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The phylosophy of anti-angiogenic therapy



An anti-VEGFA monoclonal antibody delays tumor 

growth in mice



Targeting tumor angiogenesis: efficacy of an anti-VEGF 

monoclonal antibody (bevacizumab)

Hurwitz et al., N Engl J Med. 2004

Bevacizumab plus Irinotecan, Fluorouracil and Leucovorin 

for Metastatic Colorectal Cancer (FDA approval)



RIP1-Tag2 transgenic mouse model of 

pancreatic neuroendocrine cancer

RIP SV40 Large T-antigen

(Rat insulin gene

promoter region)

(Potent oncoprotein, inactivates p53 and pRb)

beta-cells

Islet of Langerhans

RIP1-Tag transgenic mice

Hanahan, Nature 1984



The model system: Multistage tumorigenesis of 

pancreatic islets in RIP-Tag transgenic mice

Normal stage

(onc+)

<5 wks

100%

Hyperplastic/

dysplastic 

stage

5-7 wks

~50%

7-12 wks

~10%

Angiogenic 

stage 

(transition to 

malignancy)

Tumor

stage

12-14 wks

2-4%



Rip-Cre 

Transgene

(ß cell selective)

VEGF gene

(functional)

     = loxP sites

flanking exon 3

CreRIP

exon2 exon3 exon4

Genetic knockout of VEGFA in cancer cells of RIP1-Tag2 mice

exon2 exon4

Cre recombinase protein

Delete essential exon #3

ß cell-specific gene 

KO of VEGFA



Genetic deletion of VEGFA shows its importance for the 

angiogenic switch 

Hypoxia

Endothelial cells

Nuclei

Proliferation

Nuclei

Apoptosis

VEGFA KO



Stage-specific therapeutic trials in RIP-Tag mice

Regression trial (RT): can tumor growth be stabilized or regressed and can 

lifespan be extended?

12- 16 wk treatment

RegressionPrevention

5-10.5 wk treatment

Prevention trial (PT): can angiogenic switching be prevented?

Intervention

11- 14.5 wk treatment

Intervention trial (IT): can tumor progression be slowed or stopped?
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The VEGFR inhibitor SU5416 blocks the angiogenic 

switch and impairs growth of small tumors

PBS

PT

IT

PBS SU5416 SU5416

(Bergers, et al 2000, 2003; Bergers & Hanahan, 2002).
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(Bergers, et al 2000, 2003; Bergers & Hanahan, 2002).

The VEGFR inhibitor SU5416 blocks the angiogenic 

switch and impairs growth of small tumors – but does not 

inhibit established tumors



Endothelial Cell       <==>        Pericyte

PDGF-BB PDGF-Rß

Endothelial cells and pericytes associate via reciprocal 

paracrine interactions of regulatory ligands binding signaling 

receptors

Tie2 Ang-1



Pericytes support and protect the endothelial cells of the 

tumor (and normal tissue) vasculature

Survival signals  from 

pericytes protect 

tumor endothelial 

cells

pericyte

endothelial cells



Survival signals from 

pericytes protect

tumor endothelial

cells

pericytes

endothelial cells

VEGF/VEGFR inhibitors have 

limited effect on pericyte-covered 

vessels

Pericytes support and protect the endothelial cells of the 

tumor (and normal tissue) vasculature



PDGF receptor inhibitors dissociate pericytes from tumor 

endothelial cells, abolishing their supportive functions

Survival signals from 

pericytes

pericyte

PDGFR-inhibitor

endothelial cells



Survival signals from 

pericytes

pericyte

endothelial cells

VEGF/VEGFR

Inhibitors

can now disrupt/kill

tumor endothelial 

cells

PDGF Receptor inhibitors dissociate pericytes, increasing 

tumor endothelial cell killing by VEGF signaling inhibitors

PDGFR-inhibitor



PDGFR inhibitors disrupt pericyte association with tumor

vasculature

Untreated SU6668 (or Gleevec, or MAb)

Bergers, et al (2003). Benefits of targeting both pericytes and endothelial cells in tumor 

vasculature with kinase inhibitors. J.C.I., 111: 1287-95.

FITC-Lectin (vessels, green)  / Cy3-Desmin (pericytes, red)



Pure VEGFR inhibitors prune the angiogenic 

vasculature, leaving vessels with more intimate and 

extensive pericyte coverage, that are evidently resistant

Tumor from mouse treated with SU5416Untreated tumor

FITC-Lectin (vessels, green)  / Cy3-Desmin (pericytes, red)



The multi-kinase inhibitor sunitinib (which hits both 

VEGFR and PDGFR) impairs angiogenesis, reduces 

vascularity and disrupts pericyte coverage

Meca32 = endothelial cells (red)

NG2 = pericytes (green)

Control Treated



Sunitinib has demonstrable efficacy in the RIP-Tag model 

of PNET

Survival Tumor burden





Efficacy of sunitinib in human PNET



Vehicle Anti-ANG2

Pericytes ECs Nuclei

N

N

N

N

Vascular area

p < 0.005

Endothelial cells

p < 0.05

Pericyte area

Anti-ANG2Anti-ANG2Anti-ANG2

Blocking ANG2 inhibits angiogenesis in mouse tumor models

Mazzieri et al., Cancer Cell 2011



Still, there is a conundrum

• Six angiogenesis inhibitors have been approved for clinical 

use as therapeutic agents in particular tumor types.

• The drugs, both in preclinical models and in human trials, 

have demonstrable but transitory benefits, after which 

tumors start growing again (progression)

• We were expecting greater and more enduring effect, so 

what’s going on?



A rationale for resistance

• Bevacuzimab, sunitinib, and sorafinib variously inhibit 

VEGFR2 signaling so as to inhibit tumor angiogenesis

• Each has been approved for certain late-stage cancers, 

representing a proof of principle for therapeutic targeting of 

tumor angiogenesis;

• Each only produces a transitory survival benefit against such 

late stage tumors, a “delayed time to progression” to 
renewed tumor growth after a period of response or stable 

disease



Modes of resistance to angiogenesis inhibitors

Response

Relapse/ 

Progression

Bergers & Hanahan. Nature Reviews Cancer, 2008



Evasive resistance to angiogenesis inhibitors

-- by upregulating alternative pro-angiogenic signaling circuits to 

promote revascularization

 



Evasive resistance to VEGFA signaling blockade in RIP-Tag2 mice



Trials with blocking MAb to VEGFR2

Anti-VEGFR2

“DC101”

DC101: Blocking antibody, rat-anti-mouse VEGFR2 (Imclone Inc.)
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Re-vascularization occurs concomitant with tumor re-growth



Hypoxia is induced during the response phase, 

concomitant with vascular dropout



Other pro-angiogenic factors are upregulated, possibly in a 

hypoxia-dependent manner
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Double VEGFR/PDGFR and FGFR blockade inhibits 

angiogenesis more effectively and stably than single 

VEGFR/PDGFR blockade 

Brivanib: VEGFR and FGFR inhibitor

Sorafenib: VEGFR and PDGFR inhibitor

Untreated Brivanib Sorafenib

Allen et al, Clin Can Res 2011



ANG2 sustains tumor angiogenesis in VEGFA-depleted tumors



Double VEGFR/ANG2 blockade limits resistance to anti-VEGF 

therapy

Ang2

Rigamonti et al, Cell Rep 2014



Evasive resistance to angiogenesis inhibitors

-- by recruitment of pro-angiogenic myeloid cells

Bone Marrow-Derived CellsTumor-Derived

Factors

Adapted from Bergers and Hanahan, Nat Rev Cancer 2008



- VEGFA signaling blockade enhances recruitment of myeloid 

cells in some tumors

Evasive resistance to angiogenesis inhibitors



Adaptive-evasive resistance in human cancer: Role of myeloid cells 

-- Notably, macrophages and myeloid cells are associated (and 

potentially implicated) in resistance to VEGF inhibitors in 

glioblastoma patients failing therapy



Evasive resistance to angiogenesis inhibitors

-- by increased local invasion and metastasis



DC101, the monoclonal Ab that blocks VEGFR2 signaling, 

may elicit increased tumor invasiveness in Rip-Tag mice 



Small, invasive lesions arise in response to genetic deletion of 

VEGFA



Invasive lesions in a RIP-Tag2 mouse 

treated for 5 weeks with sunitinib

Red – Tag oncoprotein (cancer cells)

Green – FITC-Lectin (vessels)



Liver metastases are more frequent in RIP-Tag2 

mice treated for 5 weeks with sunitinib

Red – Tag oncoprotein (cancer cells)

Green – FITC-Lectin (vessels)



VEGFR inhibition is apparently eliciting 

increased invasion in some GBM patients



Drug resistance by hallmark switching:

Shifting dependence from angiogenesis to increased 

invasion & metastasis





c-Met is induced in tumors treated with 

angiogenesis inhibitors (hypoxia-dependent)

Sennino et al Cancer Discovery,  March 2012



Dual inhibition of VEGF/VEGFR and c-Met 

reduces invasiveness and prolongs survival

Sennino et al Cancer Discovery,  March 2012

w cMet inh. w cMet inh.



How do invasion and metastasis evade the necessity 

for angiogenesis to produce tumor neovessels?

- by co-opting normal tissue vessels to fuel disseminated 

tumor growth



There is, in addition, an even broader question, beyond 

adaptive resistance to anti-angiogenic therapy

-- Is the angiogenic switch and chronic tumor angiogenesis 

necessary for the development and progression of all 

types and subtypes of cancer?

-- an increasing body of histopathological evidence 

implicates co-option of normal tissue vessels as a 

means for cancer cells to access oxygen and nutrients to 

fuel tumor growth  



Nature Reviews Clinical Oncology, 2019 



Neoplastic patterns of vessel co-option vs angiogenesis

Vessel co-option

Angiogenesis

Vessel co-option

Vessel co-option Vessel co-option



Distinguishing parameters of non-angiogenic vessel co-option

• Infrequent endothelial cell proliferation

• No sprouting

• Dense coverage by pericytes

• Intact basement membrane between endothelial 

cells and pericytes



A number of unanswered questions

• What are the regulatory mechanisms?

• Is more than an invasive capability required?

• What keeps angiogenesis switched off?

• How might vascular co-option be targeted 

therapeutically?



A different strategy for targeting 

the tumor vasculature: “vascular normalization”

• Rather than blocking new blood vessel growth 

(angiogenesis)

• Rather than disrupting and ablating the existing 

tumor vasculature, causing acute hypoxia leading to 

adaptive resistance

=> Instead “normalize” the tumor vasculature, 

producing vessels with better blood flow, more 

complete pericyte coverage



Normalizing the tumor vasculature

• Better delivery of chemo-therapies through the 

circulation

• Better extravasation of T cells into tumors via 

normalized blood vessels

This may happen after short-term treatment with 

angiogenesis inhibitors, or by using suboptimal 

doses.





+ immunotherapy

Anti-

angiogenesis

Anti-angiogenic immunotherapy

Modified from Huang et al., Nat Rev Immunol 2018

Schmittnaegel et al., Sci Transl Med 2017
Allen et al., Sci Transl Med 2017

Kashyap et al., PNAS, in press
Ragusa et al., JCI, in press



Clinical benefits of anti-angiogenic immunotherapy



Clinical benefits of anti-angiogenic immunotherapy
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