing	   vicious	   cycle	   of	   HCC-‐vascularisation,	   which	   promotes	   malignancy,	  
especially	  since	  HIF	  is	  known	  to	  select	  for	  a	  more	  aggressive	  and	  pro-‐metastatic	  
tumour	  phenotype.	  In	  line	  with	  previous	  studies,	  we	  have	  shown	  that	  αPlGF	  not	  
only	   inhibits	   vessel	   growth,	   but	   also	   causes	   the	   selective	   regression	   of	   these	  
existing	   abnormal	   tumour	   vessels.	   Therefore,	   the	   use	   of	   αPlGF	   holds	   great	  
potential,	  since	  it	  does	  not	  only	  inhibit	  the	  formation	  of	  tumour	  blood	  vessels,	  
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but	   also	   normalises	   the	   remaining	   vasculature,	   breaking	   this	   vicious	   circle.	  
Indeed,	   in	   our	   study	   we	   have	   shown	   that	   PlGF-‐inhibited	   mice	   injected	   with	  
DEN,	  express	   less	  pro-‐metastatic	  markers,	   revealing	  a	  possible	  shift	   towards	  a	  
less	  aggressive	   tumour	  phenotype.	  However,	   further	  analysis	   in	  more	  suitable	  
models	  for	  metastasis,	  is	  needed	  to	  confirm	  this	  hypothesis.	  	  

Aberrations	   in	   the	   tumour	   vasculature	   have	   great	   implications	   for	   tumour	  
sensitivity	   to	   therapy.	   Hypoxia	   is	   a	   well-‐known	   mediator	   for	   cancer	   cell	  
resistance	  to	  conventional	  radiotherapy	  and	  cytotoxics	  (8,9).	  Furthermore,	  the	  
poor	  blood	  supply	  caused	  by	  the	  disorganized	  vasculature,	  impairs	  the	  delivery	  
of	  systemically	  administered	  therapies	   (10–12).	   Indeed,	  besides	   improving	  the	  
metabolic	   profile	   of	   the	   tumour	   microenvironment,	   vascular	   normalisation	  
induced	  by	  αPlGF	  could	  also	   improve	  the	  delivery	  and	  efficacy	  of	  exogenously	  
administered	   therapeutics,	   the	   efficacy	   of	   radiotherapy	   and	   decrease	  
chemoresistance.	  This	  has	  not	  yet	  been	  tested	  in	  our	  study,	  but	  administrating	  
classic	   chemotherapy	   in	   combination	  with	  αPlGF	  provides	   great	  opportunities	  
for	  future	  research.	  	  

Combining	  anti-‐angiogenic	  therapies	  with	  other	  chemotherapeutic	  compounds	  
has	  become	  an	   interesting	   field	  of	   research,	   resulting	   in	   several	   clinical	   trials.	  
The	  combination	  of	   sorafenib	  with	  doxorubicin	   is	  presently	  being	   investigated	  
in	  a	  phase	  III	  randomized	  trial,	  however	  because	  doxorubicin	  causes	  cell	  death	  
through	  upregulation	  of	  the	  MEK/ERK	  pathway,	  and	  sorafenib	  has	  an	  opposite	  
influence	  on	   the	   same	  cascade,	   co-‐treatment	  with	   these	  drugs	  has	   lead	   to	  an	  
antagonistic	   effect	   in	   experimental	   models	   (13).	   However,	   other	   studies	   did	  
report	  that	  pre-‐treatment	  of	  tumour	  cells	  with	  sorafenib	  significantly	  enhances	  
the	   effects	   of	   chemotherapeutics	   through	   another	   mechanism.	   Sorafenib	   is	  
able	   to	   inhibit	   DNA-‐repair	   proteins	   as	   a	   consequence	   tumour	   cells	   become	  
more	   sensitive	   to	   DNA-‐damaging	   agents	   like	   chemotherapy	   and	   radiation	  
treatment	   (14)	  The	  combination	  of	  vascular	  normalisation	  with	  αPlGF	  and	  the	  
inhibition	   of	   DNA-‐repair	   proteins	   could	   become	   a	   potential	   strategy	   for	  
decreasing	  chemoresistance	  in	  HCC.	  	  
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2.2 Safety of αPlGF 

Severe	   adverse	   effects	   such	   as	   teratogenicity,	   pruning	   of	   healthy	   vessels,	  
thrombosis	  and	  hypertension	  often	  accompany	   inhibition	  of	  angiogenesis.	  For	  
sorafenib,	  the	  main	  adverse	  effects	  in	  HCC-‐patients	  are	  diarrhoea,	  weight	  loss,	  
hand–foot	   skin	   reaction,	   hair	   loss,	   anorexia,	   asthenia,	   fatigue,	   and	   voice	  
changes.	   Since	   PlGF-‐expression	   is	   negligible	   in	   quiescent	   tissues	   in	   baseline	  
conditions	   and	   its	   full	   knock	   out	   in	   mouse	   models	   does	   not	   cause	   any	  
noteworthy	  abnormalities,	  generating	  a	  favourable	  safety	  profile.	  The	  safety	  of	  
αPlGF	   or	   PlGF-‐silencing	   has	   been	   assessed	   in	   several	  mouse	  models,	   showing	  
no	   effect	   on	   fetal	   development	   (15),	   pruning	   of	   healthy	   vessels	   (16)	   nor	   any	  
other	   notable	   abnormalities.	   Previous	   studies	   in	   our	   research	   group	   have	  
shown	   that	   PlGF	   deficiency	   and	   administration	   of	   αPlGF	   does	   not	   prune	   the	  
vessels	  in	  the	  thyroid	  gland,	  while	  VEGF-‐inhibitors	  prune	  the	  mature	  quiescent	  
vasculature	   in	   non-‐pathological	   organs	   such	   as	   the	   thyroid	   gland	   and	   the	  
trachea	   (17).	   Also	   in	   this	   DEN-‐induced	   HCC-‐model,	   αPlGF	   was	   well	   tolerated	  
and	   no	   drug-‐induced	  mortality	   or	   significant	   effects	   on	   the	  mice’s	  well	   begin	  
were	   observed.	   In	   addition,	   two	   phase	   I	   clinical	   trials	  with	   a	   humanised	   anti-‐
human	  PlGF	  antibody	  (TB403)	  has	  shown	  acceptable	  safety	  (18)	  

However,	   our	   micro-‐array	   analysis	   revealed	   that	   55	   probes	   had	   an	   altered	  
expression	   between	   αPlGF	   and	   IgG	   treated	   healthy	   control	   mice.	   Further	  
analysis	  showed	  that	  several	  genes	  involved	  in	  neurogenesis,	  spermatogenesis	  
and	   olfactory	   receptor	   development	   had	   a	   different	   expression	   after	   αPlGF-‐
treatment.	  Although	  we	  were	  not	  able	  to	  show	  if	  this	  altered	  gene-‐expression	  
had	   any	   relevant	   phenotypical	   consequences,	   it	   is	   noteworthy	   that	   these	  
characteristics	   should	   be	   closely	   observed	   when	   further	   testing	   αPlGF	   (or	  
TB403).	  	  

2.3 Angiogenic escape mechanisms 

An	   important	   weakness	   of	   current	   anti-‐angiogenic	   therapies,	   is	   that	   tumours	  
tend	   to	   escape	   their	   treatment	   by	   upregulating	   alternative	   angiogenic	  
pathways,	  as	  discussed	  in	  the	  introduction.	  As	  a	  result,	  several	  cases	  have	  been	  
reported	  of	  resistance	  against	  sorafenib-‐treatment	  (19,20).	  
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In	   our	   study,	   we	   have	   used	   micro-‐arrays	   to	   assess	   whether	   treatment	   with	  
αPlGF	   induces	  angiogenic	  escape	  on	  RNA-‐levels	   and	  we	   could	  not	  observe	  an	  
increased	   expression	   of	   other	   angiogenic	   genes,	   in	   the	   contrary,	   several	  
angiogenic	   factors	   were	   significantly	   downregulated	   after	   treatment	   with	  
αPlGF.	   For	   instance,	   PlGF-‐silenced	   tumours	   were	   characterised	   lower	   protein	  
levels	   of	   VEGF,	   while	   RNA-‐levels	   were	   unaltered,	   suggesting	   an	   increased	  
binding	  to	  its	  decoy-‐receptor,	  VEGFR1,	  supporting	  the	  dual	  action	  of	  αPlGF	  (one	  
dependent	  and	  one	  independent	  of	  VEGF).	  	  

One	  of	  the	  proposed	  mediators	  of	  angiogenic	  escape	  is	  the	  activation	  of	  HIF.	  By	  
increasing	   tumour	   hypoxia,	   an	   additional	   angiogenic	   switch	   is	   induced	   after	  
administration	   of	   anti-‐angiogenic	   drugs	   (21–23).	   Treatment	   with	   αPlGF	   does	  
not	  result	  in	  a	  vast	  upregulation	  of	  hypoxic	  markers	  possibly	  explaining	  why	  no	  
other	  angiogenic	  genes	  were	  upregulated.	  However,	  only	  a	  5-‐week	   treatment	  
with	  αPlGF	  was	  assessed,	  which	  does	  not	  provide	  information	  on	  the	  long-‐term	  
therapeutic	   effects	   of	   PlGF-‐inhibition.	   In	   the	   PlGF-‐knock-‐out	   study	   tumours	  
grew	  in	  a	  PlGF-‐silenced	  environment	  and	   indeed,	  after	  30	  weeks	  we	  did	  see	  a	  
slight	   increase	   of	   tumour	   burden,	  which	  might	   be	   an	   indication	   of	   resistance	  
against	  PlGF-‐inhibition.	  	  

Furthermore,	   we	   did	   not	   look	   at	   other	   angiogenic	   processes	   that	   work	  
independent	  of	  HIF,	  such	  as	  vessel-‐cooption,	  vascular	  mimicry	  and	  a	  switch	  of	  
angiogenic	  phenotype.	  Several	  authors	  have	  stated	  that	  administration	  of	  anti-‐
angiogenic	   compounds	   causes	   a	   switch	   from	   sprouting	   angiogenesis	   towards	  
intussusceptive	   angiogenesis.	   The	   latter	   has	   been	   proposed	   as	   one	   of	   the	  
underlying	  mechanisms	  responsible	  for	  the	  normalizing	  the	  vasculature	  during	  
anti-‐angiogenic	  treatment	  and	  thus	  this	  process	  needs	  to	  be	  investigated	  in	  the	  
future.	  It	  is	  of	  uttermost	  importance	  that	  these	  processes	  are	  being	  assessed	  in	  
the	  near	  future.	  	  

The	   complex,	   highly	   heterogeneous	   nature	   of	   HCC	   makes	   it	   unlikely	   that	  
targeting	  only	  one	  pathway	  will	   achieve	  optimal	  disease	  control.	  Even	   though	  
no	  evidence	  was	  found	  towards	  angiogenic	  escape	  mechanisms	  after	  treatment	  
with	  αPlGF	  in	  our	  study,	  it	  is	  improbable	  that	  long-‐term	  administration	  of	  PlGF-‐
antibodies	  would	   not	   induce	   resistance.	   Long	   term	   administration	   of	   variable	  
dosages	   αPlGF	   and	   subsequent	   expression	   analysis,	   could	   provide	   additional	  
insight	  in	  potential	  angiogenic-‐escape	  mechanisms	  against	  αPlGF.	  Furthermore,	  
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combination	  therapies,	  new	  therapeutic	  targets,	  better	  patient	  selection	  based	  
on	  tumour	  characteristics,	  and	  more	  sensitive	  imaging	  techniques	  are	  essential	  
to	  obtain	  maximum	  response	  from	  αPlGF	  in	  patients.	  

2.4 αPlGF and sorafenib 

In	   our	   study,	   we	   have	   used	   a	   monotherapeutic	   approach	   for	   αPlGF	   and	  
sorafenib,	   as	   well	   as	   a	   combination	   therapy.	   We	   did	   not	   find	   a	   significant	  
difference	  in	  survival,	  tumour	  burden	  and	  inflammation	  in	  αPlGF,	  sorafenib	  and	  
the	  combination	  treatment.	  Yet,	  its	  primary	  advantage	  may	  lay	  in	  the	  fact	  that	  
sorafenib	  and	  other	  VEGF-‐VEGFR-‐targeted	  therapies	  cause	  a	  number	  of	  adverse	  
effects,	  while	  PlGF-‐targeted	  therapies	  are	  supposed	  to	  have	  a	  more	  favourable	  
safety	  profile,	  as	  discussed	  before.	  	  

Another	   advantage	   of	   αPlGF	   is	   its	   effect	   on	   vascular	   normalisation,	   which	  
consequently	   decreases	   hypoxia,	   selects	   for	   a	   less	   aggressive	   tumour	  
phenotype	   and	   could	   potentially	   improve	   drug	   delivery	   and	   efficacy.	   In	   our	  
study	  we	  did	  not	  observe	  improvement	  of	  the	  microvasculature	  after	  treatment	  
with	   sorafenib	   and	   this	   resulted	   in	   a	   higher	   expression	   of	   hypoxic	   markers,	  
consequently	   selecting	   for	   a	   more	   pro-‐metastatic	   tumour	   phenotype.	   Our	  
micro-‐array	  analysis	  provides	  evidence	  that	  inhibition	  of	  PlGF	  selects	  for	  a	  less	  
metastatic	  tumour	  phenotype,	  while	  qPCR-‐analysis	  showed	  that	  treatment	  with	  
sorafenib	  tends	  to	  increase	  the	  expression	  pro-‐metastatic	  genes.	  Analysis	  of	  the	  
GSE33621-‐dataset	   also	   showed	   that	   sorafenib-‐treatment	   decreases	   the	  
metastatic-‐suppressor	   gene	   Kiss1.	   However,	   further	   investigation	   using	  
metastatic	  models	   for	  HCC,	   could	  provide	  valuable	   insight	  on	   the	   influence	  of	  
αPlGF	  and	  sorafenib	  on	  the	  metastatic	  potential.	  	  

Even	   though	   the	   combination	   of	   αPlGF	   and	   sorafenib	   did	   not	   provide	   a	  
significant	   survival	   benefit	   compared	   to	   the	   monotherapies,	   it	   could	   still	  
provide	   additional	   benefits.	   The	   administration	   of	   αPlGF	   could	   normalize	   the	  
tumour	  vasculature,	  thereby	  possibly	  resulting	  in	  a	  better	  efficacy	  of	  low	  doses	  
of	  sorafenib.	  By	  combining	  αPlGF	  and	  sorafenib,	  the	  dose	  of	  the	  latter	  could	  be	  
decreased	  without	  losing	  functionality,	  yet	  reducing	  the	  adverse	  effects.	  	  
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2.5 αPlGF in cholangiocarcinoma 

Treatment	  with	  PlGF-‐antibodies	   significantly	   improved	  CC-‐burden,	   possibly	   by	  
inhibiting	  PlGF’s	  proliferative	  effect	  on	  macrophages	  and	  endothelial	  cells.	  	  

Recent	   studies	   have	   shown	   that	   inducing	   ischemic	   injury	   by	   transarterial	  
chemoembolization	  leads	  to	  an	  increased	  occurrence	  of	  a	  mixed	  hepatocellular	  
and	  cholangiocellular	  tumour	  phenotype	  (24,25).	  The	  mixed	  occurrence	  of	  HCC	  
and	  CC	   is	  more	  aggressive,	   thus	  adjuvant	  αPlGF	  co-‐treatment	   could	   therefore	  
offer	   a	   therapeutic	   solution	   for	   these	   patients.	   Recent	   studies	   using	   micro-‐
arrays	   and	   immunohistochemistry	   have	   shown	   that	   PlGF	   expression	   is	  
increased	   in	   Japanese	   non-‐fluke	   related	   cholangiocarcinoma	   (26)	   and	   that	   its	  
expression	   is	   correlated	  with	   loss	  of	   liver-‐intestine	   cadherine	   (27),	  which	  may	  
reflect	   that	   PlGF	   could	   be	   correlated	   with	   metastasis	   development	   in	  
cholangiocarcinoma.	   Since	   clinical	   studies	   using	   sorafenib	   in	   CC	   have	   only	  
provided	  minimal	   therapeutic	  benefit,	  accompanied	  by	  severe	  adverse	  effects	  
(SWOG	   0514),	   the	   use	   of	  monoclonal	   antibodies	   targeting	   PlGF	   could	   offer	   a	  
potential	  systemic	  treatment	  for	  patients	  that	  suffer	   from	  this	  aggressive	   liver	  
tumour.	  However,	  further	  investigation	  is	  needed	  using	  different	  models	  for	  CC,	  
to	  assess	  the	  underlying	  mechanism	  of	  PlGF-‐inhibition	  on	  CC-‐development.	  	  

2.6 Future perspectives 

In	  our	  study	  we	  have	  shown	  that	  inhibition	  of	  PlGF	  could	  potentially	  be	  used	  as	  
a	  therapeutic	  strategy	  against	  primary	  liver	  tumours.	  While	  the	  work	  performed	  
is	  very	  encouraging,	  many	  questions	  remain	  and	  will	  need	  further	  attention	  in	  
the	  near	  future.	  	  

One	  of	  the	  main	  questions	  that	  still	  remain	  is	  the	  exact	  working	  mechanism	  of	  
PlGF.	   	  We	   have	   shown	   that	   αPlGF	   can	   inhibit	   the	   infiltration	   of	  macrophages	  
into	  the	  liver,	  however	  this	  effect	  in	  HCC	  was	  only	  limited	  compared	  to	  what	  is	  
seen	   in	   other	   tumour	  models.	   A	   study	   by	   Rolny	  et	   al.	   (2),	   suggests	   that	   PlGF	  
induces	   polarisation	   of	   tumour-‐associated	   macrophages	   to	   a	   pro-‐angiogenic	  
M2-‐type	  phenotype,	  which	  is	  well	  known	  to	  promote	  tumour	  growth.	  Therapy	  
with	  αPlGF	  in	  this	  case	  can	  prevent	  this	  polarisation	  to	  the	  M2-‐phenotype	  and	  
promote	  macrophages	   to	   remain	   in	   the	  more	  dormant	  M1-‐phenotype.	   Taken	  
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together,	   an	   effect	   on	   the	   number	   of	   macrophages,	   and	   polarisation	   of	  
macrophages	  towards	  a	  more	   favourable	  phenotype	  can	  create	  an	   interesting	  
interplay.	  Hopefully,	  future	  research	  will	  bring	  light	  onto	  the	  exact	  role	  of	  PlGF	  
in	  macrophages,	  and	  define	  the	  molecular	  mechanisms	  at	  play.	  	  

We	   have	   shown	   that	   inhibiting	   PlGF	   normalises	   the	   remaining	   vasculature,	  
thereby	  selecting	   for	  a	   less	  aggressive	   tumour	  phenotype.	  However,	   the	  DEN-‐
induced	  HCC-‐model	   is	   not	   an	   optimal	  model	   to	   assess	  metastasis.	   Therefore,	  
additional	  mouse	  models,	  more	  suitable	  for	  metastasis-‐research,	  would	  greatly	  
expand	  our	   knowledge	  on	  how	  PlGF	   influences	   the	  metastatic-‐niche.	  A	  highly	  
metastatic	   tumour	   model	   can	   be	   obtained	   by	   orthotopic	   implantation	   of	  
metastatic	   tumours,	   either	   obtained	   from	   surgical	   specimens	   (28)	   or	   from	  
metastatic	   cell	   lines	   that	   were	   ectopically	   implanted	   in	   SCID	   mice	   (29).	  
Quantifying	  the	  number	  of	  lung	  metastasis,	  together	  with	  an	  extensive	  genome	  
analysis	  on	  pro-‐	  and	  anti-‐metastatic	  markers,	  would	  provide	  valuable	  insight	  on	  
the	  anti-‐metastatic	  effect	  of	  αPlGF	  on	  HCC.	  	  

In	   the	  present	  study,	  we	  have	  used	  micro-‐arrays	   to	  assess	  whether	   treatment	  
with	  αPlGF	  induces	  angiogenic	  escape	  on	  RNA-‐levels	  and	  we	  could	  not	  observe	  
an	   increased	   expression	   of	   other	   angiogenic	   genes.	   However,	   only	   a	   5-‐week	  
treatment	  with	  αPlGF	  was	  assessed,	  which	  does	  not	  provide	  information	  on	  the	  
long-‐term	   therapeutic	   effects	   and	   the	   PlGFKO-‐study	   does	   give	   an	   indication	  
that	   long-‐term	  inhibition	  of	  PlGF	  may	  cause	  tumours	  to	  find	  alternate	  ways	  to	  
progress.	  Long-‐term	  administration	  of	  variable	  dosages	  αPlGF	  and	  followed	  by	  
expression	   analysis,	   could	   provide	   additional	   insight	   in	   potential	   angiogenic-‐
escape	  mechanisms	  against	  αPlGF.	  	  

Irregularities	   in	   the	   tumour	   vasculature	   have	   great	   implications	   for	   tumour	  
sensitivity	   to	   therapy	   and	   in	   our	   study	   we	   have	   shown	   that	   PlGF-‐inhibition	  
improves	  the	  vascular	  morphology,	  thus	  decreasing	  tumour	  hypoxia	  and	  could	  
therefore	   reduce	   drug	   resistance	   (8,9).	   Testing	   gene-‐expression	   levels	   of	  
multidrugresistance	   genes,	   such	   as	  MDR1,	  MDR2	   and	   BCRP,	   in	   PlGF-‐inhibited	  
tumours	   could	   strengthen	   this	   hypothesis.	   Additionally,	   administrating	  
chemotherapy	   in	  combination	  with	  αPlGF	  or	   in	  PlGF	  knock	  out	  mice	  with	  HCC	  
would	  provide	  an	  exciting	  new	  translational	  research	  topic.	  	  
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In	   this	  study,	  we	  tested	  one	  dose	  of	  sorafenib	   (10	  mg/kg)	  based	  upon	  studies	  
found	   in	   the	   literature.	  This	  did	  not	   induce	  an	  additive	  effect	  when	  combined	  
with	   αPlGF.	   However,	   it	   would	   be	   interesting	   to	   assess	   if	   giving	   αPlGF	   in	  
combination	   with	   a	   lower	   dose	   of	   sorafenib	   would	   keep	   a	   similar	   level	   of	  
functionality,	  but	  perhaps	  diminish	  the	  adverse	  effects.	  

Of	  course	  our	  study	  has	  only	  looked	  at	  the	  effect	  of	  PlGF-‐inhibition	  in	  mice	  and	  
we	  can	  never	  be	  certain	  that	  these	  results	  are	  completely	  representable	  for	  the	  
human	  setting.	  For	  one,	  humans	  express	  four	  isoforms	  of	  PlGF,	  while	  mice	  only	  
express	   one.	   However,	   serum	   levels	   of	   PlGF	   in	   patients	   showed	   that	   PlGF-‐2,	  
presumably	  the	  most	  important	  isoform,	  is	  upregulated	  in	  HCC	  and	  in	  cirrhotic	  
patients,	   thereby	   providing	   some	   evidence	   that	   it	   might	   play	   a	   role	   in	   the	  
human	   hepatocarcinogenesis.	   Currently	   the	   first	   human	   αPlGF	   studies	   show	  
that	   TB403	   was	   well	   tolerated	   without	   increased	   risk	   of	   adverse	   effects	   in	  
healthy	   volunteers	   and	   terminal	   cancer	   patients,	   but	   with	   signs	   of	   disease	  
stabilization	   in	   6	   out	   of	   23	   cancer	   patients	   (18).	   Future	   clinical	   studies	   are	  
required	   to	   assess	   the	   overall	   therapeutic	   potential	   of	   αPlGF	   treatment	  
strategies	  in	  hepatocellular	  carcinoma.	  	  

2.7 Conclusion 

In	   the	   second	   part	   of	   our	   study,	  we	   have	   shown	   that	   PlGF	   is	   involved	   in	   the	  
pathogenesis	   of	   HCC	   and	   CC.	   Both	   in	   the	   transgenic	   mouse	   model	   as	   in	   the	  
treatment	  study,	  silencing	  or	   inhibition	  of	  PlGF	  significantly	  decreased	  tumour	  
burden	   and	   prolonged	   survival.	   Its	   effect	   was	   induced	   not	   only	   by	   inhibiting	  
neo-‐vascularisation,	   but	   also	   by	   decreasing	   hepatic	   macrophage	   recruitment.	  
The	   use	   of	   αPlGF	   holds	   great	   potential,	   since	   it	   does	   not	   only	   inhibit	   the	  
formation	   of	   tumour	   blood	   vessels,	   but	   also	   normalises	   the	   remaining	   blood	  
vessels,	   thereby	   decreasing	   tumour	   hypoxia	   and	   thus	   reducing	   the	   pro-‐
metastatic	  potential	  of	  HCC.	  Future	  research	  is	  needed	  to	  assess	  how	  treatment	  
with	   αPlGF	   affects	   metastasis,	   multidrugresistance	   and	   angiogenic	   escape	  
mechanisms.	   Since	   the	   first	   clinical	   trials	   using	   a	  human	  αPlGF	  are	  promising,	  
we	   are	   eagerly	   awaiting	   the	  moment	  when	   αPlGF	   can	   be	   tested	   for	   patients	  
with	  primary	  liver	  tumours.	  	  
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3 Role of PHD2 in the pathogenesis of 
primary liver tumours 

3.1 Effect on tumour growth and vascularisation 

In	  the	  last	  part	  of	  our	  study,	  we	  used	  the	  DEN-‐model	  to	  compare	  the	  effect	  of	  
PHD2-‐heterozygousity	   on	   HCC-‐development.	   Macroscopic	   evaluation	   showed	  
that	   PHD2+/-‐-‐mice	   developed	   more	   tumours	   compared	   to	   their	   WT-‐
counterparts.	   This	   was	   not	   entirely	   unexpected,	   since	   several	   reports	   have	  
shown	  that	  PHD2-‐deficiency	  could	  increase	  tumourigenesis	  (30–33).	  This	  was	  in	  
contrast	  with	  what	  is	  seen	  in	  the	  study	  of	  Mazonne	  et	  al	  (34),	  who	  found	  that	  
haplodeficiency	  of	  PHD2	  did	  not	  increase	  tumour	  burden,	  but	  inhibited	  tumour	  
cell	   invasion,	   intravasation	   and	  metastasis,	   by	   normalising	   the	   vasculature.	   In	  
our	   study	   we	   used	   vascular	   corrosion	   casting	   and	   histological	   analysis	   to	  
evaluate	   the	   vascular	   morphology	   and	   we	   were	   not	   able	   to	   detect	   any	  
improvement,	  which	  was	  in	  line	  with	  other	  findings	  that	  observed	  an	  increased	  
capillary	  density,	  vessel	  branching	  and	  an	  increased	  tumour	  growth	  as	  a	  result	  
of	   PHD2-‐silencing	   in	   the	   tumour	   (31). All	   the	   studies	   mentioned	   above	   use	  
different	   mouse	   models	   to	   assess	   the	   effect	   of	   PHD2-‐inhibition	   on	   tumour	  
development,	   which	   might	   explain	   part	   of	   the	   discrepancies,	   but	   also	   the	  
distinct	   role	   of	   PHD2	   in	   specific	   tumour	   compartments	   could	   influence	   the	  
outcome.	   In	   our	   study	   we	   have	   used	   the	   DEN-‐model	   in	   which	   spontaneous	  
tumours	  occur	  as	  a	  result	  of	  chronic	  exposure	  to	  the	  hepatic	  carcinogen	  DEN,	  a	  
situation	  that	  is	  more	  representable	  for	  the	  human	  hepatocarcinogenesis	  than	  
the	   xenograft	   models	   used	   in	   most	   other	   studies.	   In	   addition,	   PHD2	   was	  
silenced	  both	   in	   the	  tumour	  as	   in	   the	  stroma,	   in	  contrast	   to	  xenograft	  studies	  
were	  usually	  only	  one	  of	  those	  compartiments	  has	  an	  altered	  PHD2-‐expression.	  

However,	  the	  different	  outcome	  in	  several	  studies,	  might	  also	  be	  a	  result	  of	  the	  
dual	  role	  of	  PHD2	  in	  tumour	  progression,	  as	  suggested	  in	  the	  study	  of	  Lee	  et	  al	  	  
(30)	   using	   human	  malignant	   fibroblast	   cell	   strains	   at	   different	   transformation	  
stages.	   Firstly,	   decreases	   of	   PHD2	   were	   correlated	   with	   the	   increased	  
malignancy	   and	   invasiveness	   of	   fibroblasts	   and	   cancer	   cell	   lines,	   supporting	  
PHD2’s	  involvement	  in	  the	  tumourigenesis.	  Interestingly,	  chemical	  inhibition	  of	  
PHD2-‐activity	   in	   the	   cells	   decreased	   the	   tumour-‐forming	   potential	   of	   these	  
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transformed	   cells;	  while	   overexpression	  of	   PHD2	   in	  malignant	   fibroblasts	   also	  
lead	   to	   an	   inhibition	   of	   tumour	   growth.	   This	   dual	   role	   will,	   of	   course,	   have	  
severe	   consequences	   on	   drugs	   that	   target	   PHDs	   for	   cancer	   therapy.	   In	   our	  
study,	   it	   is	   likely	  that	  hepatocytes	  that	  had	  amassed	  cellular	  mutations	  due	  to	  
the	  DEN-‐injections	  were	  pushed	  to	  become	  more	  tumorigenic	  due	  to	  the	  partial	  
blockage	   of	   PHD2.	   This	   could	   also	   imply	   that	   inhibiting	   PHD2	   in	   established	  
tumours	  would	  have	  a	  different	  outcome	  and	   is	  therefore	  an	   interesting	  topic	  
for	  future	  research.	  	  	  

Microscopic	  analysis	  confirmed	  an	  increased	  HCC-‐burden	  at	  20W	  and	  25W,	  yet	  
HCC-‐progression	   stagnates	  after	  30W,	  perhaps	  due	   to	   the	   increased	  presence	  
of	  CC,	  which	  might	  result	  in	  a	  competition	  for	  nutrients	  between	  tumours.	  The	  
presence	   of	   both	   HCC	   and	   CC	   in	   PHD2+/-‐-‐mice	   injected	   with	   DEN,	   was	   an	  
interesting	   result.	   Indeed,	   the	   prolonged	   administration	   of	   DEN	   induced	  
inflammation	  and	  fibrosis	  around	  cancer	  foci	  or	  in	  non-‐cancer	  liver	  tissues	  and	  
could	   thereby	   influence	   ductular	   reaction.	   PHD2	   deficiency	   increased	   the	  
infiltration	  of	  macrophages,	   however,	   no	   significant	  difference	  of	   fibrosis	  was	  
seen	   between	   WT	   and	   PHD2+/-‐	   mice,	   suggesting	   the	   ductular	   reaction	   is	   not	  
merely	   a	   result	   of	   increased	   inflammation.	   Since	   both	   CC	   and	   HCC	   could	   be	  
derived	   from	  HPCs,	   and	   our	   study	   showed	   that	   inhibition	   of	   PHD2	   influences	  
resulted	   in	   a	   shift	   from	  HCC	   to	   CC,	   perhaps	   PHD2-‐heterozygosity	  might	   have	  
influenced	  progenitor	  cell	  activation	  and/or	  differentiation.	  	  

3.2 Effect on progenitor cell differentiation 

We	  have	  shown	  that	  PHD2-‐inhibition	  leads	  to	  the	  occurrence	  of	  both	  HCC	  and	  
CC	   in	   the	   liver.	   Several	   studies	   suggest	   that	   these	   hepatic	   tumours	   can	   be	  
derived	  from	  HPCs	  which	  are	  bipotential	  stem	  cells	  that	  reside	  in	  the	  canals	  of	  
Hering	  (35–37).	   	  HPCs	  are	  activated	   in	  the	  case	  of	  severe	  hepatic	  damage	  and	  
the	   proliferation	   of	   progenitor	   cells	   is	   one	   of	   the	   earliest	   responses	   to	   DEN,	  
however,	   contradictory	   results	   have	   been	   found	   on	   whether	   DEN-‐induced	  
tumours	  are	  derived	   from	  HPCs.	  The	  expression	  of	  CK19,	  Oct4	  and	  LEF	   in	   the	  
surrounding	   tissue	   and	   tumour	   lesions	   of	  DEN-‐injected	  WT	   and	   PHD2+/-‐	   could	  
suggest	  an	  HPC-‐origin	  of	  these	  tumours.	  	  
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HPCs	   are	   able	   to	   differentiate	   towards	   biliary	   and	   hepatocytic	   lineages.	  
However,	   the	   exact	  mechanism	   on	   how	   these	   cells	   are	   stimulated	   towards	   a	  
certain	   lineage	   remains	   largely	   unknown.	   A	   possible	   regulator	   of	   HPC-‐
differentiation	   is	   the	  Notch-‐pathway,	  whose	  activation	  will	   favour	  progression	  
towards	   a	   cholangiocytic	   phenotype	   (36).	   The	   inhibition	   of	   PHD2	   results	   in	   a	  
decreased	  degradation	  of	  HIF.	  This	  increases	  the	  activation	  of	  the	  HIF-‐pathway,	  
which	  could	  regulate	  the	  Notch-‐pathway	  thereby	  altering	  the	  differentiation	  of	  
HPCs.	  Further	   investigation	   is	  needed	  to	  provide	  new	   insights	   in	   the	   influence	  
of	  PHD2	  and	  activation	  of	  the	  HIF-‐pathway	  in	  the	  tumour	  environment	  on	  the	  
differentiation	   of	   HPCs	   and	   the	   selection	   of	   a	   more	   aggressive	   tumour	  
phenotype	  during	  hypoxia.	  	  

The	  link	  between	  hypoxia	  in	  the	  tumour	  environment	  and	  the	  differentiation	  of	  
HPCs	   holds	   a	   great	   potential	   for	   therapeutic	   intervention,	   especially	   since	  
recent	   studies	   have	   shown	   that	   inducing	   ischemic	   injury	   by	   TACE	   leads	   to	   an	  
increased	  occurrence	  of	  a	  mixed	  hepatocholangiocellular	  phenotype	  (38).	  This	  
biliary	  phenotype	  of	  HCC	   is	  more	  aggressive	  and	  is	   likely	  derived	  from	  hepatic	  
progenitor	   cells.	   Therefore,	   it	   could	   be	   that	   HPCs	   are	   stimulated	   through	   the	  
TACE-‐induced	   hypoxia	   to	   differentiate	   towards	   a	   cholangiocytic	   lineage.	   This	  
link	   between	   hypoxia	   and	   the	   selection	   for	   a	  more	   aggressive	  mixed	   HCC-‐CC	  
phenotype	   might	   also	   have	   a	   repercussion	   on	   patients	   receiving	   long-‐term	  
treatment	   with	   anti-‐angiogenic	   compounds,	   such	   as	   sorafenib	   which	   may	  
induce	  a	  more	  hypoxic	  tumour	  environment.	  Further	  investigation	  is	  needed	  to	  
support	  this	  hypothesis.	  	  

3.3 Future perspectives 

We	  have	   shown	   that	   silencing	   PHD2	   aggravates	   HCC	   growth	   and	   induces	   the	  
presence	  of	  CC.	  Future	  research	  is	  necessary	  to	  clarify	  the	  exact	  role	  of	  PHD2	  or	  
HIF-‐stimuli	  on	   the	  hepatocarcinogenesis	  and	  specifically	  on	   the	  differentiation	  
of	  hepatic	  progenitor	  cells.	  	  	  

In	   our	   study	   we	   have	   looked	   at	   the	   development	   of	   tumours	   in	   a	   PHD2-‐
heterozygotic	   environment.	   Adding	   PHD2-‐inhibiting	   agent	   (such	   as	   DMOG)	   to	  
mice	  with	  an	  established	  tumour	  would	  provide	  interesting	  information	  on	  how	  
tumour	  cells	  react	  to	  a	  sudden	  inactivation	  of	  PHD2.	  A	  study	  of	  Henze	  et	  al	  (39)	  
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found	   that	   inhibiting	   PHD2-‐activity	   by	   exposure	   to	   hypoxia	   or	   DMOG-‐
administration	   reduced	   glioma	   tumour	   cell	   survival	   in	   an	   in	   vitro	   experiment	  
and	   suggest	   a	   negative	   feedback	   loop	   to	   limit	   the	   hypoxic	   HIF-‐response.	  
However,	  in	  our	  study	  we	  did	  not	  observe	  a	  negative	  feedback,	  on	  the	  contrary,	  
the	  long-‐term	  silencing	  of	  PHD2	  in	  the	  heterozygous	  knock	  out	  model,	  still	   led	  
to	  an	  increased	  activation	  of	  the	  HIF-‐pathway.	  If	  would	  therefore	  be	  interesting	  
to	  repeat	  Henze’s	  experiment	  in	  our	  in	  vivo	  model	  for	  HCC.	  	  

In	   addition,	   studies	   have	   shown	   that	   PHD2	   functions	   as	   a	   tumour	   suppressor	  
and	  its	  loss	  is	  associated	  with	  increased	  malignancy	  (30,33).	  It	  would	  therefore	  
be	   interesting	   to	   assess	   how	   overexpression	   of	   PHD2	   influences	   the	  
hepatocarcinogenesis.	   Furthermore,	   overexpression	   of	   PHD2	   is	   likely	   to	  
increase	   the	   hydroxylation	   of	   HIF,	   leading	   to	   less	   activation	   of	   the	   HIF-‐
associated	   pathways,	   which	   are	   known	   to	   promote	   malignancy	   and	   drug	  
resistance.	  	  

Even	  though	  several	  studies	  have	  shown	  that	  PHD2	  is	  the	  uttermost	  important	  
PHD-‐molecule	  involved	  in	  the	  regulation	  of	  HIF,	  a	  similar	  set-‐up	  with	  PHD1	  and	  
PHD3-‐mice	   could	   be	   valuable,	   especially	   since	   some	   studies	   have	   shown	   that	  
PHD3	  is	  involved	  in	  hypoxic	  survival	  mechanisms	  of	  tumour	  cells	  (40)	  and	  in	  the	  
inflammatory-‐response	   (41).	   The	   absence	   of	   PHD1	   has	   been	   associated	   with	  
reduced	   neovascularisation	   and	   vascular	   permeability	   in	   a	   mouse	   model	   for	  
ischemic	  retinopathy	  (42).	   	   If	  PHD1	  or	  PHD2	  play	  a	  role	   in	  the	  pathogenesis	  of	  
HCC	  remains	  unknown	  and	  would	  provide	  an	  interesting	  field	  of	  research.	  	  

Whole	   genome	   expression	   profiling	   of	   CC	   and	   HCC-‐lesions	   and	   of	   their	  
surrounding	   non-‐tumour	   tissue	   in	   the	   PHD2-‐deficient	   mouse	   model	   could	  
provide	   new	   insights	   in	   the	   influence	   of	   PHD2	   on	   the	   differentiation	   of	   HPCs	  
and	  on	   the	   selection	  of	  a	  more	  aggressive	   tumour	  phenotype	  during	  hypoxia.	  	  
Investigation	  of	  the	  characteristics	  and	  potential	  of	  HPCs	  from	  WT	  and	  PHD2+/-‐	  
mice	  would	  clarify	  whether	  the	  combined	  appearance	  of	  HCC	  and	  CC	  is	  due	  to	  
the	   intrinsic	   properties	   of	   PHD2+/-‐	   HPCs.	   By	   isolating	  HPCs	   from	  WT-‐mice	   and	  
PHD2+/-‐	   -‐mice	   and	   subsequently	   subjecting	   them	   to	   gradients	   of	   hypoxia,	   we	  
could	  further	  clarify	  their	  behaviour	  and	  possibly	  identify	  hypoxia	  as	  a	  stimulus	  
for	  HPC-‐activation.	  	  
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Our	   data	   suggest	   that	   the	   Notch-‐pathway	  may	   play	   an	   important	   role	   in	   the	  
differentiation	   of	   HPC	   to	   cholangiocytes	   or	   hepatocytes.	   Using	   transgenic	  
Notch1-‐lox	   or	   R26-‐lsl-‐NICD	   mice	   to	   conditionally	   alter	   the	   expression	   of	   the	  
Notch-‐pathway	  in	  hepatocytes	  or	  HPC’s	  in	  mice	  subjected	  to	  weekly	  injections	  
of	   DEN,	   and	   subsequently	   isolating	   HPC,	   combined	  with	   FACS	   cell	   sorting	   (to	  
determine	  the	  differentiation	  of	  cells)	  and	  histological	  analysis	  could	  be	  used	  to	  
closely	   investigate	   the	   impact	   of	   this	   pathway	   at	   different	   phases	   of	   tumour	  
progression.	  	  

3.4 Conclusion 

In	  the	  last	  part	  of	  our	  study,	  we	  have	  shown	  that	  inhibition	  of	  PHD2	  is	  involved	  
in	   the	  hepatocarcinogenesis	   and	   that	   its	   inhibition	   aggravates	   tumour	   growth	  
and	   induces	   the	   presence	   of	   cholangiocarcinoma,	   an	   aggressive	   liver	   tumour	  
derived	   from	  biliary	  cells.	  This	  could	  possibly	  be	  explained	  by	  an	  altered	  HPC-‐
differentiation	   through	   activation	   of	   the	   Notch-‐pathway.	   However,	   future	  
research	   is	   necessary	   to	   clarify	   the	   exact	   role	   of	   PHD2	   or	   HIF-‐stimuli	   on	   the	  
differentiation	   of	   liver	   progenitor	   cells,	   especially	   for	   patients	   receiving	   long-‐
term	  administration	  of	  anti-‐angiogenic	  therapy.	  
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4 General discussion 

The	  discovery	  of	  anti-‐angiogenic	  therapy	  has	  become	  a	  milestone	  in	  the	  combat	  
against	   HCC,	   especially	   since	   the	   acknowledgement	   of	   sorafenib	   as	   the	  
standard	   of	   care	   for	   advanced	   HCC	   patients.	   However,	   new	   compounds	   that	  
can	   inhibit	   the	   tumour	   vasculature	   are	   being	   discovered	   every	   day	   and	  while	  
the	  majority	  proves	   to	  be	  effective	   in	  murine	  cancer,	  only	   few	  make	   it	   to	   the	  
clinic.	   Those	   that	   are	   approved	   as	   chemotherapeutics,	   still	   hold	   several	  
important	  limitations.	  

One	   of	   the	   recent	   concerns	   is	   the	   occurrence	   of	   angiogenic	   escape	  
mechanisms,	  which	  allow	  tumours	  to	  grow	  despite	  the	  administration	  of	  anti-‐
angiogenic	  drugs,	  possibly	  even	  inducing	  a	  more	  aggressive	  tumour	  phenotype.	  	  
The	  hypoxic	  conditions	  created	  by	  anti-‐angiogenic	  therapy,	  may	  select	  for	  more	  
invasive	   tumour	   variants	   better	   adapted	   to	   survive	   and	   proliferate	   under	  
reduced	   oxygen	   tension,	   leading	   to	   increased	   intravasation	   and	   metastatic	  
dissemination	  (34,43–45).	  Anti-‐angiogenic	  therapies	  that	  inhibit	  a	  single	  target	  
cause	   the	   upregulation	   of	   additional	   angiogenic	   factors,	   in	   a	   process	   called	  
“angiogenic	   rescue”	   (46).	   Alternatively,	   these	   angiogenic	   escape	   mechanisms	  
can	   also	   function	   independent	   from	   hypoxia,	   by	   inducing	   vascular	   mimicry,	  
vessel	  cooption	  or	  switching	  the	  angiogenic	  phenotype.	  

In	   our	   study,	   we	   have	   shown	   that	   vascular	   normalization	   could	   potentially	  
prevent	  the	  HIF-‐dependent	  angiogenic	  rescue	  mechanisms.	  Studies	  on	  vascular	  
normalization	  have	  also	  shown	  that	  by	  correcting	  the	  abnormalities	  in	  structure	  
and	  function	  of	  tumour	  vessels	  (rather	  than	  destroying	  vessels	  completely)	  the	  
tumour	   microenvironment	   is	   normalized,	   resulting	   in	   better	   perfusion	   of	  
cytotoxic	  drugs	  and	  controlling	  the	  tumour’s	  progression	  (10,11).	  This	  effect	   is	  
not	  unique	  for	  αPlGF,	  since	  pharmacological	  neutralisation	  of	  VEGF	  in	  mice	  has	  
also	  decreased	  tumour	  vessel	  permeability	  and	  has	  impoved	  tumour	  perfusion,	  
leading	   to	   better	   drug	   delivery.	   However,	   this	   effect	   is	   transient,	   since	  
prolonged	  VEGF-‐inhibition	  prunes	  the	  majority	  of	  the	  vessels	  and	  thus	  dimishes	  
this	  effect.	  Hence,	  dosage	  and	  duration	  of	  treatment	  seems	  to	  be	  an	  important	  
factor	   in	   the	   process	   of	   vascular	   normalisation,	   which	   has	   to	   be	   further	  
assessed,	  not	  only	  with	  αPlGF	  but	  also	  in	  other	  anti-‐angiogenic	  compounds.	  
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A	   logical	   step	   could	   be	   to	   stop	   treatment	   when	   pruning	   of	   normal	   vessels	  
occurs.	  However,	  mouse	  models	  have	  also	  shown	  that	  a	  rapid	  tumour	  growth	  
may	   occur	   after	   stopping	   anti-‐angiogenic	   treatment.	   It	   thus	   seems	   that	   by	  
continuing	   therapy,	   it	   increases	   the	   risk	   of	   inducing	   angiogenic-‐escape	  
mechanisms,	  while	  discontinuation	  of	   treatment	  may	   lead	  to	  vessel	   regrowth.	  
Thus,	  besides	  developing	  new	  anti-‐angiogenic	  drugs,	  it	  is	  needed	  to	  investigate	  
how	   rendering	   a	   time	   schedule	   in	   drug	   delivery,	   combined	   with	   a	   multi-‐
targeted	  approach	  to	  prevent	  anti-‐angiogenic	  escape,	  could	  provide	  additional	  
benefit.	  	  

Future	   studies	   will	   be	   needed	   to	   assess	   whether	   combining	   vascular	  
normalization,	   anti-‐angiogenic	   drugs	   and	   perhaps	   cytotoxic	   compounds	   could	  
provide	  a	  long-‐term	  solution	  for	  HCC-‐patients.	  	  
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5 General conclusions 

In	  the	  first	  part	  of	  our	  study,	  we	  showed	  that	  weekly	  injections	  of	  DEN	  provide	  
an	   excellent	  mouse	  model	   for	   HCC,	  which	   is	   considerably	   faster	   than	   current	  
chemically	   induced	   models	   and	   has	   the	   advantage	   of	   tumour	   progression	  
occurring	   in	   a	   background	   of	   inflammation	   and	   fibrosis.	   Furthermore,	   the	  
assessment	  of	  several	  angiogenic	  factors	  showed	  that	  these	  tumours	  induce	  an	  
angiogenic	   switch,	   providing	   an	   ideal	   base	   for	   further	   research	   on	   anti-‐
angiogenic	   drugs.	   Moreover,	   several	   innovative	   imaging	   techniques	   were	  
applied,	  not	  only	  to	  assess	  tumour	  growth,	  but	  also	  providing	  further	  insight	  in	  
microvascular	  alterations	  of	  HCC	  livers.	  

After	   the	   establishment	   of	   a	   mouse	   model,	   we	   have	   used	   transgenic	   mouse	  
models	   and	   monoclonal	   antibodies	   to	   assess	   the	   effect	   of	   PlGF	   and	   PHD2	  
deficiency	  on	  the	  hepatocarcinogenesis.	  In	  our	  study,	  we	  have	  shown	  that	  PlGF	  
is	  involved	  in	  the	  pathogenesis	  of	  HCC.	  Both	  in	  the	  transgenic	  knock	  out	  model	  
as	  in	  the	  treatment	  model,	  silencing	  or	  inhibition	  of	  PlGF	  significantly	  decreased	  
tumour	   burden,	   not	   only	   by	   inhibiting	   the	   vascularisation,	   but	   also	   by	  
decreasing	   hepatic	   macrophage	   recruitment.	   The	   use	   of	   αPlGF	   holds	   great	  
potential,	  since	  it	  does	  not	  only	  inhibit	  the	  formation	  of	  tumour	  blood	  vessels,	  
but	   also	   normalizes	   the	   remaining	   blood	   vessels,	   thereby	   decreasing	   hypoxia	  
and	  thus	  reducing	  the	  pro-‐metastatic	  potential	  of	  HCC.	  	  

PHD2-‐deficiency	   increased	   the	   hepatocarcinogenesis	   and	   stimulated	   the	  
development	  of	  cholangiocarcinoma.	  Since	  both	  CC	  and	  HCC	  could	  be	  derived	  
from	   HPCs,	   PHD2	   could	   possibly	   have	   altered	   their	   differentiation,	   possibly	  
through	  up-‐regulating	   the	  Notch-‐pathway.	   In	  contrast	   to	  other	  studies,	  PHD2-‐	  
deficiency	  did	  not	  normalise	  the	  vasculature,	  and	  thus	  did	  not	  select	  for	  a	  less	  
aggressive	  tumour	  phenotype.	  On	  the	  contrary,	  PHD2-‐haplodeficiency	  and	  the	  
accompanying	  continuous	  HIF-‐activation	  resulted	  in	  an	  increased	  expression	  of	  
pro-‐metastatic	  markers	   and	   selected	   for	   a	  more	  aggressive	   combined	  HCC-‐CC	  
tumour	  phenotype.	  	  

Administration	   of	   PlGF-‐antibodies	   to	   PHD2+/-‐	   mice	   that	   have	   developed	   HCC	  
and	  CC	  after	  25W	  of	  DEN,	  decreased	  the	  tumour	  burden	  of	  both	  HCC	  and	  CC,	  
by	  affecting	  angiogenesis	  and	  inflammation.	  	  
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1 Summary 

Hepatocellular	   carcinoma	   (HCC)	   is	   a	   primary	   liver	   tumour	   that	   originates	   in	   a	  
background	  of	  cirrhosis.	  Every	  year	  almost	  500.000	  patients	  are	  diagnosed	  with	  
HCC,	  making	  it	  the	  5th	  most	  common	  and	  the	  3rd	  most	  deadly	  cancer	  worldwide.	  
The	   underlying	   liver	   disease	   often	   conceals	   the	   presence	   of	   liver	   tumours;	  
therefore	  most	  tumours	  are	  discovered	  in	  an	  advanced	  stage.	  At	  this	  point	  no	  
curative	   option	   is	   feasible	   and	   systemic	   treatment	   is	   limited	   due	   to	   the	   high	  
drug	  resistance	  of	  HCC.	  

The	   importance	   of	   angiogenesis	   in	   the	   pathogenesis	   of	   HCC	   has	   been	  
established	  for	  a	  long	  time.	  It	  is	  thus	  not	  surprising	  that	  inhibiting	  angiogenesis	  
has	  opened	  up	  the	  world	  of	  therapeutic	  targets	  against	  HCC	  and	  the	  use	  of	  the	  
angiogenic-‐inhibitor	   sorafenib	   has	   become	   the	   standard	   of	   care	   for	   advanced	  
HCC	   patients.	   These	   angiogenic	   inhibitors	   are	   unique	   cancer-‐fighting	   agents,	  
inhibiting	   the	   growth	   of	   blood	   vessels	   without	   directly	   targeting	   the	   tumour	  
cells.	   Unfortunately,	   recent	   studies	   have	   shown	   that	   this	   tactic	   also	   has	   a	  
negative	   side,	   since	  hypoxia	   can	   induce	  a	  more	  aggressive	   tumour	  phenotype	  
and	   that	   tumours	   tend	   to	   escape	   their	   anti-‐angiogenic	   therapy.	   Furthermore,	  
classic	   anti-‐angiogenic	   treatment	   targets	   both	   physiologic	   as	   pathologic	  
angiogenesis,	  resulting	  in	  numerous	  adverse	  effects.	  	  

To	  assess	  new	  anti-‐angiogenic	  drugs,	  we	  developed	  a	  mouse	  model	  for	  HCC,	  by	  
administrating	   weekly	   injections	   of	   diethylnitrosamine,	   a	   method	   that	   is	  
considerably	   faster	   than	   current	   chemically	   induced	   models	   and	   has	   the	  
advantage	   of	   tumour	   progression	   occurring	   in	   a	   background	   of	   inflammation	  
and	  fibrosis.	  Furthermore,	  the	  assessment	  of	  several	  angiogenic	  factors	  showed	  
that	   these	   tumours	   induce	   an	   angiogenic	   switch,	   providing	   an	   ideal	   base	   for	  
further	   research	   on	   anti-‐angiogenic	   drugs.	   Moreover,	   several	   innovative	  
imaging	   techniques	  were	  applied,	  not	  only	   to	  assess	   tumour	  growth,	  but	  also	  
providing	  further	  insight	  in	  microvascular	  alterations	  of	  HCC	  livers.	  

The	   placental	   growth	   factor	   (PlGF)	   recently	   gained	   a	   lot	   of	   interest	   among	  
angiogenesis-‐researchers.	   Its	   mere	   involvement	   in	   pathological	   angiogenesis,	  
offers	   a	  unique	  potential	   in	   targeting	   tumour	  blood	  vessels,	  without	   affecting	  
healthy	   tissue.	   We	   have	   used	   transgenic	   mouse	   models	   and	   monoclonal	  
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antibodies	   to	   assess	   the	   effect	   of	   PlGF	   on	   the	   hepatocarcinogenesis.	   In	   our	  
study,	  we	  have	  shown	  that	  PlGF	  is	  involved	  in	  the	  pathogenesis	  of	  HCC.	  Both	  in	  
the	   transgenic	   knock	   out	   model	   as	   in	   the	   treatment	   model,	   silencing	   or	  
inhibition	  of	  PlGF	  significantly	  decreased	  tumour	  burden,	  not	  only	  by	  inhibiting	  
the	   vascularisation,	   but	   also	   by	   decreasing	   hepatic	   macrophage	   recruitment.	  
The	   use	   of	   αPlGF	   holds	   great	   potential,	   since	   it	   does	   not	   only	   inhibit	   the	  
formation	   of	   tumour	   blood	   vessels,	   but	   also	   normalizes	   the	   remaining	   blood	  
vessels,	   thereby	   decreasing	   hypoxia	   and	   thus	   reducing	   the	   pro-‐metastatic	  
potential	  of	  HCC.	  

Contradictory	   findings	   regarding	   the	   role	   of	   prolyl	   hydroxylase	   containing	  
domains	  (PHD)	  in	  tumour	  progression	  and	  vascularisation,	  has	  made	  this	  factor	  
a	  hot	  research	  topic.	  PHD2-‐deficiency	   increased	  the	  hepatocarcinogenesis	  and	  
stimulated	   the	   development	   of	   cholangiocarcinoma	   (CC).	   Since	   both	   CC	   and	  
HCC	   could	   be	   derived	   from	   HPCs,	   PHD2	   could	   possibly	   have	   altered	   their	  
differentiation,	  possibly	   through	  up-‐regulating	   the	  Notch-‐pathway.	   In	   contrast	  
to	  other	  studies,	  PHD2-‐	  deficiency	  did	  not	  normalise	  the	  vasculature,	  and	  thus	  
did	  not	  select	  for	  a	  less	  aggressive	  tumour	  phenotype.	  On	  the	  contrary,	  PHD2-‐
haplodeficiency	  and	  the	  accompanying	  continuous	  HIF-‐activation	  resulted	  in	  an	  
increased	   expression	   of	   pro-‐metastatic	   markers	   and	   selected	   for	   a	   more	  
aggressive	  combined	  HCC-‐CC	  tumour	  phenotype.	  	  

In	   our	   study	   we	   have	   shown	   that	   PlGF	   and	   PHD2	   are	   involved	   in	   the	  
pathogenesis	  of	  HCC.	  Inhibiting	  PlGF	  could	  potentially	  be	  used	  as	  a	  therapeutic	  
strategy	   against	   primary	   liver	   tumours,	   while	   silencing	   PHD2	   aggravates	   HCC	  
growth	   and	   induces	   the	   presence	   of	   CC.	   The	   work	   performed	   is	   very	  
encouraging,	  however	  many	  questions	   remain	  and	  will	  need	   further	  attention	  
in	  the	  near	  future.	  	  
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2 Samenvatting 

Hepatocellulair	  carcinoom	  (HCC)	  is	  een	  primaire	  levertumor	  die	  ontstaat	  in	  een	  
achtergrond	   van	   cirrose.	   Elk	   jaar	   wordt	   bij	   ongeveer	   500.000	   patiënten	   HCC	  
vastgesteld,	   waardoor	   dit	   de	   5de	  meest	   voorkomende	   en	   3de	  meest	   dodelijke	  
kanker	   wereldwijd	   is.	   De	   onderliggende	   leverziekte	   verhult	   dikwijls	   de	  
aanwezigheid	   van	   levertumoren,	   waardoor	   deze	   kanker	   vaak	   pas	   in	   een	  
eindstadium	   vastgesteld	   wordt.	   Voor	   deze	   patiënten	   is	   geen	   genezing	   meer	  
mogelijk	  en	  ook	  systemische	  therapie	  is	  beperkt	  door	  de	  hoge	  chemoresistentie	  
van	  HCC.	  

Het	  belang	  van	  bloedvatvorming	  of	  angiogenese	  in	  de	  pathogenese	  van	  HCC	  is	  
reeds	  lang	  vastgesteld.	  Het	  is	  daarom	  niet	  verwonderlijk	  dat	  het	  afremmen	  van	  
de	  bloedvatvorming	  de	  deur	  geopend	  heeft	  voor	  tal	  van	  nieuwe	  behandelingen	  
en	  het	  gebruik	  van	  de	  angiogenese-‐remmer	  sorafenib	  de	  standaardbehandeling	  
is	   geworden	   voor	   patiënten	   met	   een	   vergevorderd	   HCC.	   Deze	   angiogenese-‐
remmers	   zijn	   unieke	   behandelingen,	   vermits	   ze	   de	   vorming	   van	   bloedvaten	  
afremmen	   zonder	   daarbij	   de	   tumorcellen	   direct	   te	   viseren.	   Helaas	   hebben	  
recente	   studies	   aangetoond	   dat	   deze	   tactiek	   ook	   een	   negatieve	   kant	   heeft,	  
namelijk	   door	   het	   ontstaan	   van	   zuurstofarmoede	   of	  hypoxie	   zal	   de	   groei	   van	  
een	   agressiever	   tumortype	   gestimuleerd	   worden.	   Tevens	   hebben	   de	   huidige	  
angiogenese-‐remmers	  zowel	  een	  invloed	  op	  de	  bloedvatvorming	  in	  tumoren	  als	  
in	  gezonde	  weefsels,	  waardoor	  deze	  therapieën	  vaak	  gepaard	  gaan	  met	  talrijke	  
bijwerkingen.	  	  

Om	   nieuwe	   angiogenese-‐remmers	   te	   onderzoeken,	   ontwikkelden	   we	   een	  
muismodel	   voor	  HCC,	  waarbij	  wekelijkse	   injecties	  met	  de	  kankerverwekkende	  
stof	  diethylnitrosamine	  zorgden	  voor	  de	  ontwikkeling	  van	   levertumoren	  na	  25	  
weken.	  Deze	  methode	  is	  aanzienlijk	  sneller	  dan	  andere	  chemisch	  geïnduceerde	  
modellen	  en	  heeft	  het	  voordeel	  dat	  tumoren	  ontstaan	  in	  een	  achtergrond	  van	  
chronische	  leverschade.	  Verder	  heeft	  onderzoek	  naar	  factoren	  betrokken	  in	  de	  
bloedvatvorming	   aangetoond	   dat	   deze	   tumoren	   de	   bloedvatvorming	  
stimuleren,	  waardoor	  ze	  de	  perfecte	  basis	  vormen	  voor	  verder	  onderzoek	  naar	  
angiogenese-‐remmers.	   Verder	   gebruikten	   we	   verschillende	   innovatieve	  
beeldvormingstechnieken,	   waarbij	   niet	   enkel	   de	   tumorgroei	   maar	   ook	   de	  
microvasculaire	  morfologie	  werd	  bestudeerd.	  	  
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Recent	   trok	   de	   placentale	   groeifactor	   (PlGF)	   de	   aandacht	   van	   de	  
wetenschappelijke	   wereld	   van	   angiogenese	   onderzoek.	   Zijn	   uitsluitende	  
betrekking	   in	   de	   pathologische	   angiogenese,	   zorgde	   voor	   een	   unieke	  
mogelijkheid	  om	  enkel	  de	  tumorbloedvaten	  te	  beïnvloeden,	  zonder	  daarbij	  het	  
gezond	   weefsel	   aan	   te	   tasten.	   We	   gebruikten	   transgene	   muismodellen	   en	  
monoclonale	  antilichamen	  om	  het	  effect	  van	  PlGF	  op	  de	  ontwikkeling	  van	  HCC	  
te	  bestuderen.	  We	  konden	  in	  onze	  studie	  aantonen	  dat	  PlGF	  een	  rol	  speelde	  in	  
de	   pathogenese	   van	  HCC.	   Zowel	   in	   het	   transgene	   knock	   out	  model,	   als	   in	   de	  
therapeutische	   studie	   zagen	   we	   dat	   inhiberen	   van	   PlGF	   leidde	   tot	   een	  
verminderd	  aantal	  tumoren,	  niet	  enkel	  door	  de	  bloedvatvorming	  af	  te	  remmen,	  
maar	   ook	   door	   de	   ontstekingsreactie	   te	   verminderen.	   Het	   gebruik	   van	   PlGF-‐
antilichamen	   is	   een	   veelbelovende	   therapie,	   aangezien	  niet	   enkel	   de	   vorming	  
van	   tumorbloedvaten	   afgeremd	   wordt,	   maar	   ook	   de	   bestaande	   bloedvaten	  
genormaliseerd	   worden,	   waardoor	   er	   minder	   hypoxie	   geïnduceerd	   wordt	   en	  
een	  minder	  pro-‐metastatisch	  tumortype	  ontstaat.	  	  

Tegenstrijdige	   bevindingen	   rond	   de	   rol	   van	   prolyl	   hydroxylase	   bevattende	  
eiwitten	   (PHD)	   in	   tumorontwikkeling	   en	   bloedvatvorming,	   zorgde	   voor	   een	  
sterk	  toegenomen	  aandacht	  voor	  dit	  onderzoeksonderwerp.	  Vermindering	  van	  
PHD2	   zorgde	   voor	   een	   verhoogde	   tumorontwikkeling	   en	   stimuleerde	   de	  
ontwikkeling	   van	   galwegkanker	   of	   cholangiocarcinoom	   (CC).	   Aangezien	   zowel	  
CC	   en	   HCC	   kunnen	   ontstaan	   uit	   lever	   progenitor	   cellen,	   is	   het	   mogelijk	   dat	  
PHD2	   hun	   differentiatie	   zou	   beïnvloed	   hebben.	   In	   tegenstelling	   tot	   andere	  
studies	  zagen	  wij	  geen	  normalisatie	  van	  de	  bloedvaten	  en	  kon	  dus	  geen	  selectie	  
voor	   een	   minder	   agressief	   tumortype	   plaatsvinden.	   Integendeel,	   PHD2-‐
heterozygote	   muizen	   hadden	   net	   meer	   hypoxie	   in	   de	   tumor,	   waardoor	  
metastase-‐merkers	  een	  hogere	  expressie	  kenden.	  

We	  toonden	  in	  deze	  studie	  dat	  PlGF	  en	  PHD2	  betrokken	  zijn	  in	  de	  pathogenese	  
van	  HCC.	  Inhibitie	  van	  PlGF	  zou	  potentieel	  kunnen	  dienen	  als	  een	  therapie	  voor	  
patiënten	  met	  primaire	  levertumoren,	  terwijl	  afremmen	  van	  PHD2	  net	  de	  HCC-‐
groei	   vermeerderde	   en	   tevens	   de	   ontwikkeling	   van	   CC	   stimuleerde.	   Hoewel	  
deze	   resultaten	   veelbelovend	   zijn,	   blijven	   veel	   onderzoeksvragen	   open	   en	  
verder	   onderzoek	   zal	   nodig	   zijn	   om	   de	   exacte	   rol	   van	   PlGF	   en	   PHD2	   te	  
achterhalen.	  
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1.7 Awards and scholarships  

A	  PhD	  fellowship	  of	  the	  Scientific	  Research	  Foundation	  –	  Flanders	  (FWO)	  
Acquired	  in	  2008	  and	  renewed	  for	  2	  years	  in	  2011	  
	  
BASL	  research	  grant	  
Granted	  original	  research	  projects	  in	  the	  field	  of	  hepatology	  
Acquired	  in	  March	  2009	  
	  
EASL	  young	  investigators	  bursary	  
Granted	  for	  the	  participation	  in	  the	  EASL	  special	  conference	  	  
on	  Hepatocellular	  carcinoma	  
Acquired	  in	  June	  2010	  
	  
Best	  presentation	  award	  
Granted	  for	  a	  presentation	  on	  the	  Belgian	  Week	  of	  Gastroenterology	  2011	  
Acquired	  in	  February	  2011	  
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• Acta	  Gastro-‐enterologica	  Belgica	  
• International	  Journal	  of	  Experimental	  Pathology	  
• British	  Journal	  of	  Cancer	  
• International	  Journal	  of	  Cancer	  
• Molecular	  Cancer	  Research	  
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Nathalie Michels: Influence of liver cirrhosis on the nutritional state of rats. 
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Elke Debeleyr: Influence of portal hypertension on the nutritional state of rats. 
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Lare Crapé: PlGF antibodies in a therapeutic study on  
hepatocellular carcinoma in a DEN-induced mouse model. 
Master in health science and medicine (2010 – 2011) 
 
Gudrun Cornelis: Inhibition of PLGF and PHD2 in transgenic  
mouse models with DEN-induced HCC. 
Master in health science and medicine (2010 – 2011) 
 
Eliene Bogaerts: The role of glucose transporters in liver disease. 
Master in biomedical science (2010 – 2012) 

Aurélie Comhaire: Influence of hypoxia on the differentiation  
of progenitor cells in the liver. 
Master in biomedical science (2011 – 2013) 
 
Yves-Paul Vandewynckel: Impact	  on	  angiogenesis	  and	  ER	  stress	  and	  its	  effect	  
on	  chemoresistance	  through	  PlGF	  inhibition	  in	  a	  mouse	  model	  of	  hepatocellular	  
carcinoma. 
Master in health science and medicine (2011 – 2012) 
  



	  

	  

260	  

Supplements 
	  

	  

Supplementary	  files	  can	  be	  downloaded	  using	  the	  following	  URL:	  

http://goo.gl/uYHLe	  

	  

Or	  by	  scanning	  this	  QR-‐code:	  

	  

	  

 

	  


