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Hallmarks of Cancer 
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to improve cancer treatment. The fortified 
tumor vasculature may also inhibit the shed- 
ding of cancer cells into the circulation a 
prerequisite for metastasis. 

In the past, higher doses of drugs and 
hyperbaric oxygenation have been used to 
increase the tumor concentrations of drugs and 
oxygen, respectively. These strategies have not 
shown much success in the clinic, however. 
One reason for this failure is that tumor vessels 
have large holes in their walls (16). As stated 
earlier, this leakiness leads to interstitial hyper- 
tension as well as spatially and temporally 
nonuniform blood flow. If the deliveiy system 
is flawed, it does not matter how much material 
is pumped into it. The drugs and oxygen will 
become concentrated in regions that already 
have enough and will still not reach the in- 
accessible regions (17). However, if we fix the 
delivery system, more cells are likely to en- 
counter an effective concentration of drugs and 
oxygen. This is the rationale for developing 
therapies that normalize the tumor vasculature. 
These therapies do not merely increase the 
total uptake of drugs and oxygen but also dis- 
tribute these molecules to a larger fraction of 
the tumor cells by fixing the delivery system. 

How Should We Normalize 
the Tumor Vasculature? 

and such adverse effects could be more pro- 
nounced with increased doses. Furthermore, 
excessive vascular regression may be counter- 
productive because it compromises the delivery 
of drugs and oxygen (Fig. 1). Indeed, subopti- 
mal doses or scheduling of antiangiogenic 
agents might lower tumor oxygenation and drug 
delivery and, thus, antagonize rather than 
augment the response to radiotherapy or che- 
motherapy (8-10). This need for a delicate 
balance between normalization and excessive 
vascular regression emphasizes the requirement 
for careful selection of the dose and adminis- 
tration schedule for antiangiogenic agents. 

Can Blocking VEGF Signaling 
Normalize Tumor Vessels? 
Of all the known angiogenic molecules, 
VEGF (also referred to as VEGF-A) appears 
the most critical (12, 20, 21). VEGF pro- 
motes the survival and proliferation of endo- 
thelial cells, increases the display of a&esion 
molecules on these cells, and increases vas- 
cular permeability. During mouse embryonic 
development, the exquisite regulation of VEGF 
expression sets in motion a chain of events 
that leads to the development of a mature vas- 

culature from primordial cells (18). Deletion of a 
single allele of VEGF results in embryonic le- 
thality. So, too, does overexpression of VEGF. 
In adults, ectopic overexpression of VEGF re- 
sults in a highly abnormal vasculature (22). 
Collectively, these results indicate that the nor- 
mal vasculature requires precise spatial and 
temporal control of VEGF levels. 

VEGF is overexpressed in the majority of 
solid tumors. Thus, if one were to judiciously 
down-regulate VEGF signaling in tumors, 
then the vasculature might revert back to a 
more "normal" state. Indeed, blockade of 
VEGF signaling passively prunes the imma- 
ture and leaky vessels of transplanted tumors 
in mice and actively remodels the remaining 
vasculature so that it more closely resembles 
the normal vasculature (Fig. 1). This "nor- 
malized" vasculature is characterized by less 
leaky, less dilated, and less tortuous vessels 
with a more normal basement membrane and 
greater coverage by pericytes (Fig. 1C). These 
morphological changes are accompanied by 
functional changes-decreased interstitial fluid 
pressure, increased tumor oxygenation, and 
improved penetration of drugs in these tumors 
(Table 1) (6, 16, 23-30). 

Normal Abnormal 

, 
Normalized Inadequate 

In normal tissues, the collective 
action of angiogenic stimulators 
(e.g., VEGF) is counterbalanced by 
the collective action of angiogenic 
inhibitors such as thrombospondin-1 
(Fig. 1D). This balance tips in favor 
of the stimulators in both patholog- 
ical and physiological angiogenesis 
(18). However, in pathological an- 
giogenesis, the imbalance persists. 
Therefore, restoring the balance 
may render the tumor vasculature 
close to normal. On the other 
hand, tipping this balance in favor 
of inhibitors may lead to vascular 
regression and, ultimately, to tu- 
mor regression. 

If we had antiangiogenic agents 
that completely destroyed tumor 
vessels without harming normal 
vessels, we would not need to add 
cytotoxic therapy. Unfortunately, 
such agents are not currently avail- 
able. It is conceivable that increased 
doses of currently available anti- 
angiogenic agents could produce 
complete tumor regression, but such 
doses are likely to adversely affect 
the vasculature of normal tissues, 
including the cardiovascular, en- 
docrine, and nervous systems (12). 
Indeed, antiangiogenic therapy with 
agents such as bevacizumab is 
associated with an increased risk of 
arterial thromboembolic events (19), 
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Fig. 1. Proposed role of vessel normalization in the response of tumors to antiangiogenic therapy. (A) Tumor 
vasculature is structurally and functionally abnormal. It is proposed that antiangiogenic therapies initially 
improve both the structure and the function of tumor vessels. However, sustained or aggressive antiangiogenic 
regimens may eventually prune away these vessels, resulting in a vasculature that is both resistant to further 
treatment and inadequate for the delivery of drugs or oxygen [reproduced, with permission, from (11)]. (B) 
Dynamics of vascular normalization induced by VEGFR2 blockade. On the left is a two-photon image showing 
normal blood vessels in skeletal muscle; subsequent images show human colon carcinoma vasculature in mice 
at day 0, day 3, and day 5 after administration of VEGR2-specific antibody [reproduced, with permission, from 
(24)]. (C) Diagram depicting the concomitant changes in pericyte (red) and basement membrane (blue) 
coverage during vascular normalization (24, 29). (D) These phenotypic changes in the vasculature may reflect 
changes in the balance of pro- and antiangiogenic factors in the tissue. 

[Jain 2006] 

Targeting Angiogenesis 



Angiogenesis Inhibitors 
u About 10 successfully developed compounds 
u Often given in combination with chemotherapy  

 
 
 
 

u Sunitinib 
¤ Oral small-molecule angiogenesis inhibitor 
¤ Multi-targeted RTKi (targets PDGF, VEGF, EGF receptors) 
¤  Little to no cytotoxic effects on tumor cells with K-Ras Muataion 
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A multiscale model of vascular tumor growth 

u  64 Equations, 98 Parameters 
u  Coupled PDEs Describing : 

¤  Endothelial Cells, Tumor Cells, VEGF production, Cell Migration 
u  Parameter estimation is difficult, 2 hour simulation time 
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signaling pathways!

Cell cycle regulation!
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Endothelial 
cell behavior!

Vasculature! Macroscopic Tumor Growth!

Vasculature quality!

Oxygen/drug 
distribution! Growth 

Signals!

Vasculature 
Formation!

Macroscopic !
Tumor Growth!

Oxygen 
Availability!

Cell Cycle 
Regulation!

Intracellular 
VEGF Pathway!



A simplified model 

dS
dt

= −pS

dD
dt

= λD 1− D
K
"

#
$

%

&
'
α"

#
$$

%

&
''

dK
dt

= bD2 −β pSK

Mean Tumor 
Diameter 

Tumor Capacity 

Concentration of 
Anti-angiogenic 

treatment 



A simplified model 

dS
dt

= −pS

dD
dt

= λD 1− D
K
"

#
$

%

&
'
α"

#
$$

%

&
''

dK
dt

= bD2 −β pSK

Mean Tumor 
Diameter 

Tumor Capacity 

Author's personal copy

cellmembranewhosetranscriptionisinducedbyHIF-1a(hy-
poxiainduciblefactor)inresponsetohypoxicstress.

19
IHC

stainingusinganti-CAIXresultedincolourationofcellmem-
branesexpressingtheprotein.Usingamicroscopeimaging
station,wedelineatedthecontourofthecolouredareaand
estimatedthecorrespondingsurfaceareausingHistoLab
software(MicroVisionSystems,Evry,France).However,this

surfaceencompassesnotonlythehypoxictissuebutalso
thenecrotictissuelocatedinthecentralpartofthetumour.
Stainingthesameslicewithhaematoxylinallowedusto
delineatethecontourofthenecrotictissue.Indeed,withthis
staining,significantmorphologicaldifferencesbetweenthe
necrotictissueandtheviabletissuebecameapparent.Finally,
wedelineatedthecontourofthewholetumourslicetoesti-
matetheentiresurfacearea.Fig.2Cshowsatumourslice
inwhichnon-hypoxic,hypoxicandnecroticareasarehigh-
lightedwithdistinctcolours.

Toqualitativelyassessthelocationofproliferatingcells

withinthetumour,weusedIHCstainingagainsttheKi67pro-
tein.Thisresultedinabrowncolourationofcellsundergoing
theirproliferationcycles.

2.7.Modellingtechnique

2.7.1.Mixed-effectsmodels
Theformulatedvasculartumourgrowthmodelbelongstothe
categoryofmixed-effectmodels.Mixed-effectsorpopulation

modelstakeintoaccountdifferentlevelsofvariabilityamong
individuals.

20
Intheirgeneralform,suchmodelscanbewrit-

tenasfollows:

yij¼fðxij;/iÞþgðxij;/iÞeij;16i6N;16j6ni

whereNisthenumberofindividuals,nithenumberofobser-
vationsforindividuali,xtheregressionvariable(e.g.time)
andytheobservations.Thetermfisthestructuralmodel.
Ourmathematicalmodelfortumourgrowthisexpressedas
systemsofordinarydifferentialequations(ODE)relyingon
theexpressionofavariationintheanalysedmeasurement
(e.g.tumoursize)inaninfinitesimaltimestep.

Theresidualerrorisgðxij;/iÞeij,whereeij%Nð0;r2Þ.Inthe
following,wewillconsiderconstanterrormodelsgðxij;/iÞ¼1.

Theindividualparameters(ui)canbedefinedasfollows:

/i¼hðlþgiÞ;gi%Nð0;XÞ;i¼1;...;N;

wherelisap-vectoroffixedpopulationparameters(i.e.h(l)
isthemedianvalueacrossindividualsforeachofthep

parameters),giisap-vectorofrandomeffects,Xisthep·p
variance-covariancematrixoftherandomeffectsandhis
somepredefinedtransformation.Here,weassumethatthe
individualparametersarelog-normallydistributed(i.e.
hðuÞ¼eu).Weassumepotentialcorrelationsbetweentheran-
domeffects(Xisafullmatrix).

Fig.2–Changesintumourbiologyovertime.(A)Percentageofnecrotictissue.(B)Percentageofhypoxictissue.(C)Atypical
viewofatumoursliceafterIHCstainingwithbothanti-CAIXtorevealthehypoxictissue(greenarea)andhaematoxylinto
highlightthenecrotictissue(pinkarea).Thefulltumourcontourisdelineatedbyusingamicroscopeimagingstation.This
enableslocalisationofthenon-hypoxictissuearea(inyellow).Thethreeareasareautomaticallycalculatedbythesoftware
HistoLab.(D)TypicalviewofatumoursamplemarkedwithKi67resultinginbrowncolourationofcellsundergoingthe
proliferationcycle.Weperformedthistesttoverifythatthehypoxictissue(greenarea)waslikelytobeaproliferatingtissue.
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A simplified model 
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We have a SIMPLE model 
Not so interesting on the 
dynamics side, but allows us 
to approach other interesting 
problems : 
1.  Parameter estimation 
2.  Optimizing treatment 
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Mixed-Effect Modeling Results 
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Developing a Combined Therapy Model 

Modify model to include chemotherapy 
 

Assess how the anti-angiogenic drug and 
chemotherapy interact 

 

Make conclusions and predictions for 
future experiments 



Do chemotherapy and anti-angiogenics interact? 
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to improve cancer treatment. The fortified 
tumor vasculature may also inhibit the shed- 
ding of cancer cells into the circulation a 
prerequisite for metastasis. 

In the past, higher doses of drugs and 
hyperbaric oxygenation have been used to 
increase the tumor concentrations of drugs and 
oxygen, respectively. These strategies have not 
shown much success in the clinic, however. 
One reason for this failure is that tumor vessels 
have large holes in their walls (16). As stated 
earlier, this leakiness leads to interstitial hyper- 
tension as well as spatially and temporally 
nonuniform blood flow. If the deliveiy system 
is flawed, it does not matter how much material 
is pumped into it. The drugs and oxygen will 
become concentrated in regions that already 
have enough and will still not reach the in- 
accessible regions (17). However, if we fix the 
delivery system, more cells are likely to en- 
counter an effective concentration of drugs and 
oxygen. This is the rationale for developing 
therapies that normalize the tumor vasculature. 
These therapies do not merely increase the 
total uptake of drugs and oxygen but also dis- 
tribute these molecules to a larger fraction of 
the tumor cells by fixing the delivery system. 

How Should We Normalize 
the Tumor Vasculature? 

and such adverse effects could be more pro- 
nounced with increased doses. Furthermore, 
excessive vascular regression may be counter- 
productive because it compromises the delivery 
of drugs and oxygen (Fig. 1). Indeed, subopti- 
mal doses or scheduling of antiangiogenic 
agents might lower tumor oxygenation and drug 
delivery and, thus, antagonize rather than 
augment the response to radiotherapy or che- 
motherapy (8-10). This need for a delicate 
balance between normalization and excessive 
vascular regression emphasizes the requirement 
for careful selection of the dose and adminis- 
tration schedule for antiangiogenic agents. 

Can Blocking VEGF Signaling 
Normalize Tumor Vessels? 
Of all the known angiogenic molecules, 
VEGF (also referred to as VEGF-A) appears 
the most critical (12, 20, 21). VEGF pro- 
motes the survival and proliferation of endo- 
thelial cells, increases the display of a&esion 
molecules on these cells, and increases vas- 
cular permeability. During mouse embryonic 
development, the exquisite regulation of VEGF 
expression sets in motion a chain of events 
that leads to the development of a mature vas- 

culature from primordial cells (18). Deletion of a 
single allele of VEGF results in embryonic le- 
thality. So, too, does overexpression of VEGF. 
In adults, ectopic overexpression of VEGF re- 
sults in a highly abnormal vasculature (22). 
Collectively, these results indicate that the nor- 
mal vasculature requires precise spatial and 
temporal control of VEGF levels. 

VEGF is overexpressed in the majority of 
solid tumors. Thus, if one were to judiciously 
down-regulate VEGF signaling in tumors, 
then the vasculature might revert back to a 
more "normal" state. Indeed, blockade of 
VEGF signaling passively prunes the imma- 
ture and leaky vessels of transplanted tumors 
in mice and actively remodels the remaining 
vasculature so that it more closely resembles 
the normal vasculature (Fig. 1). This "nor- 
malized" vasculature is characterized by less 
leaky, less dilated, and less tortuous vessels 
with a more normal basement membrane and 
greater coverage by pericytes (Fig. 1C). These 
morphological changes are accompanied by 
functional changes-decreased interstitial fluid 
pressure, increased tumor oxygenation, and 
improved penetration of drugs in these tumors 
(Table 1) (6, 16, 23-30). 

Normal Abnormal 

, 
Normalized Inadequate 

In normal tissues, the collective 
action of angiogenic stimulators 
(e.g., VEGF) is counterbalanced by 
the collective action of angiogenic 
inhibitors such as thrombospondin-1 
(Fig. 1D). This balance tips in favor 
of the stimulators in both patholog- 
ical and physiological angiogenesis 
(18). However, in pathological an- 
giogenesis, the imbalance persists. 
Therefore, restoring the balance 
may render the tumor vasculature 
close to normal. On the other 
hand, tipping this balance in favor 
of inhibitors may lead to vascular 
regression and, ultimately, to tu- 
mor regression. 

If we had antiangiogenic agents 
that completely destroyed tumor 
vessels without harming normal 
vessels, we would not need to add 
cytotoxic therapy. Unfortunately, 
such agents are not currently avail- 
able. It is conceivable that increased 
doses of currently available anti- 
angiogenic agents could produce 
complete tumor regression, but such 
doses are likely to adversely affect 
the vasculature of normal tissues, 
including the cardiovascular, en- 
docrine, and nervous systems (12). 
Indeed, antiangiogenic therapy with 
agents such as bevacizumab is 
associated with an increased risk of 
arterial thromboembolic events (19), 

_aj,- A 

B 

C 

59 www.sciencemag.org SCIENCE VOL 307 7 JANUARY 2005 

D Anti Pro Anti Pro Anti Pro Anti Pro 

,\ t ss A ̂  ;, I 
Fig. 1. Proposed role of vessel normalization in the response of tumors to antiangiogenic therapy. (A) Tumor 
vasculature is structurally and functionally abnormal. It is proposed that antiangiogenic therapies initially 
improve both the structure and the function of tumor vessels. However, sustained or aggressive antiangiogenic 
regimens may eventually prune away these vessels, resulting in a vasculature that is both resistant to further 
treatment and inadequate for the delivery of drugs or oxygen [reproduced, with permission, from (11)]. (B) 
Dynamics of vascular normalization induced by VEGFR2 blockade. On the left is a two-photon image showing 
normal blood vessels in skeletal muscle; subsequent images show human colon carcinoma vasculature in mice 
at day 0, day 3, and day 5 after administration of VEGR2-specific antibody [reproduced, with permission, from 
(24)]. (C) Diagram depicting the concomitant changes in pericyte (red) and basement membrane (blue) 
coverage during vascular normalization (24, 29). (D) These phenotypic changes in the vasculature may reflect 
changes in the balance of pro- and antiangiogenic factors in the tissue. 

[Jain 2006] 



Combined chemo and anti-angiogenic therapy 
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Conclusion 
Irinotecan is best administered on day 6 of a 

12 day sunitinib treatment schedule   

Predictions for a Follow Up Experiment 



Conclusions / Future Work 
u Model has reasonable predictive capability  
 
u There is a (weak) synergistic interaction between the drugs 

u Evidence of a vascular normalization window, consistent 
with [JAIN SCIENCE 2005] & [ARJAANS CR 2013] 
 

u Future Mathematics 
¤ Optimal Control, Parameter Sensitivity 
¤ Compare simulations, analytical, experimental results 



Thank you!  
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