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Abstract

Cancer is a group of diseases with significant morbidity and mortality. In cancer cells, where energy requirements
are exceptionally high, angiogenesis, which is the sprouting of new blood vessels from pre-existing ones, is an
important process for tumour survival and progression. Hence, extensive research in recent years focuses on the
discovery of new anticancer drugs that target angiogenesis. Several methodologies have been developed
preclinically, including the inhibition of pro-angiogenic factors and their receptors via micromolecular agents or
monoclonal antibodies and the inhibition of other compensatory pathways beyond the traditional angiogenic ones.
The purpose of the literature review is to present new anticancer drugs that target the process of angiogenesis and
have been under preclinical or clinical investigation during the last five years. Many new anticancer drugs targeting
angiogenesis are identified in the literature. The results of the in vitro and in vivo evaluation of these drugs show
that, apart from inhibiting angiogenesis, they also affect cancer cell proliferation and tumour growth. Recent clinical
studies show that these drugs increase the overall or disease-free survival of patients, even those with persistent,
chemotherapy-resistant and metastatic types of cancer, although treatment-related side effects are not
uncommon. Drugs that target the process of angiogenesis are likely to be the future of anticancer therapy,
especially in cases where more traditional treatments do not produce the desired results and where combination
regimens of anti-angiogenic agents with standard chemotherapeutics increase patient survival.
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INTRODUCTION

Cancer comprises one of the main diseases worldwide, accounting for millions of deaths. In 2018 alone, 18
million new cancer cases were recorded". Due to the prevalence of this disease, the design, identification
and evaluation of novel anticancer agents is currently an active field of research. Therefore, several drug
targets are explored, but particular research focuses on the inhibition of angiogenesis for the treatment of
different cancer subtypes.

Angiogenesis is a complex physiological process controlled by cell secreted factors, which coordinate the
functions of endothelial and smooth muscle cells mainly to repair damaged blood vessels. New blood vessels
are formed via two subsequent processes, vasculogenesis and angiogenesis. Angiogenesis takes place after
vasculogenesis is completed in embryos, and during angiogenesis, the pre-existing blood vessels undergo
disintegration or sprouting of their endothelial cells (ECs) to form the new vessels. In this way, the vascular
tree can be expanded to enhance wound healing and improve organ perfusion via lateral vascular
formation"™.

Angiogenesis also participates in pathologies and most importantly, in cancer. Tumour cells seek to attract
or create blood vessels in order to sustain a continuous supply of nutrients and oxygen. Angiogenesis allows
the tumour to grow beyond the size allowed by the simple diffusion of oxygen from the nearest blood vessel,
which is limited to a size of 1-2 mm’ according to Folkman’s theory". In addition, direct contact with the
vascular network allows the tumour to metastasise and spread beyond the primary site!”. However, cancer
vessels are not similar to pre-existing ones, but have abnormal configurations of their surrounding cells,
leaks and various malfunctions"”. Therefore, these differences may serve as targets for new anticancer drugs.

STEPS INVOLVED IN TUMOUR ANGIOGENESIS

The main steps towards angiogenesis include the activation of ECs by pro-angiogenic stimuli, the
production of proteases [matrix metalloproteinases (MMPs)] for the degradation of the perivascular
extracellular matrix and basement membrane, the proliferation and migration of ECs towards the
angiogenic stimuli, the formation of new vascular tubules, the anastomosis of the newly formed tubes, the
synthesis of new basement membrane and the incorporation of smooth muscle cells and pericytes for the
maturation of the vessels [Figure 1]

The process of angiogenesis is mainly triggered by hypoxia, as well as various other stimuli such as acidic
pH, hypoglycaemia, hypertension, mechanical stress, chronic inflammation and oxidative stress, which can
either initiate or accelerate angiogenesis. Tissues that are sensitive to hypoxia release hypoxia-inducible
factor 1 (HIF-1), which is responsible for activating the transcription of other pro-angiogenic factors. HIF-1
binds the hypoxia response element sequence within gene promoters and, thus, regulates the transcription
of these factors'.

PRO-ANGIOGENIC FACTORS

Several factors have been identified as drivers of angiogenesis, which involve pro-angiogenic and growth
factors, as well as chemokines. They can be released by both tumour cells and the surrounding cells of the
tumour microenvironment upon different stimuli, as extensively discussed in these excellent review
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Figure 1. Steps of angiogenesis. (A) The hypoxic tumour core induces the production of hypoxia-inducible factor-1 and the consequent
release of pro-angiogenic factors from tumour cells. (B) Hypoxia upregulates matrix metalloproteinase production, leading to basement
membrane and perivascular extracellular matrix degradation. (C) Pro-angiogenic factors activate the endothelial cells of adjacent
vessels, and a tip cell migrates along the angiogenic factor gradient. (D) This tip cell is followed by highly proliferative stalk cells, which
form the new vascular tubule. (E) Platelet-derived growth factor stimulates the recruitment of pericytes and smooth muscle cells (not
shown here) and the vessel matures, allowing for blood flow that stimulates further tumour growth. VEGF: Vascular endothelial growth
factor; FGF: fibroblast growth factor; EGF: epidermal growth factor; MMP: matrix metalloproteinase; PDGF: platelet-derived growth
factor; PDGFR: platelet-derived growth factor receptor.

articles"*"”. These pro-angiogenic factors include vascular endothelial growth factor (VEGF)", basic
fibroblast growth factor (bFGF)""Y, angiogenin (ANG)"", transforming growth factor (TGF)"*"”, tumour
necrosis factor (TNF)" platelet-derived growth factor (PDGF)", granulocyte and
granulocyte/macrophage colony-stimulating factors (G-CSF and GM-CSF)**, placental growth factor
(PGF)", interleukin-8 (IL-8)"", hepatocyte growth factor” and epidermal growth factor (EGF)"***”, among
others.

The role of tumour microenvironment in neovascularisation is also currently being explored. As such,
extracellular vesicles (EV) were recently identified as key mediators of neoangiogenesis via a purinergic
receptor-namely P2XR4 (P2X purinoceptor 4). The proteins contained in EV from sarcoma cells were
found to be able to activate pathways in human umbilical vein endothelial cells (HUVECs), where the new
vessel formation was found related to processes such as rapid mitochondrial activation, elevated
extracellular ATP (adenosine triphosphate) and trafficking of P2XR4 to the cell membrane. The
transportation of P2XR4 to the cell membrane was particularly important for the successful formation of
stable branching vascular networks, which was due to proteins and chemokines of EV, such as Del-1
(developmentally regulated endothelial locus-1). Therefore, the tumour microenvironment seems to actively
promote angiogenesis, for example, through the P2XR4 of cancerous EV"®.

In growing cancers, ECs are highly active due to the release of the abovementioned factors, such as EGF,
oestrogens, bFGF, IL-8, prostaglandin E1 and E2, TNF-o and VEGF, which can activate EC proliferation
and migration when the production of anti-angiogenic agents is reduced”’. Nevertheless, this redundancy
of pro-angiogenic factors may explain the current non-optimal efficacy of angiogenic inhibitors'.

Vascular endothelial growth factor

VEGEF is the main pro-angiogenic factor. This family includes the proteins VEGF-A, VEGF-B, VEGE-C,
VEGE-D, PGF, VEGF-E and svVEGF. With the exception of the last two members, the other five are
present in mammalian genomes, including humans®*". The receptors associated with VEGF [vascular
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endothelial growth factor receptors (VEGFRs)] are typical tyrosine kinase receptors that have an
extracellular domain for ligand binding, a transmembrane domain and a cytoplasmic domain comprising
the tyrosine kinase moiety. There are three receptors in this family: VEGFR1, VEGFR2 and VEGFR3"**\
VEGEF is involved in angiogenesis by promoting blood vessel permeability and vasodilation™. It also induces
and regulates the differentiation of endothelial progenitor cells and vascular repair, with connexin 43 (Cx43)
playing an important role in this regulation. VEGF has been found to induce Cx43 protein expression and

thus promote Cx43-mediated intercellular communication between neighbouring ECs'**.

INHIBITORS OF ANGIOGENESIS

Endogenous direct angiogenic inhibitors

Furthermore, there are endogenous inhibitors of angiogenesis, which interfere with the pro-angiogenic
factors during the steps of angiogenesis described above Figure 1, thus dysregulating the formation of new
blood vessels or destroying pre-existing vessels. These endogenous inhibitors directly target ECs in the
sprouting vessels, namely their proliferation and migration, preventing them from being stimulated by pro-
angiogenic factors. They are proteins or protein fragments that are produced endogenously, usually by the
extracellular matrix, and limit angiogenesis. Vascular homeostasis is thus ingeniously maintained by the
delicate balance between pro-angiogenic and anti-angiogenic factors**.

More than 40 endogenous inhibitors have been identified over the years, including angiostatin, endostatin, B
-arrestin, thrombospondin 1 and 2, endorepellin, fibulin, canstatin and tumstatin, which are released during
the proteolysis of the extracellular matrix. These factors inhibit EC proliferation and migration in response
to a range of pro-angiogenic factors, including VEGF, bFGF, IL-8 and PDGF. Additionally, there are
endogenous inhibitors that are derived from several cells, such as IFN-a (interferon-a), various interleukins
except for IL-8 (namely IL-18, IL-4, IL-12 and IL-18) and other factors including tissue inhibitors of
metalloproteinases, numerous microRNAs and 2-methoxyestradiol. The list continues to grow with new

36-41]

factors constantly emerging, for example, isthmin 1 and multimerin-2"*.

Therefore, these endogenous direct angiogenic inhibitors are crucial in maintaining the angiogenic balance
and can determine the rate of new blood vessel formation in both health and disease. As such, the approach
of increasing endogenous angiogenic inhibitors may be considered as a generally safe long-term anticancer
therapy.

Exogenous indirect angiogenic inhibitors

Similarly, drugs that inhibit angiogenesis indirectly by targeting either cancer cells or other stromal cells
associated with the tumour and the cancerous vessels, can prevent the formation of new blood vessels, so
that the growth of tumours will be halted but not completely eliminated. These indirect inhibitors can
downregulate the expression or action of pro-angiogenic agents such as VEGF or EGFR (epidermal growth
factor receptor). However, monotherapies against angiogenesis have not yet had the expected efficacy;
hence, combination therapies with conventional chemotherapeutic drugs are instead preferred'®***.

For example, classic chemotherapeutic drugs such as paclitaxel and cyclophosphamide have shown good
anti-angiogenic activity, usually by interfering with the cytoskeleton and migration of ECs in cancerous
vessels' ). Gefitinib (ZD1839, Iressa®) is a small molecular weight EGFR tyrosine kinase inhibitor (TKI)
that has shown anti-angiogenic effects in colon (SW480, CaCoz2), breast (ZR-75-1, MCF-7), ovary
(OVCAR-3) and stomach (KATO III, N87) cancers. These cells co-express TGF-a and EGFR as pro-
angiogenic agents**”. Tyrosine kinase inhibitors have been a quickly growing group of anti-angiogenic
drugs that target single or multiple pro-angiogenic receptors such as VEGFR, EGFR, FGFR and
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PDGFR""*. New TKIs are constantly added to the group, for example, CM082 (VEGFR inhibitor)*’ and
DW14383 (pan-FGFR inhibitor)®".

Another group of anti-angiogenic drugs includes monoclonal antibodies against pro-angiogenic factors.
Bevacizumab (Avastin®), for example, is a recombinant humanised monoclonal antibody against VEGF-A,
% This drug is often used in
combination with other chemotherapeutics to increase efficacy, such as irinotecan””, leucovorin and
I Other similar

which leads to starvation and consequent growth inhibition of cancer cells!
fluorouracil®™), carboplatin and paclitaxel*" or platinum-based chemotherapy*>*
examples include ramucirumab (Cyramza®)'*!, panitumumab (Vectibix®)'*! and cetuximab (Erbitux®)"*.
Finally, there are therapies that target other angiogenesis-related factors, such as MMPs and Hsp9o (heat
shock protein 90), and tumour-associated cells such as stromal cells and bone marrow-derived myeloid
cells™.

Resistance mechanisms to anti-angiogenic therapies

Although it has been believed for many years that the spread of cancer cells and the growth of localised
tumours beyond a certain size requires local angiogenesis, recent studies have reported that tumours in the
brain'”*, lung'*’ and liver”™” can co-opt and grow along pre-existing vessels without causing new vessel
sprouting (growth via co-option of pre-existing host vessels). Normal cells near the tumour may also
support a pro-angiogenic environment””. This process of vessel co-option can also sustain the growth of
distant metastases emerging from cancers such as melanomas and liver cancers””". This alternative to
angiogenesis co-optive growth pattern can be a mechanism of primary and adaptive resistance against anti-
angiogenic therapy'”>”.

There are also other mechanisms involved in anti-angiogenic therapy resistance, which occur at several time
points following the treatment. For example, immediate events happening within minutes to a few hours
after the treatment involve angiogenic redundancy, glycosylation of key angiogenic receptors, metabolic
adaptation and incomplete autophagy after lysosomal sequestration of the anti-angiogenic drug. Angiogenic
redundancy mainly relates to VEGF-A/VEGFR2 signalling pathway, where the other pro-angiogenic factors
mentioned above such as FGF and PDGF and their receptors/signalling pathways compensate for the
inhibition of VEGF-A/VEGFR2, thus leading to alternative ways of EC activation”””". Glycosylation events
at key angiogenic receptors such as VEGFR2 enhance the ligand-independent activation of the receptor,
thus prolonging the localisation of the receptor at the cell surface and its ligand-independent activation™".
Metabolic adaptation is driven by tumour hypoxia, where cancer cells switch their energy production from
classic oxidative phosphorylation to glycolysis, thereby sustaining tumour growth even under hypoxic
conditions™. Moreover, autophagy with lysosomal sequestration of the drug enables cancer cells to
overcome the treatment-related adaptation of the microenvironment, enhancing their survival, especially
under hypoxic conditions™®*. For example, this was the case for sunitinib, which had limited therapeutic
effects due to lysosomal sequestration, thereby removing the drug from its cytoplasmic targets™*. In

addition, the cleavage and phagocytosis of VEGFR2 in ECs drive anti-angiogenic treatment resistance'*”.

A few days after the anti-angiogenic treatment, the recruitment of several cells into the tumour also plays a
significant role in the development of resistance. As such, cancer-associated fibroblasts and pericytes drive
the recruitment of progenitor ECs and the production of MMPs, conferring resistance'***. Additionally, the
heterogeneity of tumour ECs can contribute to the observed resistance through the overexpression of pro-
angiogenic factors and genes'™*?.
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Finally, within months following anti-angiogenic therapy, mechanisms involved in angiogenic
dormancy™, induction of cancer stem cells”**”, induction of lymphangiogenesis” and vessel co-option, as
mentioned above, help tumours adopt neovascularisation processes and initiate metastasis with adverse
outcomes for patients [Figure 2].

These resistance mechanisms have been extensively reviewed””* and have been used for the design of novel
anticancer strategies that can overcome this resistance. These strategies include the combined inhibition of
pro-angiogenic factors such as VEGF-A and angiopoietin-2"""'"", the simultaneous inhibition of FGF2 and
VEGF-A in preclinical models of head and neck squamous cell carcinoma or of VEGFRs and FGFRs in
endometrial cancer!”, the combinatorial treatment of sorafenib and autophagy inhibitors", the dual
inhibition of angiogenesis and metabolic adaptation">'"* and the inhibition of PDGFR by imatinib and
sunitinib in combination with anti-VEGFR"”, among others, which have shown promising anticancer

efficacy on experimental tumours"**'*”),

As can be understood from the literature, angiogenesis is a necessary process for the growth and survival of
tumours. For this reason, ongoing anticancer research focuses on finding agents that inhibit cancerous
angiogenesis. In recent years, in fact, several new drugs have been developed which are being tested for their
efficacy and safety in ongoing preclinical and clinical trials. Therefore, it is important to summarise the
results of these recent studies and to compare the drugs to each other. This knowledge will help anticancer
research move forward, as emerging therapies and promising clinical agents are highlighted in this review to
point out future directions of this field.

UPDATES ON ANTI-ANGIOGENIC THERAPIES-PRECLINICAL STUDIES

Multiple receptor tyrosine kinase inhibitors

Ogasawara et al."*” studied the effect of lenvatinib, a multiple receptor TKI of vascular endothelial growth
factor receptors (VEGFR1-3), fibroblast growth factor receptors (FGFR1-4), KIT (tyrosine-protein kinase
KIT or mast/stem cell growth factor receptor), platelet-derived growth factor receptor a (PDGFRa) and RET
(rearranged during transfection)"", on hepatocellular carcinoma (HCC). The in vitro experiments of this
study focused on the treatment of eleven HCC cell lines and two combined
hepatocellular/cholangiocarcinoma cell lines with 0-30 pM lenvatinib. The results show that lenvatinib
induced dose- and time-dependent growth suppression of HCC cell lines, with no signs of apoptosis. Cell
lines expressing FGFR1, -2, -3 and -4, FGF19, FRS2u (fibroblast growth factor receptor substrate 2 alpha)
and RET showed the greatest response to treatment. In addition, two HCC cell lines were implanted
subcutaneously in mice, which were then treated with 3, 10 or 30 mg/kg/day lenvatinib for 14 days. In the in
vivo study, lenvatinib-treated mice showed dose-dependent inhibition of tumour growth. In addition, a
decrease in blood vessel density and an increase in necrosis were observed in mice, but again no signs of
apoptosis were observed. Therefore, this study demonstrates the antiproliferative and anti-angiogenic effects
of lenvatinib on liver cancer cells both in vitro and in vivo, indicating that it could be a promising treatment
for patients with HCC. Indeed, lenvatinib is currently used in patients with advanced HCC, and, although
the clinical benefits remain limited"'?, lenvatinib also seems to delay functional deterioration in these
patients, helping with the preservation of health-related quality of life during treatment!**.

In another more recent study on lenvatinib, Jin et al.""* potentiated the antiproliferative effects of lenvatinib
by combining it with gefitinib-an inhibitor of EGFR"". This drug combination resulted in synthetic
lethality against HCC both in vitro and in vivo in patient-derived HCC tumours in mice. The mechanistic
studies showed that gefitinib was able to abrogate the feedback activation of the EGFR-PAK2 [P21 (RAC1)
activated kinase 2]-ERK5 (extracellular signal-regulated kinase 5) signalling pathway that was induced by
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Figure 2. Resistance mechanisms to anti-angiogenic therapies.

the inhibition of FGFR by lenvatinib. The combination treatment was subsequently administered to 12
patients unresponsive to lenvatinib with advanced HCC, where a better clinical response was achieved,
proposing this regimen as a novel strategy for advanced HCC patients with overexpression of EGFR.

Anlotinib is a multiple kinase inhibitor that has shown efficacy against various types of cancer'*"”. To date,
no effective treatment has been found for patients with poorly differentiated papillary thyroid cancer (PTC)
or anaplastic thyroid cancer (ATC)""", a recent study aimed to investigate the effect of anlotinib against
thyroid cancer in vitro and in vivo"\. The results show growth inhibition of ATC and PTC cells in vitro
with IC,, values of 3.02-5.42 uM, an action attributed to abnormal spindle assembly, cell cycle arrest at the
G2/M phase and the activation of TP53 (tumour protein p53). In addition, anlotinib inhibited cell
migration, as well as the in vivo growth of thyroid tumours transplanted to mice. Thus, this study shows
that anlotinib has anticancer activity and could be considered as an effective therapeutic approach for
patients with advanced thyroid carcinoma.

For more effective delivery of anlotinib, Gao et al."*” created an anlotinib-containing hydrogel and studied
its anticancer effects and safety compared to anlotinib both in vitro and against Lewis lung cancer (LLC)
transplanted to a mouse model. The hydrogel was prepared by encapsulating anlotinib with hyaluronic
acid-tyramine (HA-Tyr) conjugates (AL-HA-Tyr). The in vitro investigation showed that AL-HA-Tyr
successfully suppressed the angiogenic capacity and proliferation of HUVECs and LLC cells, respectively. In
addition, inhibition of invasion and migration of HUVECs and LLC cells was observed. In the in vivo
studies, LLC mouse models were treated with oral saline solution, oral anlotinib or intratumoral injection of
HA-Tyr or AL-HA-Tyr. AL-HA-Tyr reduced visceral toxicity and downregulated Ki67 and VEGE-A in
cancer cells, increasing mouse survival. Thus, this study proposes a more effective anlotinib delivery strategy
in order to reduce the systemic toxicity of anlotinib and potentiate its efficacy.

Goff et al."" hypothesised that dual inhibition of VEGFR and the Axl receptor tyrosine kinase would be
even more effective against carcinogenesis, as many human tumours overexpress Axl"?. At the same time,
this molecule is involved in pathways that contribute to tumour growth, angiogenesis and metastasis"*>'**.
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One of the double inhibitors developed, R916562, showed comparable activity to sunitinib against breast
cancer and renal cell carcinoma xenograft models. For breast cancer, treatment with R916562 resulted in a
79% decrease in tumour growth in vitro, while oral administration of 85 and 125 mg/kg for 21 days resulted
in 69% and 83% inhibition of tumour growth, respectively, in a mouse tumour xenograft model, compared
to 84% inhibition observed with sunitinib at 80 mg/kg. In the renal carcinoma model, a dose of 85 mg/kg
R916562 resulted in 80% inhibition of angiogenesis, compared to 85% with sunitinib at 80 mg/kg. Thus, it
appears that dual inhibition of Axl receptor and VEGFR may be an effective anticancer treatment
comparable to the known anti-angiogenic agent sunitinib.

FGFR inhibitors

Previously reported data show that FGF promotes angiogenic signalling in HCC through the activation of
the VEGF pathway"*"'*l. Moreover, FGF seems to contribute to the resistance of cancer cells to
VEGEF/VEGER targeting agents. Therefore, infigratinib-a pan-FGFR kinase inhibitor-was explored for its
potential to overcome HCC resistance to VEGF-targeting drugs, such as bevacizumab"*.. This study
evaluated the anticancer activity of these two factors in HCC both as monotherapies and in combination, at
doses of 20 mg/kg infigratinib and 5 mg/kg bevacizumab. The combination regimen inhibited tumour
growth, as well as invasion and metastasis to the lungs in vivo. Mice bearing high-FGFR HCC tumours
showed an additional prolongation in overall survival (OS). More specifically, HCC13-0109 mice (high
FGFR2/3 expression) treated with infigratinib or bevacizumab died on Days 56 and 66, respectively, while
those receiving the combination of the two drugs survived up to Day 120. Furthermore, HCC06-0606 mice
(high FGFR2/3/4 expression but undetectable FGF19) treated with infigratinib or bevacizumab died on
Days 60 and 90, respectively, while those receiving the combination lived up to Day 130. Other results reveal
downregulation of FGFR2-4, p-FRS-2, p-ERK1/2 and related factors, along with the upregulation of p27.
Hence, this study shows that the combination of infigratinib and bevacizumab can be an effective treatment
for HCC patients with high FGFR expression, while FGFR2/3 expression could emerge as a biomarker for
patient response to such therapy.

Additionally, to reduce any potential resistance of FGFR1-3-dependant HCC to the long-term treatment
with infigratinib, another combination of infigratinib with the CDK4/6 (cyclin-dependent kinase 4/6)
inhibitor ribociclib was tested. Indeed, this combination was found effective in providing long-lasting
tumour growth inhibition, reduced cell differentiation and reduced drug resistance"*".

VEGFR2-targeted inhibitors and antibodies

In a recent study, Lu et al."™ developed a fully human anti-VEGFR-2-AF antibody (Ab) and tested its
activity in in vitro and in vivo models of prostate cancer and leukaemia. Indeed, the results show that anti-
VEGEFR-2-AF binds effectively to VEGFR2 Ig (immunoglobulin)-like domain 3, thus inhibiting its
interaction with VEGF-A. This led to in vitro inhibition of angiogenesis and Ab-dependent cell cytotoxicity
and complement activation. By testing the Ab activity in a mouse prostate cancer model, the treated mice
showed reduced tumour growth and angiogenesis comparable with the FDA (Food and Drug
Administration)-approved ramucirumab. In addition, the combination therapy of anti-VEGFR-2-AF with
docetaxel was even more effective in vivo against prostate cancer. Anti-VEGFR-2-AF treatment was also
applied to mice with HL-60 leukaemia. These mice showed increased survival and inhibition of leukemic
cell metastasis to the ovaries and lymph nodes compared to ramucirumab. Therefore, this study shows that
the novel Ab anti-VEGFR-2-AF is a potentially effective treatment for prostate cancer, leukaemia and
possibly other types of cancer that overexpress VEGFR2.
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A novel VEGFR2 inhibitor, YLL545, was recently developed against triple-negative breast cancer
(TNBC)"". This inhibitor was proved particularly effective in reducing angiogenesis, inducing a 67%
reduction in capillary growth in vitro and 95% in vivo in embryonic angiogenesis assays in zebrafish and
Matrigel plug assays in mice. Moreover, 70% in vitro and 50% in vivo tumour growth reduction was
observed in MDA-MB-231 xenograft models. Other in vitro results report inhibition of cancer cell
proliferation, migration and invasion. The effects of YLL545 were higher than or equal to those of sorafenib,
a known inhibitor of angiogenic factors such as VEGFR1, VEGFR2, VEGFR3, PDGFR-B, KIT and RET"**\
Furthermore, YLL545 inhibited the phosphorylation and activation of several VEGFR2-related downstream
signalling factors, such as STAT3 (signal transducer and activator of transcription 3) and ERK1/2. The
results of this study suggest that the VEGFR2 inhibitor YLL545 is a potentially useful anticancer drug.

VEGFR2-independent inhibitors and antibodies

The observed resistance against clinically used anti-VEGF therapies limits the efficacy of such therapies.
This resistance could be attributed to an independent pathway of angiogenesis that can compensate for the
inhibition of the VEGF-related cascade, which is mediated by 2-(w-carboxyethyl)pyrrole (CEP) in a TLR2
(Toll-like receptor 2)-dependent manner*. An antibody against CEP was, thus, constructed and tested for
its anti-angiogenic properties both as a monotherapy and in combination with bevacizumab!**. Antibody
treatment caused an 18% reduction in tumour growth in a colon cancer model and a 33.2% reduction in a
glioblastoma model, also inducing hypoxia in these tumours. Comparing the efficacy of the combination
therapy with bevacizumab monotherapy at 2.5 mg/kg, the combined treatment showed a 28.9% higher
growth inhibition in the glioblastoma model, suggesting a synergy between anti-CEP and anti-VEGF
therapies. Thus, multiple targeting of angiogenic pathways may increase the efficacy of anticancer therapies.

Another recent study™ tested the anticancer efficacy of a combination of four active ingredients
[astragaloside IV, a-solanine, neferine and 2,3,5,6-tetramethylpyrazine (SANT)] isolated from traditional
Chinese plants against TNBC. Overexpression of heparanase (HPSE) is often found in breast cancer tissues
with the potential to enhance carcinogenesis and affect the process of autophagy in cancer cells"**"**. HPSE
upregulation was associated with poor outcomes in these patients. Administration of the SANT
combination resulted in in vitro inhibition of cancer cell proliferation and migration and increased the rate
of autophagy in TNBC cells. Moreover, the in vivo study demonstrated the anti-angiogenic activity of
SANT, as the treated mice showed a 57% reduction in vascular density in the tumour. Several genes were
affected, and the proteomics studies found that SANT downregulated HB-EGF (heparin-binding EGF-like
growth factor), thrombospondin-2, amphiregulin, leptin, IGFBP-9 (insulin-like growth factor-binding
protein 9), EGF, coagulation factor III and MMP-9 (matrix metalloproteinase 9), while increasing the levels
of serpin E1 and platelet factor 4, proteins that play an important role in angiogenesis.

Finally, a novel Hspoo inhibitor, AT-533, was recently developed against breast cancer"*”. Hspoo has been
shown to play an important role in oncogenesis, as it regulates the stabilisation and activation of many
proteins that are essential for cell survival and tumour growth"*>'*'. The results of the study show that AT-
533 suppressed capillary formation, as well as the migration and invasion of HUVECs more efficiently than
another Hsp9o inhibitor, 17-AAG. Further studying the mechanism of action of AT-533, this inhibitor
appeared to suppress the activation of VEGFR2 and downstream proteins in HUVEC, including Akt
(protein kinase B)/mTOR (mammalian target of rapamycin)/p70S6K (ribosomal protein Se kinase beta-1),
ERK1/2 and FAK (focal adhesion kinase); inhibited HIF-10/VEGF signalling under hypoxia; and was
cytotoxic to breast cancer cells. In an in vivo breast cancer model, AT-533 inhibited tumour growth and
angiogenesis through the HIF-1a/VEGF/VEGFR2 signalling pathway. Thus, these results suggest that AT-
533 may be a new drug for the treatment of breast cancer.
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UPDATES ON ANTI-ANGIOGENIC THERAPIES-CLINICAL TRIALS

Multiple receptor tyrosine kinase inhibitors

In 2018, a phase II clinical trial """ involving 166 patients with refractory metastatic soft tissue sarcoma (after
receiving anthracycline-based chemotherapy, naive from angiogenesis inhibitors and with at least one
measurable lesion according to RECIST 1.1) was conducted to investigate the efficacy of anlotinib (12
mg/day for two weeks, abstinence for one week). After 12 weeks of treatment, 68% of patients had no
further tumour progression. More specifically, the median progression-free survival (PFS) was 5.6 months,
while the median OS was 12 months. The most common grade 3 or higher side effects associated with
anlotinib treatment were hypertension, increased blood triglyceride levels and pneumothorax. No deaths
were reported due to anlotinib treatment. Thus, anlotinib proved effective in increasing patient survival,
while no significant adverse effects were reported.

In a different setting, a multicentre, double-blind, randomised phase III clinical trial that evaluated the
efficacy and safety of anlotinib (12 mg/day) in 439 patients with advanced non-small-cell lung cancer
(NSCLC) was also recently conducted"'”, based on previous encouraging results of a phase II trial"*..
Patients progressing after second-line or further treatment and receiving anlotinib had significantly longer
OS than the placebo group, 9.6 and 6.3 months, respectively. In addition, a significant increase was observed
in the PFS (5.4 and 1.4 months, respectively), the objective response rate and the disease control rate for
anlotinib-treated patients. Common grade 3 or higher side effects included hypertension and hyponatremia.
Therefore, the results of this study show that anlotinib is a well-tolerated further treatment, which results in

a significant improvement in patients with advanced NSCLC.

Surufatinib is a small molecular inhibitor of VEGFR1, VEGFR2, VEGFR3 and FGFR1"*. A randomised,
double-blind, placebo-controlled, phase III study was conducted to investigate the efficacy and safety of this
drug in patients with extrapancreatic neuroendocrine tumours"*.. The study included 198 adult patients
[after receiving up to two kinds of previous systemic regimens and with unresectable or metastatic, well-
differentiated, extrapancreatic neuroendocrine tumours of Eastern Cooperative Oncology Group (ECOG)
performance status of 0 or 1] who were randomised to the surufatinib group (300 mg) or the placebo group.
The median PFS in the surufatinib group was 9.2 months, and 3.8 months in the placebo group. The most
common grade 3 or higher side effects associated with surufatinib treatment were hypertension and
proteinuria. Overall, 25% of patients receiving surufatinib experienced serious treatment-related adverse
effects and three deaths were reported compared to one death in the placebo group. Hence, surufatinib
significantly increases the PFS of patients with progressive, advanced, well-differentiated extrapancreatic
neuroendocrine tumours, while having an acceptable toxicity profile.

In a similar multicentre, randomised, double-blind, placebo-controlled, phase III trial, surufatinib was
evaluated for its efficacy and safety in patients with advanced pancreatic neuroendocrine tumours"*. The
study included 172 adult patients (after receiving up to two kinds of previous systemic regimens for
advanced disease and with progressive, advanced, well-differentiated pancreatic neuroendocrine tumours of
ECOG performance status of 0 or 1) who were randomised to the surufatinib (300 mg) or placebo group,
both administered orally once daily in successive four-week treatment cycles. The median PFS in the
surufatinib group was 10.9 months, and 3.7 months in the placebo group. The most common grade 3 or
higher side effects associated with surufatinib treatment were hypertension, proteinuria and
hypertriglyceridemia. Overall, 22% of patients receiving surufatinib experienced serious treatment-related
adverse effects and three deaths were reported, two due to adverse effects and one due to disease
progression. Therefore, surufatinib significantly increases the PFS of patients with pancreatic
neuroendocrine tumours, as similarly reported for extrapancreatic neuroendocrine tumours. The drug has
significant toxicity, which, however, is acceptable when compared to its overall benefit.
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Based on the above trials, surufatinib received its first approval in China for the treatment of late-stage,
well-differentiated, extrapancreatic neuroendocrine tumours in December 2020"*. Surufatinib is currently
in preregistration in China for pancreatic neuroendocrine tumours and in the USA for pancreatic and
extrapancreatic neuroendocrine tumours, while other ongoing clinical trials are investigating its benefit for
other solid tumours, including thyroid cancer, biliary tract carcinoma and soft tissue sarcoma.

Another recent phase Ib/II clinical trial was conducted""”, where the maximum tolerated dose of the
lenvatinib co-administered with pembrolizumab (200 mg intravenous administration every three weeks)
was determined in 137 patients, and the initial results of drug efficacy were evaluated in 124 patients with
advanced solid tumours such as metastatic renal cell carcinoma (RCC), endometrial cancer, squamous cell
carcinoma of the head and neck (SCCHN), melanoma, NSCLC and urothelial cancer. The highest dose of
lenvatinib (24 mg daily) plus pembrolizumab was associated with two grade 3 toxicities (arthralgia and
fatigue), so the recommended phase II dose of lenvatinib was established at 20 mg daily plus
pembrolizumab. The objective response rate at Week 24 for each type of cancer was 63% in RCC, 52% in
endometrial cancer, 36% in SCCHN, 48% in melanoma, 33% in NSCLC and 25% in urothelial cancer. The
most common side effects reported were fatigue, diarrhoea, hypertension and hypothyroidism. Thus, the
combination of lenvatinib with pembrolizumab in patients with advanced solid tumours shows good
efficacy, while the side effects observed are manageable.

Previous studies have shown that the combination of PD-1 (programmed cell death protein 1) checkpoint
inhibitors with VEGF-pathway TKIs leads to increased cytotoxicity and decreased cancer cell growth, but it
is also related to severe side effects"*”. Based on this, Atkins et al."* conducted a phase Ib clinical trial
investigating the safety and preliminary efficacy of the combination of axitinib (5 mg orally, twice daily),
which is more selective than others, with pembrolizumab (2 mg/kg intravenously, every three weeks)
against previously untreated, advanced renal cell carcinoma. Overall, 73% of the 52 patients in the study
(predominantly clear cell subtype, primary tumour resected, at least one measurable lesion, ECOG
performance status 0-1) showed an objective response to treatment with axitinib and pembrolizumab.
However, more than half of the patients (65%) had grade 3 or higher treatment-related adverse effects,
including hypertension, diarrhoea, fatigue and elevated alanine aminotransferase levels. Thus, the
combination therapy of axitinib and pembrolizumab appears to be a relatively well-tolerated treatment, with
significant efficacy against treatment-naive advanced renal cell carcinoma.

A subsequent phase III clinical trial trying to assess the long-term efficacy and safety of the combination of
pembrolizumab (200 mg intravenously, every three weeks for up to 35 cycles) with axitinib (5 mg orally,
twice daily), showed increased efficacy of the combination treatment over sunitinib monotherapy (50 mg
orally, once daily for four weeks per six-week cycle) in treatment-naive, advanced renal cell carcinoma’*.
Of the 861 registered patients with a median follow-up of 30.6 months, the pembrolizumab plus axitinib
group showed higher OS and PFS than sunitinib alone, while the treatment-related side effects were the
same as those previously reported in"*, and no new treatment-related deaths occurred compared to the
interim analysis. Therefore, the combination treatment has a superior clinical benefit over sunitinib

monotherapy and can be considered as the first-line treatment for advanced renal cell carcinoma patients.

The safety and efficacy of regorafenib (160 mg/day for three weeks, one-week abstinence) in anti-angiogenic
therapy-naive and chemotherapy-refractory advanced colorectal cancer was tested in a monocentric phase
IIb clinical study with 59 registered patients"*". Regorafenib is an oral diphenylurea multikinase inhibitor
against angiogenic (VEGFR1, VEGFR2, VEGFR3 and TIE2), stromal (PDGFR-B and FGFR) and oncogenic
receptor tyrosine kinases (KIT, RET and RAF), which has been established for metastatic colorectal
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cancer*". The median PFS achieved was 3.5 months and OS 7.4 months. The most common grade 3 or
higher side effects were hypertension, hand-foot skin reaction and hypophosphataemia, with no treatment-
related deaths. Hence, this study shows that regorafenib is an effective treatment for chemotherapy-
refractory metastatic colorectal cancer with an acceptable safety profile.

VEGFR2 inhibitors

The overexpression of a-fetoprotein in patients with advanced HCC has been correlated with poor
prognosis"*****. Therefore, a multicentre, randomised, double-blind, placebo-controlled, phase III trial was
performed to determine the efficacy of ramucirumab (8 mg/kg intravenously every two weeks), a human
IgG1 monoclonal antibody that inhibits VEGFR2, in patients with advanced HCC and a-fetoprotein
concentrations of 400 ng/mL or higher (ECOG performance status of 0 or 1, previously treated with first-
line sorafenib)"””. The median follow-up was 7.6 months, during which a significant improvement in
median OS (8.5 months and 7.3 months, respectively) and PFS (2.8 months and 1.6 months, respectively)
was observed for the ramucirumab group (197 patients) compared to the placebo group (95 patients).
However, the analysis of the results did not show a significant difference in the objective response and the
median deterioration time between the two groups. Common grade 3 or higher treatment-related adverse
effects were hypertension, hyponatraemia and elevated aspartate aminotransferase. Ramucirumab-related
side effects were also responsible for the death of three patients. Hence, this study shows that ramucirumab
is a potentially useful treatment for patients with advanced HCC and o-fetoprotein overexpression
previously on sorafenib, although the treatment causes significant side effects, and further studies are
needed to gain statistically significant results.

Combination of VEGF/VEGFR2 pathway inhibitors with chemotherapeutics

TAS-102, an oral nucleoside anticancer agent that combines trifluridine and tipiracil, has shown a
significant OS prolongation in patients with refractory metastatic colorectal cancer"**. The co-treatment of
TAS-102 with bevacizumab has also shown promising results in colorectal cancer xenograft models

159

compared to the corresponding monotherapies*. Thus, Kuboki et al."*' conducted an open-label, single-
arm, multicentre, phase I/II study to investigate the efficacy and safety of this drug combination in 25
patients with unresectable, metastatic colorectal adenocarcinoma (refractory or intolerant to standard
chemotherapies, ECOG performance status of 0 or 1). The phase I results of the study determined the
recommended dose for TAS-102 at 35 mg/m”® orally twice daily on Days 1-5 and 8-12 over a 28-day cycle,
co-administered with intravenous infusion of bevacizumab 5 mg/kg for 30 min every two weeks. After 16
weeks of treatment, PFS was achieved in 42.9% of patients. The most common grade 3 or higher side effects
observed in patients were neutropenia, leukopenia, anaemia, febrile neutropenia and thrombocytopenia.
Serious adverse reactions were reported in only three patients, but no deaths were reported due to the
regimen. This study shows that the combination of TAS-102 with bevacizumab has significant efficacy in
patients with refractory metastatic colorectal cancer, while it is a treatment that does not present significant
overall toxicity.

The aim of the phase II study by Palazzo et al."*" was to investigate the efficacy of a neoadjuvant regimen
comprising chemotherapy and anti-angiogenic treatment for inflammatory breast cancer, a rare and highly
aggressive form of cancer. Patients received weekly carboplatin and paclitaxel (70 mg/m® intravenously on
Days 1, 8 and 15 every 28 days for six cycles), in combination with bevacizumab (15 mg/kg intravenously on
Day 1 every three weeks for eight cycles) and metronomic cyclophosphamide (50 mg/day orally for six
months). An objective response was observed in 30 patients and a pathologic complete remission (pCR) in
10 of the 34 patients. A significantly higher pCR was observed in patients with HER2 (human epidermal
growth factor receptor 2)-positive tumours (57%) compared to patients with other types (20% in triple-
negative type and 0% in luminal B-like/HER2-negative tumours). After five years of follow-up, disease-free
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survival was observed in 58% of participants, while OS reached 72%. This study showed that this
neoadjuvant therapy, including chemotherapy and anti-angiogenic treatment, significantly increases
disease-free survival and OS for patients with inflammatory breast cancer.

Another recent phase II study evaluated the efficacy and safety of a treatment that included apatinib (500
mg orally once daily) and etoposide (50 mg orally once daily on Days 1-14 of a 21-day cycle for up to six
cycles) in patients with platinum-resistant or platinum-refractory ovarian cancer!*”. Of the 35 patients in
the study, 19 showed an objective response to treatment, while the most common grade 3 or higher side
effects observed were neutropenia, fatigue, anaemia and mucositis, and two patients developed severe side
effects. However, no treatment-related deaths were reported. Therefore, the combination of apatinib with
etoposide seemed to be significantly effective in more than half of the platinum-resistant ovarian cancer
patients registered in the present study, with manageable adverse reactions.

DISCUSSION

The aim of this review article is to present the most up-to-date data on novel anti-angiogenic factors that
are under development or clinical evaluation. In total, 15 different anti-angiogenic agents are included based
on recent publications of the last five years, which confirms that the discovery of anti-angiogenic factors has
been an active and ongoing field of research.

The obvious disadvantage of preclinical studies is that the pharmacokinetics and possible side effects of the
proposed drugs are usually not studied. Indeed, a regimen may be effective in vitro and in vivo but toxic for
humans and, therefore, not pursued further. In addition, we must always consider the differences between
the in vivo models and humans, which may be responsible for the clinical failure of preclinically identified
promising agents.

In this scope, both preclinical and clinical studies of lenvatinib and anlotinib are included to follow up on
the overall efficacy of these two agents. Lenvatinib showed promising in vitro and in vivo antiproliferative
and anti-angiogenic activity against liver cancer cells""*. As proof of concept, lenvatinib showed a
significant response rate in patients with metastatic renal cell carcinoma, endometrial cancer, squamous cell
carcinoma of the head and neck, melanoma, non-small cell lung cancer and urothelial carcinoma, while it
was not correlated with serious side effects"”.

Anlotinib was found cytotoxic against thyroid cancer cells, suppressed in vitro migration and decreased
tumour growth in vivo!". In clinical trials, anlotinib was effective against refractory soft tissue sarcoma"”
and non-small cell lung cancer"*. Although no treatment-related deaths were reported, several adverse
reactions were observed in patients in both clinical trials. Of particular interest are the results of a recent
study"*! where, to avoid anlotinib-related systemic side effects, a hydrogel containing anlotinib was
manufactured, followed by an intratumoral injection to a mouse model of Lewis lung cancer. The results are
particularly encouraging, giving new hope for providing targeted therapies with increased efficacy and
reduced side effects via novel delivery systems.

Several other anti-angiogenic agents under preclinical development are also discussed, including YLL545 for
breast cancer”, R916562 for breast and renal cancer™ and AT-533 for breast cancer*. Recently
completed clinical trials with positive results are also presented, namely for monotherapies such as oral
surufatinib against pancreatic and extrapancreatic neuroendocrine cancers, even though severe side effects
were reported"**'*”, and regorafenib against advanced colorectal cancer"*". In addition, ramucirumab, a
mAD under development, was clinically tested against advanced hepatocellular carcinoma in patients with



Page 14 of 26 Vafopoulou et al. J Cancer Metastasis Treat 2022;8:18 | https://dx.doi.org/10.20517/2394-4722.2022.08

increased a-fetoprotein levels, where it showed high efficacy"*”.

Finally, the combination of chemotherapeutics with different mechanisms of action is a common practice in
cancer patient care; therefore, some studies with combination regimens are also discussed here. Indicatively,
bevacizumab was combined with carboplatin, paclitaxel and metronomic cyclophosphamide, where it was
found useful against inflammatory breast cancer", and in another clinical trial, it was combined with TAS-
102 against metastatic colorectal cancer, where again positive results were obtained"*. Moreover, apatinib
combined with etoposide was effective against ovarian cancer unresponsive to platinum"®/, whereas an anti-
PD-1 mAb combined with axitinib also showed an increased patient response, although several side effects

149,150]

were induced! )

160

Summaries of the presented anti-angiogenic agents categorised into preclinical and clinical studies, along
with the main findings of each study, are shown in Tables 1 and 2.

It should be noted that most clinical studies found treatment-related side effects, which were mostly mild,
while few deaths were reported. However, since most of the studies include patients with highly resistant or
metastatic cancers that do not respond to other treatments, the overall efficacy of these therapies in
prolonging patient survival outweighs the frequent side effects.

CONCLUSION AND FUTURE DIRECTIONS

Cancer is a global epidemic and the second most common cause of death. Despite the active research, it
remains a condition that, in most cases, is not cured and leads to death. Observing the distinctive
physiology of cancer cells, the angiogenesis pathway emerged as a promising anticancer target. Thus, in
recent years, more and more researchers are aiming to develop various anti-angiogenic agents and regulate
their efficacy and safety. Regarding this, the present review summarises the results of very recent preclinical
and clinical studies involving monotherapies or combination therapies of anti-angiogenic agents, in order to
highlight the updates in the field and encourage more related research.

Apart from these therapies, however, several other anti-angiogenic approaches are currently being explored,
such as the use of natural phytochemicals as anti-angiogenic agents in cancer"*”. This strategy has recently
emerged as an attractive approach, since dietary natural compounds are generally considered non-toxic, and
their production/administration is easily accessible and low-cost. However, the clinical translation of dietary
phytochemicals still faces challenges, as the results thus far remain limited, contradictory, inconclusive or
even inexistent for some of these compounds. In this context, a significant effort is needed to improve
clinical trial design, taking serious consideration of the target population, as well as the pharmacokinetic
and pharmacodynamic properties of these compounds.

Other novel anti-angiogenic strategies include the exploitation of miRNAs-elucidating their role in
angiogenesis and evaluating novel miRNA-mediated immunotherapies"**. Advances in miRNA targeting
and delivery strategies, such as the use of nanoparticles or cell-derived membrane vesicles for therapeutic
miRNA delivery, may provide miRNA-based therapeutics as anti-angiogenic treatments.

Additionally, the use of anti-angiogenic peptides has emerged as a promising anticancer strategy, as they
present several advantages, with rapid production through automated chemical synthesis and the ability to
undergo structural modifications. Therefore, several anticancer peptides that have been discovered derive
from nanobodies and mimotopes resources, as well as natural resources such as venoms, bacteria, fungi,
sponges, animals and plants"*. The new methods available in phage display and peptidomimetics have
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Table 1. Summary of the anti-angiogenic agents currently being tested in pre-clinical models discussed in this article

Anti- . .
angiogenic Target Type of cancer Preclinical model Dose Roulie 0 f . Anticancer effect ?lgnallmg pathway Reference
administration involved
agent
Monotherapies
Lenvatinib VEGFR1-3 Hepatocellular carcinoma In vitro: 11 HCC cell lines In vitro: 0-30 uM Oral In vitro: dose- and time-dependent ~ VEGFR- and FGFR- [110]
FGFR1-4 Hepatocellular/Cholangiocarcinoma and 2 hepatocellular/ Invivo: 3,10, 30 growth suppression, no signs of signalling pathways and
KIT cholangiocarcinoma cell mg/kg/day apoptosis indirect activity
PDGFRa lines In vivo: dose-dependent inhibition of Direct suppression of
RET In vivo: KYN-2 cells or tumour growth, decrease in blood  cell proliferation in high
HAK-1B cells in 4-week- vessel density, increase in necrosis, FGFR-expressing cells
old female BALB/c nude no signs of apoptosis
mice
Anlotinib PDGFR Papillary thyroid cancer In vitro: 3 papillary thyroid Invitro: ICy,3.02-  Intraperitoneal In vitro: abnormal spindle assembly, Activation of TP53 [119]
RET Anaplastic thyroid cancer cancer and 3 anaplastic 5.42 uM cell cycle arrest at G2/M, inhibition pathway
Aurora-B thyroid cancer cell lines In vivo: 3 mg/kg of TP53 activation, inhibition of cell
EGFR In vivo: K1 cells in 4-week- migration
FGFR old male BALB/c athymic In vivo: inhibition of tumour growth
VEGFR nude mice
c-KIT
Anlotinib PDGFR Lewis lung cancer In vitro: LLC and HUVEC Invitro: AL: 5 uM;  Intratumoral In vitro: suppression of angiogenesis Decrease of Ki-67 and ~ [120]
hydrogel (AL- RET cell lines HA-Tyr: 1.0 wt.% and proliferation in HUVEC and LLC VEGF-A
HA-Tyr) Aurora-B In vivo: LLC cells in 4-6 In vivo: 3 cells, inhibition of cell cycle
EGFR week-old female mg/kg/day In vivo: reduced visceral toxicity,
FGFR C57BL/6J mice downregulation of Ki67 and VEGF-
VEGFR A, increased mouse survival
c-KIT
SANT Multiple Triple-negative breast cancer In vitro: MDA-MB-231 cells In vitro: a-solanine  Intraperitoneal In vitro: inhibition of proliferation Downregulation of HB-  [135]
targets In vivo: MDA-MB-231cells 12 umol/L; neferine and migration, increased autophagy EGF, thrombospondin-2,
in 6-8 week-old BALB/c 20 pmol/L; rate amphiregulin, leptin,
female nude mice astragaloside IV 30 In vivo: reduced vascular density IGFBP-9, EGF,
umol/L; 2,3,5,6- and tumour growth, affected gene  coagulation factor Ill,
tetramethyl- expression MMP-9
pyrazine 10 pmol/L Increase of serpin E1,
In vivo: a-sola- platelet factor 4
nine 5 mg/kg; NEF
10 mg/kg; AS-IV 15
mg/kg; TMP 5
mg/kg
AT-533 Hsp90 Breast cancer In vitro: HUVEC, MDA- In vitro: 5,10, 50, Intraperitoneal In vitro: decreased capillary HIF-1a/VEGF/VEGFR2 [139]
MB-231, MCF-7 cell lines  75nM formation, migration and invasion,  signalling pathway
In vivo: 5-week-old female In vivo: 10 mg/kg decreased activation of VEGFR2,
BALB/c nude mice Akt/mTOR/p70S6K, ERK1/2 and

FAK in HUVECs, inhibited HIF-1a
/VEGEF signalling under hypoxia,
cytotoxic to cancer cells
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In vivo: inhibition of tumour growth
and angiogenesis

YLL545 VEGFR2 Triple-negative breast cancer In vitro: HUVEC, MDA- In vitro: 2.5, 5,10 Oral In vitro: reduction in capillary VEGFR2 signalling [131]
MB-231 cell lines uM growth, tumour growth, inhibition  pathway and
In vivo: female BALB/c Invivo: 0.625 to of cancer cell proliferation, independent pathways
nude mice 1.25 puM for in vivo migration and invasion,
assays, 50 downregulation of ITGAV, ENG,
mg/kg/day for THBST1, FN1, TEK
mice In vivo: reduction in capillary
growth, tumour growth
R916562 VEGFR2 Breast cancer In vivo: MDA-MB-231 In vivo: breast Oral In vitro: decrease in tumour growth, VEGFR2 and Axl [121]
Axl Renal cell carcinoma human cancer: reduction in FGF-induced signalling pathways
breast cancer xenograft 85 mg/kg and 125 neovascularization
model mg/kg In vivo: decrease in tumour growth
Caki-1human renal Renal cancer:
carcinoma xenograft 85 mg/kg
model

Combination therapies

Infigratinib +  Infig: pan- Hepatocellular carcinoma HCC PDX models in 9-10  Infig: 20 mg/kg Infig: oral Inhibition of tumour growth, cell Downregulation of [128]
bevacizumab  FGFR week-old male C.B-17 Bevac: 5 mg/kg Bevac: cycle, invasion and metastasis to FGFR2-4, p-FRS-2, p-
Bevac: VEGF- SCID mice, HCC13-0109 intraperitoneal the lungs, prolongation of survival ~ ERK1/2 and related
A and HCC06-0606 factors, upregulation of
xenograft models p27
MEK/ERK and p70S6K
pathways
Anti-VEGFR-  Antibody: Prostate cancer In vitro: HUVEC, PC-3 cell  Invivo: anti-VEGFR- Intravenous In vitro: inhibition of angiogenesis VEGF-A/VEGFR2 [130]
2-AF + VEGFR2 Leukemia lines 2-AF: 20 mg/kg and Ab-dependent cell cytotoxicity, signalling pathway
docetaxel Docet: In vivo: Docet: 5 mg/kg complement activation
microtubules prostate cancer: PC-3 cells In vivo: reduced tumour growth and
in 6-week-old male mice angiogenesis, a combination more
Leukemia: HL-60 cells in effective, increased survival,
6-week-old NSG female inhibition of metastasis to ovaries
mice and lymph nodes
Anti-CEP Antibody: Colon cancer Colon cancer: CRC 174 Anti-CEP IgG: Intraperitoneal Reduction in tumour growth and TLR2 signalling pathway [134]
antibody + CEP Glioblastoma cells in 6-8 week-old 100ug Bevac: 2.5 new blood vessel formation (anti-CEP-antibody)
bevacizumab  Bevac: VEGF- female athymic nude mice mg/kg VEGFR signalling
A Glioblastoma: pathway (bevacizumab)

U87-MG cells in 6-8
week-old female athymic

nude mice
Lenvatinib +  Lenvat: Hepatocellular carcinoma In vitro: 12 human and 2 In vivo: lenvat: 4 Lenvat: oral Synthetic lethality EGFR-PAK2-ERK5 [114]
gefitinib VEGFR1-3 mouse liver cancer cell mg/kg Gefit: oral pathway
FGFR1-4 lines Gefit: 80 mg/kg
KIT In vivo: SNU449 or Huh6  In clinical trial:
PDGFRa cells in 6-week-old Lenvat: 8-12

RET BALB/c nude mice mg/day
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Gefit: EGFR Human HCC tumour cells  Gefit: 250 mg/day
in 6-8-week-old female
BALB/c nude mice

AL-HA-Tyr: Anlotinib-hyaluronic acid-tyramine; Anti-VEGFR-2-AF: affinity-matured antivascular endothelial growth factor receptor 2 human antibody; CEP: 2-(w-carboxyethyl)pyrrole; SANT: astragaloside IV, a-
solanine, neferine, 2,3,5,6-tetramethylpyrazine; VEGFR1-3: vascular endothelial growth factor receptor 1-3; FGFR1-4: fibroblast growth factor receptor 1-4; (c-)KIT: tyrosine-protein kinase KIT or mast/stem cell
growth factor receptor; PDGFRa: platelet-derived growth factor receptor o; RET: rearranged during transfection; HCC: hepatocellular carcinoma; EGFR: epidermal growth factor receptor; TP53: tumour protein p53;
HUVEC: human umbilical vein endothelial cells; LLC: Lewis lung cancer; VEGF-A: vascular endothelial growth factor-A; HB-EGF: heparin-binding epidermal growth factor; IGFBP-9: insulin-like growth factor binding
protein 9; EGF: epidermal growth factor; MMP-9: matrix metalloproteinase-9; Hsp90: heat shock protein 90; Akt: protein kinase B; mTOR: mammalian target of rapamycin; p70S6K: ribosomal protein S6 kinase
beta-1; ERK1/2: extracellular signal-regulated protein kinase 1/2; FAK: focal adhesion kinase; HIF-1a: hypoxia-inducible factor Ta; ITGAV: integrin subunit alpha V; ENG: endoglin; THBST: thrombospondin 1; FN1:
fibronectin 1; TEK: angiopoietin-1 receptor; PDX: patient-derived xenograft; p-FRS-2: phospho-fibroblast growth factor receptor substrate 2; MEK: mitogen-activated protein kinase kinase; TLR2: toll-like receptor 2.

contributed to the development of new anti-angiogenic peptides, while the novel technologies such as pegylation, polymer-supported formulation and
macromolecule conjugation can now provide these peptides with better pharmacokinetic properties and contribute to more anti-angiogenic peptide-based
therapeutics.

Although all of the above treatment strategies appear to be particularly promising for the future, the issue of developing angiogenic resistance should first be
addressed. The combinatorial treatments mentioned have shown excellent results and will be a key concept of future therapeutic regimens. Apart from that,
further studies are needed to assess the abovementioned treatment strategies’ safety in humans. Many drugs show significant efficacy in a large proportion of
patients, but they also involve side effects that, even if not serious, can affect the patient’s quality of life and adherence to the regimen. Emerging ideas about
novel delivery systems of such therapies might be the way forward. In addition, the simplification of regimens should be explored, especially when
combination therapies are indicated, such as oral administration or the preparation of a combination formulation to increase patient adherence.
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Table 2. Summary of the anti-angiogenic agents currently in clinical trials discussed in this article
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Phase of

Anti-angiogenic agent Target Type of cancer clinical Dose Roulie ° f . Main findings Observed side effects Reference
trial administration
Monotherapies
Anlotinib PDGFR Refractory metastatic ~ Phase Il 12 mg/day Oral PFR15 yeeks ©8%, ORR13%, PFS  Hypertension, increased blood [m71
RET soft tissue sarcoma 5.6 months, OS 12 months triglyceride levels, pneumothorax, no
Aurora-B deaths
EGFR
FGFR
VEGFR
c-KIT
Anlotinib PDGFR Advanced non-small Phase Il 12 mg/day Oral 0S 9.6 months, PFS 5.4 Hypertension, hyponatremia, no deaths [116]
RET cell lung cancer months, improvement in ORR
Aurora-B and disease control rate
EGFR
FGFR
VEGFR
c-KIT
Surufatinib VEGFRI1-3 Extrapancreatic Phase Il 300 mg/day Oral PFS 9.2 months Hypertension, proteinuria, serious [144]
FGFR1 neuroendocrine cancer adverse effects in 25% of patients, 3
deaths
Surufatinib VEGFRI1-3 Advanced pancreatic ~ Phase lll 300 mg/day Oral PFS 10.9 months Hypertension, proteinuria, [145]
FGFR1 neuroendocrine cancer hypertriglyceridemia, serious adverse
effects in 22% of patients, 3 deaths
Regorafenib VEGFRI1-3 Advanced colorectal Phase llb 160 mg/day Oral PFS 3.5 months, OS 7.4 Hypertension, hand-foot skin reaction,  [151]
TIE2 cancer months, week 8 PFS rate 53%, hypophosphataemia, no deaths
PDGFR-B metabolic response rate 41%
FGFR
KIT
RET
RAF
Ramucirumab VEGFR2 Advanced Phase Il 8 mg/kg Intravenous 0OS 8.5 months, PFS 2.8 Hypertension, hyponatraemia, elevated [157]
hepatocellular months, no difference in aspartate aminotransferase, 3 deaths
carcinoma objective response and
deterioration time
Combination therapies
Lenvatinib + pembrolizumab ~ Lenvat: VEGFR1-3  Metastatic renal cell Phase Ib/Il  Lenvat: 20 Lenvat: oral ORR,, yeeks 25%-63%, PFS Fatigue, diarrhea, hypertension, [147]
FGFR1-4 carcinoma mg/day Pembrol: 4.7-19.8 months hypothyroidism, 2 deaths
KIT Endometrial cancer Pembrol: 200 intravenous
PDGFRa Squamous cell mg
RET carcinoma of the head

Pembrol: PD-1R

and neck
Melanoma
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Non-small-cell lung
cancer
Urothelial cancer
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Axitinib + pembrolizumab Axit: VEGFR1-3 Advanced renal cell Phase Ib Axit: 5+5 Axit: oral Objective response 73%, PFS  Hypertension, diarrhea, fatigue, [149]
PDGFR carcinoma mg/day Pembrol: 20.9 months elevated alanine aminotransferase
c-KIT Pembrol: 2 intravenous levels, no deaths
Pembrol: PD-1R mg/kg
Axitinib + pembrolizumab Axit: VEGFR1-3 Advanced renal cell Phase Il Axit: 5+5 Axit: oral PFS 15.4 months Hypertension, alanine aminotransferase [150]
PDGFR carcinoma mg/day Pembrol: increase, diarrhoea, no deaths
c-KIT Pembrol: 200 intravenous
Pembrol: PD-1R mg
TAS-102 + bevacizumab TAS-102: Metastatic colorectal ~ Phasel/Il  TAS-102:35 TAS-102: oral PFSi¢ weeks IN 42.9% of patients  Neutropenia, leukopenia, anemia, [160]
thymidine adenocarcinoma mg/m” twice Bevac: intravenous febrile neutropenia, thrombocytopenia,
phosphorylase daily no deaths
Bevac: VEGF-A Bevac: 5
mg/kg
Carboplatin + paclitaxel + Carbop: DNA Inflammatory breast Phase Il Carbop: AUC Carbop: Objective response 88%, pCR  Neutropenia, [161]
bevacizumab + metronomic Paclit: cancer 2 intravenous 29%, 5-year DFS 58%, 5-year leucopenia, infections, hypertension,
cyclophosphamide microtubules Paclit: 70 Paclit: intravenous  OS 72% paresthesias, uncomplicated febrile
Bevac: VEGF-A mg/m2 Bevac: intravenous neutropenia, anemia, no deaths
Cycloph: DNA Bevac: 15 Cycloph: oral
mg/kg
Cycloph: 50
mg/day
Apatinib + etoposide Apat: VEGFR2 Ovarian cancer Phase Il Apat: 500 Apat: oral Obijective response 54% Neutropenia, fatigue, anaemia, [162]
Etop: DNA mg/day Etop: oral mucositis, no deaths
Etop: 50
mg/day
PFR, weeks: Progression-free rate at 12 weeks; PFS: progression-free survival; OS: overall survival; ORR: objective response rate; PD-1: programmed cell death protein 1; PD-1R: programmed cell death protein 1receptor

of lymphocytes; pCR: pathologic complete remission; DFS: disease-free survival; VEGFR1-3: vascular endothelial growth factor receptor 1-3; FGFR: fibroblast growth factor receptor; (c-)KIT: tyrosine-protein kinase
KIT or mast/stem cell growth factor receptor; PDGFR-B: platelet-derived growth factor receptor B; RET: rearranged during transfection; EGFR: epidermal growth factor receptor; VEGF-A: vascular endothelial growth

factor-A; TIE2: angiopoietin-1receptor; RAF: rapidly accelerated fibrosarcoma; AUC: area under curve.
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