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Abstract

Angiogenesis affects both wound healing and malignant cell growth through nutrients and oxygen. Vascular endothelial growth factor (VEGF) is the most important element involved in this complex process. Inhibition of VEGF influences angiogenesis and may restrict tumor growth and metastatic ability. Modern anti-angiogenic therapy is based on this theory. Bevacizumab is a recombinant humanized monoclonal antibody (immunoglobulin G1) which binds with VEGF-A forming a large molecule. It cannot be bound with VEGF tyrosine kinase receptors preventing VEGF-A incorporation with them; so its activity is inhibited inducing blockage of VEGF-mediated angiogenesis. Bevacizumab, in combination with chemotherapy or other novel targeted therapeutic agents, is presently used more frequently in clinical practice, mainly for managing advanced colorectal cancer. Additionally, it is used for managing other malignancies, such as breast cancer, pancreatic cancer, prostate cancer, non small-cell lung cancer, metastatic renal carcinoma and ovarian tumors. Although it is generally considered a safe treatment, there are reports of some rare side effects which should be taken into account. Recent experiments in rats and mice show promising results with wider therapeutic range.
© 2013 Baishideng. All rights reserved.  
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Core tip: Modern target therapy with anti-angiogenic agents is based on inhibition of angiogenesis, since the formation of new vessels is crucial for the growth and metastasis of malignant cells. Recent studies on the biological agent bevacizumab, a humanized monoclonal antibody against vascular endothelial growth factor activity, have shown improved outcome in advanced colorectal cancer. Presently, the combination of irinotecan, capecitabine and bevacizumab is the most frequently used regime, in the treatment of metastatic colorectal cancer with increasingly improving response rates. The rare side-effects should always be considered.
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INTRODUCTION

Angiogenesis is a complex process responsible for the formation of new vessels originating from pre-existing ones. It is necessary for the proliferation and growth of normal cells and tissues during fatal and neonatal period, but also of cancer cells. Its physiological role in adult life is limited in wound healing and the reproductive cycle of the females. The development of such vessel network, or even collateral circulation, aims to supply the tissues with oxygen and nutrients, remove carbon dioxide and waste products of cell metabolism and transfer hormones. A variety of factors are involved in the regulation of angiogenesis. Vascular endothelial growth factor (VEGF) is one of the main growth factors involved in vessel formation[1,2].

The current targeted therapy in cancer through anti-angiogenic agents is based on angiogenesis inhibition and tumour spread restriction, since neo-angiogenesis has a crucial effect in growth and invasion of malignant cells[3-7].
The topic of this study, currently, attracts much interest in clinical oncology and experimental research. VEGF by promoting angiogenesis favours tumor growth, while its inhibition results in tumor limitation. The novel anti-angiogenic agent bevacizumab is a recombinant humanized monoclonal antibody against VEGF activity. This targeted therapy is presently used mainly in metastatic colorectal cancer combined with chemotherapy.

ANGIOGENESIS AND ITS INHIBITION
VEGF and its receptor (VEGFr) play the most important role in neo-angiogenesis process in physiological growth and healing as well as in pathological states such as malignancy. VEGF levels have been found increased particularly in the most malignant tumors such as colorectal cancer; this finding has been associated with increased ability of the malignancy to spread and poorer prognosis. Thus, inhibition of angiogenesis results in growth restriction or even reduction of malignant cells[8]. A variety of events and factors at molecular level have been evaluated for application in novel anti-cancer drugs. VEGF is one of those factors. Targeting VEGF with bevacizumab, a humanized monoclonal immunoglobulin G (IgG) antibody, has been proved to effectively manage advanced colorectal cancer, in combination with adjuvant chemotherapy[5,6,8].

The malignant tumors need nutrients for their growth, while tumors more than 1-2 mm3 in size ensure independent blood flow for continuing growth. These new vessels develop through angiogenesis. The inadequate blood flow leads to hypoxia, the main stimuli for angiogenesis initiation. Proteins such as hypoxia inducible factor are activated resulting in over-expression of pro-angiogenic factors including VEGF and fibroblastic growth factors.  The cancer cells reduce in parallel the expression of anti-angiogenic factors, such as thrombospondin I. Through the over-expression of pro-angiogenic factors as opposed to anti-angiogenic factors, the endothelial cells are activated, thus triggering the angiogenesis initiation[8].

In spite of the similarities in angiogenesis process between wound healing and malignancy, there are differences in the structure of new vessels.

Several angiogenic factors derived from platelets and inflammatory cells are involved in wound healing stages through various mechanisms. They include phosphorylation of tyrosine kinase receptors, activation and proliferation of epithelial cells, migration and creation of tubular formations and finally new vessel formation. VEGF initiates the angiogenesis by abruption of wall cells and protein lysis of vessel wall, proliferation and migration of endothelial cells and formation of new vessels. This vessel network derives from endothelial tip cells, which have phenotypic and functional differentiation from the other endothelial stalk cells[3,4]. 

Six subtypes of VEGF have been reported, i.e., VEGF-A, VEGF-B, VEGF-C, VEGF-D, virus VEGF-E and placental VEGF (PIGF). VEGF-A increases vascular permeability, degeneration of extracellular matrix and cell aggravation. VEGF-B and PIGF are involved mainly in normal angiogenesis process. However, increase in PIGF levels promotes angiogenesis in pathological conditions, such as tumors and inflammation. VEGF-C and VEGF-D have a predominant role in lymphatic angiogenesis; VEGF (PIGF) regulates the placental angiogenesis[8].

 Four isomers of VEGF-A have been reported in human (VEGF121, VEGF165, VEGF184, VEGF206). The isomer VEGF165 is over-expressed in the majority of human malignancies. This over-expression enhances growth, invasiveness and metastatic ability. 

VEGF is derived from malignant cells and it promotes the growth of colorectal cancer[9]. However, a recent study has documented that neither the expression of EGFR and VEGF is a prognostic factor of survival in patients with colorectal cancer nor the expression of EGFR determines lymphatic metastasis; but the issue remains versatile[10]. It is the over-expression of VEGF and not the density of microvasculature or vein invasion that play the important role; it is also responsible for hematogenous dissemination after curative resection for gastric cancer[11].

VEGFr is a receptor of tyrosine kinase with three types, VEGFr-1, 2, 3. They are expressed in vessel endothelial cells as well as in cancer cells (VEGFr-1 and 2). VEGFr-1 is also found in monocytes and macrophages. VEGFr-3 is found in endothelial cells of lymphatic system. VEGF-A correlates with receptors VEGFr-1 and 2, VEGF-B and PIGF with receptors VEGFr-1, while VEGF-C and D with receptors VEGFr-3. VEGFr-2 plays an important role in angiogenesis process in physiological as well as in pathological conditions. VEGFr-2 stimulation promotes cell growth and migration, creation of tubular formations (endothelial cells) and increase of vascular permeability[1,2].

The role of VEGF in other diseases such as allergic and immune-mediated diseases has been well-established[12,13]. The potential positive effect of other biological drugs (specific immunotherapy) such as tumor necrosis factor-α inhibitors upon the mechanisms of action of VEGF has also been debated[14].

BEVACIZUMAB-ACTION MECHANISM
As mentioned above, angiogenesis plays a pivotal role in cell proliferation and tumor growth. The malignant cells secrete VEGF-A, a growth factor responsible for neo-angiogenesis. This action is accomplished by incorporation with its tyrosine kinase receptors VEGFrs, which are located on epithelial cells surface. Increasing angiogenesis facilitates blood flow to malignant cells permitting their growth and spread by ensuring oxygen and nutrients supply. Bevacizumab, a recombinant humanized monoclonal antibody, inheres with VEGF-A forming a new molecule that lacks the ability to bind with its receptors VEGFrs, thus avoiding its incorporation and action. This restriction of VEGF-A receptors activity induces reduction in small vessels growth, inhibits new vessels formation and restores in normal the tumor blood supply[15]. 
Bevacizumab is an immunoglobulin G1 (IgG1) that inhibits VEGF and all its isomers activity. This monoclonal antibody has been derived from murine antihuman VEGF and it is 93% human and 7% murine[16]. The absence of VEGF influences the epithelial cells resulting in destruction of neoplastic capillaries. Although it has been reported that malignant cells continue to grow despite the absence of VEGF, they exhibit reduced invasion ability resulting in reduced metastatic activity. Furthermore, their reduced intracellular pressure makes them more vulnerable to chemotherapy and radiotherapy.   

The half-life time of bevacizumab ranges between 11 and 50 days (mean half-life time 20 days). As a result, even small doses of the drug (0.3 mg/kg B.W.) may be bound with VEGF preventing the incorporation with its receptors and thus inactivating all VEGF efficiency. Keeping in mind the acceptable dose of 5 mg/kg B.W. per two weeks, it has been suggested that active levels of the drug may be detected for 12 weeks[8] (Figure 1).

CLINICAL APPLICATION
Bevacizumab in colorectal cancer

The current data in the management of colorectal cancer consider angiogenesis and its inhibition a key factor. Bevacizumab remains the most important and well-studied drug among the known anti-angiogenic agents. The use of bevacizumab (Avastin, Roche Pharma AG) has been widely accepted as first line therapy in the management of advanced colorectal cancer in combination with other classic chemotherapy agents such as 5-fluorouracil (5-FU) or novel agents[17,18,19-22]. This combination improves the response rates to treatment, progression-free survival and overall survival, in patients with advanced disease, as opposed to chemotherapy alone[23-25]. Its licence was granted in 2004 in the United States and 2005 in Europe[26]. Presently, the combination of the novel targeted therapy agents irinotecan, capecitabine, bevacizumab is the most widely used, in metastatic colorectal cancer with increased response rates[23,24,27,28].
Bevacizumab has been found to be the first agent that affects survival of patients with metastatic colorectal cancer improving survival by 30%[16]. Furthermore, it has been established as the first and second line therapy for this cancer, because of its advantages as opposed to routine chemotherapy, including less possibility of resistance and toxicity[23]. Its beneficial effect has been proved in clinical trials phase II and phase III[25].
Safe conclusions have been drawn from a variety of trials investigating its safety and efficacy. It has been suggested that operation should be performed at least 6-8 wk after drug cessation to minimize complications; post-operatively, re-initiation should be after 28 d and/or complete wound healing[29] .

The usual dose of bevacizumab is 5 mg/kg BW per two weeks in combination with other chemotherapeutic agents such as irinotecan and 5-fluorouracil/leucovorin (LV). Its intravenous (IV) injection must last 90 min initially and gradually reduces to 60 min and 30 min; IV bolus injection is contraindicated[16].

Bevacizumab has been used postoperatively 6 weeks following colorectal cancer resection for the management of synchronous liver metastasis in a dose of 5 mg/kg BW per two weeks or 7.5 mg/kg BW per three weeks[30]. 

The usual dose of bevacizumab 5 mg/kg BW per two weeks in 5 cycles or even the uncommon dose of 10 mg/kg BW has been combined with 5-FU/LV or capecitabine in advanced colorectal cancer[31-34].
Recent trials have confirmed the effectiveness of bevacizumab in combination with other chemotherapeutic agents in metastatic colorectal cancer showing its increasing application in clinical practice. A large randomized multi-centre control trial showed that the addition of bevacizumab in the treatment with capecitabine plus or minus mitomycin improved significantly the progression-free survival (PFS) without inducing further major toxicity; only the expected modest adverse events including proteinuria, hypertension, arterial thromboembolism and hemolytic uremic syndrome. However, it did not improve response rate or overall survival (OS); overall quality of life was similar. Furthermore, there were 11 treatment-related deaths: one in the capecitabine group (sepsis); seven in the capecitabine- bevacizumab group (hemorrhage, myocarditis, bowel perforation, sepsis); and three in the capecitabine- bevacizumab- mitomycin group (hemorrhage, pulmonary embolism, neutropenic colitis)[35]. A meta-analysis of 5 randomized controlled trials has shown that the addition of bevacizumab in the first line chemotherapy treatment increased significantly the PFS as well as the OS. Females and patients with rectal primary seem to be more benefitted [36].

The US Food and Drug Administration (FDA) in February 2004 based on a pivotal study approved bevacizumab for the first-line treatment of patients with metastatic carcinoma of the colon and rectum. In this study, 833 patients were randomly allocated to irinotecan, 5-FU, and LV either alone (the IFL regimen) or with bevacizumab (5 mg/kg every 2 wk). In the group with bevacizumab, overall survival was significantly longer (median, 20.3 mo vs 15.6 mo) as well as the progression-free survival and response rate[24]. Later on June 20, 2006, the FDA approved bevacizumab administered in combination with FOLFOX4 (5-fluorouracil, leucovorin, and oxaliplatin) as a second-line treatment for metastatic carcinoma of the colon or rectum. It was based in the Eastern Cooperative Oncology Group open-label, multicenter, randomized, three-arm, active-controlled trial. In this study, 829 patients with recurrence following prior chemotherapy were randomly allocated to bevacizumab (10 mg/kg, as a 90-min iv infusion on day 1, every 2 wk) with FOLFOX4, or FOLFOX4 alone.  In the group with bevacizumab, there was a statistically significant and clinically meaningful improvement in overall survival (13.0 mo vs 10.8 mo) in patients whose disease had progressed after adjuvant chemotherapy with 5-FU and irinotecan and in patients with advanced or metastatic disease who had received prior 5-FU and irinotecan. The administration of bevacizumab was beneficial in any sub group, well tolerated and with no impact on quality of life[37]. 

A recent phase II study adding bevacizumab to capecitabine plus irinotecan (XELIRI) found an acceptable tolerability and improvement outcome as first-line treatment for metastatic colorectal cancer[38].

An updated meta-analysis and systematic review of 10 randomized controlled trials including 1366 patients has identified the additional benefits of BEV to cytotoxic chemotherapy in OS and PFS in metastatic colorectal cancer[39].

However, there is controversy to the aforementioned, in a large phase III trial among 2672 patients with stages II to III colon cancer. By adding bevacizumab to modified FOLFOX6 (mFOLFOX6; i.e., infusional/bolus fluorouracil, leucovorin, and oxaliplatin) as adjuvant treatment for 1 year, it does not significantly prolong disease free survival[40]. 

The development of bevacizumab-induced hypertension as biomarker did not predict radiological response or survival in patients with poor-risk colorectal liver-only metastases unsuitable for upfront resection[41].

Overall survival, disease-free survival, and local control showed favourable trends in patients with stage II/III rectal cancer treated with neo-adjuvant bevacizumab with chemoradiotherapy followed by surgery[42]. Another study with neo-adjuvant oxaliplatin, bevacizumab, continuous infusion 5-FU, and radiation in rectal cancer was terminated early because of significant gastrointestinal toxicity[43].

Bevacizumab has been used as first line treatment early in advanced cancer and in patients with stage III unresectable or stage IV adenocarcinoma of the colon or rectum[44,45].

A retrospective analysis of a large United States managed database has estimated lower cost of treatment containing bevacizumab rather than cetuximab[46].
BEVACIZUMAB IN OTHER MALIGNANCIES
Several clinical trials have confirmed the effectiveness of bevacizumab in other malignancies, i.e. breast cancer, pancreatic cancer, prostate cancer, non small-cell lung cancer, metastatic renal carcinoma, ovarian tumors.

Recently, the targeted therapy with various anti-angiogenic agents including sunitinib, sorafenib, temsirolimus, everolimus and bevacizumab has been used as first line systemic therapy with impressive success in patients with metastatic renal cell carcinoma, which otherwise related to poor prognosis[47]. 
The combination with another anti-angiogenic agent enhances activity and decreases toxicity[48].

Bevacizumab has been accepted in combination with taxanes in the treatment of metastatic breast cancer in unselected patients[49]. Its combination with paclitaxel had statistically significant difference compared to treatment with paclitaxel alone.

Results of trial E2100 led to the initial approval of bevacizumab as first-line therapy for patients with metastatic breast cancer in the United States in February 2008. However, based on results from subsequent trials, the US FDA Oncologic Drugs Advisory Committee revoked its approval in July 2010[50-52]. The drug costs about $90000 (£58000; €68000). The drug had not been shown to be safe and effective in metastatic breast cancer, since several studies did not show influence in overall survival and also benefits overcoming the drug's serious and potentially life-threatening side effects.

Despite the FDA decision, it was not withdrawn in Europe by the European Medicines Agency, but the prescribing practice has been reduced[50]. A recent survey highlights the discord between the opinion of the oncologists and the FDA's recent decision[53]; likewise there is another controversy with FDA decision[54].

Bevacizumab has also been used in primary and metastatic brain tumors mainly in glioblastomas[55]. It has been researched extensively in patients with primary brain malignant gliomas and has been approved as second line chemotherapy alone or in combination with irinotecan following first or second recurrence after radiotherapy and temozolomide[56-58]. Furthermore, the efficacy and safety of combining bevacizumab with standard-of-care therapy in patients with newly diagnosed glioblastoma multiforme of the brain is currently being studied by AVAGLIO phase III randomized trial[59].

Bevacizumab has also been proved effective as mono-therapy in recurrent ovarian stromal tumors[60].

Chemotherapy plus targeted therapy with bevacizumab has better efficacy than chemotherapy alone in patients with non small-cell lung cancer, which otherwise is a lethal disease with poor prognosis[61]. Combination of paclitaxel/carboplatin with bevacizumab increased the efficacy by 27% vs 10% with chemotherapy alone and raises overall survival to 12.5 mo vs 10.2 mo. 

Nonetheless, bevacizumab is currently being used more frequently, in the management of breast, ovarian and cervical cancer[62-64]. Also, bevacizumab has been used in advanced pancreatic cancer in phase II clinical trials alone or combined with other therapeutic agents, but without considerable outcome[21,65,66]. 
BEVACIZUMAB SIDE EFFECTS AND REPORTED COMPLICATIONS
Despite the documented benefits of bevacizumab use in the treatment of colorectal cancer, there have been reports of some rare side effects, i.e. thrombosis, arterial hypertension, proteinuria, perforation of gastrointestinal tract or nasal septum, wound healing abnormalities, irreversible leuco-encephalopathy syndrome, skin allergic rash and hypersensitivity reactions[15,67,68]. Wound healing abnormalities include wound dehiscence, ecchymosis, bleeding and wound infection. Hypersensitivity reactions include flashing, pruritus, arterial hypertension, rigors, broncho-constriction, chest pain, and sweats.   The risk of postoperative bleeding is statistically significant[25,29] as well as the risk of thromboembolic events, i.e., deep vein thrombosis, pulmonary embolism, transient ischemic attack, acute mesenteric ischemia[69-71]. Because of the aforementioned side effects, continuous monitoring of patients under bevacizumab treatment is mandatory to achieve the best outcome[72]. 

The contraindications of bevacizumab application include hypersensitivity to its active components or to recombinant monoclonal antibodies, pregnancy, suckling, brain metastasis without treatment because of bleeding risk, gastrointestinal tract perforation, wound healing complications, persistent arterial hypertension, proteinuria, arterial thromboembolic episodes, hemorrhage and congestive heart failure or cardiomyopathy[16].

The reported wound healing complications include bowel perforation, external abdominal fistula, anastomotic dehiscence, intraperitoneal bleeding, gastrointestinal hemorrhage and cellulitis. In oncoplastic surgery for advanced breast cancer, failure of free flaps due to increased thrombotic risk as well as bleeding episodes increase the morbidity and mortality rate[67].

The risk of GI-tract perforation including free perforation, fistula formation and intra-abdominal abscess is a rather rare, but serious complication, which may be fatal[73,74]. This risk depends on the drug’s dose and increases in cancer patients, use of non-steroidal or other anti-inflammatory drugs, peptic ulcer and colon diverticular disease. It should be stressed that there have been isolated reports of spontaneous delayed (several months or even one year after operation) leak from previous colon or rectal anastomosis after treatment with bevacizumab[75-78].

An interesting case reported skin flap necrosis in a female undergoing preoperative bevacizumab and paclitacel plus 5-FU, epirubicin, cyclophosphamide treatment for locally advanced breast cancer[78]; we should also mentioned the case of Fournie’s gangrene in a male during bevacizumab treatment and 4 mo after chemotherapy with 5-FU/LV/oxaliplatin for advanced colorectal cancer[79].

However, in a recent study with 57 cancer patients that received bevacizumab and underwent immediate insertion of central venous access port, there were no side-effects such as delayed wound healing, bleeding, infection or ulceration[80].

The reported long-term anastomotic complications attributed to the use of anti-angiogenic agent refer to 18 cases[81]. They occurred more than a year or even 78 mo following bevacizumab treatment. The risk factors include low anterior recto-sigmoid resection for rectal cancer, perioperative radiotheraphy and healed early anastomotic leakage.

For the aforementioned reasons, it has been recommended, before hepatectomy, a period of 6 weeks to elapse following drug cessation; post-operatively, 4 wk to re-initiate therapy[82]. However, there has recently been a debate based on experimental findings[83,84] and clinical data. Its safety and effectiveness have been proved in a large meta-analysis of randomized controlled trials, which found no statistically significant difference in wound healing[85]. 

BEVACIZUMAB EXPERIMENTAL USE-PERSPECTIVES
Bevacizumab at intravenous dose 5 mg/kg BW has been used in combination with irinotecan in an experimental model of implanted colon cancer cells in rats[86].

Intraperitoneal administration of bevacizumab in combination with other agents of novel targeted therapy has been proven to be effective in reducing tumor size in an experimental cancer model (colon, renal) in mice[87].

Bevacizumab at intravenous dose 10 mg/kg BW per week was effective in tumor size and vasculature reduction in an experimental model of breast cancer with bone metastasis in rats using volumetric computed tomography and magnetic resonance imaging (MRI)[88]. Also, it has been documented the effectiveness of intraperitoneal administration of bevacizumab at different doses in an experimental model of implanted breast cancer cells in rats using MRI[89,90]. 

Intraperitoneal administration of bevacizumab has been used with encouraging results in several experimental tumor models in mice, i.e., tuberous sclerosis[91], glioblastoma[92], medullary thyroid carcinoma[93], gastric cancer[94-96], malignant fibrous histiocytoma[97], ovarian cancer[98], and endometrial cancer[99]. 

Furthermore, it has been used in lung cancer xenografts[100], immune-mediated vascular remodeling[101], tumor angiogenesis assessment by positron emission tomography (PET) imaging in experimental model of colorectal and ovarian cancer in mice[102] , experimental model of schwannoma[103] and in mouse model of hepatocellular carcinoma with promising results[104]. PET imaging and VEGF bio-distribution with radio-labeled bevacizumab in colorectal cancer xenografts has been performed[105].

These experimental data from the use in cancer models in rats or mice of bevacizumab or other novel anti-angiogenic agents open new horizons broadening its targeted therapeutic application with quite promising results.
CONCLUSION
VEGF promoting angiogenesis favours tumor growth. Bevacizumab, which is a recombinant humanized monoclonal antibody against VEGF activity, inhibiting the angiogenesis restricts malignant cell growing and thus it prevents tumor spread. It has been recently used as target therapy in combination with chemotherapy, mainly in advanced colorectal cancer with hepatic or other metastasis, secondly in breast cancer inspite of the debate and occasionally in pancreatic cancer (but without proven efficiency), ovarian tumors, small-cell lung cancer, renal cancer and prostate cancer. Increasing research in experimental studies also attracts great interest for its use in other advanced malignancies.  This novel biological agent is, generally safe and well-tolerated. However, there are rare, though serious side effects and complications that should be considered.
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Figure 1 The angiogenesis process and the action mechanism of bevacizumab. A: The malignant cells secrete vascular endothelial growth factor (VEGF)-A; B: It incorporates with its tyrosine kinase receptors VEGFRs promoting endothelial cell proliferation and migration; C: It leads to increased angiogenesis inducing tumor growth; D: Bevacizumab is inhered with VEGF-A forming a new large molecule that lacks the ability to bind with its receptors; thus avoiding its incorporation and action it inhibits angiogenesis. Source: Ref [15], with permission.
