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To date, only few marine natural compounds have been proved to be active in

breast cancer (BC). The main marine-derived drugs that have been studied for the

treatment of BC are tubulin-binding agents (eribulin and plocabulin), DNA-

targeting agents (cytarabine and minor groove binders—trabectedin and

lurbinectedin) and Antibody-Drug Conjugates (ADCs). Notably, eribulin is the

only approved cytotoxic drug for the treatment of advanced BC (ABC), while

cytarabine has a limited indication in case of leptomeningeal diffusion of the

disease. Also plocabulin showed limited activity in ABC but further research is

needed to define its ultimate potential role. The available clinical data for both

trabectedin and lurbinectedin are of particular interest in the treatment of BRCA-

mutated tumours and HR deficient disease, probably due to a possible immune-

mediatedmechanismof action.Oneof themost innovative therapeutic options for

the treatment of BC, particularly in TNBC and HER2-positive BC, are ADCs. Some

of theADCsweredevelopedusing a specificmarine-derived cytotoxicmolecule as

payload called auristatin. Among these, clinical data are available on ladiratuzumab

vedotin and glembatumumab vedotin in TNBC, andon disitamab vedotin andALT-

P7 in HER2-positive patients. A deeper knowledge of themechanismof action and

of the potential predictive factors for response to marine-derived drugs is

important for their rational and effective use, alone or in combination. In this

narrative review, we discuss the role of marine-derived drugs for the treatment of

BC, althoughmost of themarenot approved, and theopportunities that could arise

from the potential treasure trove of the sea for novel BC therapeutics.
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1 Introduction

More than 50 years ago, the very first drug extracted from

the sea, cytarabine, arrived in clinics. Cytarabine (also known

as Ara-C, Cytosar-U®) was isolated from a marine sponge and

demonstrated activity against cancer cells via blocking DNA

polymerase (Dyshlovoy and Honecker, 2018). Due to its

biological activity, the drug was approved by the Food and

Drug Administration (FDA) for the treatment of leukaemia in

1969, and since then Cytarabine has remained a relevant

player in the therapeutic strategy for haematological

malignancies.

Inexplicably, shortly after this initial success, the history of

marine-drug development suffered a prolonged setback and

appeared to have ended. In fact, no further compounds were

approved by health authorities for almost 40 years and the search

for novel anticancer drugs from natural sources had also declined

in favour of computational and high-throughput screening

approaches to rational drug design.

At the beginning of the 21st century, however, the

development of medicines from the sea experienced a

renaissance and gained a new momentum (Stonik, 2009;

Brönstrup and Sasse, 2020). Supported by modern

biochemical approaches, the renewed interest in marine

anticancer derivatives has led to the identification of novel

marine molecules that were undetectable in the past and have

a specific mechanisms of action.

The role of marine natural products as candidates

anticancer drugs is now widely recognised and represents

an important field of research and development. In the last

two decades, the number of the available marine-drugs has

almost doubled (Dyshlovoy and Honecker, 2015) and as of

March 2022, the list of the marine-derived drugs officially

approved by the regulatory agencies for cancer treatment

encompasses 12 compounds, with Eribulin the only one

approved for breast cancer (BC), including in a

chronological list: 1) the spongian nucleoside Cytarabine, 2)

the spongian macrolide Eribulin mesylate, 3) the Brentuximab

vedotin, 4) the ascidian alkaloid Trabectedin, 5) the marine-

derived HDAC inhibitor Panobinostat, 6) the ascidian

depsipeptide Plitidepsin, 7) the Polatuzumab vedotin, 8) the

Enfortumab Vedotin, 9) the ascidian alkaloid-derived

Lurbinectedin, 10) the Belantamab Mafodotin, 11) the

Disitamab Vedotin, and 12) the Tisotumab vedotin.

Besides, more than 30 additional candidate anticancer

marine-derived molecules are currently in various stages of

development (Ha et al., 2019), most of which are antibody-

drug conjugates (ADC) and some of which have a promising

activity against BC.

In this narrative review, we discuss the potential role of

marine-derived drugs in the treatment of BC (Figure 1) and the

opportunities offered by the potential treasure trove of the sea for

novel BC therapeutics.

2 Tubulin-binding agents

Eribulin mesylate and Plocabulin are two of the major anti-

microtubule cytotoxic agents isolated from marine sources

(Figure 2).

2.1 Eribulin

Eribulin mesylate is one of the most important marine

compounds studied for its anticancer activity. It was isolated

for the first time in 1986 from a natural product, the black sea

sponge off the coast of Japan, Halichondria okadai. Despite its

interesting mechanism of action with promising antitumor

effects, its complex structure and the presence of

contaminants made it difficult to use until 1992 when the

total synthesis of halicondrin B was completed and many

synthetic analogues were successfully developed, including

eribulin.

Eribulin has a unique mechanism of action: unlike other

compounds such as taxanes and vinca alkaloids, it exerts its

cytotoxic effect by suppressing microtubules polymerization

without affecting depolymerization, thereby preventing spindle

formation, which ultimately leads to mitotic arrest and

subsequent cell apoptosis (Gourmelon et al., 2011). Because of

this mechanism of action, eribulin may show activity also in case

of taxane-resistant tumour cell lines.

Moreover, some preclinical studies of human BC models

have suggested that eribulin may also have a non-mitotic activity.

Indeed, eribulin can affect tumour microenvironment and

restore its vasculature and perfusion, downregulating the

expression of vascular endothelial growth factor (VEGF) and

TGFbeta genes. These alterations could be responsible for the

potential enhancement of the subsequently administered

chemotherapy by both reducing hypoxia-driven

chemoresistance and increasing the intratumoral delivery of

the drug. As a consequence, eribulin might contribute to

modify the advanced BC (ABC) disease-trajectory and the

post-progression survival outcome, as observed in phase III

trials. Besides, preclinical studies have also shown that eribulin

can affect the epithelial-mesenchymal transition process (EMT)

(Ueda et al., 2016) and can favourably impact on immunological

tumour microenvironment (De Sanctis et al., 2018). Notably, in

triple-negative BC (TNBC) patients, the high level of tumour-

infiltrating lymphocytes (TILs) has been shown to predict the

efficacy of eribulin, with a significant DFS improvement

(Kashiwagi et al., 2017), supporting a drug-related synergistic

engagement of the anticancer immune-response. Following these

suggestions, eribulin was tested in association with PD-1

inhibitors. Interesting preliminary results were reported in the

phase Ib/II ENHANCE1 study, which evaluated the combination

of eribulin with pembrolizumab in PD-L1-positive advanced

TNBC patients. An ORR of 26% was observed, which was
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higher than the ORR observed in the past with either eribulin or

pembrolizumab as monotherapy, in the same setting of patients

(ORR 10 and 21%, respectively) (Tolaney et al., 2021).

Eribulin was approved by the regulatory agencies in the

United States (November 2010) and in Europe (March 2011)

for the treatment of ABC patients who had received at least

one or two lines of prior chemotherapy, respectively. In

Europe, the recommended dose of eribulin refers to the

active substance (eribulin, 1.23 mg/m2) whereas in the

United States to the salt form (eribulin mesylate, 1.4 mg/

m2) and it should be administered intravenously over

2–5 min on Days 1 and 8 of every 21-days cycle (Goel

et al., 2009).

The eribulin approval derived from the results of the

EMBRACE trial, a randomized, open-label, phase III study,

which demonstrated for the first-time ever in heavily pre-

treated ABC the benefit of a cytotoxic single-agent in terms of

statistically significant overall survival (OS) improvement,

compared to the best treatment physician’s choice (TPC)

(13.1 vs. 10.6 months, p = 0.041) (Cortes et al., 2011). In a

subsequent phase III trial (study E-301), pre-treated ABC

patients were randomized to receive eribulin or capecitabine

FIGURE 1
Simplified mechanisms of action of marine derivate compound in breast cancer. (A) Cytarabine is incorporated into DNA as its activated form,
ara-cytidine 5′-triphosphate, and promotes abnormal fragment binding of newly synthesised DNA, leading to apoptosis. (B) Trabectedin and
Lurbinectedin bind to the minor groove of DNA inhibiting transcription, resulting in double-strand DNA breaks and cell death. They also affect the
tumour microenvironment by negatively modulating tumour-associated macrophages’ activity. (C) Antibody-drug conjugates consist of a
monoclonal antibody bound to a payload, generally monomethylauristatin E, a cytotoxic compound that binds to tubulin, leading to both disruption
ofmitotic spindle assembly and arrest of tumour cells in themitotic phase of the cell cycle. (D) Eribulin inhibits themicrotubule growth phase forming
non-productive tubulin aggregates. It also acts on angiogenesis. Abbreviations: ADC, antibody drug conjugate; ara-CTP, ara-Cytidine-5′-
triphosphate; CCL2, C-C Motif Chemokine Ligand 2; CXCL8, C-X-C Motif Chemokine Ligand 8; DAR, Drug-antibody Ratio; EGFR2, epidermal
growth factor receptor; IL6, Interleukin 6; mgDNA, minor groove DNA; MMAE, monomethylauristatin E; RNApol, RNA polymerase; TAM, tumor-
associated macrophages; tc-NER, Transcription-coupled nucleotide excision repair; VEGF, Vascular-Endothelial Growth Factor.
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as first, second or third-line therapy (Kaufman et al., 2015).

Eribulin failed to demonstrate superiority over capecitabine,

showing similar results in terms of OS (15.9 vs. 14.5) and no

differences in progression free survival (PFS) and ORR.

Notwithstanding this finding, however, a subsequent post-hoc

pooled analysis of the EMBRACE and E-301 trials showed that

eribulin prolonged OS in the entire patient population and in all

patient subgroups (Twelves et al., 2014). Although real-world

evidence supports the efficacy of eribulin in chemo-pretreated

ABC regardless of cancer subtypes (Pedersini et al., 2018), a

greater clinical benefit was observed in the case of TNBC

(Twelves et al., 2014).

Besides TNBC, emerging data suggest that eribulin is also

effective and tolerable in patients with HER2-positive ABC.

Given the promising results of clinical trials with anti-HER2

agents in combination with conventional chemotherapies, the

use of eribulin with trastuzumab was investigated in several

studies. This combination was tested in a phase II trial for the

first-line treatment of HE2-positive ABC and showed an ORR of

71.2% with a median PFS of 11.6 months (Sakaguchi et al., 2018).

Another phase II trial assessed the combination of eribulin with

the dual antiHER2 block, trastuzumab and pertuzumab, in

taxane-pretreated HER2-positive ABC, showing favourable

outcome in terms of ORR and prolonged PFS (Araki et al., 2017).

There is only little evidence regarding the role of eribulin in

early BC. In the neoadjuvant setting, a phase II trial evaluated for

the first time the combination of eribulin with carboplatin in

TNBC, reporting an encouraging 43% of pathologic complete

response (Kaklamani et al., 2015).

Similarly, in the adjuvant setting, a single pilot experience

evaluated the feasibility of the combination of eribulin with

capecitabine (days 1–14 of a 21-days cycle) in HR-positive

HER2-negative, stage I–II early BC, with preliminary

interesting results (Smith et al., 2016).

FIGURE 2
Chemical structure of Eribulin and Plocabulin.
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The most frequent adverse events (AEs) associated with

eribulin were neutropenia, fatigue and neuropathy. As

reported in the EMBRACE study, neutropenia occurred in

22%–49% of patients and it was easily managed with dose

delay, dose reductions or administration of stimulating growth

factors. Neuropathy was the most common non-hematologic

AEs leading to a limited treatment discontinuation in EMBRACE

trial [24 (5%) of 503 patients] (Cortes et al., 2011). Alternative

schedules of administration (e.g., biweekly) are being evaluated to

derive a better toxicity profile and treatment tolerance.

2.2 Plocabulin

Plocabulin is a novel tubulin-binding agent, isolated for the

first time from the Madagascan sponge Lithoplocamia

lithistoides, currently produced by total synthesis (Pera et al.,

2013; Martínez-Díez et al., 2014). Unlike eribulin, plocabulin

binds with high affinity to a new site in the β-tubulin plus end,

inhibiting the microtubule growing at a very low concentration.

The resulting microtubules instability affects the cellular cycle

both during interphase and mitosis, leading to alteration in cell

shape, trafficking, signalling, transportation, migration and,

ultimately, cell apoptosis.

Moreover, the inhibition of microtubule dynamics in

endothelial cells leads to alterations in tumour vascular

architecture. These antiangiogenic effects, obtained with a

lower dose than the cytotoxic one, contribute to enhancing

plocabulin’s anticancer activity (Galmarini et al., 2018).

Worthy of note, plocabulin preserved its effect even in cells

expressing the P-gp multidrug efflux pump, typically resistant to

vinorelbine and paclitaxel, two well-known and extensively used

drugs in BC (Martínez-Díez et al., 2014). Both in vitro and in vivo

studies, Plocabulin exhibits a promising cytotoxic effect on breast

tumour cells (Pera et al., 2013).

The first-in-human phase I trial (NCT01299636) of

plocabulin in patients with several advanced solid tumour

included five patients with ABC. Of them, three achieved

stable disease (SD) as the best response, with maximum

tumour shrinkage of 28%. The single BC patient who derived

the greatest benefit was heavily pretreated (10 prior lines) and

reached an interesting PFS of 6 months.

These preliminary signals of anticancer activity came with

some toxicities, being the peripheral sensory neuropathy the

most common and severe AEs, especially in patients who

already had the chemotherapy-induced peripheral neuropathy

(CIPN) at baseline (i.e., oxaliplatin). Other common plocabulin-

related AEs were mild or moderate, including fatigue, nausea,

alopecia, vomiting and abdominal pain. The main severe

haematological toxicity was anaemia (23% of grade 3), being

neutropenia and thrombocytopenia mild or moderate. Most

biochemical abnormalities were grade 1 or 2 and included

alanine aminotransferase (ALT) and aspartate

aminotransferase (AST) increase and hypoalbuminemia (Elez

et al., 2019).

Another prospective phase I trial (NCT02533674) testing

plocabulin in combination with gemcitabine in selected advanced

solid tumours, including 4 ABC, has been completed, but data on

drug efficacy have not yet been reported.

Unfortunately, despite the interesting rationale for the

potential role of plocabulin in tumours resistant to other

antimicrotubular agents, its activity in advanced BC has not

been further investigated in other trials.

3 DNA-targeting agents

3.1 Cytarabine

Cytarabine, also known as cytosine arabinoside (Ara-C), was

the very first marine-derived compound approved for its

anticancer properties (Figure 3). It had been obtained from a

Caibbean sponge, Cryptotheca crypta, synthesized for the first

time in 1959 and then rendered by Streptomyces griseus

fermentation. It belongs to the category of drugs known as

antimetabolite and exerts its activity interfering with the DNA

synthesis. Cytarabine is a pyrimidine analogue and differs from

its natural counterpart (cytidine and deoxy cytidine) for the

presence of sugar arabinose instead of ribose and deoxyribose.

Once inside the cell, cytarabine is rapidly converted into the

active triphosphate form, competing with cytidine to incorporate

itself into DNA. The modified DNA structure and the inhibition

of DNA polymerase caused by cytarabine, prevent DNA

replication and repair (Barreca et al., 2020; Wu et al., 2021).

Cytarabine was approved by the FDA in 1969 for the

treatment of acute myeloid leukaemia (AML). Later, other

haematological malignancies such as lymphoblastic and

myeloid leukaemia, both in acute and chronic phase. A

liposomal formulation of the drug was developed, that

improved the molecular stability and half-life of the drug and

also allowed a prolonged exposure to tumour cells in the central

nervous system (CNS). For this reason, primary CNS lymphomas

are among the many off-label indications for cytarabine, and it

has therefore also been tested for the palliative treatment of

leptomeningeal carcinomatosis.

A phase III trial (DEPOSEIN) demonstrated that in BC

patients with newly diagnosed leptomeningeal metastasis, the

addition of intrathecal liposomal cytarabine to systemic

treatment versus systemic treatment alone, prolonged disease

related PFS. Leptomeningeal metastases PFS was 3.8 months in

the combined arm versus 2.2 in the systemic treatment alone arm

(HR 0.61, p = 0.04) in the intent-to-treat population (Le Rhun

et al., 2020).

Despite its demonstrated activity, cytarabine holds severe

side effects, with bone marrow suppression and pancytopenia

being the most common ones; infection, musculoskeletal and
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connective tissue abnormalities arise in a smaller percentage of

patients. When administered intrathecally, neurological

complications can occur, ranging from a reversible self-

limiting cerebellar syndrome, chemical meningitis,

myelopathy, up to a more diffuse encephalopathy with

seizures (Baker et al., 1991).

3.2 Minor groove binders

About 60 years ago, compounds extracted from the

Caribbean Sea squirt Ecteinascidia turbinata were found to

have a great activity in the inhibition of cell proliferation.

Nonetheless, it took about three decades to isolate the

bioactive molecule, ecteinascidin 743 (ET-743), that was

synthetically produced for the first time only in 1996 (Cuevas

and Francesch, 2009).

Trabectedin and its synthetized analogue lurbinectedin are

two innovative anticancer alkaloids isolated from extracts of the

Caribbean tunicate Ecteinascidia Turbinate (Figure 3). The two

compounds are structurally and functionally related; they share

the same pentacyclic skeleton and differ in the so-called ring C

which confers specific pharmacokinetic and pharmacodynamic

features (Allavena et al., 2022). For instance, lurbinectedin has a

three-fold higher MTD and a four-fold lower volume of

distribution than those of trabectedin, thus allowing higher

dose-intensities without a meaningful increase in toxicities

(Takahashi et al., 2016).

Lurbinectedin and trabectedin belong to the class of “minor

groove binders” agents, in light of their cytotoxic effect

depending on the interaction with the specific DNA site (Leal

et al., 2010). Indeed, the two molecules bind covalently the

central guanine of specific nucleotide triplets, mainly located

close to promoters of protein-coding genes, inhibiting active

transcription by the arrest and degradation of elongating RNA

polymerase II (Nuñez et al., 2016). Subsequently, DNA repair

systems and especially the transcription-coupled Nucleotide

Excision Repair (tc-NER) recognize the lurbinectedin/

trabectedin-DNA adduct and induced cell apoptosis,

generating double-strand DNA breaks (DSBs). Therefore, the

cytotoxic activity of lurbinectedin and trabectedin requires a

functional intact NER mechanism while a further enhancement

has been described in case of deficient Homologous

Recombination Repair (HRR) pathway (Tavecchio et al.,

2008). As a consequence, the lack of an efficient DNA repair

process in these cells leads to increased unrepaired DSBs induced

by the NER-drug complex, eventually resulting in lethal DNA

damage and cell death (Soares et al., 2007). Moreover, in vitro

FIGURE 3
Chemical structure of Cytarabine, Trabectedin, and Lurbinectedin.
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and in vivo studies have shown that these agents can positively

affect the tumour microenvironment by several mechanisms.

First, they reduce the viability of tumour-associated macrophages

(TAM) and induce their apoptotic cell death (Belgiovine et al.,

2017), preventing the production of cytokines involved in cancer

growth, downregulation of immune response and resistance to

antineoplastic treatments. In addition to mitigation of the TAM-

mediated immunosuppression, exposure to lurbinectedin/

trabectedin-induced cell death seems to trigger an immune

system response by increasing T cell infiltration and

activation, questioning a possible synergistic role of this agent

with immune checkpoint blockade (Xie et al., 2019).

3.2.1 Trabectedin
Trabectidin an antitumoral drug discovered in 1969 obtained

from a Caribbean squirt of the sea: the Ecteinascidia turbinate.

Trabectedin was approved by FDA for the treatment of advanced

soft tissue sarcomas (Demetri et al., 2016) and ovarian cancer

(Monk et al., 2010).

Preclinical studies with trabectedin showed potent anticancer

activity of the drug against cell lines of solid tumours, including

BC, even at very low doses (1–10 ng/ml). However, the small

number of BC patients in the 13 different phase I studies testing

trabectedin in solid tumours and a very limited number of

dedicated experiences challenged the role of trabectedin in

ABC (Taamma et al., 2001; Takahashi et al., 2001; Dincalci

and Zambelli, 2016). Of note, one of the rare phase I

involving ABC patients was reported by Sessa et al. and

investigated the safety profile and the anti-tumour activity of

the combination of trabectedin and doxorubicin in advanced

soft-tissue sarcoma (STS) and ABC, and reported some

encouraging data (Sessa et al., 2009).

Trabectedin was also studied in several phase II trials

conducted in patients with various forms of solid

malignancies, and again the contribution of ABC patients was

very limited. Indeed, according to a retrospective review of the

role of trabectedin in 35 different phase II clinical trials, only 215/

2,298 (9.3%) patients of ABC (Zelek et al., 2006).

A phase II randomized trial evaluating the safety and efficacy

profile of trabectedin in ABC patients among different treatment

schedules (every 3-weeks versus weekly regimen) showed a

greater activity of trabectedin 1.3 mg/m2 administered once

every 3 weeks, with a reasonable safety profile. Indeed, no

relevant differences were observed as regard the most frequent

drug-related AEs (transaminitis, nausea, and asthenia) except for

neutropenia (40 vs. 15%); however, the higher ORR (12 vs. 3.7%)

and PFS (3.1 vs. 2.0 months) in the 3-weeks armmade this dosing

regimen the recommended one in ABC patients (Goldstein et al.,

2014).

In terms of activity, trabectedin seems particularly

attractive in BC with DNA damage repair defects and

especially in BRCA1/2 mutated germline tumours and in

the so-called sporadic “BRCAness” BC with specific somatic

gene alterations (Peto et al., 1999). At 17%–20% of primary BC

are thought to have one of these predictive genomic scars, the

impact of the candidate molecular predictors would be

substantial in such a prevalent neoplasm (Turner et al.,

2004). Based on the previously described MoA, a more

pronounced activity of trabectedin in BC harbouring HR

deficiency has been postulated (García et al., 2013).

Accordingly, Delaloge et al. investigated the efficacy and

safety of trabectedin in BRCA1/2 mutant ABC. Of the

35 evaluable BRCA1/2 germline mutation carriers who

participated in the trial, PR was documented in six patients

(17%) with a median PFS of 3.9 months. Despite the limited

sample size, this trial supported trabectedin monotherapy as

an active and well-tolerated option in heavily pretreated

ABC carrying germline BRCA1/2 mutation (Delaloge et al.,

2014).

To further investigate the role of trabectedin in BRCA1 vs.

BRCA 2 mutants ABC, a substudy analysis in 39 pretreated ABC

suggested that ORR was higher in BRCA2-mutated patients than

BRCA1-mutated patients (33.3 vs. 9.1%) with a longer disease

stabilisation (25.0 vs. 9.1%) and longer median PFS (4.7 vs.

2.5 months) (Ghouadni et al., 2017).

In addition, a phase II trial explored the role of alternative

HR-deficiency genes in the efficacy of trabectedin in ABC.

Contrary to expectation, the expression of xeroderma

pigmentosum gene (XPG) did not contribute to the prediction

of the trabectedin response, raising the question of which genes

the main role in the clinical trabectedin susceptibility in the

context of HR deficiency (Awada et al., 2013).

3.2.2 Lurbinectedin
Several phase I trials have investigated lurbinectedin activity

in advanced solid tumours, including BC, alone or in

combination with other drugs. Apart from some quite

interesting results observed with the association of

lurbinectedin and gemcitabine (one PR and five SD among six

evaluable patients with ABC) (Paz-Ares et al., 2017), no

particularly noteworthy clinical effects were found with other

companion drugs, such as paclitaxel (Drilon et al., 2016) and

capecitabine (NCT02210364).

As for trabectedin, the role of HR deficiency in

strengthening lurbinectedin efficacy suggested a possible

strong activity in BRCAness tumours. Accordingly, Cruz

et al. (2018) performed a phase II trial investigating the

activity of lurbinectedin in pre-treated germline BCRA1/

2 mutant ABC. Patients were divided into two groups based

on BRCA1/2 status: 54 patients with BRCA1/2 mutation vs.

34 with wild-type (WT) or unknown status. Lurbinectedin was

administered at a flat dose of 7 mg (then modified to a dose of

3.5 mg/sqm) every 3 weeks. Among the BRCAmutated cohort,

the primary endpoint of ORR was 41 vs. 9% in the WT cohort

(crossing the futility border). As regards the safety profile, the

most common toxicities were haematological (neutropenia,

Frontiers in Pharmacology frontiersin.org07

De Sanctis et al. 10.3389/fphar.2022.909566

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.909566


lymphopenia, and anaemia) and biochemical (AST, ALT and

creatinine increased) abnormalities; most frequent non-

laboratory AEs included fatigue and nausea, without

differences between the two cohort of patients. The BSA-

dose adjustment meaningfully reduced the overall incidence

of grade 3 or 4 AEs. Translational analysis showed that

resistance to lurbinectedin relied widely on alterations in

NER-related genes. As previously reported for trabectedin

(Ghouadni et al., 2017), an interesting higher benefit of

lurbinectedin was found in BRCA2 vs. BRCA1 mutant ABC

patients (ORR 61 vs. 26%, respectively), possibly due to the

specific role of the BRCA2 protein in preventing the formation

of RNA-DNA hybrids (R-loops) during the transcriptional

process (Bhatia et al., 2014) with a more pronounced genomic

instability under the pressure of the minor-groove binding

drugs.

Apart from a completed but not yet published phase II trial

(NCT02454972) regarding 21 germline BRCA1/2 mutant ABC,

currently there are no ongoing trials of lurbinectedin in BC.

Noteworthy, on June 2020, lurbinectedin received its first

approval by the FDA for second-line treatment of patients

with metastatic small-cell lung cancer (SCLC) progressing

after platinum-containing chemotherapy, based on positive

results of a single-arm, phase II basket trial (NCT02454972)

(Trigo et al., 2020). However, a subsequent phase III trial

(NCT02566993) comparing lurbinectedin plus doxorubicin

with the common second-line treatments (topotecan or

cyclophosphamide, doxorubicin plus vincristine regimen)

eventually failed to show a significant OS benefit (Paz-Ares

et al., 2021).

4 Antibody-drug conjugates

ADC are considered the latest achievement in the landscape

of tailored cancer treatment. The mechanism of action of these

drugs is to deliver a cytotoxic payload attached, via a cleavable

linker, to an antibody that targets a specific surface antigen

expressed by the cancer and its niche (Boni et al., 2020). This

smart way of delivering chemotherapy is currently used in HER2-

positive BC with the advent of trastuzumab-emtansine (T-DM1)

(von Minckwitz et al., 2019), and trastuzumab deruxtecan

(Cortés et al., 2022; Modi et al., 2022) and in TNBC with

Sacituzumab govitecan (Bardia et al., 2021), having different

linkers and payloads. Among these payloads, a marine

compound used in several ADCs is the monomethyl auristatin

E (MMAE), a potent cytotoxic agent derived from the dolastatins,

pseudopeptides extracted from shell-less marine mollusc

Dolabela Auricularia (Dosio et al., 2011) (Figure 4). Isolation

dates back to 1987 when auristatins, synthetic analogues of the

natural antimitotic agent dolastatin 10, were extracted from

Dolabella auricularia by Pettit and colleagues (Bai et al.,

1990). Its ability to inhibit microtubule polymerisation and

tubulin-dependent GTP hydrolysis leads to cell death. Aside

with its potency, significant toxicities have been observed at

doses insufficient to achieve clinical efficacy (Kumar et al.,

2017). The release of MMAE molecules in circulation leads to

cell apoptosis, inhibition of cell growth and angiogenesis. The

main AEs associated with MMAE payload are myelotoxicity

(anaemia and neutropenia) and peripheral neuropathy. In

addition to these AEs, antibody-dependent side effects must

also be considered.

The linker that binds MMAE to the antibody is stable in the

extracellular fluid, but is cleaved by cathepsin once ADC has

bound to and entered the antigen of the target cancer cell,

whereupon ADC releases the toxic MMAE and activates the

potent antimitotic mechanism (Caculitan et al., 2017).

Most ADCs have a particular property called the “bystander

effect.” After ADC binding, the cytotoxic molecules are released

not only to cells expressing the target but also to adjacent or

nearby cells. At the same time, this particular mechanism also

damages stromal tumour cells and vascularisation, thus

increasing the killing effect of cancer cells. Another important

feature is the Drug-to-Antibody Ratio (DAR), defined as the

number of payload molecules linked to each antibody, which is

fundamental for determining the toxicity and the activity of

the drug.

4.1 Enfortumab vedotin

Enfortumab vedotin (EV) targets cells expressing nectin-4.

Nectin-4 is a member of the nectin family of immunoglobulin-

like adhesion molecules mediating Ca2+-independent cell–cell

adhesion processes (Rikitake et al., 2012). The

immunohistochemistry analyses demonstrated a moderate to

strong expression (H-score > 100) of nectin-4 in about 50%

of BC specimens. AGS-22M6, a fully human antibody targeting

nectin-4, was studied in vitro and in vivo for affinity, cross-

reactivity and ability to induce cell apoptosis. AGS-22M6

conjugated to MMAE showed a dose-dependent activity in

vivo, inhibiting cancer cell growth at low doses and inducing

tumour regression at higher doses (Challita-Eid et al., 2016).

The EV-202 trial is an open-label phase II study

(NCT04225117) evaluating ORR in previously treated locally

advanced/metastatic malignant solid tumours, including HR-

positive and HER2-negative BC and TNBC. All patients

receive EV 1.25 mg/kg IV on Days 1,8, and 15 of each 28-

days cycle until progression or unacceptable toxicity (Bruce

et al., 2020). The study is currently ongoing and is expected

to be completed in April 2024.

Noteworthy, in December 2019 EV obtained the FDA

approval for locally advanced or metastatic urothelial cancer

in previously pre-treated patients, based on the significant longer

OS results observed with EV compared to standard

chemotherapy (Powles et al., 2021).

Frontiers in Pharmacology frontiersin.org08

De Sanctis et al. 10.3389/fphar.2022.909566

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.909566


4.2 Ladiratuzumab vedotin

Ladiratuzumab vedotin (LV) is an ADC whose

IgG1 antibody targets the zinc transporter LIV-1, expressed

in ER + BC cells, with a MMAE payload. A discrete tolerability

profile and activity have been proven in pre-treated

advanced TNBC patients at the recommended dose of

2.5 mg/kg every 21 days, with a disease control rate (DCR)

up to 59%, mostly with SD (Modi et al., 2018). Recently

presented data showed an ORR around 28% (95% CI: 13,

47) with a weekly schedule at 1.25 mg/kg (Tsai et al., 2021).

Ongoing studies on safety and tolerability profile in metastatic

BC are exploring LV alone or in combination with

trastuzumab (NCT01969643). Other combinations regard

immunotherapy with PDL1 inhibitors. An open-label phase

Ib/II trial (SGNLVA-002/KEYNOTE 721) is currently

investigating the activity of LV combined with

pembrolizumab (200 mg every 3-weeks) in treatment-naïve

(locally) advanced TNBC. The rationale lies behind the

concept that LV might produce an advantageous

microenvironment for the engagement of the immune-

response enhanced by the anti-PD-1 drug. This

combination showed encouraging data in 26 TNBC

patients, with an ORR of 54% (95% CI: 33.4, 73.4) and a

manageable toxicity profile comprising fatigue, alopecia,

gastrointestinal symptoms, and peripheral neuropathy,

mostly low grade. Further immunotherapy-based regimens

are being investigated in an umbrella randomised trial

which includes LV alone or in combination with

atezolizumab (anti-PD-L1) in advanced TNBC

(NCT03424005). The use of LV was also investigated in the

neoadjuvant setting in the I-SPY2 trial (NCT01042379),

resulting similar in pathological complete response (pCR)

and AEs to paclitaxel, despite less incidence of

CIPN(Beckwith et al., 2021).

4.3 Tisotumab vedotin

Tisotumab vedotin is an ADC directed toward tissue factor

(TF) linked with MMAE. Monoclonal antibodies or pathway

inhibitors directed to TF have been demonstrated to inhibit

cancer cell growth, metastases spreading and angiogenesis. In

preclinical studies, high levels of TF are expressed in invasive

tumours, particularly in TNBC (Zhang et al., 2017). No other

studies are currently recruiting patients with BC. However, based

on this evidence, there is room for exploration of this drug,

particularly in TNBC.

On 20 September 2021, tisotumab vedotin was approved by

the FDA for the treatment of previously treated metastatic

cervical cancer based on an ORR of 24% (95% CI: 16, 33) in

the NCT03438396 phase II trial (Coleman et al., 2021).

FIGURE 4
Chemical structure of main monomethyl auristatin E ADCs.
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TABLE 1 Studies onmarine-derived compounds in breast cancer. Abbreviations: TPC, treatment physician’s choice; BC, Breast Cancer; ABC, advanced
breast cancer; LA, locally advanced; HR, Hormone Receptor; TNBC, triple-negative breast cancer; LM, leptomeningeal metastasis; OS, overall
survival; ORR, objective response rate; PFS, progression free survival; DCR, disease control rate; pCR, pathological complete response; PR, partial
response; SD, stable disease; DTL, Dose Limiting Toxicity; AE, Adverse Events; MTD, maximal tolerance dose; RP2D, recommended phase II dose; NA,
not available.

Drug Phase Sample
size (BC)

Main results/Primary endpoint Authors/NCT
number

Marine-drugs with activity in BC treatment - APPROVED

Eribulin Mesylate III 762 mOS = 13.1 vs 10.6 months (HR 0.81, p = 0.0041)
mPFS = 3.7 vs 2.2 months (HR 0.87, p = 0.137)
ORR = 12% vs 5% (p = 0.002)

Cortes et al. (2011)

III 1102 mOS = 15.9 vs 14.5 months (HR 0.88, p = 0.056)
mPFS = 4.1 vs 4.2 months (HR 1.08, p = 0.30)
ORR = 11 vs 11.5% (p = 0.85)

Kaufman et al. (2015)

Intrathecal Liposomal
cytarabine

III 74 mLM-PFS = 3.8 vs 2.2 months (HR 0.61, p = 0.04) Le Rhun et al. (2020)

Marine-drugs with activity in BC treatment - NOT APPROVED

Ladiratuzumab vedotin I 44 ORR=32% Modi et al. (2018)

I 29 ORR = 28% (95% CI: 13, 47) Tsai et al. (2021)

I 26 ORR = 54% (95% CI: 33.4, 73.4) Han et al. 2020

Disatamab vedotinI I 70 Dose of 1.5 mg/kg: ORR = 22.2% (95% CI: 6.4, 47.6); mPFS = 4.0 months (95% CI: 2.6, 7.6)
Dose of 2.0 mg/kg: ORR= 42.9% (95% CI: 21.8, 66.0); mPFS= 5.7 months (95% CI: 5.3, 8.4)
Dose of 2.5 mg/kg: ORR= 40.0% (95% CI: 21.1, 61.3); mPFS= 6.3 months (95% CI: 4.3, 8.8)

Wang et al. (2018)

48 ORR = 39.6% (95% CI: 25.8, 54.7)mPFS = 5.7 months (95% CI: 4.1, 8.3)

ALT-P7 I 22 DCR at 6 weeks = 77.3%(17/22) PR = 13.3% (2/15) Park et al. (2020)

Glembatumumab vedotin II 83 ORR = 6% (5/83) for GV vs 7% (3/41) for ChemotherapyORR = 30% (7/23) vs 9%
(1/11) for gpNMB overexpression (≥ 25% of tumor cells)

Yardley et al. (2015)

IIB 213 mPFS = 2.9 months (95% CI: 2.8, 3.5) for the GV arm vs 2.8 months (95% CI: 1.6,
3.2) months for the capecitabine arm (HR = 0.95; 95% CI: 0.71, 1.29; p = 0.7607)

Vahdat et al. (2021)

Trabectedin II 27 ORR = 14% (95% CI: 3.5–32%) mOS = 10 months (95% CI: 4.88–15.18 months) Zelek et al. (2006)

I 9 PR 55.5% (5/9), SD 33.3 (3/9) Sessa et al (2009)

II 44 mPFS = 1.9 months (95% CI: 1.8-3.5)PR 15.9% (7/44) Awada et al, (2013)

II 40 ORR = 17% (95% CI: 7,34) Delaloge et al. (2014)

Lurbinectedin II 54 ORR = 41% (95% CI: 28% to 55%) Cruz et al. (2018)

34 ORR = 9% (95% CI: 2% to 24%)

I 11 ORR = 17% (1/6); SD 67% (4/6) Paz-Ares et al. (2017)

Plocabulin I 5 SD 60% (3/5) Elez et al. (2019)

Marine-drugs with activity in BC treatment - ONGOING CLINICAL TRIALS

RC48-ADC II 20 pCR NCT05134519

III 366 PFS NCT04400695

Ib 112 RP2D NCT03052634

II/III 301 PFS NCT03500380

CAB-ROR2-ADC
(BA3021)

I/II 420 Safety Profile; AEs (Phase I)ORR NCT03504488

(Phase II)E

Enfortumab Vedotin II 280 ORR NCT04225117

Ladiratuzumab Vedotin 4000 pCR NCT01042379

b/II 211 ORR; AEs; Incidence of laboratory abnormalities; DLT NCT03310957

Ib/II 280 ORR; AEs; Incidence of laboratory abnormalities; DLT NCT01969643

W0101 I/II 316 AEs NCT03316638

Zilovertamab vedotin II 210 ORR NCT04504916
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4.4 Disitamab vedotin

Another effective ADC is disitamab vedotin (RC48-ADC),

which consists of a HER2 monoclonal antibody bound to the

MMAE payload with a DAR of 4 by a cleavable protease linker.

Upon binding, the MMAE is released into lysosomes and

produces a variety of compounds that are conjugated or non-

conjugated to trastuzumab in varying proportions, enhancing the

cytotoxic activity of both drugs with high affinity and specificity

(Yao et al., 2015; Abdollahpour-Alitappeh et al., 2019). In vitro

studies confirmed that conjugated trastuzumab is more effective

than unconjugated trastuzumab in inhibiting colony formation

in HER2-positive cells, making the RC48-ADC a potential

therapeutic option in HER2-positive BC (Yaghoubi et al., 2021).

A pooled analysis of two phase I studies on RC48-ADC

(NCT02881138 and NCT03052634) have shown increasing

response in terms of tumour shrinkage and PFS at higher

doses, achieving an ORR of 40.0% (95% CI: 21.1, 61.3) and

PFS of 6.3 months (95% CI: 4.3, 8.8) with a dose of 2.5 mg/kg in

pre-treated HER2-postive BC (Wang et al., 2018). Similar results

were observed in the HER2-low subgroup of BC. Hepatic

function alteration and neuropathy were reported in 3/4 of

cases, and neutropenia in nearly half. Most treatment-related

adverse events (TRAEs) were mild to moderate in severity. The

most favourable profile in terms of benefit-risk ratio occurred

with a fortnightly administration at a dose of 2.0 mg/kg (Wang

et al., 2021). Ongoing studies in previously treated HER2-positive

BC are currently recruiting patients to test the drug efficacy in

phase II and III clinical trials (NCT03500380; NCT04400695)

and in neoadjuvant settings (NCT05134519). Noteworthy, to

date, disitamab vedotin has received its first approval in China for

the treatment of HER2-positive advanced gastric cancer (Deeks,

2021).

4.5 ALT-P7

A phase I trial on ALT-P7, a trastuzumab conjugated with

two MMAE molecules, enrolled patients with advanced HER2-

positive BC previously treated with at least two anti-HER2

therapies. ALT-P7 was well tolerated up to a dose of

4.2 mg/kg with DLT observed at 4.8 mg/kg. In pilot

experience, twenty-two patients had an assessment at 6 weeks

with a disease control rate of 77.3% (17/22), and a partial

response in 2/15 cases with measurable disease (Park et al., 2020).

4.6 Zilovertamab vedotin

The expression of receptor tyrosine kinase-like orphan

receptors (ROR) activated by noncanonical Wnt signalling

pathway could represent a potential target for ADC therapy in

BC (Zhang et al., 2012). ROR1 is targeted by an ADC called

zilovertamab vedotin (ZV) which showed a fast internalisation

and effective MMAE release. Preliminary evidence of strong

anticancer activity in terms of ORRs have been documented

for lymphoma; studies in TNBC are still ongoing

(NCT04504916).

4.7 Glembatumumab vedotin

Glembatumumab vedotin (GV) consists of an antibody

directed against NMB glycoprotein (gpNMB), a negative

prognostic marker overexpressed in cancer cells, conjugated to

MMAE (Maric et al., 2013). The randomised phase II trial

EMERGE demonstrated no significant differences in ORR as

compare to standard chemotherapy (6 vs. 7%), but the activity of

GV appeared to be increased in TNBC and especially in case of

gpNMB-overexpression (≥25% epithelial cancer cells staining

positive by IHC) (Yardley et al., 2015). In the METRIC trial,

patients with pretreated advanced TNBC overexpressing gpNMB

were selected to receive GV or capecitabine at randomisation.

Interestingly, the GV showed greater activity in tumour

shrinkage compared with capecitabine, but with a shorter and

transient duration of response (Vahdat et al., 2021).

4.8 Lonigutamab Ugodotin

Lonigutamab Ugodotin (W0101) is an ADC which targets

the Insulin-like Growth Factor 1 receptor (IGF-1R) and delivers

MMEA as a payload. A phase I trial has shown that it is able to

induce tumour regression in BC models with IGF-1R

overexpression without affecting normal cells (Akla et al.,

2020). A first-ever pilot clinical trial (NCT03316638) is

currently evaluating the safety profile of the drug in advanced

or metastatic tumours, including BC.

5 Conclusion

To date, the only marine-derived drug approved for BC

treatment is eribulin. As discussed, several other agents have

been (or are still being) evaluated in clinical trials for the

treatment of BC. Even though these agents have not yet entered

the phase III phase, we believe that interesting progress is being

made in studying these drugs in BC as well (Table 1).

Pharmacologic agents from natural products have always been

used in the treatment of human diseases. The success rate for natural

products to be developed into drugs is higher than in case of synthetic

compounds (0.3 vs. 0.001%) (Atanasov et al., 2021). Among these,

marine natural compounds show higher incidence of significant

bioactivity which is associated with their rare and unique chemical

structure. Indeed, they typically present both a direct and an indirect

action on tumour cells and tumour microenvironment contrary to
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classical chemotherapy agents with a specific cytotoxic activity

(i.e., alkylating agents, antimetabolites, topoisomerase II

inhibitors). This is particularly evident for eribulin, plocabulin,

trabectedin and lurbinectedin. Eribulin causes tumor cells

apoptosis by microtubule-targeting mechanisms but it also acts on

tumour microenvironment, angiogenesis and epithelial-

mesenchymal transition. Plocabulin has both a peculiar

microtubule dynamics inhibition and a powerful vascular-

disrupting activity. The mechanism of action of trabectedin and

lurbinectedin also involves a direct cytotoxic mechanism on cancer

cells and a modulation of transcription regulation of cancer and

normal cells (i.e., macrophages) thus leading to microenvironment

changes. As a result of this mechanism of action, as known from the

experience of trabectedin in soft tissue sarcomas, it seems likely that

trabectedin antitumor activity is more frequently associated with a

disease stabilization, even prolonged, but not necessarily with an

objective response rate according toRECIST criteria (De Sanctis et al.,

2016). Furthermore, ADCs act not only on cells expressing the target

antigen but also on off-target cells and tumor microenvironment,

throughout the bystander effect. Some pharmacological

characteristics, such as the hydrophobicity of the marine-derived

payload auristatin, seem to play a major role in this effect.

Therefore, the antitumor activity of these compounds seems

to arise from a combination of more than one mechanism and

this may explain their predominant use as single agents as

opposed to classical chemotherapeutic agents (especially in the

adjuvant and neoadjuvant settings, where cytotoxic agents with

different mechanisms of action are used in order to inhibit the

emergence of broad spectrum drug resistance).

Notably, there must be thousands or even millions of, as

yet, undiscovered marine organisms that may provide

interesting new anticancer agents in the future. However,

developing a new drug from a natural product is

challenging and requires an interdisciplinary approach.

Indeed, this long-term process typically takes 20–30 years

and includes basic research, preclinical and clinical trials,

but we believe that it is worth to be funded. Furthermore, a

better knowledge of the factors involved in the sensitivity of

individual tumour (and tumour subtype) might lead to a more

rational and effective use of newly discovered marine-derived

drugs.
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