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Immune cells in the tumor micro-environment (TME) establish a complex relationship with
cancer cells and may strongly influence disease progression and response to therapy. It is
well established that myeloid cells infiltrating tumor tissues favor cancer progression.
Tumor-Associated Macrophages (TAMs) are abundantly present at the TME and actively
promote cancer cell proliferation and distant spreading, as well as contribute to an
immune-suppressive milieu. Active research of the last decade has provided novel
therapeutic approaches aimed at depleting TAMs and/or at reprogramming their
functional activities. We reported some years ago that the registered anti-tumor agent
trabectedin and its analogue lurbinectedin have numerous mechanisms of action that also
involve direct effects on immune cells, opening up new interesting points of view.
Trabectedin and lurbinectedin share the unique feature of being able to simultaneously
kill cancer cells and to affect several features of the TME, most notably by inducing the
rapid and selective apoptosis of monocytes and macrophages, and by inhibiting the
transcription of several inflammatory mediators. Furthermore, depletion of TAMs alleviates
the immunosuppressive milieu and rescues T cell functional activities, thus enhancing the
anti-tumor response to immunotherapy with checkpoint inhibitors. In view of the growing
interest in tumor-infiltrating immune cells, the availability of antineoplastic compounds
showing immunomodulatory effects on innate and adaptive immunity deserves particular
attention in the oncology field.
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INTRODUCTION

Trabectedin is a registered anti-tumor agent originally extracted from the marine organism
Ecteinascidia turbinate, now synthetically produced by PharmaMar (Spain) (1). Trabectedin is
used in the clinic for the second line treatment of soft tissue sarcoma (STS), especially liposarcoma
and leiomyosarcoma, and for relapsed platinum-sensitive ovarian cancer, in combination with
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pegylated liposomal doxorubicin (2–5). Trabectedin was selected
for its potent activity to kill cancer cells and efficiently block their
proliferation by directly interacting with DNA. Its mechanism of
action is complex and different from that of other anticancer
agents: by binding to the minor grove, trabectedin directly
interferes with activated transcription to poison the
transcription-coupled nucleotide excision repair system and
generates double-strand DNA breaks (6–14).

Further studies demonstrated that it mediates the
displacement of oncogenic transcription factors from their
target promoters, thereby affecting oncogenic signalling
addiction (6, 13, 15, 16).

Besides its direct activity on cancer cells, a remarkable feature
of trabectedin is its effects on the tumor micro-environment, in
particular on cells of the mononuclear phagocyte system
(monocytes/macrophages) as well as on the blood vessels. In
this review we will focus on the peculiar tropism of trabectedin
and of its analogue lurbinectedin on monocytes, macrophages
and Tumor-Associated Macrophages (TAMs), and will discuss
how these stromal-centered activities impact on their clinical
anti-tumor efficacy.
CYTOTOXIC EFFECT OF TRABECTEDIN
ON MONONUCLEAR PHAGOCYTES:
IN VITRO AND IN VIVO STUDIES

A distinguishing feature of trabectedin is its cytotoxic effect on
mononuclear phagocytes. To distinguish the inhibitory activity
of trabectedin on the cell cycle of proliferating cells from that on
transcription factors, some years ago trabectedin was tested on
non-proliferating immune cells. Circulating blood human
monocytes were used as cells of choice, based on the fact that
the transcription factor NF-Y, known to be inhibited by
trabectedin (15) is expressed in monocytes and considered of
major importance for their differentiation to mature
macrophages (17, 18).
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Quite surprisingly, monocytes exposed in vitro to nM
concentrations of trabectedin proved to be highly affected and
rapidly underwent apoptosis in a time frame of 24-48 hours.
Other chemotherapeutic agents used in parallel as comparison
(cisplatin and doxorubicin) had no such cytotoxic effect (19).
Even more remarkably, this cytotoxic effect was highly selective
for monocytes and macrophages, as neutrophils or T
lymphocytes were not affected (19).

This finding stimulated a series of experiments to explain the
selectivity of trabectedin for mononuclear phagocytes. It turned
out that trabectedin rapidly triggers a caspase-dependent
apoptosis where caspase-8 is activated within few hours (20).
Caspase-8 is downstream of death membrane receptors, such as
TRAIL receptors. The expression of TRAIL-R in the different
leukocyte subsets was very informative to decipher the
mechanism of trabectedin-induced apoptosis. TRAIL-R1 and
R2 receptors were highly expressed in monocytes but not in
neutrophils and T lymphocytes which, in turn, mainly expressed
the non-signalling TRAIL-R3 (or decoy receptor) (21). Thus, the
prevalent expression of functional TRAIL receptors in
monocytes explained why only monocytes were susceptible to
trabectedin, while neutrophils and T cells were spared by the
decoy TRAIL-R3 that prevents activation of caspase-
8 (Figure 1).

The analysis of TRAIL-R expression in leukocytes from
human tissues revealed that in normal spleen and lungs,
TRAIL-Rs were barely detectable, but in human tumor tissues
from hepatic and mammary carcinoma, TRAIL-R2 was
expressed in the majority of macrophages while it was absent
in tumor infiltrating lymphocytes and neutrophils (21).

TRAIL-R molecules form a trimer with an internal space to
lodge their ligand. Trabectedin is a small compound and likely is
not directly binding to the trimer. However, it is well-known that
some molecules, for instance the natural compounds Palmitate,
Quercetin and some snail venoms are able to activate TRAIL-Rs
and caspase-8 in a ligand-independent manner, through the
upregulation and/or aggregation of death receptors (21–23).
FIGURE 1 | Selectivity of trabectedin for mononuclear phagocytes. TRAIL-R1 and R2 receptors are highly expressed in monocytes but not in T lymphocytes and
neutrophils (PMNs) which indeed mainly express the non-signalling decoy receptor (TRAIL-R3). Thus, only monocytes are susceptible to trabectedin, which activates
TRAIL-R1 and R2 and triggers a caspase 8-dependent apoptosis. This figure was made with Servier Medical Art templates, which are licensed under a Creative
Commons Attribution 3.0. Unported License (https://smart.servier.com).
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Indeed, we found that in vitro treatment with trabectedin
significantly upregulated the expression of TRAIL-R2 in
monocytes and induced their aggregation into lipid rafts (21).

In view of these peculiar effects of trabectedin on
mononuclear phagocytes it was of interest to demonstrate
whether this compound was able to kill macrophages also in
vivo, in particular Tumor-Associated Macrophages (TAMs) in
experimental mouse tumor models. This issue bears particular
importance because of the ambiguous liaison that TAMs have in
the tumor tissue. In fact, it is now recognized that in established
tumors myeloid cells of the innate immunity (especially
macrophages) promote tumor progression and produce
immunosuppressive factors that inhibit anti-tumor immune
responses (24–28).

Using different pre-clinical tumor models, such as:
fibrosarcoma, lung and ovarian cancer, the in vivo
administration of trabectedin significantly and selectively
reduced the number of blood monocytes, and that of
macrophages in the tumor tissue (20). Interestingly, the only
functional TRAIL-R expressed in mice (DR5) was selectively
expressed on murine monocytes and TAMs and was virtually
absent in neutrophils and lymphocytes. Therefore, the pattern of
TRAIL-R expression in mice perfectly mimics that of human
leukocytes (21).

Of interest, the percentage of splenic F4/80+ macrophages
was also significantly decreased after treatment with trabectedin
(20). Considering the population of MDSCs that expands in
tumor-bearing animals, the monocytic component (M-MDSCs:
GR1+ Ly6Chigh) was numerically reduced after treatment, while
the granulocytic component (PMN-MDSCs: GR1+ Ly6Clow) was
not (20). This finding underlines - once more - the peculiar
selectivity of trabectedin for the monocytic lineage. The
phenotype analysis of MDSCs GR1+ in mouse tumor tissues
revealed lower levels of DR5 compared to macrophages F4/80+
(21); however, others have reported that mouse and human
MDSCs express functional TRAIL-Rs and are sensitive to
TRAIL-mediated killing (29).

The ability of trabectedin to selectively kill macrophage in vivo
in mice has been confirmed by several groups. In a mouse model
of orthotopic pancreatic cancer, trabectedin strongly reduced the
number of TAMs and of circulating monocytes, while neutrophils
were not significantly affected (30). Other recent studies reported
similar findings in mouse models of orthotopic osteosarcoma,
melanoma and in skeletal metastasis from prostate cancer (31–33).
In Ewing sarcoma, treatment with trabectedin alone had no
efficacy on tumor growth, but the combination of trabectedin
with oncolytic herpes virotherapy significantly improved mouse
survival and this effect was related to a reduction in the number of
TAMs and of Myeloid Derived Suppressor Cells (MDSC) (34). In
hematological malignancies, trabectedin not only had cytotoxic
effects on neoplastic cells but also induced the apoptotic death of
associated myeloid cells (35–37). In another mouse model of acute
promyelocytic leukemia, a recent study showed that depletion of
bone marrow inflammatory monocytes with trabectedin
prevented disease relapse (38).
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The macrophage-depleting activity in vivo of trabectedin
raised the question whether this effect was responsible, at least
in part, for its in vivo anti-tumor efficacy. Using a fibrosarcoma
variant that was resistant to the anti-proliferative activity of
trabectedin, in vivo treatment with the drug resulted in a
significant tumor growth inhibition, as the tumor-supporting
TAMs were depleted by trabectedin. This effect was abolished by
the adoptive transfer of fresh macrophages that promptly re-
instated tumor growth post-treatment (20). These results
strongly supported the conclusion that the anti-tumor activity
of trabectedin relies both on its effects on cancer cells as well as
on its cytotoxic activity on monocytes-macrophages.

Results in cancer patients are scarce, in spite of the fact that
trabectedin is a registered compound. Patients with STS
receiving trabectedin as single treatment have been studied for
monocyte counts from circulating blood over therapy cycles; a
decrease in monocytes indeed occurred in some patients within
few days after each injection of trabectedin. Furthermore, in
selected patients undergoing neo-adjuvant therapy with
trabectedin, where tumor biopsies were also available,
immunohistochemistry of tumor sections collected before and
after therapy revealed a dramatic decrease of macrophage
infiltration, reinforcing the finding that this compound is able
to kill in vivo macrophages in tumor tissues (20).
TRABECTEDIN INHIBITS THE
PRODUCTION OF SELECTED
INFLAMMATORY AND ANGIOGENIC
MEDIATORS: IMPACT ON THE TUMOR
MICROENVIRONMENT

The study of trabectedin on immune cells held other surprises. It
is well-known that its mechanism of action is not limited to
binding of and damaging DNA, but also includes the
transcriptional inhibition of selected genes. At low (non-
cytotoxic concentrations) trabectedin inhibited the mRNA
levels and production of specific inflammatory mediators in
LPS-stimulated monocytes and macrophages such as IL-6 and
several chemokines including: CCL2, CCL3, CCL7, CCL14 and
CXCL8 (19, 39).

Importantly, other inflammatory cytokines such as TNF and
IL-1 were not significantly inhibited, raising the question if this
selectivity could be mechanistically ascribed to the ability of
trabectedin to interfere with specific transcription factors.
Inflammatory cytokines and chemokines are under the control
of the master regulator NF-kB, but many mediators can be also
activated by other transcription factors, such as activator protein
(AP-1), SP-1 and Smad3 for CCL2 (40), and AP-1, cFOS, and
CCAAT/NF-IL-6 for IL-6 (41).

Of these, AP-1 activates also TNF, that was unaffected by
trabectedin. So far, the search for transcription factors common
to CCL2 and IL-6 and not to TNF, and specifically affected by
trabectedin has been unsuccessful.
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Inhibition of inflammatory and angiogenic mediators was
observed also in tumor cells. In vitro treatment with trabectedin
decreased the production of CCL2, CXCL8, IL-6, VEGF and
PTX3 by myxoid liposarcoma (MLS) primary tumor cultures
and/or cell lines, and freshly isolated ovarian cancer cells from
ascites (19, 39). In in vivo experiments, using a xenograft mouse
model of human MLS, a marked reduction of human CCL2,
CXCL8 and PTX3 after trabectedin administration was observed,
demonstrating that this effect on tumor cells occurs also in vivo
(39). A recent paper by Casagrande et al. reported that
trabectedin inhibited the release of cytokines by tumor cells in
Hodgkin lymphoma, including M-CSF, IL-6, IL-13, CCL5 and
CCL17. Furthermore, treatment of mice bearing xenografts of
Hodgkin lymphoma confirmed the in vitro findings, and residual
tumors had fewer TAMs and a reduced vessel network (36).

It has been previously reported that trabectedin downmodulates
the expression of ECM-related genes produced by TAMs and
fibroblasts, such as collagen type 1, fibronectin, osteopontin and
the matrix-metalloprotease-2 (MMP2) (42). These findings are of
interest because they indicate that trabectedin may have an impact
on the high matrix remodeling, a key feature of the cancerous
stroma. Matrix degradation in tumor tissues, as well as in
regenerating tissues, is known to release growth factors that are
bound to ECM in an inactive forms. For instance, several angiogenic
factors such as VEGF become activated during matrix remodeling
and are available in the local environment. TAMs are an important
source of pro-angiogenic factors in the TME; trabectedin
significantly reduced the production of VEGF and angiopoietin-2
in macrophages and, accordingly, in tumor-bearing mice treated
with the drug a clear decrease of the vessel network was observed
(19, 20, 43). This TAM-mediated effect on angiogenesis was not the
only impact of trabectedin on tumor angiogenesis: when mice were
treated with the macrophage depleting agent liposomal-clodronate,
there was no relevant impact on the vessel network, in spite of a
significant inhibition of tumor growth (20). This finding indicated
that trabectedin might have additional effects on blood vessels.
Indeed, Taraboletti’s group demonstrated that trabectedin inhibited
the matrix-invasion ability of endothelial cells and their
morphogenetic branching (44). Mechanistically, trabectedin
increased the expression of TIMP‐1 and TIMP‐2 that, by
blocking the activity of the MMP enzymes, inhibited the
proteolysis of ECM molecules, a required step in the process of
matrix invasion (44). These anti-angiogenic effects of trabectedin
were confirmed also in endothelial cells co-cultured with the
conditioned medium of multiple myeloma cells, resulting in
reduced capillary-like structures and fewer number of branching
points (45). Other mechanisms of angiogenesis regulation acting via
cancer cells were reported in mouse models of melanoma and
myxoid liposarcoma, where trabectedin stimulated the tumoral
expression of thrombospondin-1 (TSP-1), a major endogenous
inhibitor of angiogenesis or of TIMP‐1 (31, 44). Overall, the anti-
angiogenic activity of trabectedin occurs via different mechanisms,
involving both a direct inhibitory effect on endothelial cells, as well
as a reduction of the angiogenic potential of cancer cells
and macrophages.
Frontiers in Oncology | www.frontiersin.org 4
THE ANALOGUE LURBINECTEDIN
SHARES WITH TRABECTEDIN SIMILAR
IMMUNOMODULATORY PROPERTIES
Among several synthetized analogues of trabectedin, the
compound lurbinectedin showed very promising anti-tumor
activity in vitro and further on good efficacy in a broad range
of clinical trials. Lurbinectedin has been approved by the Food
and Drug Administration (FDA) in 2020 for the treatment of
small cell lung carcinoma (46, 47).

Lurbinectedin contains the same pentacyclic skeleton of the
tetrahydroisoquinoline rings, but it is structurally different as a
tetrahydro beta-carboline replaces the additional tetrahydroisoquinoline
of trabectedin. The structural similarity of lurbinectedin and trabectedin
explains the similarity of the mode of action of the two drugs. Both
trabectedin and lurbinectedin bind guanines at the N2 position, in the
minor groove. They are both more cytotoxic against cells that are
deficient in Homologous recombination (e.g., cells with mutations of
BRCA genes) and less toxic against cells deficient in Nucleotide Excision
Repair (10–12, 48, 49). Both drugs modify transcription regulation by
displacing some oncogenic transcription factors from their target
promoters (16, 50), and at high concentrations they cause degradation
of RNA-polymerase II (51).

Lurbinectedin presents some interesting clinical features with
pharmacokinetic and pharmacodynamic differences compared
to trabectedin (51–53). Early phase I/II clinical studies
demonstrated that, at equivalent administration schedules, the
maximal-tolerated dose of lurbinectedin was more than 3 times
higher than that of trabectedin, and the plasmatic Area Under
the Curve (AUC) was 5-10 higher (51, 52). This difference
emerged from the clinical investigations and was not
anticipated based on preclinical data. In fact both in vitro
studies on different cancer cell lines and in vivo studies in
tumor bearing mice suggested a similar cytotoxic potency of
the two drugs. The difference appears to be due to the different
volume of distribution of lurbinectedin that in humans is four
times lower than that of trabectedin (53, 54). The different
volume of distribution is not only related to the different
degree of lipophilicity of the two molecules, but also to a
different binding affinity for alpha 1-acid glycoprotein (AGP).
In fact equilibrium dialysis experiments showed that both
compounds bind AGP, but the affinity of binding of
lurbinectedin was much greater than that of trabectedin, KD
values being approximately 8 and 87 nM for lurbinectedin and
trabectedin respectively (55). The finding could be clinically
relevant as AGP can be very variable in patients with cancer,
particularly when tumors are at advanced stage and some
inflammatory mechanisms are activated.

In vivo studies in preclinical mouse models confirmed that the
anti-tumor efficacy of lurbinectedin was similar to that of
trabectedin (11, 43); it therefore seemed plausible that the
mechanisms of action of lurbinectedin also included
macrophages of the tumor stroma as targets, in addition to
cancer cells. The modulatory effects of lurbinectedin on immune
cells was studied in parallel experiments with trabectedin.
March 2022 | Volume 12 | Article 851790
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The results demonstrated that also lurbinectedin was able to
significantly reduce monocyte viability at nM concentrations and
to induce a caspase-dependent apoptotic cell death.
Furthermore, similarly to trabectedin, this analogue inhibited
selected inflammatory chemokines (CCL2 and CXCL8) and
VEGF. In mouse tumor models, in addition to an excellent
anti-tumor efficacy directed on cancer cells, lurbinectedin
reduced the number of circulating monocytes, the tumor-
infiltrating macrophages and the density of tumor vessels (43).
To better analyze the comparison between trabectedin and
lurbinectedin, a global gene expression analysis of drug-treated
human monocytes was performed. Overall, the results indicated
that the genes down- or up-modulated by trabectedin were also
affected by lurbinectedin (43). As expected from previous results,
several genes related to the inflammatory response, the DNA
damage response and the apoptosis pathway were involved. Of
interest several genes of the Rho GTPase family were
significantly down-modulated by both compounds, a finding
not appreciated in previous analyses (43).

RhoGTPases regulate intracellular actin dynamics and are
involved in essential cell activities such as receptor signaling, cell
adhesion, migration, and phagocytosis. Accordingly, monocytes
treated with lurbinectedin or trabectedin showed a strongly
impaired ability to migrate in response to chemo-attractants,
such as the prototypical chemokine CCL2. This finding is
important because the density of macrophages in tumors relies
on the continuous migration of blood monocytes into tumor
tissues (25, 27). Thus, not only trabectedin and lurbinectedin
induce the apoptosis of monocytes/macrophages and inhibit
their production of several biological mediators, the two drugs
also have an impact on their mobilization and chemokine-
induced attraction at tumor sites.

Overall, by comparing the two compounds for their activities
on myeloid cells, and more in general on the TME, it can be
concluded that lurbinectedin and trabectedin display very similar
effects, in vitro and in vivo.
Frontiers in Oncology | www.frontiersin.org 5
REPROGRAMMING THE
IMMUNOSUPPRESSIVE MYELOID CELLS
BY TRABECTEDIN: POTENTIAL FOR
COMBINATION WITH IMMUNE
CHECKPOINT THERAPY

Depletion of macrophages by trabectedin and lurbinectedin may
alleviate the TAM-mediated immune-suppression of adaptive
anti-tumor responses in the TME, as depicted in Figure 2. This
effect may have an important impact on the clinical response to
immuno th e r apy . I n f a c t , i t i s we l l known tha t
immunosuppressive macrophages and related myeloid cells
may impair the response to checkpoint inhibitors (25, 56, 57).

The potential effects of trabectedin on adaptive immune cells
have been studied in preclinical models. Early findings already
pointed out that in murine treated tumors the number of
infiltrating T cells was increased (20). Recent studies
specifically investigated the potential of trabectedin to
modulate T lymphocytes in mouse cancer models. Analyses of
tumor tissue in trabectedin-treated mice revealed a greater
number of CD3+ and CD8+ lymphocytes by flow cytometry
and immunohistochemistry (58). mRNA expression of several T
cell-associated genes were significantly up-regulated after
trabectedin, including the cytotoxic molecules granzyme B and
perforin, the anti-tumor cytokine IFN g and IFN-responsive
genes such as MX1, CXCL10 and the checkpoint molecule PD-1
(58). These findings strongly indicate an activation of the T cell-
mediated immune response upon macrophage targeting by
trabectedin. Similar findings were reported in other studies.
Borgoni et al. investigated the effects of trabectedin on tumor-
infiltrating leukocytes in a genetic model of pancreatic cancer, a
highly immunosuppressive tumor; treatment with trabectedin
significantly reduced the immunosuppression in the TME: T
lymphocytes sorted from treated tumors, showed an increased
percentage of IFNg+ Eomes+ and PD-1+ T cells, compared to
FIGURE 2 | Mechanisms of action of trabectedin and lurbinectedin on the TME. Trabectedin and lurbinectedin share complex mechanisms of action on immune
cells of the TME. They induce a selective apoptosis of TAMs, decrease monocyte migration and specific inflammatory mediators (CCL2, IL6, CXCL8). Moreover,
trabectedin and lurbinectedin decrease angiogenesis and immunosuppression; they increase T cell infiltration and their expression of IFNg and PD1, therefore
improving the response to immunotherapy. This figure was made with Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0.
Unported License (https://smart.servier.com).
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untreated tumors, that were characterized by a higher proportion
of IL10-expressing T cells. This switch towards an effector
phenotype (IL10low/IFNghigh) indicated an important
immunomodulatory outcome mediated by trabectedin on
adaptive immunity and possibly leading to an anti-tumor
phenotype (30). In a mouse model of osteosarcoma,
trabectedin significantly reduced tumor burden and enhanced
the number of infiltrating CD8+ T lymphocytes. Interestingly,
also in this case T cells showed higher expression of the
inhibitory molecule PD-1 (33).

Based on this finding, it was of interest to investigate whether
the combination of trabectedin with anti-PD-1 checkpoint
inhibitors improved the response to immunotherapy.
Combination of trabectedin and anti-PD-1 showed increased
efficacy in osteosarcoma and ovarian cancer mouse models (33,
59); using a mouse fibrosarcoma poorly responding to anti-PD-1
alone, an improved anti-tumor response was achieved when
mice were pre-treated with trabectedin (58); in another study,
depletion of myeloid cells combined with chemotherapy and PD-
1 blockade, synergistically inhibited the progression of a murine
leukemia (38).

In the fibrosarcoma model (58), an important aspect that
emerged was the correct timing of the combination trabectedin
and checkpoint immunotherapy. It was found that the best
protocol was a sequential treatment (trabectedin first, followed
by anti-PD-1), rather than a simultaneous administration. This
sequential protocol will prepare a reprogrammed TME - with
depletion of immunosuppressive macrophages - but above all
will preserve the T cell activation induced by anti-checkpoint
antibodies. In fact, T cell expansion can be blocked by the anti-
proliferative action of trabectedin. Therefore, a reasoned timing
of administration would consider using trabectedin first, and the
immunotherapeutic treatment after some days.

These preclinical studies demonstrated that trabectedin
positively remodulates the TME, likely through mitigation of
the TAM-mediated immunosuppression, and facilitates T cell
reactivation by anti-PD-1 antibodies. These findings have
provided a rational to test the combination of trabectedin and
anti-PD-1 antibodies in the clinic.
Frontiers in Oncology | www.frontiersin.org 6
Indeed, some clinical trials of combination immunotherapy with
trabectedin or lurbinectedin are ongoing (Table 1). In most cases
patients are advanced and refractory to previous therapies. In phase
1/2 or phase 2 studies, patients with soft tissue sarcoma and ovarian
cancer have been treated with trabectedin and anti-PD-1, anti-PD-
L1 or anti-CTLA-4 (nivolumab, durvalumab, ipilimumab), while
patients with small cell lung cancer (SCLC) have been treated with
lurbinectedin and anti-PD-L1 or anti-CTLA-4 (atezolizumab,
ipilimumab). In the study NCT03138161 (ClinicalTrials.gov)
previously untreated sarcoma patients received a combination of
trabectedin and ipilimumab or nivolumab, as a first line therapy.
Some patients achieved good clinical responses without serious
toxicity (60). (Table 1).

In the study NCT03085225, trabectedin was given in
combination with durvalumab to advanced STS patients and to
patients with ovarian cancer. Also in this study clinical responses
were observed. Of interest, the tumor infiltration of CD8+ T cells
was associated with prolonged survival in patients with ovarian
carcinoma (61).

Overall, these promising results suggest the combination of
trabectedin or lurbinectedin with checkpoint inhibitors deserves
further assessment in the clinic.
CONCLUSION

Trabectedin and lurbinectedin have multiple effects on immune
cells of the tumor microenvironment and in particular on
mononuclear phagocytes: at high concentrations they selectively
induce a rapid caspase-dependent apoptosis in monocytes and
TAM; at lower concentrations they inhibit the production of
some inflammatory mediators with relevant activity for tumor
biology; the two compounds also reduce monocyte adhesion and
migration by inhibiting specific genes that organize the actin
cytoskeleton. Furthermore, trabectedin and lurbinectedin hinder
the production of angiogenic factors that are pivotal for tumor
progression. Overall, in treated tumors there is a remarkable
modulation of the TME with less immunosuppression and an
increased presence of T lymphocytes. These conditions might be
TABLE 1 | Ongoing clinical studies using trabectedin or lurbinectedin in association with checkpoint blockade immunotherapy.

ClinicalTrials.gov Identifier Clinical study Combination therapy Tumor type Published results

NCT03886311 Phase 2 trabectedin
nivolumab
talimogene laherparepvec*

Advanced sarcoma

NCT03138161 Phase 1
Expansion Phase 2

trabectedin
nivolumab
ipilimumab

Solid tumors
(60)

NCT03085225 Phase 1b trabectedin
durvalumab

Advanced soft-tissue sarcoma
Ovarian carcinoma
(61)

NCT04253145 Phase 1/2 lurbinectedin
atezolizumab

Small cell lung cancer

NCT04610658 Phase 1/2 lurbinectedin
nivolumab
ipilimumab

Small cell lung cancer
March 202
*Talimogene laherparepvec is an oncolytic herpes virus.
2 | Volume 12 | Article 851790

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Allavena et al. Effect of Marine Drugs on Tumor Microenvironment
ideal to better respond to immunostimulatory approaches, such
as checkpoint blockade immunotherapies. Therefore, trabectedin
and lurbinectedin are interesting compounds in oncology, both
for their intrinsic anti-tumor activity and for their remodulating
effects on immunity.
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AUTHOR CONTRIBUTIONS

Writing the manuscript: PA, CB, ED, RF, and MD’I. Creation of
image: ED. Reading and proofreading: PA, CB, ED, RF, and
MD’I. The review has been approved by all authors.
REFERENCES
1. D’Incalci M, Badri N, Galmarini CM, Allavena P. Trabectedin, a Drug Acting

on Both Cancer Cells and the Tumour Microenvironment. Br J Cancer (2014)
111(4):646–50. doi: 10.1038/bjc.2014.149

2. Andreeva-Gateva P, Chakar S. The Place of Trabectedin in the Treatment of
Soft Tissue Sarcoma: An Umbrella Review of the Level One Evidence. Expert
Opin Orphan Drugs (2019) 7(3):105–15. doi: 10.1080/21678707.2019.1589449

3. Colombo N, Hardy-Bessard AC, Ferrandina G, Marth C, Romero I.
Experience With Trabectedin + Pegylated Liposomal Doxorubicin for
Recurrent Platinum-Sensitive Ovarian Cancer Unsuited to Platinum
Rechallenge. Expert Rev Anticancer Ther (2016) 16(sup1):11–9. doi:
10.1080/14737140.2016.1243475

4. Grignani G, D’Ambrosio L, Pignochino Y, Palmerini E, Zucchetti M, Boccone
P, et al. Trabectedin and Olaparib in Patients With Advanced and non-
Resectable Bone and Soft-Tissue Sarcomas (TOMAS): An Open-Label, Phase
1b Study From the Italian Sarcoma Group. Lancet Oncol (2018) 19(10):1360–
71. doi: 10.1016/S1470-2045(18)30438-8

5. Grosso F, Jones RL, Demetri GD, Judson IR, Blay JY, Le Cesne A, et al.
Efficacy of Trabectedin (Ecteinascidin-743) in Advanced Pretreated Myxoid
Liposarcomas: A Retrospective Study. Lancet Oncol (2007) 8(7):595–602. doi:
10.1016/S1470-2045(07)70175-4

6. Jin S, Gorfajn B, Faircloth G, Scotto KW. Ecteinascidin 743, a Transcription-
Targeted Chemotherapeutic That Inhibits MDR1 Activation. Proc Natl Acad
Sci USA (2000) 97(12):6775–9. doi: 10.1073/pnas.97.12.6775

7. Erba E, Bergamaschi D, Bassano L, Damia G, Ronzoni S, Faircloth GT, et al.
Ecteinascidin-743 (ET-743), a Natural Marine Compound, With a Unique
Mechanism of Action. Eur J Cancer (2001) 37(1):97–105. doi: 10.1016/S0959-
8049(00)00357-9

8. Herrero AB, Martin-Castellanos C, Marco E, Gago F, Moreno S. Cross-Talk
Between Nucleotide Excision and Homologous Recombination DNA Repair
Pathways in the Mechanism of Action of Antitumor Trabectedin. Cancer Res
(2006) 66(16):8155–62. doi: 10.1158/0008-5472.CAN-06-0179

9. D’Incalci M, Galmarini CM. A Review of Trabectedin (ET-743): A UniqueMechanism
of Action.Mol Cancer Ther (2010) 9(8):2157–63. doi: 10.1158/1535-7163.MCT-10-0263

10. Larsen AK, Galmarini CM, D’Incalci M. Unique Features of Trabectedin
Mechanism of Action. Cancer Chemother Pharmacol (2016) 77(4):663–71.
doi: 10.1007/s00280-015-2918-1

11. Romano M, Frapolli R, Zangarini M, Bello E, Porcu L, Galmarini CM, et al.
Comparison Of In Vitro and In Vivo biological Effects of Trabectedin,
Lurbinectedin (PM01183) and Zalypsis® (PM00104). Int J Cancer (2013)
133(9):2024–33. doi: 10.1002/ijc.28213

12. Tavecchio M, Simone M, Erba E, Chiolo I, Liberi G, Foiani M, et al. Role of
Homologous Recombination in Trabectedin-Induced DNA Damage. Eur J
Cancer (2008) 44(4):609–18. doi: 10.1016/j.ejca.2008.01.003

13. Feuerhahn S, Giraudon C, Martinez-Diez M, Bueren-Calabuig JA, Galmarini CM,
Gago F, et al. XPF-Dependent DNA Breaks and RNA Polymerase II Arrest
Induced by Antitumor DNA Interstrand Crosslinking-Mimetic Alkaloids. Chem
Biol (2011) 18(8):988–99. doi: 10.1016/j.chembiol.2011.06.007

14. Delaloge S, Wolp-Diniz R, Byrski T, Blum JL, Goncalves A, Campone M, et al.
Activity of Trabectedin in Germline BRCA1/2-Mutated Metastatic Breast
Cancer: Results of an International First-in-Class Phase II Study. Ann Oncol:
Off J Eur Soc Med Oncol (2014) 25(6):1152–8. doi: 10.1093/annonc/mdu134

15. Minuzzo M, Marchini S, Broggini M, Faircloth G, D’Incalci M, Mantovani R.
Interference of Transcriptional Activation by the Antineoplastic Drug Ecteinascidin-
743. Proc Natl Acad Sci USA (2000) 97(12):6780–4. doi: 10.1073/pnas.97.12.6780

16. Di Giandomenico S, Frapolli R, Bello E, Uboldi S, Licandro SA, Marchini S,
et al. Mode of Action of Trabectedin in Myxoid Liposarcomas. Oncogene
(2014) 33(44):5201–10. doi: 10.1038/onc.2013.462
17. Gordon S. The Role of the Macrophage in Immune Regulation. Res Immunol
(1998) 149((7-8):685–8. doi: 10.1016/S0923-2494(99)80039-X

18. Sjin RM, Krishnaraju K, Hoffman B, Liebermann DA. Transcriptional
Regulation of Myeloid Differentiation Primary Response (Myd) Genes
During Myeloid Differentiation is Mediated by Nuclear Factor Y. Blood
(2002) 100(1):80–8. doi: 10.1182/blood.V100.1.80

19. Allavena P, Signorelli M, Chieppa M, Erba E, Bianchi G, Marchesi F, et al.
Anti-Inflammatory Properties of the Novel Antitumor Agent Yondelis
(Trabectedin): Inhibition of Macrophage Differentiation and Cytokine
Production. Cancer Res (2005) 65(7):2964–71. doi: 10.1158/0008-5472.
CAN-04-4037

20. Germano G, Frapolli R, Belgiovine C, Anselmo A, Pesce S, Liguori M, et al.
Role of Macrophage Targeting in the Antitumor Activity of Trabectedin.
Cancer Cell (2013) 23(2):249–62. doi: 10.1016/j.ccr.2013.01.008

21. Liguori M, Buracchi C, Pasqualini F, Bergomas F, Pesce S, Sironi M, et al.
Functional TRAIL Receptors in Monocytes and Tumor-Associated Macrophages:
A Possible Targeting Pathway in the TumorMicroenvironment.Oncotarget (2016)
7(27):41662–76. doi: 10.18632/oncotarget.9340

22. Prasad S, Kim JH, Gupta SC, Aggarwal BB. Targeting Death Receptors for
TRAIL by Agents Designed by Mother Nature. Trends Pharmacol Sci (2014)
35(10):520–36. doi: 10.1016/j.tips.2014.07.004

23. Trivedi R, Mishra DP. Trailing TRAIL Resistance: Novel Targets for TRAIL
Sensitization in Cancer Cells. Front Oncol (2015) 5:69. doi: 10.3389/
fonc.2015.00069

24. Biswas SK, Allavena P, Mantovani A. Tumor-Associated Macrophages:
Functional Diversity, Clinical Significance, and Open Questions. Semin
Immunopathol (2013) 35(5):585–600. doi: 10.1007/s00281-013-0367-7

25. Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P. Tumour-Associated
Macrophages as Treatment Targets in Oncology. Nat Rev Clin Oncol (2017)
14(7):399–416. doi: 10.1038/nrclinonc.2016.217

26. Engblom C, Pfirschke C, Pittet MJ. The Role of Myeloid Cells in Cancer
Therapies. Nat Rev Cancer (2016) 16(7):447–62. doi: 10.1038/nrc.2016.54

27. Cassetta L, Pollard JW. Targeting Macrophages: Therapeutic Approaches in
Cancer. Nat Rev Drug Discov (2018) 17(12):887–904. doi: 10.1038/
nrd.2018.169

28. DeNardo DG, Ruffell B. Macrophages as Regulators of Tumour Immunity and
Immunotherapy. Nat Rev Immunol (2019) 19(6):369–82. doi: 10.1038/
s41577-019-0127-6

29. Condamine T, Kumar V, Ramachandran IR, Youn JI, Celis E, Finnberg N,
et al. ER Stress Regulates Myeloid-Derived Suppressor Cell Fate Through
TRAIL-R-Mediated Apoptosis. J Clin Invest (2014) 124(6):2626–39. doi:
10.1172/JCI74056

30. Borgoni S, Iannello A, Cutrupi S, Allavena P, D’Incalci M, Novelli F, et al.
Depletion of Tumor-Associated Macrophages Switches the Epigenetic Profile
of Pancreatic Cancer Infiltrating T Cells and Restores Their Anti-Tumor
Phenotype. Oncoimmunology (2018) 7(2):e1393596. doi: 10.1080/
2162402X.2017.1393596

31. Carminati L, Pinessi D, Borsotti P, Minoli L, Giavazzi R, D’Incalci M, et al.
Antimetastatic and Antiangiogenic Activity of Trabectedin in Cutaneous
Melanoma. Carcinogenesis (2019) 40(2):303–12. doi: 10.1093/carcin/bgy177

32. Jones JD, Sinder BP, Paige D, Soki FN, Koh AJ, Thiele S, et al. Trabectedin
Reduces Skeletal Prostate Cancer Tumor Size in Association With Effects on
M2 Macrophages and Efferocytosis. Neoplasia (2019) 21(2):172–84. doi:
10.1016/j.neo.2018.11.003

33. Ratti C, Botti L, Cancila V, Galvan S, Torselli I, Garofalo C, et al. Trabectedin
Overrides Osteosarcoma Differentiative Block and Reprograms the Tumor
Immune Environment Enabling Effective Combination With Immune
Checkpoint Inhibitors. Clin Cancer Res (2017) 23(17):5149–61. doi:
10.1158/1078-0432.CCR-16-3186
March 2022 | Volume 12 | Article 851790

https://doi.org/10.1038/bjc.2014.149
https://doi.org/10.1080/21678707.2019.1589449
https://doi.org/10.1080/14737140.2016.1243475
https://doi.org/10.1016/S1470-2045(18)30438-8
https://doi.org/10.1016/S1470-2045(07)70175-4
https://doi.org/10.1073/pnas.97.12.6775
https://doi.org/10.1016/S0959-8049(00)00357-9
https://doi.org/10.1016/S0959-8049(00)00357-9
https://doi.org/10.1158/0008-5472.CAN-06-0179
https://doi.org/10.1158/1535-7163.MCT-10-0263
https://doi.org/10.1007/s00280-015-2918-1
https://doi.org/10.1002/ijc.28213
https://doi.org/10.1016/j.ejca.2008.01.003
https://doi.org/10.1016/j.chembiol.2011.06.007
https://doi.org/10.1093/annonc/mdu134
https://doi.org/10.1073/pnas.97.12.6780
https://doi.org/10.1038/onc.2013.462
https://doi.org/10.1016/S0923-2494(99)80039-X
https://doi.org/10.1182/blood.V100.1.80
https://doi.org/10.1158/0008-5472.CAN-04-4037
https://doi.org/10.1158/0008-5472.CAN-04-4037
https://doi.org/10.1016/j.ccr.2013.01.008
https://doi.org/10.18632/oncotarget.9340
https://doi.org/10.1016/j.tips.2014.07.004
https://doi.org/10.3389/fonc.2015.00069
https://doi.org/10.3389/fonc.2015.00069
https://doi.org/10.1007/s00281-013-0367-7
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.1038/nrc.2016.54
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1172/JCI74056
https://doi.org/10.1080/2162402X.2017.1393596
https://doi.org/10.1080/2162402X.2017.1393596
https://doi.org/10.1093/carcin/bgy177
https://doi.org/10.1016/j.neo.2018.11.003
https://doi.org/10.1158/1078-0432.CCR-16-3186
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Allavena et al. Effect of Marine Drugs on Tumor Microenvironment
34. Denton NL, Chen CY, Hutzen B, Currier MA, Scott T, Nartker B, et al.
Myelolytic Treatments Enhance Oncolytic Herpes Virotherapy in Models of
Ewing Sarcoma by Modulating the Immune Microenvironment. Mol Ther
Oncolytics (2018) 11:62–74. doi: 10.1016/j.omto.2018.10.001

35. Banerjee P, Zhang R, Ivan C, Galletti G, Clise-Dwyer K, Barbaglio F, et al.
Trabectedin Reveals a Strategy of Immunomodulation in Chronic
Lymphocytic Leukemia. Cancer Immunol Res (2019) 7(12):2036–51. doi:
10.1158/2326-6066.CIR-19-0152

36. Casagrande N, Borghese C, Favero A, Vicenzetto C, Aldinucci D. Trabectedin
Overcomes Doxorubicin-Resistance, Counteracts Tumor-Immunosuppressive
Reprogramming of Monocytes and Decreases Xenograft Growth in Hodgkin
Lymphoma. Cancer Lett (2021) 500:182–93. doi: 10.1016/j.canlet.2020.12.015

37. Romano M, Della Porta MG, Galli A, Panini N, Licandro SA, Bello E, et al.
Antitumour Activity of Trabectedin in Myelodysplastic/Myeloproliferative
Neoplasms. Br J Cancer (2017) 116(3):335–43. doi: 10.1038/bjc.2016.424

38. Guo HZ, Guo ZH, Yu SH, Niu LT, Qiang WT, Huang MM, et al. Leukemic
Progenitor Cells Enable Immunosuppression and Post-Chemotherapy
Relapse via IL-36-Inflammatory Monocyte Axis. Sci Adv (2021) 7(41):
eabg4167. doi: 10.1126/sciadv.abg4167

39. Germano G, Frapolli R, Simone M, Tavecchio M, Erba E, Pesce S, et al.
Antitumor and Anti-Inflammatory Effects of Trabectedin on Human Myxoid
Liposarcoma Cells. Cancer Res (2010) 70(6):2235–44. doi: 10.1158/0008-
5472.CAN-09-2335

40. Lin SK, Kok SH, Yeh FT, Kuo MY, Lin CC, Wang CC, et al. MEK/ERK and
Signal Transducer and Activator of Transcription Signaling Pathways
Modulate Oncostatin M-Stimulated CCL2 Expression in Human
Osteoblasts Through a Common Transcription Factor. Arthritis Rheum
(2004) 50(3):785–93. doi: 10.1002/art.20058

41. Legendre F, Dudhia J, Pujol JP, Bogdanowicz P. JAK/STAT But Not ERK1/
ERK2 Pathway Mediates Interleukin (IL)-6/Soluble IL-6R Down-Regulation
of Type II Collagen, Aggrecan Core, and Link Protein Transcription in
Articular Chondrocytes. Assoc Down-Regulation SOX9 Expression. J Biol
Chem (2003) 278(5):2903–12. doi: 10.1074/jbc.M110773200

42. Louneva N, Saitta B, Herrick DJ, Jimenez SA. Transcriptional Inhibition of
Type I Collagen Gene Expression in Scleroderma Fibroblasts by the
Antineoplastic Drug Ecteinascidin 743. J Biol Chem (2003) 278(41):40400–
7. doi: 10.1074/jbc.M301964200

43. Belgiovine C, Bello E, Liguori M, Craparotta I, Mannarino L, Paracchini L,
et al. Lurbinectedin Reduces Tumour-Associated Macrophages and the
Inflammatory Tumour Microenvironment in Preclinical Models. Br J
Cancer (2017) 117(5):628–38. doi: 10.1038/bjc.2017.205

44. Dossi R, Frapolli R, Di Giandomenico S, Paracchini L, Bozzi F, Brich S, et al.
Antiangiogenic Activity of Trabectedin in Myxoid Liposarcoma: Involvement
of Host TIMP-1 and TIMP-2 and Tumor Thrombospondin-1. Int J Cancer
(2015) 136(3):721–9. doi: 10.1002/ijc.29023

45. Cuce M, Gallo Cantafio ME, Siciliano MA, Riillo C, Caracciolo D, Scionti F,
et al. Trabectedin Triggers Direct and NK-Mediated Cytotoxicity in Multiple
Myeloma. J Hematol Oncol (2019) 12(1):32. doi: 10.1186/s13045-019-0714-9

46. Trigo J, Subbiah V, Besse B, Moreno V, López R, Sala MA, et al. Lurbinectedin
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