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Since their discovery from natural sources, the potent cytotoxic effects of combretastatins were widely studied
for the application in antitumor therapy. However, major pharmacokinetic issues as low water solubility and
chemical instability of the double bond configuration prevented their use in therapy. A lot of efforts have been
directed towards the search of novel strategies, allowing a safer use of combretastatins as anticancer agents. This
review analyses the recent landscape in combretastatin research, characterized by the identification of hybrids,
prodrugs, and novel combination treatments. Interestingly, the potent cytotoxic agent combretastatin A4 (CA4)

was recently proposed as payload in the construction of novel antibody-drug conjugates (ADCs), allowing an
efficient targeting of the cytotoxic agent to specific tumors.

1. Introduction

Since their isolation from the barks of the South African bush willow
tree Combretum caffrum, combretastatins have been attracting a lot of
interest due to their potent cytotoxic effects. These natural compounds
are stilbene derivatives, classified in four families: family A comprises
cis-stilbene-based compounds, family B dihydrostilbenes, whereas
phenanthrenes and macrocyclic lactones are representative structures
for families C and D, respectively (Fig. 1) [1-3]. Overall, two phenyl
rings (one of which is trimethoxy substituted), linked by a double bond
in cis configuration, represent the general features common to the
combretastatins of series A. Natural combretastatins CA4 and CAl are
the most interesting derivatives given their biological activity: their
structures are represented in Fig. 1, together with their prodrugs fos-
bretabulin, fosbretabulin tromethamine, and Oxi4503.

Extracts of Combretum caffrum have traditionally been used in South
Africa as a folk remedy for the treatment of various conditions, including
scorpion stings, cardiovascular disorders, and worm-related diseases.

Combretastatins exert their biological action by targeting microtu-
bules and binding to the colchicine binding site (CBS) on tubulin in a
similar orientation as colchicine [4]. The binding to CBS, which is pri-
marily located at the p-subunit and at the o/p-subunit interface, impedes
the adoption of the straight conformation, thereby inhibiting tubulin
polymerization, and disrupting microtubule dynamics [5]. This

ultimately leads to cell cycle arrest at the G2/M phase and subsequent
apoptotic cell death. Fig. 2 presents a schematic illustration of the
tubulin heterodimer, delineating the binding site of combretastatin on
B-tubulin and the interacting site on a-tubulin. The most active com-
bretastatin A-4 (CA4, 3-hydroxy-3,4,4',5-tetramethoxy-cis-stilbene,
Fig. 1) is characterized by a 3,4,5-trimethoxy-substituted phenyl ring
(A), a B phenyl ring substituted in 3'(OH) and 4’ (OCH3), and an ethylene
bridge in cis configuration, responsible for the proper rigidity and the
correct spatial orientation of aromatic rings. These structural features
were found to be essential to determine a potent interaction in CBS and
provide high levels of cytotoxicity [6]. In addition to the potent tubulin
polymerization inhibition, CA4 can also induce significant anti-vascular
and anti-angiogenic effects, by acting as a vascular disrupting agent
(VDA) [7,8]. This important effect on tumor microvessels causes
nutrient loss, oxygen deprivation and irreversible vascular damage,
leading to haemorrhagic necrosis and cell death.

Despite the potent cytotoxic effects and the anti-angiogenic activity
exerted by CA4 and its analogue CA1 (Fig. 1), these natural compounds
suffer from some limitations, such as low water solubility and chemical
instability of the double bond configuration. To overcome these prob-
lems, different medicinal chemistry strategies were applied to improve
both the pharmacokinetic and pharmacodynamic profiles of natural
combretastatins (Fig. 3) [9-13]. Briefly, the main approaches pursued
include the formation of water-soluble prodrugs, the synthesis of
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derivatives modified on the central bridge (by replacing the olefinic
bond with cycles or heterocycles), heterocyclic derivatives (obtained
replacing the phenyl rings A or B with heterocycles), and several hybrids
and prodrugs designed to obtain a selective delivery to cancer cells.
Some of these strategies were highly promising in the antitumor
research, as evidenced by the development of fosbretabulin (Zybrestat®,
Fig. 1), the CA4 phosphate derivative, that was subjected to extensive
investigation in clinical studies alone or in combination with traditional
chemotherapeutic agents or radiotherapy [14-17].

A summary of combretastatin derivatives that have entered clinical
studies is shown in Table 1. The water-soluble prodrugs fosbretabulin,
fosbretabulin tromethamine, and Oxi4503 (Fig. 1) were the most
extensively studied compounds, undergoing to clinical trials with
different therapeutic indications. Overall, they were tested for the
treatment of multiple tumors and macular degeneration, alone or in
combination with other drugs (pazopanib, everolimus, carboplatin/
paclitaxel, bevacizumab, radiation therapy).

In 2006, the FDA has granted orphan drug designation to com-
bretastatin A4 phosphate (CA4P) for the treatment of ovarian cancer,
and in 2012 to OXi4503 for the treatment of acute myelogenous leu-
kemia. Unfortunately, subsequent results from clinical trials did not
allow for the further development of these agents, despite the promising
activity in preclinical studies. To date, any combretastatin derivative
(natural or synthetic) received the FDA approval.

Published results obtained in clinical studies are related to the
evaluation of fosbretabulin in patients affected by age-related macular
degeneration (NCT01570790), head and neck cancer (NCT00060242),
and recurrent ovarian carcinoma (NCT01305213).

A prospective, interventional, dose-escalation clinical trial was un-
dertaken to assess the safety, tolerability, and efficacy of intravenous
infusion of CA4P in patients with neovascular age-related macular

Series A Series B
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degeneration [18]. In this study (the first one of CA4P for an ophthalmic
disease in humans) eight patients were treated with CA4P (27 or 36
mg/m?) as weekly intravenous infusion for 4 consecutive weeks. Over-
all, the safety profile of intravenous CA4P was consistent with that re-
ported in oncology studies for vascular disruptive agents. Clinical
evidence supports the efficacy of CA4P in neovascular age-related
macular degeneration; however, the results suggest that systemic
CA4P does not represent an alternative treatment, when compared to
the safe and efficacious intravitreal anti-vascular endothelial growth
factor (VEGF) therapy. For these reasons, CA4P could be proposed as an
adjunctive treatment, useful in combination approach by topical
administration.

A phase II single-agent trial of fosbretabulin was conducted in pa-
tients with advanced anaplastic thyroid cancer [19]. Twenty-six patients
received fosbretabulin (45 mg/mz) as intravenous infusion. The results
indicated that patients treated with fosbretabulin monotherapy had a
median survival of 4.7 months, comparable to that observed for pacli-
taxel group. The administration of fosbretabulin did not induce signifi-
cant change in the history of anaplastic thyroid cancer, but it was
observed an encouraging survival of patients and an acceptable safety
profile.

The combination of fosbretabulin tromethamine with bevacizumab
was tested in a randomized Phase II clinical trial (NCT01315213),
supposing that bevacizumab might prevent revascularization during and
after treatment with a vascular disrupting agent [20]. The study enrolled
107 patients, treated with bevacizumab (15 mg/kg) or the combination
of bevacizumab (15 mg/kg) plus fosbretabulin (60 mg/mz) intrave-
nously once every 3 weeks. The results highlighted that the proportion
responding to bevacizumab was 28.2 % (39 patients with measurable
disease) versus 35.7 % (42 patients treated with the combination). The
hypertension was reported as the most common adverse event occurred
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Fig. 1. Chemical structure of the A-D families of natural combretastatins. In series A, the structures of combretastatins A-4 (CA4) and Al (CA1) are shown, together

with their prodrugs fosbretabulin, fosbretabulin tromethamine, and Oxi4503.
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in patients treated with the combination, with respect to the group
treated with only bevacizumab. Overall, the option to add the combi-
nation fosbretabulin plus bevacizumab to classical chemotherapy is
reputed a major opportunity to improve the progression-free survival of
women with recurrent epithelial ovarian cancer.

In multiple clinical studies performed on fosbretabulin, cardiovas-
cular side effects arose, limiting its safety profile [21]. Overall, the
clinical experience suggests the need of a cardiovascular assessment of
patients before the treatment with fosbretabulin and a careful man-
agement of blood pressure during the treatment. This strategy could
mitigate the risk of cardiovascular adverse events, observed in several
clinical trials.

In the last years, the interest in this class of natural compounds is
greatly increasing, and several attempts have been done by medicinal
chemists to improve the pharmacological potential of combretastatins.
Several combretastatin derivatives endowed with improved pharmaco-
kinetic properties and tumor targeting selectivity were identified in last
years, leading to a library of molecules with a potential anticancer
therapeutic application.

The aim of this review is to analyse the latest improvements (from
2018 to date) achieved in the combretastatin research, with a special
attention to the development of hybrids, prodrugs, combination treat-
ments, and their application in antibody-drug conjugates (ADCs). De-
rivatives obtained by classical modification of the stilbene scaffold will
not be described in this review, while they have been widely reviewed
elsewhere [9,10,22].

2. Combretastatin hybrids

The hybridization strategy allows for the combination of the main
structural features of different bioactive compounds in a single mole-
cule, thereby expanding the therapeutic application of single drugs.
Multifunctional hybrids, whose activity is directed against multiple
targets, represent powerful agents in the development strategies of
several classes of drugs [23-25]. The combination of different structural
features into a unique drug attracted the attention of researchers in the
anticancer field, leading to the identification of multifunctional hybrids
[26-28], in the attempt to overcome resistance mechanisms [29].

Combretastatin-Coxib hybrids were proposed by various research
groups with the objective of enhancing anticancer efficacy (Fig. 4).

In the attempt to obtain a novel molecule active against colorectal
cancer, the hybrid drug 1 was realized by combining the
cyclooxygenase-2 (COX-2) selective non-steroidal anti-inflammatory
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drug (NSAID) rofecoxib with the CA4 structure [30]. The use of COX-2
inhibitors in colorectal cancer has been investigated, showing the ability
to arrest cancer proliferation, increasing the chemotherapeutic efficacy
[31,32]. The design of this hybrid allowed to retain the potent anti-
microtubule and anti-angiogenesis activity of CA4, avoiding the isom-
erization of the cis-form to the biologically inactive trans one. The
replacement of the olefinic bridge of CA4 by the five-membered het-
erocycle furanone results in a molecule that retains the COX-2 inhibiting
property while maintaining the antitubulin action of the original drug.
In colorectal cancer cell lines HT29, HCT116, SW620 and LoVo, the
growth inhibition constants (ICso) of 1 spanned from 258 to 642 nM,; this
molecule was also able to reduce the number and size of the tumor cell
colonies. Experiments on the mechanism of action demonstrated for 1
the ability to inhibit tubulin  polymerization in a
concentration-dependent manner. In a mouse xenograft model using
HT-29 colon cancer cells, 1 at 25 mg/kg strongly inhibited tumor growth
along with a reduction of COX-2 levels. No organ toxicities were evident
in xenografted mice, indicating the safety profile of this
combretastatin-rofecoxib hybrid.

A similar strategy was reported by other authors, who used the 1,2-
diphenyl substituted pyrazole ring of celecoxib as a scaffold to mimic the
cis-1,2-diphenylethylene motif in CA4 [33]. The replacement of the
double bond with five-membered heterocyclic rings retains both cyto-
toxic and antitubulin activities of the compounds. The cytotoxic prop-
erties of the celecoxib-CA4 hybrids were assayed in human cancer cell
lines HT-29, Hep-G2, MCF-7. Generally, the presence of a
nitrogen-bearing group together with a halogen-bearing group at par-
a-position of both adjacent phenyl rings contribute to the increase of
cytotoxicity. Among this series of celecoxib hybrids, further studied on
compound 2 demonstrated to suppress prostaglandin E; (PGEy) pro-
duction, block the cell cycle progression at G2/M phase, and induce
apoptosis mainly in early stage of MCF-7 cells via caspase-3 activation
[34]1.

The hybrid compounds containing the scaffold 2,3-diphenyl-2H-
indazole and the CA4 (3,4) were recently reported by a Mexican
research group, in the attempt to increase the cytotoxic effect of two
biologically active structures [35]. A strong cytotoxic effect was recor-
ded in human cervix cancer cell HeLa, human non-small cell lung
SK-LU-1, and human chronic myelogenous leukemia cells K562. The 3,4,
5-trimethoxyphenyl and the 4-methoxy-3-hydroxyphenyl groups at po-
sitions 2 and 3 of the indazole were found essential to the observed
cytotoxicity. Further experiments showed that the hybrid 3 induced
G2/M arrest of HeLa cell cycle due to the disruption of the microtubule

Fig. 2. a) Schematic representation of the a, B tubulin heterodimers, a-tubulin in yellow-orange cartoon and f-tubulin as light green cartoon; b) Binding site of
combretastatin A4 in the active site of p-tubulin; c) in the red square enlargement, the interaction residues of the colchicine binding site (CBS) on p-tubulin (green
lines) and the interactive residues on a-tubulin (yellow lines); d) a flip view of the o/p tubulin interface binding site (B-tubulin as green surface, a-tubulin as cartoon
and the interaction residues as lines). The 3D structure of tubulin-combretastatin A4 has been retrieved from the PDB (PDB ID 5LYJ).
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network.

Through a pharmacophore hybridization approach, a series of hy-
brids of discoipyrrole C and CA4 were designed and synthesized by
Kurian et al. (Fig. 5) [36]. The alkaloids discoipyrroles, isolated from
marine bacterium Bacillus hunanensis, are characterized by the 1H-pyr-
rol-3(2H)-one core, with a vicinal diaryl unit, geometrically restricted in
a cis-orientation. The structural similarity to combretastatins prompted
researchers to perform hybrids of these bioactive molecules, to modulate
their cytotoxic profiles. The synthesized hybrids 5 were evaluated for
their in vitro antiproliferative activities against the human cancer cell
lines HeLa, the breast carcinoma MCF-7 and MDA-MB-231, and the
non-small cell lung carcinoma A549. The derivative bearing the same
substitution as CA4 (5a) was found effective in depolymerizing the
interphase microtubules in HeLa cells and significantly increased the
incidence of multipolar spindles. It also determined a 2.5-fold increase
in the percentage of cells in the G2/M stage, hampering the cell cycle
progression in HeLa cells. In breast cancer MDA-MB-231 and MCF-7
cells, 5a was effective in reducing the number of colonies compared to
the natural product discoipyrrole C, whereas CA4 induced a higher
colony inhibition compared to 5a.

An interesting study on some f-carboline-combretastatin hybrids (6,
Fig. 5) has been reported, in which the tricyclic pyrido[3,4-b]indole ring
system was connected to the CA4 scaffold through a carboxamide linker
[37]. The newly synthesized hybrids were evaluated for their in vitro
cytotoxicity against cervical cancer cells HelLa, prostate cancer line
DU-145, and lung cancer line A549.6a and 6b were found to be the most
potent cytotoxic agents (ICsp value less than 2 puM), and they were
further analysed in terms of apoptosis induction, DNA binding affinity,
and topoisomerase II inhibition. Both compounds 6a-b interfere with the
catalytic activity of the topo-II enzyme and act as catalytic inhibitors.
Treatment of A549 cells with 6a resulted in G2/M cell cycle arrest,
confirming the possibility for these novel hybrids to be further pro-
gressed into the preclinical development.

To improve cancer targeting and antitumor efficacy, a group of re-
searchers proposed a novel family of hybrids, combining the com-
bretastatin structure with the aziridine moiety (7, Fig. 5) [38]. The dual

Water-soluble prodrugs

fosbretabulin

Bridge-modified derivatives

3 to 7 membered cycles
or heterocycles
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tubulin polymerization inhibition and DNA damage might enhance the
activities of single compounds, resulting in an improved therapeutic
effect. The aziridine ring, as in the structures of thiotepa and mitomycin,
represents a chemical scaffold endowed with alkylating DNA properties.
The novel hybrids retain the structural features of both pharmaco-
phores, representing multitarget agents in the fight against cancer.
Compound 7 was the most active derivative, showing strong cytotoxic
effects (ICsp 0.16-1.40 pM) against four human cancer cell lines
(ovarian A2780, colorectal HCT-116, cervical HeLa, lung A549). The
study of the mechanism of action displays the ability to inhibit tubulin
polymerization (ICso 3.3 pM) with a better inhibitory activity than
colchicine. Compound 7 significantly upregulated the expression of
proapoptotic protein Bax and GADD45a, suggesting it could induce DNA
damage. Additionally, compound 7 caused apoptosis of HeLa cells,
upregulating the proapoptotic protein p53, and demonstrated a
dose-dependent inhibition of cell colony formation and induced the cell
cycle arrest at the G2/M phase. Furthermore, the antitumor activity of 7
was assessed in an in vivo A2780 cells xenograft model: the treatment
with 7 dose-dependently inhibited tumor growth, and the efficacy ob-
tained at 50 mg/kg was found to be comparable to the group treated
with the antitumor drug paclitaxel.

Overall, the combretastatin hybrids discovered in the period ana-
lysed by this review were tested in preclinical models, with no derivative
progressing into clinical evaluation.

3. Combretastatin prodrugs

In more recent years, to overcome some pharmacokinetic problems
of CA4, the use of lipophilic prodrugs entrapped in liposomes has been
proposed as a strategy for improving the antitumor efficacy of CA4 [39].
The hydroxy group of CA4 was esterified using acyl chlorides of various
length (6-18 carbon atoms) to obtain the lipophilic prodrugs 8 (Fig. 6).
The synthesized prodrugs were subsequently encapsulated in liposomes,
which exhibited high encapsulation efficiency and good stability. Ex-
periments on the drug release showed that longer modified acyl chains
for CA4 were associated with slower rates of drug release and

Heteroaromatic derivatives

AorBring:
® CD
N7 N

Hybrids and prodrugs with
improved tumor targeting delivery

Fig. 3. General medicinal chemistry strategies applied to overcome solubility and instability issues of natural combretastatins. They include the formation of water-
soluble prodrugs, the synthesis of derivatives modified on the central bridge, heterocyclic derivatives, and several hybrids and prodrugs designed to obtain a selective

delivery to cancer cells.
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Table 1
Clinical studies on combretastatin derivatives (ClinicalTrials.gov, accessed on 18/10/2024).
Drug NCT Code Conditions Organization Status
Fosbretabulin NCT01570790  Age-related macular degeneration Johns Hopkins University Completed, results published
[18]
NCT01423149  Choroidal neovascularization, degenerative myopia Mateon Therapeutics Completed, results not
published
NCT00060242  Head and neck cancer Case Comprehensive Completed, results published
Cancer Center [19]
NCT02132468  Neuroendocrine tumors Mateon Therapeutics Completed with results, results
not published
Fosbretabulin NCT02132468  Neuroendocrine tumors Mateon Therapeutics Completed with results, results
tromethamine not published
NCT01305213  Recurrent fallopian tube carcinoma, recurrent ovarian carcinoma, National Cancer Institute Completed, results published
recurrent primary peritoneal carcinoma (NCID [20]
NCT01023295  Polypoidal choroidal vasculopathy Mateon Therapeutics Completed, results not
published
0Oxi4503 NCT00960557  Neoplasm metastasis Mateon Therapeutics Completed, results not
published

w
I

Fig. 4. Combretastatin hybrids with COX-2 inhibitors rofecoxib (1), celecoxib
(2) and with the 2,3-diphenyl-2H-indazole scaffold (3,4). The combretastatin
scaffold is indicated in red.

conversion. In cytotoxicity assays on MCF-7, S180, and HepG2 cells, the
CA4 prodrugs with the longest carbon chain exhibited less cytotoxicity
than the other acylated CA4 prodrugs. This aspect may be due to the
easier release from the liposome and hydrolysis into the active parent
drug of less lipophilic prodrugs, suggesting that the release of CA4 could
significantly affect the in vitro cytotoxicity. When submitted to an in vivo
study in S180 tumor-bearing mice, the long-chain acylated prodrugs
showed an improved antitumor effect. This may be attributed to the

longer circulation time in vivo of more lipophilic prodrugs. Worth of
note, the stearyl derivative (C18) of CA4 exhibited higher antitumor
efficacy than fosbretabulin, the ester prodrug of C4.

The most recent approaches aim at developing combretastatin pro-
drugs able to selectively target tumor site, possessing also theranostic
properties or targeting specific tumor microenvironment. Photo-
removable groups, bioreductive triggers, or chemical groups selectively
targeting enzymes overexpressed in tumors have been applied to the
development of novel CA4 prodrugs, leading to improved and more
selective anticancer activity.

Authors from China reported the development of a photoresponsive
hybrid prodrug (9, Fig. 6), bearing doxorubicin and CA4 covalently
bonded to a photoremovable protecting group, aimed at combining the
antitumor properties of two distinct compounds [40]. In this strategy,
the light irradiation (365-405 nm) of the prodrug liberates bioactive
drugs with a quasi-sequential release behaviour, avoiding the use of
carriers, that could lead to biocompatibility problems and off target
effects. Two ortho-nitrobenzyl functional groups were combined into an
aromatic core, which was flanked by two hydrophilic side chains. CA4
was covalently linked through a carbonate group, whereas doxorubicin
by a carbamate linker. The novel hybrid prodrug showed good stability
and a satisfactory release of both active compounds by irradiation at
proper wavelengths. In the breast cancer cell line MDA-MB-231, the
prodrug exhibited significant cytotoxicity compared with doxorubicin
and CA4 alone, suggesting a synergistic antitumor effect.

The synthesis of bioreductively activatable prodrug conjugates
(BAPCs) represents a similar strategy to obtain a selective action of
anticancer drugs in hypoxic regions of tumors [41,42]. An application of
this intriguing strategy has been recently reported, with the identifica-
tion of prodrug conjugates of CA4 and CA1l (compounds 10-11, Fig. 7)
[43].

In these conjugates, the combretastatin scaffolds are covalently
linked to a bioreductive trigger (a nitrothiophene moiety) specifically

=/R, \ /

6a R, =3-F;R,=4-CF,
6b R;=4-OCHj; R, = 4-CF,

Fig. 5. Combretastatin hybrids containing the discoipyrrole C (5), the f-carboline (6) and the aziridine (7) scaffolds. The combretastatin scaffold is indicated in red.
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Fig. 6. Chemical structures of the acyl CA4 prodrugs (8) and of the photoresponsive hybrid prodrug 9, bearing doxorubicin (blue) and CA4 (red).

Fig. 7. Chemical structures of bioreductively activatable prodrug conjugates
(BAPCs) of CA4 (10) and CA1 (11), NADPH quinone oxidoreductase 1 (NQO1)
prodrug of CA4 (12). The CA scaffold is coloured in red.

designed to undergo enzyme-mediated cleavage under hypoxic condi-
tions. The cytotoxicity of derivatives was tested in the A549 human
cancer cell line; the gem-dimethyl CA4-BAPC (10) showed the greater
resistance to cleavage in normoxic environments, releasing the parent
anticancer agent selectively under hypoxic conditions (as evidenced by
enhanced cytotoxicity). A preliminary in vivo study was undertaken on
compound 10, that was administered at a single dose (180 mg/kg,
intraperitoneal) in orthotopic 4T1-luc breast tumors growing in the left
frontal mammary fat pad of syngeneic BALB/c mice. Bioluminescence
and histology experiments indicated an in vivo cleavage by NADPH-
cytochrome P450 oxidoreductase and a subsequent vascular disrup-
tion effect by the released parent drug CA4.

The NADPH quinone oxidoreductase 1 (NQO1), a two-electron
reductase responsible for the detoxification or the bioactivation of

some quinones, is overexpressed in different solid tumors, and it rep-
resents a tumor-specific target in the anticancer therapy [44-46]. Pro-
drugs of CA4 based on NQO1-selective targeting have been proposed,
consisting of three structural moieties: the parent drug CA4, a
NQO1l-responsive trigger group, and a self-immolating linker containing
carbonate or carbamate groups [47]. The prodrug 12 (Fig. 7) was
identified as the most promising derivative. The trimethyl quinone
propionic acid serves as the trigger group undergoing an intramolecular
cyclization following reductive activation of NQO1. Subsequently, the
N-methylcarbamate undergoes self-cyclization, enabling the release of
CA4. The cytotoxicity of novel prodrugs was tested against the
NQO1l-overexpressing A549 and HepG2 cells, hypoxia-exposed A549
and HepG2 cells, taxol-resistant A549 cells, normal human liver LO2
cells, and HEK293 cells. The most active and selective prodrug 12 was
further evaluated for the effect on CA4 release in response to NQO1, the
stability within plasma or buffers, and the antitumor effect. In HepG2
cells, 12 induced a marked apoptotic effect; in a xenograft liver tumor in
mice, it determined a marked reduction of tumor size. The positive re-
sults obtained suggest that this NQO1-responsive prodrug is potentially
useful for a selective tumor-targeting treatment.

Selenodiazole compounds display anticancer activity and radio-
sensitization effects, together with high bioavailability and general
safety [48,49]. The idea of combining the antitumor potential of sele-
nodiazoles with that of combretastatins led to the development of the
combined prodrug of CA4 and azide selenodiazole (13, Fig. 8) [50].
Triphenylphosphine was used as a trigger to react with prodrug and
achieve bioorthogonal cleavage reactions in the physiological environ-
ment. The triphenylphosphine-labile CA4-selenodiazole prodrug was
synthesized by forming an ester from the hydroxy group of CA4 and the
carboxylic group of the azide SeD. The obtained prodrug showed greater
safety in circulating blood than CA4, and an anticancer efficacy highly
superior to that of CA4. This applied prodrug strategy was found to not
only be efficacious to improve the antitumor effect of CA4, but also to
provide a possibility of strengthening the radiotherapeutic effect of
X-rays. Seleno compounds could effectively enhance the



M. Fantacuzzi et al.

13

Cl | _NH; ©
cl—Ft>NH;,

OY Bioactive Ligand

(e}
phenylbutyrate

valproate
14 dichloroacetate

European Journal of Medicinal Chemistry 281 (2025) 117021

glutaric linker

16

Fig. 8. Activation of the prodrug CA4-azide selenodiazole 13, producing the CA4 and the X-ray sensitizer selenodiazole. Chemical structures of the prodrugs
containing CA4, cisplatin, and other bioactive ligands (14, 15), and of nonmitochondria-targeted prodrug 16.

radio-sensitization of tumor cells for X-rays, resulting in an improved
anticancer effect. As hypothesized, the prodrug 13 displayed excellent
radio-sensitization properties and enhanced the inhibition effect toward
cancer cell migration, invasion, and angiogenesis. This study provided a
new approach for the rational design of the late-stage activation of
multiple chemotherapeutic prodrugs that showed enhanced levels of
bioorthogonal bioactivity for simultaneous anticancer and
anti-angiogenesis therapies.

An interesting application of the prodrug strategy has been reported
by a group of researchers, who synthesized Pt(IV) derivatives of cisplatin
with CA4 (14 and 15, Fig. 8) [51]. The structure of CA4 was modified to
be directly conjugated to Pt(IV), by adding linkers containing a car-
boxylic function so that it could be tethered to the OH of the Pt(IV). The
linkers formed stable ether or ester linkages. After reduction of the Pt
(IV) complex, the carbonate linker loses the CO,, generating the
bioactive molecule in its original unaltered form. Different bioactive
ligands were added to these conjugates, selecting molecules with syn-
ergistic action to cisplatin, in the attempt to form triple-action prodrugs.
The histone deacetylase (HDAC) inhibitors phenylbutyrate and val-
proate as well as the pyruvate dehydrogenase kinase (PDK) inhibitor
dichloroacetate were added to form these novel prodrugs. The synthe-
sized prodrugs were found relatively stable outside the cells, whereas
underwent rapid activation inside the cells. They were tested for their
antiproliferative activity on a panel of different cancer cells, both sen-
sitive and resistant to cisplatin: the obtained ICsy were very similar to
that of CA4, indicating that the cytotoxicity is probably due to CA4, and
not to cisplatin. The results of these experiments suggest that these
compounds are not multifunction cytotoxic agents, but rather prodrugs

of CA4, able to effectively deliver it to cancer cells. Preliminary in vivo
studies were carried out in Lewis lung carcinoma mice, showing an
enhanced tumor growth inhibition and reduction of the acute toxicity
(measured as body weight loss) compared to CA4. The authors of this
study suppose that the main role of Pt(IV) is to act as a self-immolative
carrier, that is activated by reduction inside the cancer cells, contrib-
uting to improve the CA4 activity and reduce its toxicity.

Nonmitochondria-targeted prodrugs of some anticancer drugs with
different mechanisms of action have been proposed by American re-
searchers [52]. CA4 was included in this group of compounds, and a
prodrug (16, Fig. 8) was created by adding to the cytotoxic molecule a
small protective group and a singlet oxygen (SO)-cleavable linker, in the
attempt to minimize the increase of molecular weight and lipophilicity.
These prodrugs are activated by SO, generated from visible or near IR
light. The authors of this study hypothesized that it is not necessary to
target mitochondria to potentiate the cytotoxic activity of drugs. The
efficacy of these nonmitochondria-targeted prodrugs was assessed in
monolayer cell cultures and in 3D spheroids; the prodrugs produced an
enhanced cytotoxic effect when added to protoporphyrin
IX-photodynamic therapy, also if high concentrations were needed.
Results from these experiments suggest that the newly synthesized
prodrugs could be used to enhance the effects of photosensitizers in
photodynamic therapy when they are not localized or generated in
mitochondria.

In addition to the anticancer field, the prodrug strategy was applied
to combretastatins to obtain antiviral effects. The beneficial antiviral
activity shown by inhibitors of tubulin polymerization against flavivi-
ruses as Zika and Dengue virus (DENV) inspired the synthesis of
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combretastatin and colchicine prodrugs, in the attempt to avoid the
systemic cytotoxicity and deliver the effective drugs in target cells (as
monocytes and hepatocytes) [53]. The applied strategy is based on
prodrugs activated by human carboxylesterase-1 (hCE1), a key enzyme
highly expressed in target cells. While this enzyme is described able to
cleave the cyclopentanol esters of phenylglycine and leucine, the
structure of combretastatin was derivatized to form phenylglycine- and
leucine-cyclopentyl esters (17) (Fig. 9). The experiments demonstrated
that only leucine-based derivatives of combretastatin were subjected to
hydrolysis by hCE1, whereas the phenylglycine analogues were not
cleaved by the enzyme. The combretastatin derivatives were less cyto-
toxic, but their antiviral potential was reduced compared the parent
compound. This prodrug strategy was useful to reduce toxicity, but it did
not lead to an improved biological activity.

The same research group reported a similar strategy to obtain com-
bretastatin prodrugs with antiviral activity. They synthesized
combretastatin-peptide hybrids (18), incorporating the cleavage site of
the DENV protease to allow activation of the tubulin ligand within
infected cells [54]. To attach a peptide sequence that is recognized by
the DENV protease, the hydroxyl group of CA4 was replaced by an
amino group. The amino acid residues incorporated in the tripeptide
scaffold were Arg, Lys, Gly, Ala, f-Ala, and Ser. In vitro experiments, the
synthesized hybrids were hydrolysed by the DENV protease at a rate
comparable to its natural substrates. Both prodrugs and metabolites
showed antiviral activity against DENV and Zika virus in
hepatocyte-derived cells at sub-cytotoxic concentrations. However, this
study did not provide clear relationships between prodrug activation
and antiviral efficacy, and the therapeutic index of best compounds was
too low to consider a further preclinical development.

4. Combretastatins in combination treatments

The antitumor efficacy of combretastatins inspired the researchers to
realize drug combinations with other anticancer agents, to maximize the
antitumor effects by a synergistic action. Through nanotechnological
approaches, CA4 derivatives were synthesized and tested in combina-
tion with some antitumor agents, obtaining excellent results in breast
and hepatic tumor models (Fig. 10).

A poly(l-glutamic acid)-CA4 conjugate (PLG-CA4) nanomedicine
was developed by a group of Chinese authors to improve the potential of
CA4 on tumor therapy [55]. This nanomedicine was mainly distributed
around the tumor vessels, due to its low tissue penetration in solid
tumor. CA4 nanoparticles (NPs) have been recently proposed as efficient
tool to elevate hypoxia levels selectively in tumors, enhancing the
antitumor efficacy of hypoxia-activated prodrugs [56]. To test this hy-
pothesis, a combination of tirapazamine (a hypoxia-activated prodrug)
plus CA4-NPs was used to treat highly metastatic 4T1 breast carcinoma.
The CA4-NPs were successful to selectively destroy blood vessels and
potentiate hypoxia inside tumors; this improved the therapeutic and
antimetastatic effects of tirapazamine in the metastatic 4T1 mammary
adenocarcinoma model. The combination of tirapazamine and CA4-NPs

European Journal of Medicinal Chemistry 281 (2025) 117021

showed superior antitumor efficacy over the two monotherapies; in
addition, this drug combination was able to completely suppress mod-
erate (about 180 mm3), but also large tumors (about 500 mm?) with
distant metastasis. These results appear of great interest, deserving
further investigations of combination between hypoxia-activated pro-
drugs and CA4 nanomedicines for the treatment of other solid tumors.

A similar approach was described in a recent study, in which CA4-
NPs were used to improve the hypoxia and facilitate the antitumor ac-
tion of hypoxia-activated prodrugs. A hypoxia-activated prodrug of 6-
diazo-5-oxo-L-norleucine (a potent glutamine antagonist) was developed
as anticancer agent, showing improved therapeutic efficacy and tumor
selectivity [57]. The combination of the glutamine antagonist prodrug
HDON and CA4-NPs induced a synergistic anticancer effect, with the
selective disruption of tumor blood vessels, the increased degree of
hypoxia, and an increased expression of nitroreductases in the tumor
microenvironment. The antitumor efficacy of HDON and CA4-NPs was
assessed in MC38 murine colon cancer and 4T1 murine breast cancer
models, achieving significant tumor suppression rates.

A combined treatment consisting of CA4 and an anti-PD-L1 agent
was explored by Chinese researchers, who proposed a nano-
technological formulation of CA4 [58]. Nanoparticles of poly(l-aspartic
acid)-poly(ethylene glycol)/combretastatin A4 were realized to improve
the water solubility and prolong the half-life of CA4. This system offers
the advantage of long-term circulation and drug accumulation around
the tumor site. The active drug is gradually released from the nano-
carriers in a controlled way, ensuring a constant drug concentration in
the tumor. This nanodelivery system constructed by chemical bonding
results more stable than physical enwrapping and may be sensitive to
tumor acidic environment, resulting in a controlled release of the drug.
In this study, the authors evaluated the use of CA4 nanoparticles in
combination with an anti-PD-L1 antibody, to prevent immunosuppres-
sion related to severe hypoxic conditions, that could determine a high
expression of hypoxia-inducible factor 1-alpha (HIF-1a) and the over-
expression of PD-L1 [59]. Whereas CA4 nanoparticles arrest the tumor
by disrupting the established central vasculature, the programmed
death-ligand 1 (PD-L1) inhibitor can reactivate the T-cell immune
response in the tumor microenvironment. This combination strategy
was studied in subcutaneous Hepal-6 hepatic tumor models on female
C57BL/6 mice. Results from these in vivo experiments evidenced a
marked anticancer effect of the combination strategy, confirming the
potential value in the therapy of hepatocellular carcinoma.

The co-administration of CA4 and a multikinase inhibitor has been
proposed as a powerful therapeutic strategy against hepatocellular
carcinoma [60]. The authors of this study constructed a polymeric CA4
derivative [poly(i-glutamic acid)-graft-methoxy poly(ethylene glyco-
1)/combretastatin A4, PLG-CA4], able to concentrate itself around tumor
vessels after intravenous injection. Its low tissue penetration ability in
solid tumors was improved by realizing a water-soluble form, consisting
of polymeric CA4 sodium salt nanoparticles. This novel CA4 formulation
was evaluated in subcutaneous and orthotopic H22 hepatic tumor
models, where a significant disruption of tumor blood vessels was
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Fig. 9. Antiviral combretastatin prodrugs containing peptide scaffolds.
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observed. Together with beneficial effects, as the extensive tumor ne-
crosis and the inhibited of tumor growth, an increased expression of
vascular endothelial growth factor A (VEGF-A) was found. To overcome
this problem, the authors of the study proposed the combined use of the
polymeric CA4 nanoparticles with sorafenib, a well-established anti-
cancer agent targeting VEGF-A. The combination of sorafenib (30
mg/kg) + CA4-NPs (30 mg/kg) determined an over 90 % tumor sup-
pression rate in a hepatic H22 subcutaneous tumor model with low
systemic toxicity. This cooperative mechanism of CA4-NPs plus sor-
afenib showed the potential to completely eradicate the whole tumor,
suggesting that this synergistic approach is highly promising for the
systemic treatment of hepatocellular carcinoma.

Novel therapeutic strategies are under investigation in the attempt to
elicit the efficacy of chemotherapy, by eradicating tumor cells at the
edge and central regions of a solid tumor. To this aim, a group of re-
searchers demonstrated the synergic antitumor efficacy of a combined
treatment consisting of the vascular disrupting agent CA4P and nano-
particle albumin-bound paclitaxel (nab-paclitaxel) in Walker 256 rat
breast carcinoma cells [61]. The whole-body biodistribution and the
intratumor uptake of paclitaxel were evaluated, with results showing
that CA4P can improve the accumulation of nab-paclitaxel. The com-
bined treatment of nab-paclitaxel and CA4P in xenograft model induced
a stronger tumor growth inhibition than individual treatments. The
improved efficacy of the co-administration may be attributed to the
increased nab-paclitaxel retention, due to the trapping effect of CA4P
within the tumor core. A further advantage of this co-treatment is that it
is a multi-targeting strategy, as nab-paclitaxel acts on the proliferating
cells at the tumor periphery, while CA4P targets endothelial cells,
inducing necrosis at the core of the tumor. Overall, the results of this
study hold great promise for a further evaluation of this combined
treatment in chemotherapy.

In addition to CA4 nanoparticles combined with anticancer agents,
other interesting combination strategies have been described, suggest-
ing that multiple treatments based on combretastatins can improve
classical or innovative anticancer therapies. Researchers from China
proposed an innovative co-treatment combining CA4P plus chimeric
antigen receptor T (CAR-T) therapy, with the aim of promoting the
infiltration of CAR-T cells into solid tumors, enhancing the therapeutic
efficiency of the treatment [62]. The combination of CAR-T cells that
specifically target HER2 with CA4P was administered in mice trans-
planted with SKOV3 (HER2+) ovarian cancer cells; results showed an
enhanced ability to suppress the growth of SKOV3 tumor cells in a
cell-derived xenograft model. The combination treatment was also
tested in HER2+ colorectal cancer and a patient-derived xeno-
transplantation model, obtaining positive results in terms of destruction

of tumor vessels, promotion of T cell infiltration, and decreased
expression of the HER2 antigen. Results from this study showed that
CA4P effectively promotes CAR-T cell infiltration in vivo solid tumor
models, producing a significant improvement of the antitumor ability of
CAR-T cells targeting different solid tumors.

A novel combination approach was proposed against melanoma by
the simultaneous inhibition of tumor vascularization and enhancement
of macrophage-mediated antitumor responses [63]. To this aim, CA4
and the immunostimulatory adjuvant poly(I:C) (PIC) were co-delivered
through a formulation based on an injectable metal-organic framework
hydrogel. PIC is a synthetic double-stranded RNA molecule able to
induce innate immune responses, by modulating tumor-associated
macrophages (TAMs) towards an anti-tumor M1 phenotype. When
administered in a subcutaneous melanoma model in mice, the combi-
nation produced a synergistic action, by inhibiting angiogenesis and
disrupting tumor blood vessels. The simultaneous promotion of M1
macrophage infiltration and disruption of tumor vascularization led to a
greater antimelanoma effect, proposing this new combination therapy as
an innovative option in the immunotherapy of melanoma.

Another recent study examined whether the combination of immu-
notherapy and the antivascular agent CA4P will succeed in murine
B16-F10 melanoma and triple-negative 4T1 breast tumor models [64].
Mice were treated with the stimulator of interferon genes (STING)
pathway agonist cyclic GMP-AMP (cGAMP) and CA4P; in the group
treated with the combination a significant therapeutic effect was ob-
tained against 4T1 breast cancer, related to the tumor microenviron-
ment polarization and the stimulation of the innate immune response.
However, CA4P did not provide an additive antitumor effect in B16-F10
melanoma model, producing the same effect on growth inhibition ob-
tained with the administration of only cGAMP. The authors underline
that the tumor microenvironment plays a crucial role in the outcome of
therapy in two tumor models analysed in this study.

A co-delivery system based on CA4P and cisplatin was developed for
the local treatment of colon cancer [65]. The antitumor efficacy and
safety of this novel drug co-loaded gel depot were investigated in a
murine C26 xenograft model. Results obtained indicate that the gel
depot enhances the tumor vascular disrupting effects through the sus-
tained release of CA4P. In addition, the co-administration of CA4P and
cisplatin led to the highest antitumor efficacy in the C26 bearing mice,
after a single peritumoral injection. Results from this study confirmed
the wide applicability of the biocompatible hydrogel and its suitability
for biomedical application, holding potential for an enhanced local
treatment of colon cancer.

The same combination therapy, studied by Dai et al. on human
osteosarcoma-xenografted mice [66], demonstrated a significant tumor
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growth inhibition and reduction of lung metastasis, compared with the
monotherapy drug groups. Interestingly, the combined administration
of CA4P and cisplatin led to synergistic effects at lower concentrations,
promoting apoptosis and necrosis, inhibiting proliferation of osteosar-
coma cells, without an increase of the systemic toxicity of
chemotherapy.

Li et al. reported an interesting application of an anticancer treat-
ment combining CA4 and a mild photothermal therapy (PTT) [67]. The
authors realized a nanoplatform in which the CA4 was integrated into
the protamine sulfate functionalized nanodiamonds hybrids; the
near-infrared (NIR) laser irradiation was used to trigger the release of
CA4 in Hep-G2 cells. In HepG-2 tumor-bearing mice, a highly synergistic
anticancer efficacy was obtained by co-administration of nanodiamonds
and exposure to NIR laser irradiation, leading to an enhanced
photocytotoxicity.

The careful management of cardiotoxicity exerted by some anti-
cancer drugs is an important problem to be solved. Various cardiotoxic
effects could arise after administration of anticancer drugs, as heart
failure, ischemic heart disease, hypertension, and other cardiac condi-
tions [68,69]. The risk of cardiac injury has been reported from clinical
trials of CA4P [70], and the bromodomain-containing protein 4 (BRD4)
has been reported to be involved in the progression of heart failure [71].
A recent study performed by Japanese researchers focalized into the
reduction of cardiotoxicity induced by CA4P in a combined treatment
with the BRD4 inhibitor JQ1 [72]. The authors of this study selected a
canine mammary carcinoma cell line (CHMp-13a) and tested the com-
bined treatment CA4P + JQ1 in vitro and in vivo, using a mouse xenograft
model. In the in vitro experiments, both compounds inhibited cell pro-
liferation in a concentration-dependent way when added alone, and they
exerted a synergistic effect when co-administered. In the xenograft
model, a stronger inhibition of tumor growth was observed in the CA4P
+ JQ1 group compared to single treatments, suggesting that the
enhanced effect of the combined use detected in vitro was reproduced in
vivo. Moreover, the cardiotoxic effects were attenuated after the com-
bined treatment, suggesting that the co-administration of CA4P and the
BRD4 inhibitor allows to reach a security margin to maximize the dis-
tance between the effective concentration and cardiotoxic one.

5. Combretastatins as payloads in ADCs

Antibody-drug conjugates (ADCs) represent a new class of highly
promising therapeutics for cancer treatment [73,74]. In the last years, a
marked increase on the realization of these conjugates was observed,
that led to the FDA approval of different ADCs and the clinical devel-
opment for many others [75]. The clinical success of an ADC to address
potent anticancer effects in a specific district is strongly related to the
performance of their three components: the monoclonal antibody
(mAD), the linker, and the cytotoxic payload. Research efforts were paid
to the improvement of these components, and great success was ob-
tained by a careful selection of the type of antibody, the proper linker,
and the potent cytotoxic payload. Anyway, some problems related to
pharmacokinetics and safety of ADCs remain to be solved, and the
research is very active in this field of investigation, proposing techno-
logical solutions and next-generation ADCs [76-78].

To date, 13 ADCs have been approved by the FDA for their use in
clinical oncology, with indication in leukemia, metastatic breast cancer,
lymphoma, multiple myeloma, head and neck, gastric, lung, bladder,
cervical, and ovarian cancer [79].

The choice of cytotoxic payloads in ADCs is a critical point, in the
attempt to address a potent cytotoxic action, avoiding an uncontrolled
general toxicity, ensuring low immunogenicity and high stability. For
these reasons, large groups of cytotoxic compounds were explored,
realizing conjugates containing natural compounds or their derivatives
acting as tubulin inhibitors and DNA damaging agents. However, many
of the traditional ADC payloads have important disadvantages and
limitations, as inadequate efficacy, and the development of acquired
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drug resistance. To overcome these issues, novel payloads acting against
different targets and endowed with reduced side effects are under
development, as RNA inhibitors, immuno-agonists, apoptosis-promoting
Bcl-xL inhibitors, PROTACs and others [80,81].

The use of CA4 as payload of ADC was proposed by Huang et al. [82].
They realized three different ADCs comprising the mAb cetuximab,
targeting the epidermal growth factor receptor (EGFR), approved by the
FDA in 2004 (Erbitux®) for the treatment of colorectal cancer. This
chimeric monoclonal immunoglobulin G1 (IgG1) antibody targets and
antagonizes EGF activity, resulting in the induction of apoptosis and the
inhibition of cancer cell proliferation. The payload CA4 was connected
to the mAb through three different linkers (one non-cleavable and two
protease-cleavable, containing the sequence Val-Cit and
Gly-Gly-Phe-Gly, respectively), whereas a divinylsulfonamide portion
was used for the site-selective modification of antibody through disul-
fide re-bridging approach (Fig. 11). Three ACDs retained binding spec-
ificity, potency, and internalization ability comparable to that of
cetuximab. The ADCs with cleavable linkers exhibited potent anti-
proliferative activities in a panel of lung and breast cancer cell lines. The
in vivo antitumor activity of three ADCs was tested against
NCI-H1975-GFP derived tumor xenograft model; all the derivatives
strongly decreased tumor volume, without inducing significant changes
of body weight in mice. This study demonstrates that CA4 is a viable
payload option for ADC research, opening the way to the development of
novel biological drugs containing combretastatins.

CA4 and cetuximab were used to obtain ADCs also by another
research group, which combined the payloads CA4 and doxorubicin to
cetuximab through a novel linker based on the 1-6 self-immolative p-
hydroxybenzyl alcohol platform [83]. The pH-sensitive HMPO linker
(5-(hydroxymethyl)pyrogallol orthoester derivative), obtained by
chemical modification of gallic acid, resulted stable into biological fluids
as blood, whereas hydrolysis at pH 5.5 determined a rapid release of
drugs, confirming the validity of this approach for a specific delivery of
the cytotoxic payload. The resulting ADCs exhibited improved cytotoxic
activity in A431 and A549 cancer cells compared to the unconjugated
antibody (Fig. 12).

A recent work reports on the use of a self-immolative phenoxysilyl
linker, formed by the direct reaction of the phenolic group of CA4 with
dichlorodiisopropylsilane, used to connect the CA4 to atezolizumab to
construct a novel ADC (Fig. 12) [84]. The use of this linker allowed an
increased conjugation efficiency and valuable improvements in the ADC
action, probably related to a better penetration in target cells. The newly
synthesized ADC exhibited good antiproliferative activity in PD-L1
positive cells (breast cancer MDA-MB-231, glioblastoma U-87,
non-small-cell lung cancer Calu-1) displaying nanomolar ICsps. Its su-
perior efficacy compared to the atezolizumab-CA4 ADC with a
non-cleavable linker is attributed to the linker features, that allow an
improved and targeted release of the cytotoxic payload.

5.1. Conclusions and perspectives

Historically, plants and living organisms have represented precious
sources of bioactive molecules, useful for the treatment of various dis-
eases. Stilbenes, flavonoids, terpenoids, and combretastatins are inter-
esting examples of bioactive compounds applied to the anticancer
research, with a wide library of synthetic derivatives endowed with
improved pharmacokinetic properties [85-88].

In this landscape, several medicinal chemist’s efforts were directed
towards the enhancement of tumor targeting of combretastatins,
applying different strategies finalized at their selective delivery in the
tumor microenvironment. The lack of selectivity in the cytotoxic action
of CA4 represents a significant problem in chemotherapy, as witnessed
by the discontinuation of clinical trials by CA4 derivatives. In this
context, the most significant enhancements proposed in the last years
see the application of systems, allowing a selective targeting of CA4 in
specific tumor sites, encompassing the general toxicity associated with
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their use. CA4 prodrugs were created, able to release the cytotoxic agent
in the tumor microenvironment, exploiting the tumor lower pH and
hypoxia. Photoresponsive prodrugs and bioreductively activatable pro-
drugs represent interesting innovation in the therapeutic use of CA4,
encompassing selectivity and toxicity issues.

The combination of combretastatins with other antitumor agents led
to improved efficacy and tumor-targeting properties: CA4 nanoparticles
with tirapazamine, anti-PD-L1 antibodies, and sorafenib determined an
improved antitumor efficacy through synergistic mechanisms of action.

Combretastatins were also extensively studied in combination
treatments with other anticancer agents, as cisplatin, including the
innovative CAR-T approach and photothermal therapy. These studies
hold great promises, deserving further evaluation in multiple cancer
models, to widen the application field.

A recent and modern application of medicinal chemistry strategies is
represented by the construction of ADCs based on CA4 as payload. This
represents an exciting and promising approach, in the attempt to
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maximize the cytotoxicity of CA4 with a tumor-selective delivery,
exploiting the high specificity of monoclonal antibodies. Three studies
to date describe the construction of CA4-based ADCs, linked to cetux-
imab or atezolizumab through cleavable or non-cleavable linkers.
Despite these conjugates require further biological evaluation, the idea
to use CA4 as potent cytotoxic agent is a promising strategy. Preliminary
results authorize a positive feeling for this novel class of CA4-based
tumor-selective compounds as novel agents to treat tumors over-
expressing EGFR and PD-L1.

Overall, the potent antivascular activity of CA4 and its selective
delivery to tumors have greatly improved the anticancer efficacy of this
drug. Future research should focus on enhancing the delivery of the
treatment, with the aim of reducing off-target effects and systemic
toxicity. The combined treatments of CA4 with other anticancer drugs
sound really promising, with the possibility to achieve even more suc-
cessful results in tumors through a therapy highly focused on specific
features of cancer.
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Abbreviations

ADC antibody-drug conjugate

AML acute myeloid leukemia

BACPs  bioreductively activatable prodrug conjugates
BRD4 bromodomain-containing protein 4
CAl combretastatin A-1

CA4 combretastatin A-4

CA4-NPs combretastatin A-4 nanoparticles
CA4P combretastatin A-4 phosphate

CAR-T  chimeric antigen receptor T

CBS colchicine binding site

c¢cGAMP cyclic GMP-AMP

COX-2  cyclooxygenase-2

DENV  Dengue virus

EGFR epidermal growth factor receptor
hCE1 human carboxylesterase-1

HDAC  histone deacetylase

HIF-la  hypoxia-inducible factor 1-alpha
HMPO  5-(hydroxymethyl)pyrogallol orthoester
IgG1 immunoglobulin G1

mAb monoclonal antibody

nab-paclitaxel nanoparticle albumin-bound paclitaxel
NIR near-infrared

NQO1 NADPH quinone oxidoreductase 1
NSAID  non-steroidal anti-inflammatory drug
PCV polypoidal choroidal vasculopathy
PDK pyruvate dehydrogenase kinase
PD-L1 programmed death-ligand 1

PGE, prostaglandin Ep

PIC poly(I:C)

PLG-CA4 poly(l-glutamic acid)-CA4 conjugate
PTT photothermal therapy

SO singlet oxygen

STING  stimulator of interferon genes

TAMs tumor-associated macrophages

VDA vascular disrupting agent

VEGF-A vascular endothelial growth factor A
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