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Ipossia, neoangiogenesi e radioresistenza: 
dalla ricerca di base agli studi clinici 



1.Hypoxia  is  by  far  the  most  explored,  and  most  widely  cited  [10],  biological 
phenomena in radiotherapy, !
!
!
2.That hypoxia can cause clinical  radioresistance has been known for more than a 
century, and since the pivotal work by Gray and colleagues have attempts to overcome 
it been explored in controlled clinical trials.!
!
3.  Literature  strongly  supports  that  there  is  a  biological  rationale  and  a  valid 
treatment strategy,  and when used it  may result  in improved loco-regional tumour 
control and consequently an improved survival probability.!
!
4.  However it  has  yet  a  limited  impact  on  daily  routine  practice  and  it  has  been 
expressed: hypoxia is ‘‘adored and ignored’’. !
!
!

Key facts concerning Hypoxia !



Modern terminology of angiogenesis !

Vasculogenesis – Formation of vascular structures from circulating or tissue-resident 
endothelial stem cells(angioblasts), which proliferate into de novo endothelial cells. This 
form particularly relates to the embryonal development of the vascular system.!

Arteriogenesis – Formation of medium-sized blood vessels possessing tunica media plus 
adventitia.!

Angiogenesis – Formation of thin-walled endothelium-lined structures with /without 
muscular smooth muscle wall and pericytes (fibrocytes). This form plays an important 
role during the adult life span, also as "repair mechanism" of damaged tissues.!



Modern terminology of angiogenesis !

Vasculogenesis – Formation of vascular structures from circulating or tissue-resident 
endothelial stem cells(angioblasts), which proliferate into de novo endothelial cells. This 
form particularly relates to the embryonal development of the vascular system.!

Arteriogenesis – Formation of medium-sized blood vessels possessing tunica media plus 
adventitia.!

Because it turned out that even this differentiation is not a sharp one, today quite often 
the term “Angiogenesis” is used summarizing all different types and modifications of 
arterial vessel growth. !

Angiogenesis – Formation of thin-walled endothelium-lined structures with /without 
muscular smooth muscle wall and pericytes (fibrocytes). This form plays an important 
role during the adult life span, also as "repair mechanism" of damaged tissues.!



 
 

 
 
 

Sprouting towards chemotactic gradient: VEGF 



Neoplastic vessels are morphologically and 
functionally deficient!

•  Highly irregular and tortuous !
•  Dependent on cell survival factors (VEGF) !
•  Hyperpermeable!

–  deficient pericyte coverage!
–  absence of a basement membrane!
–  deficient intercellular junctions!
–  presence of cellular lacunae!
–  vascular mimicry!

!



Examples of vascular 
defects! Tumor vessel is only partially 

 overlaid by pericytes and SMC 

Chaotic organization of  
tumor-associated vasculature 

Resulting in abnormal microenvironment: 
hypoxia, low pH, interstitial hypertension !



Examples of vascular 
defects! Tumor vessel is only partially 

 overlaid by pericytes and SMC 

Chaotic organization of  
tumor-associated vasculature 

This abnormal microenvironment results in 
hypoxia, low pH, interstitial hypertension !

Resistance to conventional treatments !

Rationale for imaging Hypoxia !



Tumor Hypoxia!

•  There are two types of hypoxia!
– Transient Hypoxia!

•  Intermittent in nature!
•  Can be quite severe!

– Permanent Hypoxia!
•  Unrelieved hypoxia!
•  Severe to the point of causing cell death!



Tumor Hypoxia!

•  Intermittent Hypoxia!
– Caused by vascular spasm!
– Spasm usually at the arteriole level!
– Due to lack or neurologic control of vessels!
– May be mediated by vasopressors secreted by 

the tumor!
–  Increases radiation resistance!
–  Increase resistance to some drugs!



Tumor Hypoxia!

•  Permanent Hypoxia!
– Occurs when tumor growth outstrips vascular 

supply!
– Hypoxic cells are physically displaced from 

vessels.!
– Tumor pressure on surrounding tissues may 

further impede blood supply. !
–  Increases radiation resistance!
–  Increase resistance to some drugs!
!
!



Tumor Hypoxia!
•  Permanent Hypoxia and radiation resistance!

– Must be relatively profound. !
•  O2 tension below 3mmHg!
•  Present during main phase !
   of repair!

Oxygen diffusion 
distance varies with 

metabolism but 
beyond 100 microns 
hypoxia is probably 

profound. !



Consequences of pH changes "
induced by hypoxia!

Alkaline pHi :-!
• Inhibits  activity  of  endonucleases,  acid  sphingomyelinase,  and 
caspases.!
• Inhibits apoptosis. !
!
Acidic pHe :-!
• Activates  extracellular  proteases  (MMP-2  and  9)  allowing 
degradation of ECM and basement membrane.!
• Increases cell migration, invasion and metastasis.!
!

!
To  potentiate  survival  in  hypoxic  conditions,  tumour  cells 
adapt  by  increasing  glycolysis  causing  external  acidosis  via 
secretion of  lactic  acid  and protons  to  preserve  intracellular 
pH.!



Clinical implications of hypoxia!



!
!
!
!
 

Radio-genomics: Perfusion Surrogate 
Markers in MRI 

!
!



Jain, R. et al. Am J Neuroradiology Published March 15, 2012 as 10.3174/ajnr.A2956.  !



Pro-angiogenic Genes 

•  KDR VEGFR-2 
 (CBV  r=0.60, p=0.0084; PS 0.59, p=0.0097)  

•  HIF 1a (Hypoxia inducible factor 1-
alpha) (CBV 0.29, p=0.29; PS r=0.66, p=0.008) 

•  TNFRSF-1A (Tumor necrosis factor 
receptor superfamily, member 1A)  
 (CBV 0.23, p=0.3673; PS r=0.53, p=0.0239) !

•  TIE1  
 (CBV r=0.54, P = 0.0217; PS  r=0.49, P = 0.0389)  

•  TIE2/TEK  

 (CBV r=0.58, P = 0.0119; PS 0.46, P = 0.0550 ) 

 

Significant Correlation with CBV 

Significant Correlation with PS 

Significant correlation with both CBV and PS 

Jain, R. et al. Am J Neuroradiology Published March 15, 2012 as 10.3174/ajnr.A2956.  !



Anti-angiogenic Genes 

!  VASH 2 Vasohibin 2 

 (CBV correlation co-efficient  -0.35, P = 0.1568, 
PS r= -0.71, P = 0.0011) 

!   CX3CR1  
 (CBV r= -0.66, P = 0.0028; PS -0.49, P = 0.0375) 

•  WNT5A  
 (CBV r= -0.10, P = 0.6833; PS -0.52, P = 0.0284) 

•  C3  
 (CBV  r=-0.63, P = 0.0051; PS -0.41, P = 0.0953) 

 

Jain, R. et al. Am J Neuroradiology Published March 15, 2012 as 10.3174/ajnr.A2956.  !



!  CBV and PS estimates in GBMs can correlate positively with 
pro-angiogenic genes !

!  and inversely with anti-angiogenic genes.!

!  The results of this preliminary analysis can help establish a 
genomic/molecular basis for these commonly used imaging 
biomarkers and potentially add to our knowledge of their 
immuno-histological bases.!

Correlation of Perfusion Parameters with Genes  
Related to Angiogenesis Regulation in GBM 

Jain, R. et al. Am J Neuroradiology Published March 15, 2012 as 10.3174/ajnr.A2956.  !



!
!
!
!
 

Angiogenic targets for therapeutic 
intervention  

!
!



Radiation-Induced Vascular damage!

!
!

 Isabelle Corre et al  Int. J. Mol. Sci. 2013, 14, 22678-22696 !
Proposed Mechanism of Involvement of NF-κB in !
Radiation-Induced Vascular DiseaseNF-κB = nuclear factor-kappa B.!
!

Figure Legend:!



rhEPO prevents radiotherapy-induced reduction in 
neovascular permeability!

Ceelen et al. Br J Cancer 2007!

Effects of RT on neovascular permeability 
measured with DCE-MRI!



The concept of vessel normalisation by anti-
angiogenic therapy!

•  Return to ‘normal’ phenotype by vascular pruning!
•  Results in more efficient drug delivery by lowering 

IFP and restoring microvessel function " paradoxical 
synergism of anti-angiogenesis agents and cytostatic 
drugs!

•  Results in more efficient RT by enhanced oxygenation!

Day 0 - Abnormal!Normal!

Day 1 and 2 – Normalized! Day 5 - Inadequate!

Normalization Hypothesis!

Jain, Nature Medicine (2001)!
Tong et al. (2003)!



Qualità degli studi primari   e revisioni 

sistematiche: rating del livello delle 

evidenze 

Ia Metaanalisi o review sistematiche basate su 

più studi di   livelli Ib 

Ib Trial diagnostici or studi di esito di buona 

qualità 

II Trial diagnostici or studi di esito di media 

qualità, numero insufficiente   di pazienti, o  
altri trials   (case–control, altri designi) 

III Studi descrittivi, case report ed altri studi 

IV Indicazioni di comitati, opinioni di esperti, e 

così di seguito   (reviews non sistematiche 

etc.) 

Rating della forza delle   evidenze a supporto delle raccomandazioni nelle linee guida 

A Supportati da almeno due studi di livello Ib o da una review   di livelli Ia (“E’ stato dimostrato”) 

B Supportate da almeno due studi indipendenti di livello II o estrapolazioni   da studi di livelli I (“E’ 

plausibile”) 

C Non supportati da adeguati studi di livello I o II (“indicazioni”) 

D Indicazioni di esperti (“non ci sono prove”) 

Hypoxia Modifiers, quality of evidence and 
strength of recommendations!





Inclusion criteria!
1. Radiation treatment with curative intended !
2.  Radiotherapy  alone  with  randomization  to  a  hypoxic  modifier  which  should  be  known  only  to 
influence hypoxic radioresistance!
3. No other cytotoxic effect.!

Exclusion criteria!
1. Chemoradiotherapy!
2. Chemotherapy treatment with hypoxic activity (e.g. mitomycin C)!
3.  Patients  with metastatic  disease included since the analysis  was focused on the effect  of 
curatively intended radiotherapy.!

Hypoxic modifiers used!

The hypoxic modification in the trials were :!
1. Oxygen breathing under normobaric or hyperbaric pressure !
2. Nitroimidazoles. !
!
The few studies with haemoglobin modification by either transfusion or the use of EPO are not included 
because there have been some uncertainty about their interpretation, and especially the EPO-related 
studies are not available in sufficient detail, but are currently under intense scrutinisation.!



















Magnitude and cost of hypoxic modification!

1.  The magnitude of hypoxic modification resulted in a risk reduction of approximately 8% for 
loco-regional failure and disease specific death.!

!
2. This magnitude was the same as that achieved by accelerated fractionation, but slightly less 

than that obtained by simultaneous chemoradiotherapy or hyperfractionated radiotherapy.!
 !
3. This benefit is, however, achieved without any detectable enhancement of radiation related 

morbidity and as such, it represents a pure long-term gain!
!
4. For the primary cancer related endpoints of loco-regional control and disease related survival 

it was estimated that every time approximately 13 patients were treated did on average one 
patient benefit from the use of hypoxic modification.!

!
5. Since it does not cause any persistent or serious side effects, does it in full justify the use of 

hypoxic modification, also because the other (economical) related costs are small, especially 
when compared to the treatment with, e.g. biological modifiers or chemotherapy.!

Concluding remarks!


