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Abstract: Antiangiogenesis is a promising antitumor strategy that inhibits tumor vascular formation to suppress 
tumor growth. Specifically, targeting VEGF has shown therapeutic benefits in many cancer types, leading to its ap-
proval as the first antiangiogenic drug by the Food and Drug Administration in the United States. It is known, how-
ever, that patients will experience unfavorable side effects as the VEGF and/or VEGF receptor signaling pathway is 
also required for homeostasis in normal tissues. Moreover, due to the cytostatic nature of antiangiogenic, cancer 
cells that are not killed by these drugs later develop an even more malignant phenotype, resulting in tumor inva-
sion and metastasis. Although there have been many attempts to reduce drug resistance and increase therapeutic 
efficacy by combining antiangiogenic drugs with chemotherapy, the cumulative toxicity of antiangiogenic combina-
tions limits their feasibility as treatments, as chronic angiogenesis inhibition typically reduces the antitumor effect 
of the co-administered chemotherapeutics. To overcome these problems, it is critical to explore new strategies that 
limit tumor resistance and side effects and also increase the exposure of chemotherapy drugs at the tumor site. 
Here, we review current understanding of antiangiogenic drugs and introduce a new combination strategy that links 
direct antiangiogenic protein and enzyme prodrug system with dual-targeting antiangiogenic and antiproliferative 
therapeutic effect in tumor microenvironment. This strategy has the potential to overcome these clinical hindrances 
and may serve as a paradigm for the next generation of antiangiogenic drugs.
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Introduction

Tumors initially grow as avascular nodules by 
absorbing nutrients and removing waste th- 
rough simple diffusion. When they grow beyond 
approximately 1 mm in diameter, however, 
tumors require a delicate network of blood ves-
sels to supply nutrients and oxygen and remove 
waste products [1]. The neovasculation pro-
cess in tumors is called “tumor angiogenesis” 
and begins with the “angiogenic switch” [2]. 
Tumors can produce several angiogenic activa-
tors to attract and activate endothelial cells, 
which is a critical step in mediating angiogene-
sis. Activation of endothelial cells initiates their 
proliferation, which in turn induces sprouting 
from existing vessels and migration and adhe-
sion of the endothelial cells to form a lumen. 
New formation of vessels under angiogenesis 
continues to provide the necessary nutrients 
for cancer cells to grow and survive [2]. 

The angiogenic process involves interaction 
between angiogenic factors (inducers) and 
endothelial cells (responders) and can be inhib-
ited directly or indirectly. Direct angiogenic inhi-
bition occurs through direct suppression of 
endothelial cell proliferation and migration via 
endogenous proteins such as endostatin, angi-
ostatin, and tumstatin [3]. In contrast, indirect 
angiogenic inhibition occurs through neutraliz-
ing ligands, such as VEGF and platelet-derived 
growth factor (PDGF), and blocking the activi-
ties of receptor tyrosine kinases, such as VEGF 
receptor (VEGFR) and PDGF receptor (PDGFR). 

Many antiangiogenic targeting molecules have 
been tested and are now used for cancer treat-
ment. VEGF is a well-recognized angiogenic fac-
tor that plays a crucial role in regulating tumor 
angiogenesis [4] and normal vascular develop-
ment [5, 6]. It is secreted by starving cancer 
cells and binds to the receptors in endothelial 
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cells to elicit several responses, including 
microvascular permeability [7]; matrix-degrad-
ing enzyme secretion; and endothelial cell pro-
liferation, migration, and survival [8]. Therefore, 
antiangiogenesis via inhibition of the VEGF sig-
naling pathway is considered a good antitumor 
strategy antitumor. 

The United States Food and Drug Administration 
(FDA) has approved several antiangiogenic 
drugs that have shown promising antitumor 
effects in patients [9]. One of these drugs is 
bevacizumab (Avastin; Roche), a monoclonal 
antibody that neutralizes VEGF to prevent new 
vascular formation. Bevacizumab was the first 
approved angiogenesis inhibitor and was 
approved for use in combination treatment with 
cytotoxic chemotherapy for metastatic colorec-
tal cancer in 2004 [10]. It was subsequently 
approved for patients with non-small cell lung 
cancer [11], glioblastoma [12], and renal cell 
cancer [13]. Its use was also approved for met-
astatic breast cancer when combined with a 
conventional chemotherapeutic agent, pacli-
taxel [14]. Other angiogenesis inhibitors now 
used clinically are sorafenib and sunitinib, 
small-molecule inhibitors that can block the 
activity of both VEGFR tyrosine kinase and 
PDGFR [15]. The FDA approved sorafenib for 
treatment of renal cancer in 2005 [16] and 
hepatocellular carcinoma in 2007 [17]. In 2007, 
sunitinib became the first antiangiogenic drug 
approved for two cancers at the same time, 
renal cell carcinoma and imatinib-resistant 
gastrointestinal stromal tumor [18]. 

These three FDA-approved antiangiogenic 
drugs (bevacizumab, sorafenib, and sunitinib) 
all belong to the same category of antiangio-
genic drugs that inhibit vascular growth indi-
rectly. Other antiangiogenic agents are in the 
late stages of clinical development. In this 
review, however, we will focus primarily on the 
clinical hindrances to using VEGF as a thera-
peutic approach and evaluate preclinical evi-
dence that may provide alternative option of 
antiangiogenic treatments. 

Clinical limitations of current FDA-approved 
antiangiogenic agents

Ideally, antitumor drugs have high therapeutic 
efficacy and low toxicity. Conventional cytotoxic 
agents provide good antitumor activity [19] but 
have relatively high toxicity because they lack 

cancer-specific targeting, resulting in severe 
side effects [20]. In contrast to conventional 
cytotoxic agents, endogenously direct antian-
giogenic proteins work by blocking oxygen and 
nutrient supplies to tumors, thereby suppress-
ing their growth. This approach has several 
theoretical advantages. First, a direct antian-
giogenic protein (e.g., endostatin) is less likely 
than a cytotoxic agent to induce drug resis-
tance because it targets genetically stable 
endothelial cells instead of genetically unstable 
tumor cells [3]. Second, an antiangiogenic 
approach would have fewer off-target side 
effects because only tumor-associated endo-
thelial cells proliferate, unlike quiescent normal 
endothelial cells [3]. In vitro preclinical data 
and in vivo animal models have indeed provid-
ed experimental results to support the predic-
tion that antiangiogenic therapy is an effective 
therapeutic strategy, with a low incidence of 
drug resistance and virtually no toxicity. 

However, because most FDA-approved antian-
giogenic drugs work through an indirect antian-
giogenic approach focusing on VEGF signaling 
pathway—that is, they neutralize proang- 
iogenic factors or block receptor tyrosine 
kinase activity to inhibit vascular growth—the 
absence of tumor specificity by these agents 
frequently does lead to off-target side effects 
[21]. The VEGF pathway functions not only in 
normal growth and development but also in 
homeostasis in many organs [22]. Most of the 
adverse effects of VEGF inhibitors are modest 
and manageable, but some have been associ-
ated with serious, life-threatening complica-
tions, such as gastrointestinal perforation dur-
ing short-term treatment and cardiac function 
failure during long-term treatment [23, 24]. 
Both monoclonal antibodies and tyrosine 
kinase inhibitors share similar side effects, 
including hypertension, arterial thromboembol-
ic events, proteinuria, wound healing complica-
tions, hemorrhaging, gastrointestinal perfora-
tion, and reversible posterior leukoencepha- 
lopathy syndrome [25]. 

Michael Klagsbrun, once stated, “The angio-
genesis world is redundant—you knock out one 
angiogenic factor and another one pops up to 
take its place” [26]. Indeed, accumulating evi-
dence has demonstrated that use of a single 
antiangiogenic agent, the strategy most often 
used now, is unable to sufficiently inhibit tumor 
angiogenesis, leading to tumor recurrence and 
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drug resistance [27, 34, 35]. In addition to the 
VEGF pathway, several other signaling path-
ways regulate tumor angiogenesis and serve as 
important alternative sources for tumor growth 
stimuli [28]. 

Adaptive drug resistance has been predicted to 
be a major issue with indirect angiogenesis 
inhibitors as tumor endothelial cells can still be 
stimulated by alternative angiogenic factors 
that are not blocked. For example, blocking the 
VEGF signaling pathway may induce placental 
growth factor to take over tumor angiogenesis 
[27]. By themselves, tumor cells can also pro-
duce angiogenic factors to escape external 
inhibition and switch their signaling output to 
induce drug resistance [29], as evidenced by 
the disease progression that occurs when 
patients’ tumors become resistant to anti-VEGF 
therapy [30]. Clinical reports have also shown 
that anti-VEGF therapy often prolongs patients’ 
overall survival by only months and that it has 
no curative potential [31]. For instance, intrin-
sic non-responsiveness has been observed in 
which a tumor initially shrinks for months but 
then increases in invasiveness and metastatic 
potential after a short drug holiday, i.e., in the 
time between drug treatment cycles [32-34]. 

Several mechanisms related to redundant 
angiogenic factor receptor regulation, the 
hypoxic tumor microenvironment, tumor-asso-
ciated stromal cells, and tumor endothelial 
properties have been proposed to explain anti-
VEGF resistance [35]; however, the mecha-
nisms underlying it are still not clearly under-
stood because patients’ clinical outcomes vary 
[36]. Interestingly, several recent studies found 
that glioblastoma stem cells can themselves 
differentiate into endothelial phenotype and 
thereby cause vascularization that promotes 
tumor progression and metastasis [37, 38]. 
Together, these studies suggest that antiangio-
genic drug development may need to focus on 
stopping tumor angiogenesis through two dis-
tinct mechanisms: i) blocking endothelial cells 
from forming vessels under the classical angio-
genesis process and ii) preventing cancer stem 
cells from differentiating into functional endo-
thelial cells [37, 38].

Strategies to overcome resistance to antian-
giogenic agents

Researchers and clinicians have proposed the 
use of combination therapy to reduce tumors’ 

resistance to antiangiogenic treatments and 
increase the drugs’ therapeutic efficacy; how-
ever, overlapping adverse effects that can 
cause shorter progression-free survival in 
patients are barriers to the combinations’ use 
[39]. There are two major combination strate-
gies to overcome resistance.

Combining antiangiogenic treatments and 
conventional cytotoxic chemotherapy

The dose of a chemotherapeutic drug is deter-
mined based on the well-established concept 
of maximum tolerated dose in order to provide 
the best antitumor efficacy; however, it is not 
yet clearly defined the dose and treatment 
schedule of cytotoxic drug. ‘The more frequent 
is better’ or ‘less is more’ are controversial. A 
higher dose of a cytotoxic drug is expected to 
have more antitumor effects but not to improve 
survival time due to adverse side effects [40], 
whereas a low dose of chemotherapy (metro-
nomic therapy) may limit adverse side effects 
and inhibit angiogenesis by inhibiting endothe-
lial cell proliferation and thus formation of new 
vasculature in the tumor microenvironment, 
even if the dose is not sufficient to kill tumor 
cells [41]. Therefore, the strategy proposed to 
overcome resistance to antiangiogenic therapy 
is using combination therapy consisting of cyto-
static antiangiogenic agents and conventional 
cytotoxic chemotherapy for high antitumor effi-
cacy. The preclinical rationale for the combina-
tion of an antiangiogenic agent and chemother-
apy is based on antiangiogenic therapy’s ability 
to normalize vascular flow, which can result in 
increased oxygenation for the delivery of che-
motherapeutic agents [42] and can be useful 
for maximizing therapeutic activity [43]; how-
ever, the interaction between antiangiogenic 
drugs and conventional chemotherapeutic 
agents needs to be further examined because 
chronic angiogenesis inhibition typically reduc-
es tumor uptake of coadministered chemothe- 
rapeutics. 

In order to maximize the benefit of vascular 
normalization-enhanced chemotherapy drug 
delivery, intermittent treatment schedules and 
provascular strategies have been proposed 
and practiced to increase chemotherapeutic 
drug exposure in preclinical and clinic studies 
[44]. Several studies have shown that some 
antiangiogenic drugs can induce normalization 
of the tumor vasculature, resulting in a tran-
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sient increase in chemotherapeutic drug pene-
tration; however, continuous treatment with 
angiogenesis inhibitors may decrease blood 
flow to tumors, thereby also decreasing the 
tumors’ uptake of coadministered cytotoxic 
drugs. By scheduling intermittent antiangiogen-
ic treatments, it is possible to allow tumor vas-
culature to recover between each treatment 
cycle of drug administration and minimize the 
impact of angiogenesis inhibitors on the deliv-
ery of cytotoxic agents to the tumors [45]. The 
potential benefits of facilitating tumor cell 
recovery from cytotoxic drug treatment for each 
cycle of renormalization of the tumor vascula-
ture should be further investigated [44]. Of 
note, many antiangiogenic drugs can be admin-
istered safely over extended periods with man-
ageable toxicity compared with standard maxi-
mum tolerated dose of chemotherapies, which 
are often accompanied by severe adverse 
effects.

Combining multiple antiangiogenic agents 

Several angiogenic factors can redundantly 
regulate tumor angiogenesis. For example, 
when patients are treated with anti-VEGF thera-
py, hypoxia will likely be induced in the tumor 
microenvironment. Tumor cells and tumor-
associated fibroblasts as well as microphages 
are stimulated by hypoxia to secrete angiogenic 
factors other than VEGF to rescue hypoxic con-
dition in the tumor microenvironment [15]; At 
different stages of breast cancer cell develop-
ment, up to six angiogenic factors and several 
intracellular factors in addition to VEGF modu-
late angiogenesis [46]. Monotherapy is not suf-
ficient to inhibit tumor angiogenesis. Therefore, 
next-generation antiangiogenic agents, includ-
ing sunitinib and sorafenib, can inhibit the 
activities of multiple tyrosine kinases, such as 
PDGFR and VEGFR. The ability of these agents 
to block multiple molecular targets increases 
their antitumor activity and decreases drug 
resistance potential [47].

In addition to developing multi-targeted tyro-
sine kinases inhibitors, current clinical investi-
gators have pursued the drug resistance ratio-
nale of preclinical and clinical experience by 
combining multiple antiangiogenic inhibitors to 
overcome some of the known mechanisms of 
tumor resistance. Combining direct (targeting 
endothelial cells) and indirect (targeting growth 
factors/receptors) inhibitors [48] or two indi-

rect inhibitors [49] are now emerging in early 
clinical trials. Despite positive data from pre-
clinical studies, simultaneous inhibition of sev-
eral angiogenic pathways has not yet been 
established in clinical practice. Recent reports 
from early clinical trials showed that overlap-
ping toxicities from antiangiogenic combina-
tions might limit long-term feasibility of this 
approach due to cumulative toxicity [48]. It will 
be more important to determine their tolerabil-
ity and validate whether sequential treatment 
with these agents can provide similar benefits 
in terms of reducing the toxic effects of the 
combinations. As more antiangiogenic agents 
targeting pathways other than VEGF are tested 
in clinical trials, opportunities for using novel 
antiangiogenic inhibitors in combination may 
arise. However, a major concern of these com-
bination strategies is the lack of interpretative 
biomarkers to monitor treatment efficacy, 
which means that it would need to be tested in 
large late phase trials to confirm clinical 
benefits. 

A novel antiangiogenic approach: linking di-
rect angiogenic inhibitors and enzyme prodrug 
system

Direct angiogenic inhibitor: endostatin

Following Folkman’s original principle, antian-
giogenic treatment should come directly from 
endogenous antiangiogenic proteins [50]. 
Endostatin, which is a 20-kDa cleavage product 
of collagen XVIII from its C-terminus, represents 
the most studied endogenous antiangiogenic 
protein. O’Reilly and colleagues discovered 
endostatin in 1997 [51] and determined that it 
plays a role in inhibiting endothelial cell prolif-
eration and migration by binding to the α5β1, 
αvβ3, and αvβ5 integrins [52]. Endostatin con-
fers the broadest spectrum of antiangiogenic 
activities through its downregulation of several 
angiogenesis pathways [53]. It has no detect-
able toxicity even after long-term delivery [54], 
does not cause acquired drug resistance, and 
confers no additional toxic effects when co-
administered with conventional chemotherapy 
or other angiogenesis inhibitors [55]. 

Gene expression profile analysis showed that 
endostatin downregulates a number of angio-
genic factors, including VEGF-A and FGF-2, and 
upregulates other known endogenous angio-
genesis inhibitors, such as thrombospondin 1 
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[53]. Among all proposed mechanisms, integ-
rins αvβ3 and α5β1 have specifically been linked 
to endostatin’s antiangiogenic activity [56]. 
Because these integrins are selectively 
expressed in growing endothelial cells, end-
ostatin’s targeting of angiogenic endothelial 
cells is highly specific. The broad molecular tar-
gets of endostatin suggest that its role in medi-
ating antiangiogenesis involves multiple signal-
ing systems. 

Over 100 reports from preclinical studies and 
clinical trials have demonstrated significant 
antitumor activity of endostatin, which had vir-
tually no toxicity and did not elicit any drug 
resistance in patients [55]. However, due to the 
short half-life of endostatin [57], no significant 
outcome was observed in clinical trials, and the 
best response in most cases was disease sta-
bilization [58]. In China, Wang and colleagues 
succeeded in overcoming the short half-life of 
endostatin by integrating the metal-chelating 
sequence (MGGSHHHHH) at endostatin’s N-ter- 
minus to provide additional zinc binding sites 
reduced thermally induced endostatin degra-
dation [59]. This modified endostatin, named 
Endostar, has also been approved for non-
small cell lung cancer patients in China [60]. 
Although endostatin is not the only factor that 
has a broach spectrum of antiangiogenic activi-
ties, it has been tested in clinical trials more 
than any other antiangiogenic protein [61]. 

In order to overcome the weaknesses of end-
ostatin, researchers have attempted to modify 
this protein to increase its protein stability and/
or antitumor activity. For example, linking the 
Fc domain of IgG to the N-terminus of end-
ostatin prolonged endostatin’s protein stability 
and antitumor effect relative to unmodified 
endostatin [62]. In addition, endostatin fused 
to either the HER2 monoclonal antibody, angio-
statin, or antagonist integrin receptor RGD pep-
tide demonstrated increased antitumor effect 
and antiangiogenic activities in multiple cancer 
types, including colon, ovarian, and pancreatic 
cancers [63-65]. These studies show that pro-
tein engineering modification method can com-
pensate for the protein’s weak antitumor activi-
ties. Moreover, chemotherapy remains as the 
primary cancer treatment because of its stron-
gest curative potential. Therefore, targeted 
antiangiogenic agents that carry targeted che-
motherapeutic agents may provide an extremi-

ty of therapeutic effect and have less chance of 
inducing drug resistance.

Enzyme prodrug system: cytosine deaminase/ 
5-fluorocytosine

Enzyme prodrug therapy is an antitumor strat-
egy that metabolizes an inactive prodrug into 
an active drug and preferentially kills proliferat-
ing cells by blocking cell DNA/RNA synthesis 
and replication so as to inhibit cell proliferation. 
When used in short treatment cycles, enzyme 
prodrug therapies can kill large numbers of 
tumor cells [66]. Cytosine deaminase is an 
enzyme that can catalyze conversion of the pro-
drug 5-fluorocytosine (5-FC) into the chemo-
therapeutic agent 5-fluorouracil (5-FU). 5-FU, 
which has been used against cancer for about 
40 years, acts as a thymidylate synthase inhibi-
tor. Interrupting the action of thymidylate syn-
thase blocks synthesis of the pyrimidine thymi-
dine, which is a nucleoside required for DNA 
replication. Interestingly, the cytosine deami-
nase-uracil phosphoribosyltransferase fusion 
protein (encoded by a fusion gene we will refer 
to as CD) is able to enhance the enzymatic con-
version of 5-FC to 5-FU to a greater extent than 
cytosine deaminase alone [67] and has demon-
strated enhanced therapeutic effects in cancer 
cells [68, 69]; however, systemic treatment 
with either 5-FU or enzyme prodrug therapy 
induces off-target effects that can cause 
unwanted side effects. Moreover, liver enzymes 
can metabolize and inactivate 5-FU [70], lower-
ing the overall effectiveness of systemic treat-
ment. Furthermore, chemodrug concentrations 
at the tumor sites following systemic treatment 
with enzyme prodrugs is quite low, particularly 
in proliferating tissues like bone marrow [71]. 
Therefore, the development of tumor-specific 
targeting strategies for prodrug therapy would 
be beneficial. 

To enhance the efficacy and reduce the normal-
tissue toxicity of anticancer drugs, investiga-
tors have developed numerous selective tumor 
therapies, including the highly promising anti-
body-directed enzyme prodrug therapy (ADEPT), 
gene-directed enzyme prodrug therapy 
(GDEPT), and virus-directed enzyme prodrug 
therapy [72]. Each of these new therapies pro-
vides a targeted chemotherapeutic effect for 
the selective release of cytotoxic agents from 
non-toxic prodrugs at the tumor site.
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Dual-targeting by antiangiogenesis and pro-
drug chemotherapy linkage

A novel antiangiogenic drug is urgently needed 
to provide high therapeutic efficacy and 
decrease the incidence of tumor recurrence 
and risk of both tumor invasion and metasta-
sis. We deeply believe a novel strategy that tar-
gets antiangiogenic agents carrying targeted 
chemotherapeutic agents would provide an 
extremity of therapeutic effect and have less 
chance of inducing drug resistance. One such 
drug is on the horizon; the recently developed 
antitumor therapeutic EndoCD fusion protein 

(endostatin linked to CD) has demonstrated 
high efficacy and specificity in vitro and in vivo. 
The EndoCD approach aims to not only restrict 
the action of a strongly cytotoxic drug to cancer 
sites but also limit tumor endothelial cells from 
undergoing neovascularization. Endostatin tar-
gets unique tumor endothelial cells to provide 
tumor-specific antiangiogenic activity. It also 
carries CD to the local tumor area, where it con-
verts the nontoxic prodrug 5-FC to the anti-
metabolite chemotherapy drug 5-FU. Using this 
approach, a concentration of 5-FU 70 times 
higher than the standard clinical 5-FU dose was 
detected at the tumor sites, resulting in a highly 

Figure 1. Model of dual targeting of antiangiogenic and antiproliferative therapy. EndoCD and 5-FC are sequentially 
administered. EndoCD targets integrin receptor on tumor endothelial cells first and then converts pro-drug 5-FC in 
tumor microenvironment. Pro-drug 5-FC is continuously converted to chemo-drug 5-FU by EndoCD. By using this 
strategy, high concentrations of 5-FU will accumulate specifically in tumor microenvironment to kill proliferating 
endothelial cells and tumor cells. EndoCD, endostatin-cytosine deaminase-uracil phosphoribosyl transferase; 5-FC, 
5-fluorocytosine; 5-FU, 5-fluorouracil.
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cytotoxic effect on tumor cells surrounded by 
endothelial cells [73, 74] (Figure 1). 
Furthermore, EndoCD/5-FC therapy also 
decreased tumor growth and colorectal liver 
metastasis incidence compared with beva- 
cizumab/5-FU treatment in orthotopic animal 
models of human breast cancer and colorectal 
metastases from liver cancer, respectively. 

Life-threatening cardiotoxicity is a potential 
side effect in patients receiving antiangiogenic 
treatment. Those who received bevacizumab 
had an incidence of left ventricular dysfunction 
ranging from 1.7% to 3%. Moreover, 5-FU has 
also been shown to induce ischemic complica-
tions in cancer patients [75]. Carmeliet and col-
leagues used small animal magnetic resonance 
imaging to directly analyze end-diastolic vol-
ume (EDV) and end-systolic volume (ESV) in 
order to calculate the left ventricular ejection 
fraction (LVEF; LVEF=(ΣEDV-ΣESV)/ΣEDV) of 
mice before (pretreatment basal level) and 
after treatment [76]. Using this technique, we 
determined that the LVEF was significantly 
decreased in bevacizumab/5-FU-treated mice 
3 months after treatment. In contrast, the LVEF 
was only slightly changed in EndoCD/5FC-
treated mice even after 6 months of treatment 
[74]. One of the biological functions of VEGF is 
to maintain myocardial angiogenesis, and a 
loss of VEGF in mice has been shown to induce 
ischemic cardiomyopathy [76]. Our study also 
showed that circulating VEGF levels were sig-
nificantly reduced relative to baseline in 
bevacizumab/5-FU- but not EndoCD/5-FC-
treated mice. Moreover, coronal vessel density 
was also decreased relative to baseline in the 
heart tissues of mice treated with 
bevacizumab/5-FU- but not EndoCD/5-FC.

Bevacizumab/5-FU treatment can potentially 
induce cardiomyopathy and/or cardiac function 
failure in cancer patients. Therefore, EndoCD/5-
FC protein therapy may provide a greater advan-
tage than bevacizumab/5-FU because it has 
minimal cardiac impact. Moreover, EndoCD/5-
FC demonstrated greater therapeutic efficacy, 
had a better safety profile, and provided stron-
ger inhibition of tumor invasion or metastasis 
than did bevacizumab/5-FU [74]. Together, the 
EndoCD fusion protein and 5-FC function in 
both tumor targeted chemotherapy and antian-
giogenesis and could serve as an alternative 
option for antiangiogenic therapy. 

Conclusion and future opportunities

Antiangiogenesis, the novel concept of antitu-
morigenesis developed by Folkman, has 
become a reality over the last three decades 
and has been applied in the clinic. Inhibition of 
tumor growth by targeting the VEGF or VEGFR 
pathway became the first approved clinical 
antiangiogenic modality. Although antitumor 
efficacy was fully tested in preclinical studies, 
accumulating clinical reports have shown that 
these drugs have a cytostatic function but not 
curative potential and that they can further 
induce tumor recurrence, tumor invasion, and 
metastasis [33]. It has also become apparent 
that systemic treatment interrupts normal 
organ homeostasis to induce side effects, 
whereas targeted therapy is intended to pro-
vide a predictable safety profile [77]. Even 
though the mechanisms of resistance to anti-
angiogenic therapies are not yet clearly defined, 
efforts are under way to address the optimal 
scheduling and combinations of angiogenesis 
inhibitors. Early clinical trials have raised con-
cerns that overlapping and cumulative toxici-
ties from antiangiogenic combinations may 
limit the feasibility of such combinations in 
long-term treatment. 

In our opinion, investigators must move beyond 
thinking of VEGF and its receptors as the major 
vascular targets and focus on the tumor endo-
thelial cells that line the tumor blood vessels, 
supplying and draining the tumor microenviron-
ment. As an endogenous angiogenesis inhibi-
tor, endostatin triggers a signaling network and 
induces a broad spectrum of changes in the 
genetic profiles of endothelial cells [78]. 
Furthermore, we believe it is critical to increase 
antitumor efficacy by exposing chemothera-
peutic agents only in the tumor microenviron-
ment; this is the principle behind the EndoCD 
fusion protein—direct targeting of uniquely pro-
liferating endothelial cells at tumor sites to 
decrease the potential for off-target side 
effects [79]. Moreover, by carrying and limiting 
chemotherapeutic drugs to the tumor area, 
EndoCD simultaneously enhances the cytostat-
ic effect. Our studies demonstrated that 
EndoCD/5-FC strengthens both antiangiogenic 
and antiproliferative agents and revealed a 
novel possibility for antiangiogenic modalities 
[74]. We anticipate that targeting the vascula-
ture and enhancing the chemotherapeutic 
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effect in the tumor microenvironment will 
become the next new wave of cancer therapy.

Finally, we have preliminary data to show that 
EndoCD/5-FC is cytotoxic to breast cancer 
stem cell-like cells (unpublished data). Cancer 
stem cells (CSCs), also known as tumor-initiat-
ing cells, are known for their resistance to che-
motherapy and antiangiogenic therapy. CSCs 
harbor the capability of not only self-renewal 
but also differentiation into multiple lineages of 
tumor cells growing in various types of organs 
[80]. Currently, there are no effective ways to 
target CSCs. For example, glioblastoma cancer 
stem cells can, by themselves, differentiate 
into neo-formed vessels contributing to tumor 
progression and metastasis [37, 38]. Counter 
to their intent, antiangiogenic therapies may 
lead to tumor progression by increasing inva-
sion and metastasis, likely due to the activation 
of the CSC population [32, 34]. It is hoped that 
results from those clinical studies as well as 
others still ongoing will be able to provide yet 
another strategy to target CSCs and have 
important implications for future treatment 
options for cancer patients.
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