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Tumor angiogenesis

® Tumors initiate angiogenesis: formation of new blood vessels from
pre-existing vessels

® Hypoxia causes cells to produce angiogenic growth factors (AGFs)
® e.g. proangiogenic: VEGF, antiangiogenic: angiostatin

Disrupts balance between proangiogenic and antiangiogenic factors
® Blood vessels send sprouts toward tumor

Small tumor Sprouting capillary Growing tumor
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Tissue perfusion
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Angiogenic growth factors
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Tumor vessels

® Tumor angiogenesis:
® poorly regulated and hasty

® Tumor blood vessel networks:

® Tortuous, unorganized, inefficient and
experience inconsistent perfusion

® Hinders drug delivery

® Tumor vessels are leaky

® | eads to elevated interstitial fluid pressure
and outward convective transport

® Helps short-term delivery
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Tumor normalization




Normalization window

Proposed normalization window

~ Toxicity to normal tissue
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Pressure normalization
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Interstitial flow and angiogenesis

Interstitial flow is crucial to capillary formation (Helm et al., PNAS,
2005):

e VEGF or interstitial flow alone do not lead to capillary formation
® BOTH must be present in order for capillaries to form

Molecular weights of these factors suggest that convection could
be important to their interstitial transport

Table 1: Molecular weights of common proangiogenic and antiangiogenic growth factors

Molecule Angiogenic category Size (kDa)

VEGF 45 dimer Proangiogenic 45 (Ferrera ef al., 1989)
FGF family Proangiogenic 17-34 (Ornitz ef al., 2001)
TSP-1 Antiangiogenic 140 (Rastinejad et al., 1989)
angiostatin Antiangiogenic 38 (O’Reilly et al., 1994)
endostatin Antiangiogenic 20 (O’Reilly et al., 1997)




Tumor microenvironment

® High interstitial pressure
¢ Perfusion/Diffusion-limited hypoxia

® Low pH (altered metabolism)
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Macromolecule transport

Continuity equation for concentration of a macromolecule c, with
flux J and production rate P

ﬁ+VJ P

ot

Flux is sum of diffusive and convective fluxes:
J=J,+J.=-DVc+vc
Concentration in steady state: V-(- DVc+vc)=P

Constant diffusion coefficient and macromolecule velocity
proportional to interstitial fluid velocity: V=ru

- DV?c+rV-(iic)=P
Constant production and degradation rates:

-DVc+rV-(iic)=g- kc




AGF equation

® Geometry: spherical tumor of fixed radius R, embedded in
host tissue

* Two AGF categories: antiangiogenic, with concentration f,
and proangiogenic, with concentration f, assume r=1

-DNVf,+V-(if))=g;- k,f,,  j=pa
where D;, g; and k; differ inside and outside the tumor,
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® Spherical Laplacian and divergence:
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Boundary conditions

® Spherical symmetry at core:

4, _ _
-Dj—1+ufj—0, r=0.

dr
® Continuity of concentration and flux at boundary:
FE=HRY o Vivuny = Vs
ﬂ]" r=R ﬂl" r=R
® Far-field no flux:
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Interstitial fluid pressure and velocity

Model for interstitial fluid pressure (IFP)
e Continuity equation for steady state incompressible flow

[V'u — f(r)] > Starling’s Law

- Darcy’s Law PSS
u=-KVp f(r)=LF(p,- p-s®,- p))

* U - interstitial fluid velocity

(IFV) L, - hydraulic conductivity of
- p - interstitial fluid pressure vessel wall

K — hydraulic conductivity of - @ - surface area of vessel

interstitium wall per unit volume of tumor

° p, - vascular pressure

F " T, - Plasma osmotic
> Pressure equation 2 Lp (|n(terst|t|al) pressure
\ pP—- (Pe - p) * 0 - average osmotic reflection
K coefficient for plasma proteins
- Effectivepressure  p,=p, - S(p,- p,) g T oer R fg‘gg‘;’) Microvascular

* |n tumors: p.»Pp,



Interstitial fluid pressure and velocity

® Spherical Laplacian:

1 d&,dpd_ a’ LF
a=R,|-=Z
r a’rg dro Rz(p P) K
where a and p, can differ between tumor and host tissue
d
® Spherical symmetry at core: d_p =0
rr=0
¢ Continuity of concentration and velocity at boundary:
i dp p dp
R)=p(R"), R)=uR") "®&-K'— =-K'—
p(R)=p(R),  u(R)=u(R) A I I

® Far-field zero flux:

= =0, r—> o0




Non-dimensionalized system

* Radial distance F="
R
¢® AGFs:
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Non-dimensional parameters
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Anglogenic Activity
®* Non-dimensional factor concentrations approach 1 in host tissue

® Measure of angiogenic activity from Stoll et al. (2003)
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® Angiogenic activity classes:
® (Global angiogenesis: a>0 in the tumor
® [ocal suppression: a<0 at tumor core, a>0 at tumor rim
® Global suppression: a<0 in the tumor

-

® Purpose: Analyze sensitivity to physiological parameters




Solution method

® Analytical solutions for pressure and velocity can be found:

. 1+a" a'Fcosh(a's)- sinh(a'r)

|
! — 0£7<1
L f+q r
u(7) =1
| q (a r+1)exp(a (7- 1) 231
} f+q 7

q—g(a cosh(a’)- sinh(a")), Ff=(Q1+a" )smh(af
° If then w€ can find analytical solutions for AGFs [3

othefyus@ we rely on numerical integration schemes

® Determine measure of angiogenic activity




Interstitial fluid pressure and velocity

[ V2p=-a’(1- p)) a=-Vp]
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Convection
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Correlation with necrotic volume

Assume necrotic volume is proportional to
suppressed volume: V =BV,

Best fit for quantitative agreement: 3=0.47
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Hydraulic conductivity
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Therapeutic implications

® Antiangiogenic treatment
® Proangiogenic inhibition

® Increased proangiogenic deactivation: k,t, }
® Antiangiogenic factors »

® Increased antiangiogenic production: 8a”
® \essel normalization

® Decreased vessel permeability: L; b q’_

* Decreased resistance: p, P K

® Decreased surface area: F b g

* Matrix-degrading enzymes
® | ess dense tissue >
® Increased hydraulic conductivity: K-b

® Cytotoxic agents
2 Decreased proangiogenic production: g,




Other therapy effects
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Conclusions

Angiogenic growth factors concentrations are influenced by
convective transport in solid tumors

Angiogenesis can be partially suppressed by modifying
physiological parameters

Treatments: decreasing vascular pressure or vessel
permeability may discourage angiogenesis (along with
iImproved chemotherapy delivery)

Despite reducing IFP, decreasing hydraulic conductivity may
be detrimental to treatment efficacy

AGF imbalance is a simple way to incorporate angiogenesis
iInto a tumor model, hopefully can be used as a predictive
tool for treatment combinations




Tumor metabolism

® Hypoxia: Leads to increased glycolysis

® Warburg effect: Aerobic glycolysis _

C,H,0, —2C,H.0; +2H"

R N
...........

Yield: 4-2=2 ATP

C,H,,0, +60, —6CO, +6H,0

Yield: <38 ATP

N Sodium-hydrogen
exchanger

Nature Reviews | Cancer



Microvessel experiment
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Mathematical model
® Metabolism: ! !

C.H,,0, +60, —6CO, +6H,0  C.H,,0, —2C,H.0; +2H

k
* Buffer: CO;, + Hy0 ——= HCO; + H*
ko
® Na* and CI to ensure electroneutrality
® Interested in pH=-log(c) ocC ,
—L=DV*C +P
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Results
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Cell viability prediction

® Experiments measure pAl
(pro-survival) and
Caspase-3 (apoptosis
trigger) proteins

® Cisplatin nanoparticles
® |ncrease caspase-3
® Increase pAkt

® Potential solution: s 15
 PI3K inhibitor: P1828
® Prevents Akt - e -
phosphorylation S
¢ Mathematical goal:

® Optimize treatment
combination
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Protein expression

® Protein equations: flelkp+Cfpﬂ(f) - dP
N t 1l+a,C+gg(t)
e Mutually inhibitory <+ 52(1)
dC _k.+1.[(0) -
¢ Treatment effects i 1l+ap ©

® Chemotherapy increases Caspase-3 and pAkt
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Protein expression

® CisNP + PI828 has

° PI828 blocks Akt synergistic effect

phosphorylation
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Cell viabllity

°® on: dN
Equation: X =1/,P- d,C]|N
dt
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® Prediction: Synergistic effect if PI828 administered after 24

hours
® 12 hours: limited cisplatin exposure
) isplatin effect is weari
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