
Issues regarding improving the impact of antiangiogenic drugs 
for the treatment of breast cancer

Robert S. Kerbel*

Department of Molecular & Cellular Biology Research, Sunnybrook Health Sciences Centre, 
S-217, 2075 Bayview Avenue, Toronto, Ontario M4N 3M5, Canada

Summary

One of the major recent clinical advances in cancer treatment is the use of antiangiogenic drugs 

such as bevacizumab, sorafenib, and sunitinib. Bevacizumab, the monoclonal anti-VEGF 

antibody, has been approved for the first line treatment of metastatic breast cancer (MBC) when 

combined with taxane. However, the clinical benefits are modest; despite a doubling of response 

rates and significant prolongation of progression free survival times, no increase in overall 

survival is attained. This review summarizes some of the possibilities to account for this 

discrepant result. These include rapid development of acquired drug resistance due to the 

redundancy of proangiogenic growth factors, acceleration of tumor growth after antiangiogenic 

drug treatments are stopped, and increases in tumor cell malignant aggressiveness driven by 

mechanisms such as increased tumor hypoxia. Some possible strategies to improve the benefits of 

antiangiogenic drug therapy are discussed such as prolonging the treatment beyond tumor 

progression, combination with other therapeutic modalities, e.g. long term (‘maintenance’) low-

dose metronomic chemotherapy or additional targeted/biologic drugs, e.g. trastuzumab.
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Introduction and background

One of the major developments in medical oncology practice over the last five years has 

been the demonstrated success and approval of a number of antiangiogenic drugs for the 

treatment of a variety of malignancies, including breast cancer.1 The approvals followed 

from the results of several large randomized phase III clinical trials, and the antiangiogenic 

drugs tested in these trials included bevacizumab, the humanized anti-VEGF monoclonal 

antibody,2 sorafenib and sunitinib, both oral small molecule receptor tyrosine kinase 

inhibitors (RTKIs) which target multiple RTKs, including VEGF receptors and PDGF 

receptors, among others.1 In the case of bevacizumab, the successes thus far have involved 

its use in combination with various standard chemotherapy regimens for the treatment of 

first or second line colorectal cancer, first line non small cell lung cancer, and first line 
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metastatic breast cancer (MBC).1,3,4 This combinatorial approach with bevacizumab was 

instigated primarily as a result of the minimal, if any, activity of bevacizumab as a 

monotherapy for the treatment of the aforementioned malignancies at an advanced 

(metastatic) stage of disease in prior phase I or II trials. Although the overall efficacy of the 

various chemotherapy/bevacizumab combinations is superior to the respective 

chemotherapy regimen, the overall clinical benefits gained are modest, e.g. several months 

prolongation of overall survival (OS) or progression-free survival (PFS) in the cases of 

colorectal cancer and non small cell lung cancer, but only a benefit of either 1–2 months in 

PFS with no OS benefit in the case of MBC when bevacizumab was combined with a 

weekly paclitaxel regimen (the E2100 trial)5 or with docetaxel given once every three weeks 

(the AVADO trial).6 The MBC trial successes came after the failure of a randomized phase 

III trial of bevacizumab and capecitabine used a second or third line treatment of refractory 

MBC patients.7 In addition, there has been a failed phase III clinical trial involving 

bevacizumab in combination with weekly gemcitabine for the treatment of pancreatic cancer 

despite earlier promising results in a randomized phase II trial.8

In the case of the small molecular antiangiogenic RTKIs, sorafenib and sunitinib have both 

been used successfully as monotherapies where they have shown clinical survival benefits in 

the treatment of renal cell carcinoma.1,9 In addition, sorafenib has shown a benefit for the 

treatment of hepatocellular carcinoma (HCC).9,10 However, thus far, no enhanced benefit 

has been observed in phase III trials when a small molecule antiangiogenic RTKI such as 

sorafenib or PTK-787 (vatalanib) is combined with chemotherapy, compared to the 

respective chemotherapy alone. In addition, monotherapy with drugs such as sunitinib seems 

to have minimal, if any, activity when used in the treatment of more common solid 

malignancies, including MBC.11 Another aspect that is beginning to emerge from both 

preclinical and clinical results is that exposure to antiangiogenic drugs can sometimes 

accelerate tumor growth when therapy is terminated.2,12,13 In addition, there have been 

some instances where the malignant phenotype, e.g. increased invasion, can be induced as a 

result of antiangiogenic drug therapy,2,14 as has been observed in the case of glioblastomas 

in numerous studies.15–17

Given the aforementioned information, a number of important questions and issues are 

raised. Discussion of these issues and questions is the focus of this review. They include the 

following: (i) how does bevacizumab function to enhance the efficacy of chemotherapy? (ii) 

why are the clinical benefits in PFS and OS caused by antiangiogenic drugs relatively 

transitory, and what is the basis of acquired resistance to such drugs?5,18 and (iii) what are 

some promising therapeutic strategies that might be used in conjunction with an 

antiangiogenic drug to improve overall clinical benefit for treating malignant disease, e.g. by 

delaying drug resistance, including for the treatment of breast cancer?

Discussion

How does bevacizumab function to enhance the efficacy of chemotherapy?

A number of hypotheses have been put forward to account for the preclinical and clinical 

phenomenon of enhancement of chemotherapy efficacy as a result of co-treatment with an 

antiangiogenic drug.3 These include the ‘vessel normalization’ hypothesis in which it has 
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been proposed that an antiangiogenic drug such as bevacizumab may actually transiently 

improve tumor vascular function by decreasing vessel leakiness (caused in part by the potent 

vascular permeability function of VEGF) and ‘normalizing’ some of the chaotic 

dysfunctional tumor blood vessels thus decreasing the high interstitial fluid pressures within 

tumors, and in so doing, actually improve the delivery and distribution of chemotherapy into 

and within tumors provided the chemotherapy is given during this ‘normalization 

window’.19,20 Another theory, one which we have been actively studying, involves a 

concept that we have termed “antiangiogenic drugs on defense”.3,21 In brief, the basis of this 

hypothesis is that certain chemotherapy drugs can induce a transient but very rapid pro-

vasculogenic/angiogenic systemic response which can contribute to tumor repopulation/

regrowth during the break periods between successive cycles of conventional chemotherapy, 

as shown in Fig. 1.22,23 The basis for this host effect is that some chemotherapy drugs, e.g. 

paclitaxel, 5-FU, and cyclophosphamide, can induce a rapid and marked mobilization of 

circulating bone marrow-derived cells (BMDCs), including endothelial progenitor cells 

(CEPs), which then enter the peripheral blood circulation and migrate to sites of drug-treated 

tumor masses where they subsequently invade and colonize the drug-treated tumors.22,23 

These BMDCs can then amplify the intrinsic ability of the drug-treated tumors to 

repopulate, at least in part, by stimulating tumor angiogenesis. This host response may also 

reverse some of the potential local antiangiogenic effects caused by chemotherapy within 

the tumor neovasculature. By this is meant the finding that dividing, activated endothelial 

cells present in the tumor neovasculature may be sensitive to the cytotoxic effects of a 

number of chemotherapy drugs, similar to the sensitivity of dividing cells present in other 

tissues or organs such as the bone marrow, gut, or hair follicle cells.24–28 Put in another 

way, chemotherapy can have opposite effects on tumor angiogenesis, i.e., inhibiting it within 

the tumor but promoting it by the systemic BMDC response such that the latter may cancel 

or blunt the former effect. But the latter effect can be blocked by certain antiangiogenic 

drugs.

The basis for the rapid BMDC responses induced by certain chemotherapy drugs is under 

investigation but recent results have implicated at least one mechanism, namely, rapid 

systemic induction of circulating stromal derived factor-1 (SDF-1).23 Furthermore, 

mobilization of a number of BMDCs, including CEPs, appears to be VEGF-dependent so 

that co-treatment with an antiangiogenic drug such as an antibody to VEGF or VEGF 

receptor-2 (the main signalling receptor for VEGF-mediated angiogenesis) largely blunts the 

systemic BMDC response and subsequent tumor invasion by these cells – including 

CEPs.22,23 As a result, the ability of tumors to repopulate is compromised and the extent or 

duration of the tumor response thus achieved is enhanced.22,23 Of some interest in this 

regard is the finding that gemcitabine chemotherapy appears unable to induce the 

aforementioned rapid BMDC/CEP response, at least in mice.23 Perhaps this could be a 

factor in explaining why addition of bevacizumab to weekly gemcitabine did not enhance 

the efficacy of the latter drug for the treatment of pancreatic cancer in a randomized phase 

III clinical trial. In addition it is not yet known whether small molecule antiangiogenic 

RTKIs can block the chemotherapy-induced BMDC/CEP response similar to other drugs 

such as anti-VEGF or anti-VEGFR-2 antibodies.
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Why are the clinical benefits in PFS and OS caused by antiangiogenic drugs relatively 
transitory, and what is the basis of acquired resistance to such drugs?

One of the more obvious explanations for the modest benefits obtained thus far using 

antiangiogenic drugs is that acquired resistance develops fairly rapidly, e.g. over several 

months, in patients whose tumors initially respond to the drug treatments. There was early 

speculation (and hope) that resistance to antiangiogenic therapies might not be as serious a 

problem as it is with virtually all other therapeutic modalities based on the notion that 

antiangiogenic drugs ultimately target normal host cells such as vascular endothelial cells 

rather than genetically unstable tumor cell populations as it is well known such genetic 

instabilities can be a major driving force for the selection and overgrowth of drug resistant 

subpopulations with respect to other therapies.24,29 However, clinical experience has shown 

that similar to other drugs, patients with advanced cancers whose tumors initially respond to 

bevacizumab, sorafenib, or sunitinib, almost always relapse and become drug resistant.1 

Thus there is currently considerable interest in exploring the mechanisms of resistance to 

antiangiogenic therapies and in this regard several relevant hypotheses have been 

advanced.18 One that has attracted considerable attention was actually presented more than a 

decade ago on the basis of an analysis of human breast cancer tissue specimens.30 A large 

number of breast cancer clinical specimens obtained from various stages of breast cancer 

progression were analyzed for the expression of six different pro-angiogenic growth factors, 

including VEGF. In general, tumors from the earliest stage lesions expressed mainly or only 

VEGF.30 However, successive stages of tumor development were associated with 

expression of increasing numbers of factors, e.g. bFGF and TGFβ, among others. On the 

basis of these results, it was predicted that targeting a single pathway, e.g. the VEGF 

pathway of angiogenesis, would likely result in resistance, i.e., loss of response, due to 

selection of subpopulations expressing alternate proangiogenic mediators.30 There is now 

experimental support for this hypothesis. Thus treatment of islet cell pancreatic tumors 

spontaneously arising in mice with a drug such as DC101 – the antibody that specifically 

targets mouse VEGFR-2 function – leads to an initial tumor response rapidly followed by 

relapse/resistance within one month of therapy.31 This was found to be caused by 

upregulation of bFGF in the drug-treated tumors which likely occurred as a result of 

induction of elevated sustained levels of tumor hypoxia by the DC101 treatment, given 

every 3 days,31 as outlined schematically in Fig. 2. Thus salvage treatment with a drug that 

blocks bFGF receptors re-induced an antiangiogenic effect accompanied by an anti-tumor 

effect.31

In addition to the aforementioned mechanism of acquired resistance, i.e., pro-angiogenic 

growth factor redundancy, there are a number of other possible mechanisms.18 These 

include rapid vascular remodelling or maturation during or after antiangiogenic therapy, thus 

resulting in vessels with a more mature phenotype; such vessels tend to be less or non-

responsive to antiangiogenic drugs compared to immature, growing vessel capillaries.32 

Selection and overgrowth of tumor cell mutant or variant subpopulation that can survive 

under more hypoxic conditions, as a result of various genetic mutations, may be another 

mechanism of acquired resistance.33 Yet another is the ability of tumor cells aggressively 

“co-opt” the normal and abundant vasculature in certain organs such as the lungs, liver, and 
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brain. In the case of glioblastomas, this can result in increased tumor cell invasion/

infiltration through the brain at tumor relapse.15,16

The ability of potent antiangiogenic drugs, when given continuously or sequentially to cause 

increases in tumor hypoxia, may constitute not only a mechanism by which several 

proangiogenic growth factors can be induced or increased, but may also provide a means by 

which tumors become more aggressive over time.14,34 Tumor hypoxia has long been 

associated with a more aggressive malignant phenotype in a number of cancers. One way 

this could occur, in theory, is by elevated levels of the HIF-1 transcription factor, which in 

turn is known to induce a number of genes that are not only involved in angiogenesis, such 

as VEGF and PlGF, but also in tumor cell motility and invasion, e.g. c-met34,35 and twist – 

an inducer of metastasis.36 As a result, although antiangiogenic drug-treated tumors may 

initially respond and have their growth slowed by such treatments, it appears that a change 

in their biology can sometimes take place over time such that the surviving tumor cell 

populations express a more aggressive invasive and/or metastatic phenotype.14 This 

phenomenon could represent one explanation, for example, why treatment of metastatic 

breast cancer patients with bevacizumab (and taxane chemotherapy) results in a PFS 

advantage but not an OS advantage. Simply put, the degree of the initial benefit obtained, 

e.g. slowing down of tumor growth and increased tumor responses (shrinkage) could be 

partially reversed by the onset of more aggressive tumor growth later on, that is in some way 

caused by the initial (and successful) antiangiogenic drug treatment effects.

Also currently considerable recent attention is the possibility that temporary or permanent 

termination of antiangiogenic therapy, including the regular drug-free breaks when using 

drugs such as sunitinib (which is generally administered in a 4 week on/2 week off schedule 

over a 6 week cycle) can sometimes result in acceleration, i.e., “rebound” of tumor 

growth.13 For example, preclinical studies have shown that treatment of tumors in mice with 

a small molecule antiangiogenic RTKI can result in rapid reduction of tumor vascularity. 

However, if the drug treatment is stopped, there is a very rapid rebound in tumor 

revascularization that occurs within one week.37 This observation may help explain certain 

clinical observations of a similar nature. For example, it has been noted that cutaneous 

tumor nodules in some breast cancer patients treated with sunitinib show evidence of rapid 

tumor (re)growth during the 2 week drug-free break periods in between successive 4 week 

cycles of daily therapy with this drug.13 Similarly, cessation of bevacizumab therapy might 

result in subsequent acceleration in the growth rate of tumors such as liver metastases in 

colorectal cancer patients.12 Such observations are having an impact on the debate over the 

duration of antiangiogenic treatments, and whether such treatments should be continued 

beyond tumor progression, for which evidence of increased survival benefit is beginning to 

emerge.38–40

Such clinical observations are prompting ‘bedside-to-bench’ experimental analysis of the 

various possible mechanisms involved. To cite one example of such translational research, it 

is well known that cancer patients, including breast cancer patients, receiving small 

molecule antiangiogenic RTKIs such as sunitinib almost invariably show reversible 

increases in the level of VEGF and another member of the VEGF family, placental growth 

factor (PlGF).13,41–43 One hypothetical mechanism proposed to account for such findings is 
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that the drug induces elevated levels of tumor hypoxia and hypoxia then serves as a trigger 

for increased expression of tumor cell associated VEGF and PlGF, i.e., the phenomenon is 

essentially tumor-dependent. However, recent results have cast some doubt on the validity 

or overall contribution of this mechanism. Thus, treatment of healthy normal non-tumor 

bearing mice with sunitinib can result in similar increases in VEGF and PlGF, and they 

occur in a dose-dependent and reversible fashion.43 Furthermore, there are a number of 

other growth factors, cytokines, and chemokines that are induced by the drug treatment, in 

addition to VEGF and PlGF. Some of these are not known to bind to receptors that are 

targets of the drug, e.g. SDF-1 and granulocyte colony-stimulating factor (G-CSF),43 among 

others, including osteopontin, a mediator of metastasis.44 Thus systemic induction in host 

tissues throughout the body of such multiple (and potentially tumor growth promoting and 

pro-angiogenic growth factors) could conceivably contribute to tumor regrowth during the 

breaks in between cycles of sunitinib therapies. In addition, these kinds of molecular 

changes could conceivably also contribute to acceleration of metastatic disease – which we 

reported recently, especially when sunitinib is administered over short periods of time.2 For 

example, daily treatment of non-tumor bearing mice for one week with sunitinib followed 

by intravenous injection of breast cancer cells a day later can actually result in acceleration 

of the rate of subsequent tumor growth and metastasis compared to control mice.2 Similarly, 

implantation of the same human breast cancer line (a metastatic variant of the MDA-

MB-231 cell line) into the mammary fat pads followed by surgical resection was used as 

another model to evaluate the effects of briefly treating the tumor bearing mice, either before 

tumor resection (a form of neoadjuvant therapy) or immediately after tumor resection (a 

form of adjuvant therapy). In both cases acceleration of subsequent metastatic disease was 

observed.2 These results clearly have possible implications for the use of antiangiogenic 

drugs in the neoadjuvant and adjuvant settings, including for the treatment of breast cancer. 

Ongoing neoadjuvant and adjuvant clinical trials using antiangiogenic drugs should shortly 

reveal whether the aforementioned preclinical results have any clinical relevance.

What are some promising therapeutic strategies that might be used in conjunction with an 
antiangiogenic drug to improve overall clinical benefit for treating malignant disease, 
including breast cancer?

A recurring concept or theme from the aforementioned discussion is the possible negative 

impact of reactive host responses induced by either chemotherapy drugs when used at 

maximum tolerated doses or antiangiogenic agents administered at near full (supposedly 

optimal) doses. These host responses have the potential to diminish the overall anti-tumor 

effectiveness of the aforementioned therapies, whether used alone or together. One possible 

strategy to avoid or minimize such reactive host responses could be to use lower doses of the 

drugs administered, at least in the case of chemotherapy. This leads to the concept of low-

dose ‘metronomic’ chemotherapy, a therapeutic strategy which we have been studying 

actively for almost a decade, including in the context of MBC.27,45–48

Metronomic chemotherapy refers to the frequent, i.e., close, regular administration of 

relatively low, minimally or non-toxic doses of a chemotherapy drug over long periods of 

time with no prolonged drug-free interruptions.27,28,45,49 One mechanism of action to 

account for the anti-tumor effects of metronomic chemotherapy is through antiangiogenesis. 
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This can occur in at least two ways. First, by targeting the dividing/activated endothelial 

cells in newly forming tumor associated blood vessel,27,28 and/or by targeting circulating 

endothelial progenitor cells.50–53

Of considerable interest with respect to metronomic chemotherapy are many preclinical 

studies which have shown striking anti-tumor activity of low-dose metronomic 

chemotherapy regimens, which often equal or exceed the anti-tumor efficacy of the same 

chemotherapy drug tested in a more conventional pulsatile MTD fashion.28,47,54 In the case 

where equivalent anti-tumor efficacy has been observed, the metronomic regimen is almost 

always less toxic.47 Given the frequency of drug administration, oral chemotherapy drugs 

are the most commonly used for metronomic chemotherapy clinical trials, e.g. 

cyclophosphamide, UFT, capecitabine, methotrexate, among others, which are also more 

convenient for patients.55–57 Given the reduced or minimal toxicity associated with most 

metronomic chemotherapy regimens,56,58–60 there is no need for the use of hemopoietic 

supportive care drugs such as recombinant G-CSF, unlike the necessity to use such an agent 

for conventional ‘dose-dense’ but more intensive and toxic chemotherapy regimens.61 This 

is important given the possibility that G-CSF may be able to promote tumor growth, e.g. by 

mobilizing either CEPs62 or other types of BMDCs that are pro-angiogenic such as certain 

types of myeloid/dendritic cells.63 Such effects could serve to reduce some of the efficacy of 

dose-dense chemotherapy regimens, including for the treatment of early stage breast cancer, 

that would otherwise be expected in the absence of the G-CSF therapy. If this is correct then 

addition of an antiangiogenic drug such as bevacizumab to G-CSF supported dose-dense 

chemotherapy regimens should significantly improve clinical (survival) benefits-– but 

without affecting recovery from myelosuppression.

Prior preclinical metronomic chemotherapy studies by several groups have shown that the 

combination of an antiangiogenic drug such as DC101, sorafenib, or TNP470 can 

considerably increase the anti-tumor efficacy compared to either agent alone, and moreover 

do so with minimal associated host toxicity.27,28,45,54 In addition, certain ‘doublet’ 

metronomic chemotherapy combinations, even without an added antiangiogenic drug, can 

sometimes cause striking anti-tumor benefits, even when used to treat advanced high 

volume, established visceral metastatic disease-– including that of human breast cancer in 

immune deficient mice.46 An example of the latter shown in Fig. 3 in which daily oral 

administration of cyclophosphamide through the drinking water along with daily gavage of 

UFT (i.e., tegafur plus uracil, a 5-FU prodrug), was able to cause striking survival effects in 

SCID mice which had extensive visceral metastatic disease at the time therapy was initiated; 

moreover this was observed in the absence of any overt toxicity.46 Partly as a result of this 

preclinical study, and others showing the benefit of adding an antiangiogenic drug to 

metronomic chemotherapy, as discussed above, a phase II clinical trial was initiated at the 

European Institute of Oncology in MBC patients using daily metronomic cyclophosphamide 

and capecitabine along with bevacizumab administered every two weeks.56 The results of 

this non-randomized trial look extremely promising both in terms of efficacy and minimal 

host associated toxicity and reflect the results of some other metronomic chemotherapy trials 

in other indications, e.g. the use of daily oral cyclophosphamide with bevacizumab for the 

treatment of recurrent ovarian epithelial carcinoma.55
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One of the salient points regarding metronomic chemotherapy in the context of the concepts 

presented herein is the possibility that the continuous or frequent administration of a 

chemotherapy drug can sometimes have surprisingly efficacious anti-tumor activity, 

something which may appear counterintuitive. However, in retrospect, one possible 

explanation for the robust anti-tumor activity observed is that the lower doses of drug would 

be less potent in terms of inducing reactive host responses that can act to promote tumor 

growth and angiogenesis such as elevated levels of multiple growth factors, cytokines, and 

chemokines, as well as bone marrow-derived CEPs, which, as discussed above, are often 

observed when using MTDs of agents such as a taxane,23 or vascular disrupting agents,22 or 

even certain antiangiogenic drugs (in the case of induced growth factor responses), as also 

discussed above. In this regard, one of the interesting preclinical findings regarding 

mobilization of CEPs induced by certain conventional MTD chemotherapy regimens, e.g. 

MTD paclitaxel, is the finding that not only are such CEP spikes avoided by giving 

chemotherapy at lower metronomic doses, but the levels of such cells, compared to controls, 

can actually be significantly reduced.46,53,64 This may occur, at least in part, through 

mechanisms such as the induced upregulation of endogenous inhibitors of angiogenesis such 

as thrombospondin-1 by the metronomic chemotherapy protocols.65,66 The mechanisms for 

this are currently unknown.

Given the convenience, lesser toxicity, and sometimes highly significant anti-tumor efficacy 

of metronomic chemotherapy, even when treating advanced stage cancer,46 there is the 

possibility that chemotherapy administered in this fashion might be a particularly promising 

therapeutic approach for the adjuvant treatment of early stage cancer after surgery, including 

breast cancer. Indeed, this possibility is currently under investigation in a large randomized 

phase III clinical trial being run by the International Breast Cancer Study Group (IBCSG). 

This is the IBCSG-00-22 clinical trial involving daily long term oral low-dose 

cyclophosphamide combined with low-dose methotrexate administered two days a week as a 

maintenance treatment in early stage breast cancer patients after they have undergone 

surgery followed by conventional adjuvant chemotherapy (http://www.ibcsg.org/Public/

Health_Professionals/Open_Trials/IBCSG_22-00/Pages/IBCSG22-00.aspx). In this trial the 

one year long maintenance metronomic chemotherapy regimen is not accompanied by 

concurrent combination of a biologic agent such as bevacizumab. However, depending on 

the results obtained, future clinical trials could evaluate such a combination treatment 

regimen. One rationale for using such a combination would be to avoid the possibility that 

the antiangiogenic agent may eventually cause accelerated tumor growth or increases in 

invasion and metastasis (as discussed above); this possibility could be blocked by co-

treatment with an effective metronomic chemotherapy regimen such that the benefits of both 

types of regimens are mutually enhanced, but with minimal associated host toxicity.

Also noteworthy with respect to the idea of combining metronomic chemotherapy with a 

targeted biologic agent for the treatment of breast cancer is that this concept has been 

extended to evaluating trastuzumab plus metronomic chemotherapy for the treatment of 

Her-2/erbB-2 positive breast cancer. Preclinical results have shown the superiority of the 

metronomic regimen compared to an MTD regimen of the same metronomic chemotherapy 

(using cyclophosphamide) as a result of equivalent anti-tumor efficacy but lesser host 
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toxicity.47 There are now clinical investigations designed to evaluate trastuzumab plus 

metronomic chemotherapy for the treatment of women with MBC and preliminary results 

look encouraging, but clearly have to be extended to larger randomized clinical trials.67

There are of course many other possible combinatorial strategies involving antiangiogenic 

drugs for the treatment of breast cancer. One that is attracting considerable interest is the 

combination of trastuzumab and bevacizumab, i.e., two biologic agents (http://

clinicaltrials.gov/ – “A study of Avastin (Bevacizumab) plus Herceptin (trastuzumab) in 

patients with primary inflammatory HER2-positive breast cancer”). But in this case one 

problem could be the financial costs associated with the use of two very expensive biologic 

agents.68 This reality is one of the factors that provides an additional rationale for the need 

to continue investigations into the possible benefits of combining drugs such as 

bevacizumab or trastuzumab, and others such as aromatase inhibitors, e.g. letrozole, with 

extended low-dose metronomic chemotherapy regimens.59 The rationale would certainly 

appear to be strong for treatment of metastatic disease and in some respects also for early 

stage disease. In this regard, one argument against the use of metronomic chemotherapy for 

early stage disease might be the possibility that long term therapy with a drug such as low-

dose cyclophosphamide could promote the eventual emergence of secondary cancers, 

including in patients who were initially cancer-free, i.e., cured at the time that adjuvant 

therapy was initiated. Perhaps using other drugs such as methotrexate, UFT, or capecitabine 

for longer term metronomic chemotherapy regimens may avoid this possibility. For 

example, daily low-dose oral UFT for 2 years has been used as an adjuvant therapy in non 

small cell lung cancer.57 In addition, the very low doses of the agents used such as 50 

mg/day cyclophosphamide would hopefully be associated with minimal risk of inducing 

secondary neoplasms that might even be lesser in magnitude than when early stage patients 

are treated with conventional shorter term but higher dose chemotherapy regimens.

Other promising developments for improving the clinical benefit of antiangiogenic drugs 
for breast cancer

There has been considerable interest in finding surrogate markers, especially those which are 

reliably predictive that a patient is likely to benefit from receiving an antiangiogenic drug 

such as bevacizumab. An obvious candidate would be elevated VEGF expression, detected 

either within tumors, or systemically in the circulation. However, elevated VEGF expression 

does not seem to correlate with response/clinical benefit as reported, for example, in 

colorectal cancer studies.69 Recently, however, Schneider et al. reported pharmaco/genomic 

molecular markers, namely, various single nucleotide polymorphisms (SNPs) in the VEGF 

gene that may have utility for predicting PFS or even OS benefit, and for toxicity as well, 

namely, highly grade hypertension. This was based on a retrospective analysis of tumor 

DNA of breast cancer specimens obtained from the randomized E2100 phase III MBC trial 

of weekly paclitaxel plus bevacizumab.70

Summary and conclusions

Antiangiogenic therapy has begun to make therapeutic inroads in the first line treatment of 

metastatic breast cancer, but the gains are quite incremental: one to two months benefit in 

PFS, but no OS benefit when a taxane is combined with bevacizumab. No such benefit has 
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yet been obtained when treating refractory breast cancer patients with bevacizumab and 

chemotherapy, e.g. capecitabine. Whether small molecule antiangiogenic RTKIs will have a 

benefit when used to treat MBC is not yet known. Resistance to antiangiogenic drugs can 

develop quickly through multiple mechanisms including angiogenic growth factor 

redundancy. In addition antiangiogenic drugs can sometimes alter the natural history of 

tumors in undesirable ways such as accelerating tumor growth when therapy is stopped or 

promoting invasion/metastasis, especially short term therapies. Such effects may act to 

diminish the overall positive impact of antiangiogenic therapies and provide an explanation 

for why a benefit in PFS but not OS is obtained when MBC patients are treated with 

bevacizumab plus a taxane. Several strategies to improve the clinical benefits of 

antiangiogenic drugs are being actively investigated. Some promising developments include 

discovery of potentially useful predictive markers of clinical benefit and toxicity such as 

VEGF gene polymorphisms and combining antiangiogenic drugs with other biologic agents 

or treatments such as trastuzumab or metronomic chemotherapy. The latter may also be 

useful as a maintenance adjuvant therapy treatment of early stage breast cancer.
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Fig. 1. 
Diagrammatic representation of one proposed mechanism to explain how an antiangiogenic 

drug may enhance the efficacy of maximum tolerated dose (MTD) chemotherapy. An 

injection of chemotherapy, e.g. MTD paclitaxel leads to a local tumor response by direct cell 

kill, and possibly a local (tumor) antiangiogenic effect, as a result of death of dividing 

endothelial cells in the tumor-associated angiogenic neovasculature (1). However, a 

systemic host response (2) is also induced comprised in part of a rapid mobilization of 

various bone marrow-derived cell populations, including circulating endothelial progenitor 

cells (CEPs), which subsequently migrate to and invade the chemotherapy-treated tumors. 

These bone marrow colonizing cells accelerate the recovery of the drug treated tumors thus 

reducing the duration and extent of tumor responses induced by the chemotherapy. 

However, this systemic CEP response can be blunted by co-treatment with an antiangiogenic 

drug, e.g. anti-VEGF or anti-VEGFR-2 antibodies, thus optimizing the effect of the 

chemotherapy treatment. The chemotherapy-induced mobilization of bone marrow-derived 

cells, including CEPs, is caused, in part, by a rapid induction of growth factors such as 

SDF-1.
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Fig. 2. 
Schematic representation of one of the ways resistance can develop, in principle, to a 

targeted antiangiogenic drug in tumors which initially respond to the drug, e.g. anti-VEGF 

or anti-VEGFR-2 antibody, as exemplified by the results of Casanovas et al.31 Angiogenesis 

in untreated tumors (A) is driven mainly, for example, by VEGF; upon treatment with an 

agent such as an anti-VEGFR-2 antibody (B), some regression of newly formed immature 

tumor neovasculature (small red circles) occurs, and further angiogenesis is blunted along 

with reduced perfusion/flow in some remaining vessels, many of which are more mature, 

pericyte covered vessels (larger red circles with a yellow border to symbolize pericyte 

coverage) leading to a tumor ‘response’, e.g. a reduction in tumor mass or no new growth 

(“stable disease”); however, these effects on the tumor vasculature lead to an overall 

increase in the levels of tumor hypoxia which in turn leads to induction of expression of new 

hypoxia regulated proangiogenic growth factors, such as bFGF (C); the induction of bFGF 

induces angiogenesis despite ongoing anti-VEGFR-2 therapy, leading to tumor ‘relapse’, 

i.e., resumption of angiogenesis and robust expansion of tumor mass (D). Initiation of 

bFGF(R) directed antiangiogenic therapy at this point could lead to angiogenesis inhibition 

once again and a tumor response (E). Taken and adapted from Kerbel RS; Therapeutic 

implications of intrinsic or induced angiogenic growth factor redundancy in tumors 

revealed.
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