


1. “solid tumors are dependent upon new capillary sprouts. . .”

2. “without neovascularization solid tumors might become
completely dormant…”

3.   “the term “anti-angiogenesis is proposed to mean the
prevention of new vessel sprouts from penetrating into
an early tumor implant.”

4. “this hypothesis predicts the possible future discovery of 
angiogenesis inhibitors,..”

5. “an antibody to a tumor angiogenic factor (TAF) could be    
therapeutic.”
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26,751 papers published on 
angiogenesis from 1971 - May 1, 2006.
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- 0.65 mm -

Non-angiogenic, dormant chondrosarcoma (rat).
(subcutaneous implantation of tumor cells)



The angiogenic switch begins.



The angiogenic switch

Day 12

“Angiogenic switch,” Hanahan & Folkman, Cell 1996.”



1 mm

Non-angiogenicNon-angiogenic

AngiogenicAngiogenic

Non-angiogenic and angiogenic
chondrosarcomas (rat).



In situ cancer
less than 1 mm3



Nova

QuickTime™ and a
Sorenson Video decompressor
are needed to see this picture.



Tumor Neovascularization







Langer and Langer and FolkmanFolkman
NatureNature 19761976

Ethylene vinyl-acetate copolymer (ELVAX), implanted within rabbit cornea







Laboratory Investigation, 1978



(Satchi-Fainaro, R. et al. (Folkman)
Cancer Cell 7: 251-261, 2005)Caplostatin2005

(Kisker, O. et al. (Folkman)
Neoplasia 5: 32-40, 2003)DBP-maf2003

(Lentzsch, S. et al. (D’Amato)
Cancer Res 62: 2300-2305, 2002)3-amino thalidomide2002

(O’Reilly, M. et al. (Folkman)
Science 285:1926-1928, 1999)Cleaved antithrombin III1999

(O’Reilly, M. et al. (Folkman)
Cell 88: 277-285, 1997)Endostatin1997

(D’Amato, R.J. et al. (Folkman)
PNAS 91:3964-3968, 1994)2-methoxyestradiol1994

(D’Amato R.J. et al., (Folkman)
PNAS 91: 4082-4085, 1994)Thalidomide1994

(O’Reilly, M. et al. (Folkman)
Cell 79: 315-328, 1994)Angiostatin1994

(Ingber, D. et al. (Folkman)
Nature 348: 555-557, 1990)TNP-470 a fumagillin analogue1990

(Crum, R. et al. (Folkman)
Science 230: 1375-1378, 1985)Angiostatic steroids1985

(Taylor, S. and Folkman, J.
Nature 297: 307-312, 1982)Platelet factor 4, Protamine1982

(Brouty-Boye, D. and Zetter, B.R.
Science 208: 516-518, 1980)Interferon α/β, new activity1980

Angiogenesis inhibitors
discovered in the Folkman lab (1980 - 2005).



Inai et al. Am J Path 2004               From Donald McDonald, UCSF

Anti-angiogenic therapy - capillary dropout:

Regression of blood vessels in a spontaneous
murine islet cell carcinoma (RIP-Tag)

Vehicle VEGF inhibitor 1 day

CD31 500 µm

VEGF inhibitor 2 days VEGF inhibitor 7 days



Date approved Drug                   Place            Disease

December 2003 Thalidomide Australia Multiple
myeloma

February 2004 Avastin
(Bevacizumab)

U.S. (FDA) 
Colorectal

cancer

December 2004 Macugen U.S. (FDA) Macular
degeneration

January 2005 Avastin European Union
(25 countries)

Colorectal
cancer

December 2004 Avastin Switzerland Colorectal
cancer

Angiogenesis inhibitors approved for clinical use.

November 2004 Tarceva
(Erlotinib)

Lung
cancerU.S. (FDA) 

September 2005 Endostatin
(Endostar) China (SFDA)

Lung
cancer

December 2005 Nexavar
(Sorafenib)

U.S. (FDA) Kidney
cancer

December 2005 Revlimid U.S. (FDA) Myelodysplastic
syndrome

January 2006 Sutent
(Sunitinib)

U.S. (FDA) Gastric (GIST),
kidney cancer

May 2003 Velcade
(Bortezomib)

U.S. (FDA) Multiple
myeloma



From Folkman, Heymach & Kalluri,  Cancer Medicine, 7th edition., 2006 

Phase IIIVEGF, MMPsAE941 (Neovastat)
(Aeterna Zentaris)

Phase IIIMTOR inhibitorVEGFR,
Inhibit HIF-2aCCI-779 (Wyeth)

Phase IIIMMP inhibitorBMS-275291 (Bristol 
Myers Squib)

Phase IIIMTOR inhibitorVEGFRRAD 001 (Novartis)

Phase IIIRTKI (oral)VEGFR-1,-2,-3
PDGFR

AZD2171    
(AstraZeneca)

Phase IIIRTKI (oral)VEGFR-1,-2,-3
PDGFR

AZD2171    
(AstraZeneca)

Phase IIIRTKI (oral
VEGFR-1,-2
PDGFRPTK787 (Novartis)

Phase of 
Clinical trialTypeVascular

targetAgent

Phase III angiogenesis inhibitors in clinical development.
As of February, 2006.    (Not yet FDA approved)



From Folkman, Heymach, & Kalluri, Cancer Medicine, 7th ed., 2006. 

Phase IICopper depleting agentVEGFTetrathiomolybdinate
(TM)

Phase IIEndothelial cells disrupt 
VE-cadherin

Combretastatin
(Oxigene)

Phase IIHistone deacetylase
inhibitorPxD 101 (CuraGen)

Phase IIMulti-kinase inhibitorVEGFR, PDGFR
KITR, RetRAMG706 (Amgen)

Phase IIAlpha v-integrin
antagonist

EMD 121974 (EMD 
Pharm)

Phase IIMTOR inhibitorVEGFAP23573 (Ariad)

Phase IIThrombospondin-1 
fragment

Thrombospondin-1
Receptor (CD36)ABT-510 (Abbott)

Phase IIRTKI (oral)VEGFR-2Ag-013736
(Agouron)

Phase IIRTKI (oral)VEGFR-2
EGFRZD6474 (AstraZeneca)

Phase of 
Clinical trialTypeVascular

targetAgent

Phase II angiogenesis inhibitors in clinical development.



From Folkman, Heymach & Kalluri, Cancer Medicine, 7th ed., 2006.

Phase IMETAP2 inhibitorMethione amino 
peptidase-2

PPI-2458
(Praecis)

Phase IInhibits integrin alpha2 
subunit on endotheliumbFGFE7820

(Eisai)

Phase ITyrosine kinase inhibitor
VEGF
bFGF
TGF alpha

CI-1033
(Pfizer)

Phase ITyrosine kinase inhibitorFGFR-3CHIR-258
(Chiron)

Phase I
Spectrum selective
Kinase inhibitor

VEGFR-2 (KDR)
MET inhib

XL880
(Exelixis)

Phase IVEGF receptor-based 
fusion protein

VEGF
PIGF

VEGF Trap
(Regeneron)

Phase IMonoclonal antibodyVEGR-2IMC-1221B
(Imclone)

Phase of 
Clinical trialTypeVascular

targetAgent

Phase I angiogenesis inhibitors in clinical development.



July 19, 2005 (Lucentis trials reported by Joan Miller, MD,
Professor and Chair of Ophthalmology, Mass General Hospital, Harvard.

• 95% of patients with macular degeneration (= 716) retained their
vision during the year long study - disease arrested..

• 40% improved sight up to 20/40 or better, (from previous 
20/300), by the 12th month).

• Dr. Miller said “20/40 is an important level of vision because
some can drive a car”.

• The average patient who received the drug gained an ability 
to read an additional 7 letters (gained 7 letters of sight (lines).

• This compared with a vision loss of 10.5 letters among those who
received sham injections.
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“Lucentis”
(Ranibizumab)

0.5 mg
0.3 mg

Macular degeneration
1 year of anti-angiogenic therapy with monthly Lucentis.

Philip J. Rosenfeld et al., Bascom Palmer Eye Institute, from his lecture on internet, 2005.



(Satchi-Fainaro, R. et al. (Folkman)
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Angiogenesis inhibitors
discovered in the Folkman lab    (1980 - 2005).





May 2003.  
8 years off interferon alpha.



Oncology Reports 2000; 7:145.

“We describe a case of metastatic intracranial
hemangioendothelioma in a 20-year old female patient 
who presented severe neurological symptoms and 
relapsed after two surgical interventions.”

“Low dose interferon-alpha therapy led to complete
tumor regression. She recovered daily function and work    
activity.  She is now tumor free 2.5 years.”
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U-shaped dose - efficacy curve:

Celik et al (Folkman), Cancer Research 2005, 65:11044.

Tjin Tham Sjin et al (Folkman), (Javaherian), Cancer Gene Therapy 2006, 13:619 



Systemic therapy with rosiglitazone (Avandia), 
(a PPARγ ligand),  prevents lung metastases after 

removal of a primary Lewis lung carcinoma. 

Panigrahy et al., (Kaipainen), (Folkman), J. Clin. Invest, 2002.
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THE NEW YORK TIMES, SUNDAY, MAY 15, 2005

“One mystery that needs 
explaining, he said, is that in the 
trial the lowest dose of drug 
worked best.”

“Two higher doses did not 
produce a statistically meaningful 
reduction in cancer risk.”

“53% lower risk of breast 
cancer in statin users.”



Kisker et al., (J. Folkman) Cancer Research, October 15, 2001.

(This tumor is p53 -/- [Furuwatari et al. Am J Clin Pathol, 1998])

Human recombinant endostatin: Continuous vs. bolus
therapy of human pancreatic cancer (BxPC3).



Serum levels of endostatin:
Same dose

Bolus vs. Continuous



Timothy M. Browder, M.D.



Browder found that: 
___________________________________________________________________________________________________________

“Tumors made completely drug-resistant to 

maximum tolerated doses of a conventional 

cytotoxic chemotherapeutic agent, . .can be

converted to drug-sensitive tumors by

administering the same drug on a dose-schedule

optimized for endothelial cells, but not tumor cells, 

i.e., . . .  anti-angiogenic chemotherapy.”
_________________________________________________________________________________________________________

_______________________________________________________________________________________________



Folkman, PNAS, Jan 16, 2001 - Editorial on paper by Donald MacDonald
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Conventional chemotherapy

3 weeks

(Metronomic)

Conventional chemotherapy vs. 
anti-angiogenic chemotherapy (metronomic).



Cyclophosphamide Therapy of Lewis Lung Carcinoma
(150 mg/kg on day 0, 2, and 4)

Browder, T. et al., Cancer Research, April 1, 2000.



DRUG-SENSITIVE Lewis Lung Carcinoma
Therapy with Cyclophosphamide (CTX)

Browder, T. et al., Cancer Research, April 1, 2000.



DRUG-RESISTANT Lewis Lung Carcinoma
Therapy With Cyclophosphamide (CTX)

Browder, T. et al., Cancer Research, April 1, 2000.



DRUG-RESISTANT Lewis Lung Carcinoma
Therapy With Cyclophosphamide (CTX)

Browder, T. et al., Cancer Research, April 1, 2000.



Cancer Research, 60: 1878 - 1886   April 1, 2000.

1. Clinical trials began in 2002.  

2. This change in dose-scheduling optimized the 
antiangiogenic activity of conventional chemotherapy.

3. This regimen is now called,  “metronomic” chemotherapy, . . 

or “low dose” chemotherapy, . .   

or “chemotherapy lite.”



Proc. Natl. Acad. Sci.  100: 12917,    October 28,  2003

1. Low dose (metronomic) cyclophosphamide
(25 mgm/kg/day) in the drinking water,    
potently inhibited angiogenesis and 
tumor growth in mice (>95% inhibition). 

2.   This regimen significantly increased 
circulating plasma thrombospondin-1.

3.   The anti-angiogenic and anti-tumor effects of low-dose 
continuous cyclophosphamide were lost in 
thrombospondin-1 null mice.



Inhibition of human microvascular endothelial cell
proliferation by chemotherapeutics

Compounds IC50 (pM)

Paclitaxel
5-FU
Camptothecin
Doxorubicin
Cisplatin

0.1
5000.0

10000.0
100000.0

5000000.0

Anticancer Drugs, 1: 13-19, 2003

Abbott Laboratories, Abbott Park, Illinois



Dana-Farber
Cancer Institute Turning Point Summer /

Fall 2003

Avastin and metronomic
therapy are aimed at block-
ing the blood vessels a 
tumor develops to nourish
its growth and spread.

Researchers are combining a regimen of 
constant, low dose chemotherapy with 
an antiangiogenesis drug to attack
advanced breast cancer in a new
clinical trial at Dana-Farber.



Kieran et al., (J. Folkman), J. Pediatr. Hematol. Oncol., 24: 573, 2005

2 years
off therapy

Therapy:
2 years

Before
therapy

Antiangiogenic (metronomic) chemotherapy.
Bilateral supratentorial glioma diagnosed at age 6 months. 2 surgeries

and 2 previous chemotherapies yielded remission of 24 weeks,
after which tumors recurred.

December 2003. Age 3 years. 
(On metronomic therapy 2 years.)

May 2006, age 6….
has been off therapy >2.5 years.

MRI with gadolinium



M. Kieran et al., (J. Folkman), Jour. Pediatr. Hematol. Oncol., 27: 573, 2005

2 (dose-limiting toxicity)NoOsteosarcoma

3NoNeurofibromatosis type 1;
Glioblastoma muliforme

3NoEpendymoma
4NoGlioblastoma
5NoOsteosarcoma/retinoblastoma
9NoHigh-grade glioma
9NoRhabdomyosarcoma

12NoRhabdomyosarcoma

13NoDesmoplastic small round cell 
tumor

15NoPrimitive neuroectodermal
tumor, then osteosarcoma

23NoDiffuse pontine glioma
28YesOsteosarcoma
58YesEpendymoma

83YesSpindle cell
>123        (2.37 years)YesEpendymoma
>124        (2.39 years)YesEpendymoma
>126        (2.4 years)YesMedulloblastoma
>152        (3 years)YesEpendymoma
>167        (3.2 years)YesOptic glioma

Progression-free survival (weeks)24 weeks on study?Diagnosis

“25% of all patients continue progression-free,
2.37 to 3.2 years from starting therapy” (No interference with height)

Elevated
Thrombospondin-1



____________________________________________________________________________________________

“Anti-angiogenic therapy can now be 

considered the 4th modality for cancer 

treatment,” (in addition to surgery, radiation & 

chemotherapy). 

Mark McClellan
FDA Commissioner

___________________________________________________________________________________________

February 28, 2004



In February, the U.S. Food and Drug
Administration (FDA) approved
bevacizumab (Avastin) as a first-line
treatment for patients with meta-
static colorectal cancer. The approval
marked the arrival of an intervention
in which the primary mechanism of
action is angiogenesis inhibition.

We now can unequivocally say that
angiogenesis is not only a critical fac-
tor for cancer, but for a host of other
diseases. . . .

May 18, 2004



“Angiogenesis research will probably change the 

face of medicine in the next decades, with more 

than 500 million people worldwide predicted to 

benefit from pro- or anti-angiogenesis 

treatments.”

nature December 15, 2005, 438: 932

Peter Carmeliet







Cancer Gene Therapy, 9 (6): 513-21, June 2002.

1. An endostatin level of  35 - 40 ng/ml was sufficient to inhibit 

tumor angiogenesis and to suppress both the inhibition and 

subsequent growth of human colorectal cancer in mice.












