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Breast tumors interfere with endothelial TRAIL at the
premetastatic niche to promote cancer cell seeding
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Giovanna Carrá5,6, Federica Cappellesso1,2, Larissa Mourao7,8, Maxim De Schepper9, Dana Liu1,2,
Jens Serneels1,2, Mohamad-Gabriel Alameh10, Vladimir V. Shuvaev11, Tatjana Geukens9,
Edoardo Isnaldi9, Hans Prenen12, Drew Weissman10, Vladimir R. Muzykantov11,
Stefaan Soenen13,14, Christine Desmedt9, Colinda L. G. J. Scheele7,8, Anna Sablina3,4,
Mario Di Matteo1,2, Rosa Martín-Pérez1,2†, Massimiliano Mazzone1,2*†

Endothelial cells (ECs) grant access of disseminated cancer cells to distant organs. However, the molecular
players regulating the activation of quiescent ECs at the premetastatic niche (PMN) remain elusive. Here, we
find that ECs at the PMN coexpress tumor necrosis factor–related apoptosis-inducing ligand (TRAIL) and its
cognate death receptor 5 (DR5). Unexpectedly, endothelial TRAIL interacts intracellularly with DR5 to prevent
its signaling and preserve a quiescent vascular phenotype. In absence of endothelial TRAIL, DR5 activation
induces EC death and nuclear factor κB/p38–dependent EC stickiness, compromising vascular integrity and pro-
moting myeloid cell infiltration, breast cancer cell adhesion, and metastasis. Consistently, both down-regulation
of endothelial TRAIL at the PMN by proangiogenic tumor-secreted factors and the presence of the endogenous
TRAIL inhibitors decoy receptor 1 (DcR1) and DcR2 favor metastasis. This study discloses an intracrine mecha-
nism whereby TRAIL blocks DR5 signaling in quiescent endothelia, acting as gatekeeper of the vascular barrier
that is corrupted by the tumor during cancer cell dissemination.

Copyright © 2023 The

Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim to

original U.S. Government

Works. Distributed

under a Creative

Commons Attribution

NonCommercial

License 4.0 (CC BY-NC).

INTRODUCTION
Despite numerous successful advances in the treatment of localized
solid tumors, metastasis remains the Achilles tendon of cancer
therapy and the leading cause of death of patients with cancer (1).
It is undoubtful that the vascular lining is not a passive by-stander
but is actively involved in many aspects of tumor progression and
metastasis (2, 3). Besides contributing to the trafficking of oxygen,
metabolites, waste, and immune cells within the tumor, endothelial
cells (ECs) are the main route of metastasis dissemination and con-
stitute an interactive barrier that needs to be crossed first by intra-
vasating cancer cells at the primary tumor and afterward by
circulating cancer cells reaching the metastatic site (3, 4). The
access of cancer cells to the vasculature has gained the spotlight in
the hallmarks of cancer (5), although the focus so far has been

mostly on EC interactions at the primary tumor site, whereas the
interplay between cancer cells and ECs at the premetastatic niche
(PMN) remains elusive. Primary tumors secrete signals that precon-
dition distant organs to the arrival of metastatic cancer cells, enforc-
ing the formation of the PMN (6). A better understanding of how
quiescent ECs in the PMN are hijacked by the tumor and how, in
turn, phenotypic changes of the vascular lining affect on the success
of metastatic dissemination could help to assess the risk of metas-
tasis and provide novel strategies to prevent or treat their
occurrence.

Tumor necrosis factor (TNF)–related apoptosis-inducing ligand
(TRAIL), the protein encoded by the gene TNF superfamily
member 10 (TNFSF10), was found as an arm of the natural killer
(NK) cell armamentarium, able to selectively kill disseminated
cancer cells upon binding to its cognate death receptors (TRAIL-
R1/DR4 and TRAIL-R2/DR5 in humans and DR5 in mice),
thereby limiting tumor initiation and metastasis (7–12). TRAIL re-
ceptor agonists have been tested in clinical trials, but despite being
well tolerated, their efficacy did not meet the expectations when
used as a monotherapy (13–16). Several resistance mechanisms
have been proposed, including apoptosis evasion downstream of
TRAIL receptor and the engagement of alternative signaling path-
ways that may even result in tumor-promoting effects (14, 15, 17–
22). Moreover, three TRAIL decoy receptors (DcRs) have been de-
scribed (TRAIL-R3/DcR1, TRAIL-R4/DcR2, and osteoprotegerin)
that have affinity for TRAIL but are unable to transduce the proa-
poptotic signal and, thus, are believed to mediate resistance to
TRAIL-induced apoptosis (14, 23–28). However, genetic models
to study their physiological role and importance in vivo are
still missing.

Recent reports have questioned the unique selectivity of the
effect of TRAIL on cancer cells (14, 27, 29–33), and the endogenous
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TRAIL system has been associated with several pathophysiological
conditions besides cancer (22, 34–36). Thus, the role of the TRAIL
system in cancer has been, so far, oversimplified under a cancer cell–
centric paradigm, probably overlooking diverse and undiscovered
roles of TRAIL in cells from the host. For instance, exogenous
TRAIL was reported to induce apoptosis in DR5-expressing
tumor ECs and vascular disruption and to reduce tumor growth
(30). However, the role of endogenous TRAIL in EC biology and
its impact in metastasis remains unknown.

Here, we found that both mouse and human ECs in the PMN
express high levels of TRAIL, which impedes early metastasis colo-
nization via a mechanism independent of DR5-mediated cancer cell
apoptosis. We suggest that this physiologically relevant barrier is
overruled by tumor-derived signals, including vascular endothelial
growth factor–A (VEGF-A) and placental growth factor (PlGF),
which down-regulate endothelial TRAIL at the PMN, while the
presence of DcR1 and DcR2 could hinder TRAIL as well. Together,
tampering with endothelial TRAIL compromises the integrity of the
vascular barrier, promotes inflammatory cell recruitment, and
favors metastatic cell lodging.

RESULTS
Endogenous TRAIL restrains cancer cell colonization and
metastasis independently of DR5 expression in cancer cells
To dissect the effect of TRAIL in nonmalignant cells during cancer
progression and metastasis, constitutive and ubiquitous TRAIL
wild-type (WT) and knockout (KO) mice (Trail+/+ and Trail−/−, re-
spectively, in a Balb/C background) were orthotopically injected
with 4T1 or EMT6.5 cells, two well-established orthotopic and
highly metastatic triple-negative breast cancer models (37, 38). In
both models, TRAIL deletion did not significantly affect tumor
growth (Fig. 1, A and B, and fig. S1, A and B), but it severely in-
creased the number of spontaneous lung metastases (Fig. 1, C and
D, and fig. S1, C and D). Moreover, TRAIL deletion did not affect
tumor growth (fig. S1E), but it increasedmetastasis even in the 4T07
nonmetastatic model (fig. S1, F and G). To exclude the direct effect
of TRAIL on cancer cells, we generated 4T1-DR5 KO cancer cells
(Fig. 1E) and injected them in WT and TRAIL KO mice. In addi-
tion, in absence of DR5 in cancer cells, TRAIL deletion did not
affect tumor growth (Fig. 1, F and G) but still increased spontaneous
metastasis (Fig. 1H), suggesting the existence of a previously un-
identified antimetastatic effect of TRAIL that is independent of
DR5 in cancer cells.

Several features of the tumor microenvironment (TME) have
been described to foster malignancy and metastatic spread (2, 3,
39). We analyzed multiple traits of the primary tumor, such as
hypoxia (fig. S1H), immune cell composition (fig. S1, I to P), and
vascularization (fig. S1, Q and R). However, we did not find any sig-
nificant differences between tumors derived from TRAIL WT and
KO mice that could explain our phenotype. To assess the contribu-
tion of TRAIL during metastatic dissemination once cancer cells are
in the blood stream, we used an experimental metastasis model in
which cancer cells are injected in the tail vein. Similar to the ortho-
topic model, TRAIL deletion resulted in a significant increase in ex-
perimental lung metastases both in animals injected with 4T1-WT
cancer cells (Fig. 1, I to K) or with 4T1-DR5 KO cancer cells
(Fig. 1L). To induce TRAIL deletion in specific cell types, we gen-
erated Trail floxed mice that we then intercrossed with different

Cre-deleter strains (all in a C57BL/6 background). Ruling out pos-
sible developmental defects, inducible ubiquitous deletion of
TRAIL before tail vein injection of E0771-WT or E0771-DR5 KO
breast cancer cells fueled experimental metastasis (Fig. 1, M to O).

To dissect whether TRAIL impaired early organ colonization or
the outgrowth of established lesions, we used either an ex vivo
cancer cell colony formation assay (37), cancer cells traceable by
the expression of a truncated low-affinity nerve growth factor recep-
tor (dLNGFR), or a single-cell bioluminescence imaging system
(40). In all the assays, constitutive or inducible deletion of TRAIL
significantly increased lung cancer cell burden at 24 hours after in-
travenous injection, which was steadily amplified at later time
points (Fig. 1, P to T). In sum, these data reveal that TRAIL
impairs early metastatic organ colonization via a previously
unknown mechanism independent of DR5-mediated cancer cell
apoptosis.

EC-derived TRAIL at the PMN restrains early metastatic
colonization
To identify which cells express TRAIL, we sorted different cell pop-
ulations from the lungs of tumor-free mice (fig. S2). Although
TRAIL was expressed by several immune cell populations (i.e.,
NK cells, CD8+ T cells, and neutrophils), ECs expressed 25- to
40-fold higher levels of TRAIL than any of the immune cell types
(Fig. 2A). Analysis of publicly available human and murine single-
cell RNA sequencing (scRNA-seq) atlases corroborated that ECs are
themajor source of TRAIL in the lung (Fig. 2B and fig. S3A) (41, 42)
and that the lung is the organ with a higher percentage of TRAIL-
expressing ECs, followed by the colon, liver, and kidney (fig. S3B)
(43). In murine lung ECs, TRAIL protein was detected mostly in-
tracellularly (Fig. 2C) and minimally at the cell surface (Fig. 2D).

To assess the effect of EC-derived TRAIL in metastasis, we gen-
erated a novel murine strain to induce the deletion of TRAIL spe-
cifically in ECs (ECΔT10) (fig. S4, A and B), which resulted in an
almost complete depletion of TRAIL in pulmonary tissue
(Fig. 3A), underscoring that ECs are the main source of TRAIL in
the lung under homeostatic conditions. Phenotypically, EC-specific
deletion of TRAIL did not affect primary tumor volume (Fig. 3B),
weight (Fig. 3C), hypoxia (fig. S4C), vascularization (fig. S4D), or
immune cell composition (fig. S4, E to J). However, it strongly in-
creased spontaneous (Fig. 3, D and E) and experimental lung me-
tastases (Fig. 3, F to H), with an already higher metastatic burden
24 hours after the injection of either E0771-WT cancer cells (Fig. 3I)
or E0771-DR5 KO cancer cells (Fig. 3J). Conversely, promoting
TRAIL expression with EC-targeting lipid nanoparticles (LNPs)
(fig. S4, K and L) (44) significantly rescued the increase in experi-
mental lung metastasis induced by the EC-specific deletion of
TRAIL and decreased the metastatic burden in WT mice
(Fig. 3K). Liver metastasis also increased upon EC-specific or ubiq-
uitous deletion of TRAIL (Fig. 3, L to N, and fig. S4, M and N),
showing that EC-derived TRAIL controls metastasis in several vas-
cular beds. In linewith an antimetastatic role of TRAIL expressed by
NK cells (7–9, 12), NK cell–specific deletion of TRAIL (fig. S4O) led
to more experimental lung metastasis (Fig. 3, O and P). However,
this effect was less pronounced (2.2-fold increase at end stage) when
compared to the EC-specific deletion of TRAIL (12.4-fold increase;
Fig. 3, G and H), and no significant differences were observed at
24 hours (Fig. 3Q).
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Fig. 1. Endogenous TRAIL restrains cancer cell colonization and metastasis independently of DR5 expression in cancer cells. (A to D) Tumor growth (A), tumor
weight (B), representative images of ink-contrasted lungs (C), and metastatic index (D) 24 days after orthotopic mammary fat pad (m.f.p.) injection of 4T1 cells in con-
stitutive TRAIL WT (Trail+/+) and KO (Trail −/−) mice. (E) Fluorescence-activated cell sorting (FACS) analysis of cell surface DR5 protein in sorted 4T1-DR5 KO and 4T1–NT
[nontargeting guide RNA (gRNA) control] cells. unst, unstained. (F to H) Tumor growth (F), tumor weight (G), and metastatic index (H) 24 days after orthotopic m.f.p.
injection of 4T1-DR5 KO cells in Trail+/+ and Trail −/−mice. (I toK) Number of ink-contrasted lungmetastasis (I) or metastatic area in hematoxylin and eosin (H&E) staining (J
and K) 13 days after intravenous (i.v.) injection of 4T1 cells in Trail+/+ and Trail −/− mice. Scale bars, 2,5 mm. (L andM) Number of ink-contrasted lung metastasis 13 days
after i.v. injection of 4T1-DR5 KO cells in Trail+/+ and Trail −/− mice (L) or 12 days after i.v. injection of E0771 cells in induced ubiquitous TRAIL KO (R26ΔT10) versus control
(R26W/W) mice (M). (N) FACS analysis of cell surface DR5 protein in E0771-DR5 KO and E0771-NT cells. (O) Number of ink-contrasted lung metastasis 12 days after i.v.
injection of E0771-DR5 KO cells in induced R26W/Wand R26ΔT10 mice. (P to R) Number of 4T1 cancer cell colony-forming units (CFU) (P), mRNA expression of dLNGFR (Q), or
bioluminescent signal (R) in perfused lung tissue after i.v. injection of 4T1 (P), 4T1-dLNGFR (Q), or 4T1-Akaluc cells (R) in Trail+/+ and Trail−/− mice. (S and T) mRNA
expression of dLNGFR (S) or bioluminescent signal (T) in perfused lung tissue after i.v. injection of E0771-dLNGFR (S) or E0771-Akaluc cells (T) in induced R26W/W and
R26ΔT10 mice. All graphs show means ± SEM. ns, not significant. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Together, we demonstrate that TRAIL is highly expressed in ECs,
where it restrains metastatic colonization. While we confirm that
NK cell–derived TRAIL also harnesses metastatic growth to some
extent, endothelial TRAIL has a major role in preventing cancer
cell dissemination in the early steps of the metastatic process.

TRAIL expression is a trait of EC quiescence and is down-
regulated by tumor-derived factors during PMN formation
Given the role of endothelial TRAIL at the metastatic site but the
absence of a vascular phenotype in the primary tumor, we further
characterized TRAIL expression in these vascular beds. In mice or-
thotopically injected with E0771 cells, TRAIL expression was about
8.5-fold higher in lung ECs than in primary tumor–associated ECs
(Fig. 4A). In postmortem samples from two patients with breast
cancer with lungmetastases, although other cell types were also pos-
itive for TRAIL, expression analysis focused on the vasculature re-
vealed that TRAIL protein colocalized with the parenchymal lung
vessels adjacent to the metastatic lesion, whereas it was significantly
lower in metastasis-associated ECs (Fig. 4, B and C). In a patient
where ECs from uninvolved pulmonary tissue clustered according
to their distance from the lung tumor (41), TRAIL expression was
markedly higher in distal than in proximal ECs (Fig. 4, D to F). This

indicates that TRAIL expression is higher in more quiescent vascu-
lar beds distal from the tumor or metastatic lesion and is lower in
tumor-associated, neoangiogenic vascular beds.

In human umbilical vein ECs (HUVECs) TRAIL protein was
mostly detected intracellularly and minimally on the cell surface
(Fig. 4, G and H) and was present in HUVECs’ supernatant
(Fig. 4I), suggesting that it may also be shed. TRAIL expression
was higher in dense and quiescent than in proliferating (Ki-67+)
HUVECs (Fig. 4, G, J, and K, and fig. S5A). Supporting this,
TRAIL appeared as the most up-regulated gene in quiescent com-
pared to proliferative HUVECs in a publicly available RNA-seq
dataset (Fig. 4L) (45). Treatment of quiescent HUVECs with proan-
giogenic factors such as VEGF-A, basic fibroblast growth factor
(bFGF), or PlGF reduced TRAIL expression (Fig. 4M). In contrast,
proinflammatory/antitumoral cytokines such as interferon-γ (IFN-
γ) up-regulated TRAIL, as previously reported (7, 12), while other
cytokines known to be present in the TME had no significant effect
(fig. S5B). The multitargeted receptor tyrosine kinase inhibitor su-
nitinib [with the highest affinity for both VEGF receptor 1
(VEGFR1), binding to PlGF and VEGF-A, and VEGFR2, binding
to VEGF-A] rescued VEGF-A–induced TRAIL down-regulation.
Moreover, either in the absence or in the presence of VEGF-A,

Fig. 2. ECs in the premetastatic lung (and liver) are the main source of TRAIL. (A) mRNA expression of Tnfsf10 in cells sorted from perfused lungs of tumor-free WT
mice. (B) T-distributed stochastic neighbor embedding (t-SNE) plots showing the expression of TNFSF10 for different cell subsets (epithelial, endothelial, stromal, and
immune) from uninvolved pulmonary tissue of three different patients with lung cancer (P1, P2, and P3). (C andD) FACS analysis of intracellular (in) (C) or extracellular (ex)
(D) TRAIL protein on lung ECs from Trail+/+ and Trail−/− mice. ΔMFI = MFIstained − MFIisotype (C) or ΔMFI = MFIstained − MFIFMO (D). All graphs show means ± SEM. ***P <
0.001; ****P < 0.0001.
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Fig. 3. EC-derived TRAIL at the PMN restrains early metastatic colonization. (A) Protein levels of TRAIL in perfused lung tissue lysates of induced EC-specific TRAILWT
(ECW/W) and KO (ECΔT10) mice. (B to E) Tumor growth (B), tumor weight (C), number of ink-contrasted lungmetastasis (D), andmetastatic index (E) 27 days after orthotopic
m.f.p. injection of E0771 cells in induced ECW/Wand ECΔT10 mice. (F toH) Number of ink-contrasted lungmetastasis (F) or metastatic area in H&E staining (G and H) 12 days
after i.v. injection of E0771 cells in induced ECW/W and ECΔT10 mice. Scale bars, 500 μm. (I to K) mRNA expression of dLNGFR in perfused lung tissue 24 hours after i.v.
injection of E0771-dLNGFR (I and K) or E0771-dLNGFR-DR5 KO cells (J) in induced ECW/W and ECΔT10 mice. In (K), anti-CD31 (αCD31)–LNP/empty or anti-CD31–LNP/Trail (8
μg per mouse) was injected i.v. 48 and 24 hours before cancer cell injection, and statistical significancewas calculated by one-tailed unpaired t test. (L) FACS analysis of the
cancer cell burden 14 days after intrasplenic (i.s.) injection of E0771-dLNGFR cells in ECW/W and ECΔT10 mice. (M) Representative images of H&E staining of livers 14 days
after i.s. injection of E0771-dLNGFR cells in ECW/Wand ECΔT10 mice. Incidence indicates the fraction of mice displayingmetastatic lesions upon pathological analysis of liver
cross sections. Scale bars, 500 μm. (N) Liver metastatic area in H&E staining 14 days after i.s. injection of 4T1-CD90.1 cells in Trail+/+ and Trail−/− mice. (O and P) Lung
metastatic area in H&E staining 12 days after i.v. injection of E0771 cells in NK-specific TRAILWT (NKW/W) and KO (NKΔT10) mice. Scale bars, 500 μm. (Q) mRNA expression of
dLNGFR in perfused lung tissue after i.v. injection of E0771-dLNGFR cells in NKW/W and NKΔT10 mice. All graphs show means ± SEM. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.
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Fig. 4. TRAIL expression is a trait of EC quiescence. (A) mRNA expression of Tnfsf10 in ECs sorted from perfused lungs or primary tumors of E0771 tumor–bearing WT
mice (day 14). (B and C) Histological analysis of vasculature (CD31; red), TRAIL (green), and autofluorescence (blue) in a metastatic lesion or its adjacent parenchymal
tissue in postmortem lung samples from two patients with breast cancer. Dots in (C) represent the average intensity in 10 different fields (5 fields per patient). Arrowheads
in (B) show colocalization of CD31 and TRAIL (yellow). Scale bars, 50 μm. (D to F) t-SNE plots showing the origin (distal versus proximal) or expression of indicated genes
(D), violin plot showing expression levels (E), or the percentage of expressing (+) and nonexpressing (−) cells (F) in ECs from patient 3. (G) Immunofluorescence costaining
of TRAIL (green), Ki-67 (magenta), and Hoechst (blue). Higher-resolution inset of confluent (A) or proliferative (Ki-67+) areas (B). Scale bar, 50 μm. (H to J) Protein levels of
TRAIL in whole-cell extract (WCE), intracellular, or surface fractions of quiescent HUVECs (H); in supernatant protein precipitates or WCE of quiescent HUVECs treated with
the pan-caspase inhibitor q-VD-OPh (qVD) (50 μM) for 18 hours (I); or in proliferating, dense, or quiescent HUVECs (5-ethynyl-2’-deoxyuridine, EdU) (J). In (H), VE-cadherin
is the representative surface protein. (K) mRNA expression of TNFSF10 in proliferating, dense, or quiescent HUVECs. (L) Volcano plot showing TNFSF10 transcript distri-
bution. Positive and negative log2 (fold change) values (x axis) represent up-regulation or down-regulation, respectively, in quiescent compared to proliferative HUVECs.
Dots in blue represent significant differentially expressed genes. (M) mRNA expression of TNFSF10 in quiescent HUVECs treated with VEGF-A (50 ng/ml), bFGF (10 ng/ml),
or PlGF-1 (50 ng/ml) for 17 hours. All graphs show means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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MAPK (mitogen-activated protein kinase) kinase (MEK) inhibition
up-regulated, while phosphatidylinositol 3-kinase (PI3K)/mamma-
lian target of rapamycin (mTOR)/Akt inhibition down-regulated
TRAIL (fig. S5, C and D). This suggests that TRAIL is normally si-
lenced by pathways inducing EC proliferation [i.e., MEK/extracellu-
lar signal–regulated kinase (ERK)] (46), while its expression is
sustained by pathways important for EC homeostasis and survival
(PI3K/mTOR/Akt) (47). Treatment of quiescent HUVECs with
cancer cell–conditioned medium reduced TRAIL expression
(Fig. 5A), which was rescued by sunitinib (Fig. 5B). In vivo,
TRAIL expression was repressed by the administration of a condi-
tionedmedium fromVEGF-A– or PlGF-overexpressing cancer cells
(Fig. 5, C and D, and fig. S6, A to D), which correlated with an in-
creased early metastatic colonization (Fig. 5, E and F).

Given that tumors produce proangiogenic factors that could
have effects at the distant metastatic sites, we interrogated
whether primary tumors have the ability to alter TRAIL expression
at the PMN. One of the hallmarks of the PMN formation is the re-
cruitment of myeloid cells to the lung (6, 48). Neutrophils, but not
macrophages, infiltrate the lungs from day 7 onward after ortho-
topic tumor implantation (Fig. 5, G to K), which is accompanied
by a concomitant up-regulation of PMN-associated S100a family
proteins (Fig. 5G), together confirming the establishment of a
PMN. E0771 cancer cells spontaneously colonize the lung
between days 10 and 14 (Fig. 5L and fig. S6E). Compared to
tumor-free mice, expression of TRAIL significantly decreased
both in pulmonary tissue and specifically in lung ECs before
cancer cell arrival, during the PMN formation (Fig. 5, L and M,
and fig. S6F).

These data unveil that the mature and quiescent endothelia, but
not angiogenic vessels in the tumor or in the metastasis, represent a
major source of endogenous TRAIL. We show that tumor-derived
soluble factors, such as VEGF-A, bFGF, and PlGF, reduce TRAIL
expression in lung ECs. Genetic or pathological down-regulation
of TRAIL by tumor-derived factors “destabilizes” the vascular
barrier and contributes to the formation of a PMN.

EC-specific depletion of TRAIL triggers apoptosis
As previously reported (34, 49, 50), exogenous TRAIL induced the
assembly of the “death-inducing signaling complex” (DISC), consti-
tuted by DR5, Fas-associated protein with death domain (FADD),
and cleaved caspase-8 (fig. S7A). The consequent apoptosis was
equally rescued by both the pan-caspase inhibitor q-VD-OPh
(qVD) and the caspase-8–specific inhibitor z-IETD-FMK
(zIETD) (Fig. 6A). However, the angiocrine role of endogenous
EC-derived TRAIL in EC biology is mostly unknown. To shed
light on this, we silenced TRAIL in HUVECs (Fig. 6B and fig. S7,
B and C). Upon culture confluency, TRAIL silencing resulted in
caspase-8 and caspase-3 cleavage (Fig. 6B) and subsequent apopto-
sis (Fig. 6, C to E), which could be modestly rescued by zIETD and
completely by qVD (Fig. 6, C, E, and F). zIETD inhibited caspase-8
cleavage, as expected, but it failed to revert the cleavage of caspase-3
(fig. S7D), overall arguing that absence of endogenous TRAIL in
ECs promotes both caspase-8–dependent and –independent apo-
ptosis. To assess whether TRAIL deletion affected vascular tight-
ness, we measured transendothelial electrical resistance (TEER) in
scramble control (shSCR) and shTRAIL HUVECs. In shSCR
HUVECs, TEER steadily increased over time as cells grow until con-
fluence and tighten EC junctions, which was paralleled by an

increase in TRAIL expression (Fig. 6G). Conversely, TEER signifi-
cantly dropped down from day 2 onward in shTRAIL HUVECs
(Fig. 6G), indicating that deficiency of TRAIL in HUVECs
hinders the possibility tomake a tight, intact, and confluent vascular
layer.

To assess whether TRAIL deletion in vivo also affected the integ-
rity of the lung vasculature, we analyzed the lungs of tumor-free
mice by flow cytometry. EC-specific deletion of TRAIL increased
the percentage of dead blood vessel ECs (BECs) (Fig. 6H and figs.
S8 and S9), which was reverted by the reexpression of TRAIL with
EC-targeting LNPs (Fig. 6I). Next, we sorted lung ECs from tumor-
free WT and EC-specific TRAIL KO mice and performed bulk
RNA-seq (fig. S7E). Gene set enrichment analysis (GSEA) con-
firmed a signature of apoptosis (Fig. 6J). As a consequence of vas-
cular leakage, fibronectin can leak from the serum to the lung
parenchyma. We observed that EC-specific deletion of TRAIL re-
sulted in higher fibronectin protein levels in perfused lung tissue
of tumor-free animals (Fig. 6, K and L), indicating an increase in
vascular leakiness, as its transcripts during PMN formation did
not change (Fig. 6M). Thus, these data show that the expression
of TRAIL in quiescent ECs is required to maintain the integrity
of the vascular barrier.

EC-specific depletion of TRAIL favors a proinflammatory
state that facilitates leukocyte and cancer cell adhesion
Adhesion to the vascular wall is a critical event for successful met-
astatic colonization (4, 51, 52). EC-specific deletion of TRAIL pro-
moted a proadhesion and proinflammatory transcriptional
program in lung ECs from tumor-free mice, characterized by the
up-regulation of adhesion molecules (namely, Icam1, Sele, and
Vcam1) and chemokines (namely, Ccl2 and Ccl5) (Fig. 7, A and
B). Consistently, the expression of adhesion molecules (i.e.,
ICAM1, SELE, and VCAM1) was the lowest in TRAILhigh distal
ECs and the highest in TRAILlow proximal ECs in patient 3 from
the scRNA-seq atlas of the human lung (Fig. 7, C to I) (41). Upon
silencing of TRAIL in HUVECs, the expression of the E-Selectin
and intercellular adhesion molecule–1 (ICAM1) increased (Fig. 7,
J to L), which could not be reverted by the treatment with the
pan-caspase inhibitor qVD (Fig. 7, J and K), proving that the proad-
hesive signature is independent from caspase activity. Functionally,
this translated into an increased cancer cell and leukocyte adhesion
to shTRAIL compared to shSCR HUVEC monolayers (Fig. 7, M
and N). In tumor-free mice, EC-specific deletion of TRAIL in-
creased the infiltration of immune cells into the lungs (Fig. 7, O
and P) and in particular of myeloid cells (Fig. 7, Q and R), such
as neutrophils (Fig. 7, S and T), which are known to be recruited
to the lung in preparation of the PMN (6, 48). In contrast, lung-res-
ident alveolar macrophages remained unchanged (Fig. 7U). Pre-
treatment of mice with ICAM1 and E-Selectin blocking
antibodies before cancer cell injection abrogated the increase in
cancer cell lodging 24 hours after injection observed upon EC-spe-
cific deletion of TRAIL (Fig. 7V). This was confirmed by quantifi-
cation of tdTomato+ E0771 cells in whole lungs by three-
dimensional (3D) confocal microscopy (Fig. 7, W and X).

These data prove that TRAIL expression in quiescent lung ECs is
required to keep a proinflammatory program at bay. Upon deple-
tion of TRAIL, the endothelium becomes inflamed and expresses
higher levels of adhesion molecules and cytokines that orchestrate
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Fig. 5. TRAIL expression is down-regulated by tumor-derived factors during PMN formation. (A and B) mRNA expression of TNFSF10 in HUVECs treated for 24 hours
with a conditioned medium (CM) of E0771 or 4T1 cancer cells for 48 hours and/or with sunitinib (1 μM). (C and D) FACS analysis of intracellular TRAIL protein in lung ECs
from WT mice injected 12 times i.v. with a CM of E0771 cells overexpressing (OE) murine VEGF-A164 (C) or PlGF (D) for 48 hours. ΔMFI = MFIstained − MFIisotype. (E and F)
mRNA expression of dLNGFR in perfused lung tissue 24 hours after i.v.injection of E0771-dLNGFR in WTmice injected 12 times i.v. with a CM of E0771 cells overexpressing
VEGF-A164 (E) or PlGF (F) for 48 hours. Vehicle represents a mock medium, pseudo-conditioned in absence of cancer cells. (G) mRNA expression of Ly6g, S100a8, S100a9,
Cd68, Emr1, and dLNGFR in perfused lung tissue from WT mice after orthotopic m.f.p. injection of E0771-dLNGFR cells. (H to K) Histological analysis of Ly-6G+ neutrophil
area (H and I) and F4/80+ macrophage area (J and K) in tumor-free (TF) WTmice or tumor-bearing (TB) WTmice 10 days after orthotopic m.f.p. injection of E0771-dLNGFR
cells. Scale bars, 50 μm. (L) mRNA expression of Tnfsf10 and dLNGFR in perfused lung tissue fromWTmice after orthotopic m.f.p. injection of E0771-dLNGFR cells. FC, fold
change. (M) FACS analysis of intracellular TRAIL protein in lung ECs from tumor-free WT mice or 10 days after orthotopic m.f.p. injection of E0771-dLNGFR cells.
ΔMFI = MFIstained − MFIisotype. All graphs show means ± SEM. *P < 0.05; **P < 0.01; ##P < 0.01; ****P < 0.0001.
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Fig. 6. EC-specific depletion of TRAIL triggers apoptosis. (A) FACS analysis of viable [annexin V− propidium iodide (PI)−] HUVECs treated with SuperKillerTRAIL (recT-
RAIL; 100 ng/ml), pan-caspase inhibitor qVD (50 μM), or caspase-8–specific inhibitor zIETD (50 μM) for 5 days. (B) Protein levels of pro–caspase-8, cleaved caspase-8
(clCasp8), pro–caspase-3, cleaved caspase-3 (clCasp3), and TRAIL in shSCR or shTRAIL HUVECs. For each time point, the densitometry fold change of shTRAIL toward
shSCR is indicated. (C andD) Time-dependent analysis of cell death by cytotox incorporation in shSCR and shTRAIL HUVECs treated with qVD (50 μM; green line) or zIETD
(100 μM; blue line) since day 1. Representative images at 34 hours (D). (E) Analysis of viable (annexin V− PI−) shSCR and shTRAIL HUVECs at day 3 treated with qVD (20 μM)
since day 1. (F) Protein levels of pro–caspase-8, cleaved caspase-8, pro–caspase-3, cleaved caspase-3, and TRAIL in shSCR and shTRAIL HUVECs at day 5 treated with qVD
(50 μM) since day 0. (G) TEERmeasurement andmRNA expression of TNFSF10 of shSCR and shTRAIL HUVECmonolayers. (H and I) FACS analysis of the percentage of dead
blood vessel ECs (BECs; CD45−CD31+PDPN−) in perfused lungs from tumor-free induced ECW/W and ECΔT10 mice. In (I), anti-CD31 (αCD31)–conjugated LNP/empty or anti-
CD31–LNP/Trail (8 μg per mouse) was injected i.v. 48 and 24 hours before cancer cell injection, and statistical significance was calculated by one-tailed unpaired t test. (J)
GSEA enrichment plots showing the comparison of the gene expression profiles in lung ECs sorted from tumor-free induced ECW/W and ECΔT10 mice. NES, normalized
enrichment score. (K and L) Protein levels of fibronectin and TRAIL in perfused lung tissue lysates of tumor-free induced ECW/W and ECΔT10 mice. (M) mRNA expression of
Fn1 (fibronectin) and dLNGFR in perfused lung tissue from WT mice after orthotopic m.f.p. injection of E0771-dLNGFR cells. All graphs show means ± SEM. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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leukocyte and cancer cell adhesion, together fostering metastatic
colonization.

Activation of p38 and nuclear factor κB underlies the
proadhesive state of the endothelium upon TRAIL
depletion
Besides triggering the extrinsic apoptosis pathway, TRAIL receptor
signaling is upstream of multiple signaling pathways, such as PI3K/
Akt, Erk1/2, nuclear factor κB (NF-κB), p38, and c-Jun N-terminal
kinase, which are linked to survival, invasiveness, and inflammation

Fig. 7. EC-specific depletion of TRAIL favors a
proinflammatory state that facilitates leuko-
cyte and cancer cell adhesion. (A) mRNA ex-
pression of indicated genes in lung ECs sorted
from tumor-free induced ECW/W and ECΔT10 mice.
(B) FACS analysis of the percentage of adhesive
ECs [vascular cell adhesion molecule–1+

(VCAM1+) E-Selectin+ ICAM1high] in perfused
lungs from tumor-free induced ECW/Wand ECΔT10

mice. (C to I) t-SNE plots showing the origin
(distal versus proximal) or expression of indicat-
ed genes (C), violin plot showing expression
levels (D, F, and H), or the percentage of ex-
pressing (+) and nonexpressing (−) cells (E, G,
and I) in ECs from patient 3. (J and K) mRNA ex-
pression of SELE (J) and ICAM1 (K) in shSCR and
shTRAIL HUVECs at day 3 treated with qVD (50
μM) since day 0. (L) Protein levels of ICAM1 and E-
Selectin in shSCR and shTRAIL HUVECs. For each
time point, the densitometry fold change of
shTRAIL toward shSCR is indicated. TRAIL
knockdown efficiency is shown in Fig. 6B. (M and
N) E0771 or 4T1 cells (M) or white blood cells
(WBC) (N) adhered to shSCR and shTRAIL HUVEC
monolayers at day 6 after 1 hour of contact. (O to
U) FACS analysis of the percentage or number of
immune cells (O and P), myeloid cells excluding
alveolar macrophages (AMs) (Q and R), neutro-
phils (S and T), and AM (U) in perfused lungs from
tumor-free induced ECW/W and ECΔT10 mice. (V to
X) mRNA expression of dLNGFR in perfused lung
tissue (V), number of cancer cells (W), and rep-
resentative images (X) showing tdTomato+

cancer cells (magenta) and 4′,6-diamidino-2-
phenylindole (DAPI) (blue) in lungs 24 hours
after i.v. injection of E0771-dLNGFR-tdTomato
cells in induced ECW/W and ECΔT10 mice. Anti-
ICAM1 and anti–E-Selectin blocking antibodies
(each 10 mg/kg) or immunoglubulin G (IgG)
control (20 mg/kg) were injected intravenously
3 hours before cancer cell injection. Scale bars,
250 μm. All graphs showmeans ± SEM. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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(14, 17–20, 22). Silencing of TRAIL increased the phosphorylation
of p38 (Fig. 8A), which has been associated with EC stress, apopto-
sis, and metastasis (53). Moreover, TRAIL silencing activated the
NF-κB pathway, as seen by the phosphorylation of IκBα (the inhib-
itory protein of NF-κB), a subsequent decrease in its total levels
(Fig. 8A) and by the nuclear accumulation of NF-κB (Fig. 8B). In
this line, gene signatures of NF-κB activation and p38 downstream

signaling were up-regulated in lung ECs sorted from tumor-free
EC-specific TRAIL KO mice compared to WT mice (Fig. 8, C
and D). Upon silencing of TRAIL, DR4 and/or DR5 coimmunopre-
cipitated with IκB kinase α (IKKα), IKKβ, NF-κB essential modula-
tor (NEMO), receptor-interacting protein 1 (RIP1), caspase-8, and
FADD (Fig. 8E). In shTRAILHUVECs and in absence of exogenous
TRAIL, deletion of DR4 strongly rescued the phosphorylation of

Fig. 8. Activation of p38 and NF-κB
underlies the proadhesive state of
the endothelium upon TRAIL deple-
tion. (A) Protein levels of p38 (total
and ph-Thr180/Tyr182) and IκBα (total
and ph-Ser32/36) in shSCR or shTRAIL
HUVECs. For each time point, the den-
sitometry fold change of shTRAIL
toward shSCR is indicated. For TRAIL
knockdown efficiency, see Fig. 6B. (B)
Immunofluorescence staining of NF-κB
(green) and Hoechst (blue) in shSCR or
shTRAIL HUVECs. Scale bars, 20 μm. (C
and D) GSEA enrichment plots
showing the comparison of the gene
expression profiles in lung ECs sorted
from tumor-free induced ECW/W and
ECΔT10 mice. (E) Coimmunoprecipita-
tion (co-IP) of DR4, DR5, or IgG control
in HUVECs at day 3, showing protein
levels of IKKα, ΙΚΚβ, caspase-8, RIP1,
NEMO, FADD, DR4, DR5, and TRAIL.
Input = WCE. (F) Protein levels of p38
(total and ph-Thr180/Tyr182) and total
IκBα in shSCR and shTRAIL HUVECs at
day 5 treated with the pan-caspase
inhibitor qVD (50 μM) since day 0. For
TRAIL knockdown efficiency and
caspase cleavage inhibition, see
Fig. 6F. (G to J) mRNA expression of
ICAM1 (G and I) and SELE (H and J) in
shSCR and shTRAIL HUVECs at day 6
treated either with the IκB inhibitor
IKK-16 (NF-κBi; 2,5 μM) (G and H) or
with the p38 inhibitor SB203580 (p38i;
10 μM) (I and J) since day 4. (K and L)
Protein levels of ICAM1, E-Selectin, and
TRAIL in shSCR and shTRAIL HUVECs at
day 6 treated either with NF-κBi (2.5 or
5 μM) (K) or with p38i (1 or 10 μM) (L)
since day 4. (M and N) E0771 cancer
cells adhered to shSCR and shTRAIL
HUVEC monolayers at day 6 after
1 hour of contact. HUVECs were treated
either with NF-κBi (2.5 μM) for 24 hours
(M) or with p38i (10 μM) for 48 hours
(N). All graphs show means ± SEM.
*P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.
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p38, while deletion of DR5 had a minor effect (fig. S7F). Notewor-
thy, the pan-caspase inhibitor qVD failed to revert the changes in
IκBα and in p38 phosphorylation, suggesting that caspase activity is
not upstream to these changes (Fig. 8F). Inhibition of NF-κB or p38
pathways almost completely rescued the up-regulation of E-Selectin
and ICAM1 observed upon silencing of TRAIL (Fig. 8, G to L) and
reduced the adhesion of E0771 cells to shTRAILHUVECs (Fig. 8, M
and N).

Overall, this shows that silencing of TRAIL activates a stress and
proinflammatory response characterized by the activation of com-
plementary NF-κB and p38 signaling pathways. In turn, these
induce the expression of adhesion molecules and promote leuko-
cyte and cancer cell adhesion, which is independent of the concom-
itant caspase activation.

Endothelial DR5 and TRAIL DcRs favor metastatic spread
Given that the antimetastatic effect of endothelial TRAIL is greatly
EC autonomous and independent from the expression of DR5 in
cancer cells, we next sought to investigate whether and how
TRAIL receptors in nonmalignant cells, and particularly in ECs,
could be involved in the control of metastasis. ECs expressed the
highest levels of DR5 among all the cells sorted from tumor-free
lungs (Fig. 9A and fig. S2). Similar to TRAIL, DR5 protein was
mostly found intracellularly in lung ECs (Fig. 9B). Unexpectedly,
inducible ubiquitous or EC-specific deletion of DR5 almost
completely prevented experimental lung metastases at end stage
(Fig. 9, C and D) and at 24 hours after injection (Fig. 9E), indicating
that, oppositely to the role of EC-derived TRAIL, EC-derived DR5
promotes metastasis formation. Dual deletion of EC-derived TRAIL
and DR5 almost completely rescued the increase in metastasis
(Fig. 9F), suggesting that DR5 mediates the increase in metastasis
seen in the absence of EC-derived TRAIL. Compared to EC-specific
TRAIL KO mice, deletion of EC-derived DR5 and dual deletion of
EC-derived TRAIL and DR5 reduced EC demise (Fig. 9, G and H)
and abrogated the increase in immune infiltration (both the total
immune infiltrate and the individual immune cell subsets) (Fig. 9,
I to L, and fig. S10, A to D), as well as the induction of the proad-
hesive transcriptional program (Fig. 9M). While murine lung ECs
express only DR5, which was found almost entirely intracellularly
(Fig. 9B), HUVECs express both DR5 and DR4 (fig. S10E) (34,
49), which was detected intracellularly and on the cell surface
(Fig. 9N). However, TRAIL and DR5 interacted intracellularly in
quiescent HUVECs (Fig. 9, O and P). Upon EC-specific deletion
of TRAIL, we observed a significant increase in DR5 exposure at
the cell surface, as indicated by extracellular flow cytometry staining
(Fig. 9Q), which was rescued by the LNP-mediated reexpression of
TRAIL (Fig. 9R). However, shTRAIL HUVECs were equally sensi-
tive to exogenous recombinant TRAIL-mediated apoptosis than
shSCR HUVECs (fig. S10F). Overall, this suggests that DR5 exerts
a prometastatic role independently of EC-derived TRAIL, which is
unleashed in the absence of TRAIL ligand. Notably, our data show
that mice lacking TRAIL ubiquitously display the same vascular
phenotype, further supporting a ligand-independent mechanism
of action.

TRAIL decoy receptors (TRAIL-R3/DcR1 and TRAIL-R4/
DcR2) mediate resistance to TRAIL-induced apoptosis (23–26,
28), although genetic models to study their physiological role and
importance in vivo have not been reported. To assess a possible con-
tribution of DcR1 and DcR2 in the homeostatic control of TRAIL-

related functions, we generated a novel DcR1 and DcR2 double full
KOmurine strain (fig. S11, A to C). Deletion of DcR1/2 reduced the
number of experimental lungmetastases (Fig. 10A), which confirms
in vivo their role as natural TRAIL inhibitors. Among our sorted
cell populations from tumor-free lungs, DcR1 was abundantly ex-
pressed by and neutrophils (Fig. 10B), whereas DcR2 was highly ex-
pressed by ECs, CD8+ T cells, and neutrophils (Fig. 10C). To dissect
which cell(s) were responsible for this phenotype, we generated re-
ciprocal chimeric mice. Deletion of DcR1/2 in the host nonimmune
compartment, but not in the hematopoietic compartment, reduced
experimental lung metastases (Fig. 10D), indicating that the prom-
etastatic effect of DcR1/2 is carried out by a nonimmune cell.

In conclusion, these data indicate that while EC-derived TRAIL
protects against metastasis, its receptor DR5 in ECs exerts a prom-
etastatic signaling, which is unleashed by the genetic deletion of en-
dothelial TRAIL (Fig. 10, E and F). Physiologically, we unravel at
least two possible mechanisms that counter the protective function
of endothelial TRAIL, i.e., the transcriptional down-regulation of
TRAIL by tumor-derived signals and the entrapment of TRAIL in
the PMN by the DcRs (Fig. 10, E and F).

DISCUSSION
It is well accepted that a primary tumor can precondition the met-
astatic niche to the arrival of disseminated cancer cells. However,
the mechanism underlying the activation of quiescent blood
vessels at the PMN in response to tumor-derived signals has been
understudied so far. Here, we unveil that endothelial TRAIL in a
distant organ such as lungs or liver preserves the integrity and func-
tions of the vascular barrier. In a tumor context, this mechanism is
hijacked to facilitate breast cancer cell lodging in the PMN and me-
tastasis formation (Fig. 10, E and F).

To date, the antimetastatic effect of TRAIL was ascribed to NK
cell–mediated killing of disseminated DR5-expressing cancer cells
(7–9, 12). However, the genetic tools available so far were limited
to murine strains where TRAIL was constitutively and ubiquitously
deleted. Using newly generated, cell-specific TRAIL KO mice, we
unveil that EC-derived TRAIL sustains the integrity and quiescence
of the endothelium, which precludes early cancer cell lodging in
distant organs independently from DR5 expression in cancer cells
themselves. Ultimately, deletion of TRAIL in ECs resulted in a
marked increase in metastasis, particularly when compared to the
milder effect of NK cell–specific TRAIL depletion. We found that
ECs are the main source of TRAIL in the PMN, as seen by
mining TRAIL expression in different sorted cell types and in
tissue extracts, or in publicly available scRNA-seq datasets from
murine and human lungs (41, 42, 54). This expression was the
highest in ECs from tumor-free or unaffected lungs in mice and
humans, respectively, whereas it was reduced in both tumor and
metastasis-associated ECs. In line with this, TRAIL expression
was low in proliferating ECs and strongly up-regulated by quies-
cence in vitro. Thus, we propose that TRAIL is required in
mature, quiescent vascular beds and dispensable during
angiogenesis.

Non-EC derived TRAIL (recombinant or endogenous) has been
associated with either proapoptotic or promitogenic and promigra-
tory effects on ECs in vitro (34, 49, 50, 55, 56) and has been shown to
protect against vascular oxidative stress and EC dysfunction (57).
However, the angiocrine role of endogenous EC-derived TRAIL
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Fig. 9. Endothelial DR5 favors metastatic spread. (A) mRNA expression of Tnfrsf10b in cells sorted from perfused lungs of tumor-free WTmice. (B) FACS analysis of DR5
protein on lung BECs from tumor-free induced EC-specific DR5 WT (ECW/W) or KO (ECΔDR5) mice. (C and D) Number of ink-contrasted lung metastasis 12 days after i.v.
injection of E0771 cells in induced ubiquitous DR5 WT (R26W/W) or KO (R26ΔDR5) (C) or ECW/W and ECΔDR5 mice (D). (E and F) mRNA expression of dLNGFR in perfused lung
tissue after i.v. injection of E0771-dLNGFR cells in induced ECW/W, ECΔDR5, ECΔT10, or EC-specific TRAIL and DR5 double KO mice (ECΔT10ΔDR5) mice. Figure 3I previously
showed dataset relative to ECΔT10. (G to L) FACS analysis of the percentage of dead BECs (G and H), immune cells (I and J), and neutrophils (K and L) in perfused lungs from
tumor-free induced ECW/W, ECΔDR5, or ECΔT10ΔDR5 mice. Figures 6H and 7 (O, P, S, and T) previously showed datasets relative to ECΔT10. (M) mRNA expression of indicated
genes in lung ECs sorted from tumor-free induced ECW/W and ECΔT10ΔDR5 mice. (N) Protein levels of DR4 and DR5 in WCE, intracellular, or surface fractions in quiescent
HUVECs. VE-cadherin is the representative surface protein. (O) Co-IP of DR5, TRAIL, or IgG control in quiescent HUVECs. Input = WCE. (P) Proximity ligation assay (PLA)
between TRAIL and DR5 (red), VE-cadherin (green), and Hoechst (blue) in HUVECs. Scale bar, 10 μm. (Q and R) FACS analysis of extracellular DR5 protein on lung BECs from
induced ECW/W and ECΔT10 mice. In (R), anti-CD31 (αCD31)–conjugated LNP/empty or anti-CD31–LNP/Trail (8 μg per mouse) was injected i.v. 48 and 24 hours before
cancer cell injection, and statistical significance was calculated by one-tailed unpaired t test. ΔMFI = MFIstained − MFIFMO. All graphs show means ± SEM. **P < 0.01;
***P < 0.001; ****P < 0.0001.
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remained unknown. This is the first report in which absence (rather
than presence) of endothelial TRAIL results in caspase-8–depen-
dent and independent EC demise. However, deletion of TRAIL
does not cause fatal vascular defects, likely because it does not
equally affect all the ECs, but only a fraction of them, and compen-
satory mechanisms may also be at play. Besides compromising EC
survival and vascular stability, TRAIL depletion in ECs results in an

increased activation and number of sticky “hotspots” within the en-
dothelial lining, which promote leukocyte and cancer cell adhesion
both on cultured ECs and at the PMN. Supporting our results, these
adhesion molecules seem to be almost exclusively expressed by a
subset of TRAILlow human lung ECs (41). Mechanistically, EC ad-
hesion in absence of TRAIL is at least partially mediated by both p38
and NF-κB signaling, resulting in the up-regulation of ICAM1 and

Fig. 10. Endogenous TRAIL DcRs favormetastatic spread. (A) Number of ink-contrasted lungmetastasis 12 days after i.v. injection of E0771 cells in constitutive DcR1/2
WT (Dcr1/2+/+) and KO (Dcr1/2−/−) mice. (B and C) mRNA expression of Tnfrsf23 (DcR1) (B) and Tnfrsf22 (DcR2) (C) in ECs, NK cells, CD8+ T cells, and neutrophils sorted from
perfused lungs of tumor-free WT mice. (D) Number of ink-contrasted lung metastasis 11 days after i.v. injection of E0771 cells in chimeras obtained from the reciprocal
bone marrow transplantation of constitutive DcR1/2 WT (Dcr1/2+/+) and KO (Dcr1/2−/−) mice. Arrows indicate genotypes of the bone marrow donor→ recipient mice. (E
and F) Graphical abstract. (E) Steady-state, high TRAIL in ECs. In steady state, endothelial TRAIL holds DR5 intracellularly and prevents its activation in quiescent ECs,
thereby supporting cell survival, quiescence, and a resting anti-inflammatory/antiadhesive state. Together, this ensures the stability of the vascular barrier. (F) PMN, low
TRAIL in ECs. Tampering with TRAIL in the PMN by transcriptional down-regulation in response to tumor-derived factors (i.e., VEGF-A, PlGF, and others) or by DcR-me-
diated entrapment liberates DR5. The increased availability of DR5 at the cell surface is sufficient to trigger its activation in a ligand-independent manner. As a result,
vascular integrity is compromised by the occurring EC apoptosis and NF-κB/p38–mediated stickiness, favoring immune cell recruitment and ICAM1/E-Selectin–mediated
cancer cell adhesion. Together, this process promotes cancer cell dissemination and metastasis in distant organs. All graphs show means ± SEM. *P < 0.05; **P < 0.01.
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E-Selectin. These results are unexpected since it is reported that the
activation of these pathways can be downstream of DR5 upon
TRAIL binding in other contexts (20, 22), whereas, in ECs, these
pathways are triggered by the absence of the ligand. Other groups
have reported that ligand/receptor engagement promotes the for-
mation of a proinflammatory complex (14, 15, 17–22). The data
shown in this manuscript suggest that a complex with similar com-
position may be recruited to TRAIL receptors upon silencing,
genetic KO, or pathophysiological down-regulation of endothelial
TRAIL ligand. We show that the elimination of endothelial
TRAIL elicits a cascade consisting in the liberation of DR5 from
the intracellular space to the EC surface. This process is sufficient
to engage IKKs (that will activate NF-κB) and to promote down-
stream p38 phosphorylation. Therefore, it seems that tampering
with intracellular endothelial TRAIL leads to increased receptor
availability at the cell surface that will initiate a proinflammatory,
proadhesive, and proapoptotic endothelial phenotype in a ligand-
independent manner as described before in other contexts (19).

Given the important effect of EC-derived TRAIL in the control
of vascular homeostasis, we sought to investigate whether and how
TRAIL receptors were mechanistically and phenotypically involved.
Previous studies have mostly focused on the role of death receptors
in cancer cells. Although several nonmalignant cells have been re-
ported to express DR5 (14, 27, 29–33), its expression and function at
the PMN were never investigated. Consistent with an EC-autono-
mous effect, we found that lung ECs express high levels of DR5.
Instead of phenocopying the prometastatic effect of EC-specific de-
letion of TRAIL, EC-specific deletion of DR5 markedly reduced
early lung metastases. Furthermore, concomitant EC-specific dele-
tion of TRAIL and DR5 in vivo rescued the phenotype observed in
EC-specific TRAIL single KO mice. These findings unveil that, in
contrast to the expectation, the expression of TRAIL and its
cognate receptor DR5 in ECs exert opposite effects on metastasis
formation and that TRAIL-mediated inhibition of DR5 impairs me-
tastasis. We found that in ECs, both TRAIL and its receptor DR5 are
mostly detected intracellularly, where they interact with each other.
Given this unusual feature, we can speculate that this homeostatic
ligand-dependent “blockage” might happen through intracrine in-
teraction between TRAIL and DR5. In contrast, recombinant
TRAIL induces EC apoptosis by activating a conventional DR5 sig-
naling. However, we exclude that endothelial TRAIL depletion sen-
sitizes the endothelium to extracellular TRAIL because EC-specific
and ubiquitous TRAIL KO mice display a similar phenotype and
TRAIL silencing in ECs enhances apoptosis irrespective of increas-
ing concertation of exogenous recombinant TRAIL. It is exciting to
see how our findings define DR5 in ECs at the metastatic niche as
another dependence receptor pathway (58, 59), whereby the ligand
blocks a signaling elicited by its cognate receptor, ultimately pre-
serving vascular homeostasis. This notion raises the question of
whether TRAIL receptor antagonists may be better candidates
than TRAIL receptor agonists in tumors where cancer cells have ac-
quired resistance to TRAIL-mediated apoptosis or where DR5 pro-
motes prosurvival and proinvasive effects (14–16). Alternatively, we
suggest that LNPs delivering a TRAILmRNA selectively in lung ECs
might represent a therapeutic tool to prevent cancer cell extravasa-
tion. We prove that the induction of TRAIL in ECs through LNP-
mediated delivery “holds” DR5 intracellularly, prevents EC apopto-
sis, hinders early cancer cell extravasation into the lungs of WT

mice, and abrogates almost completely cancer cell dissemination/
metastasis in EC-specific TRAIL KO mice.

Overall, we suggest that endothelial TRAIL is required to main-
tain EC homeostasis and survival and to prevent the activation of a
p38 and NF-κB-driven proinflammatory and proadhesion tran-
scriptional program, ultimately ensuring a proper vascular barrier
function. Primary tumors are able to shape several features of the
distant organs, creating a PMN permissive for incoming circulating
cancer cells (6, 48). We have found that primary tumor-derived
soluble factors naturally suppress TRAIL expression in ECs,
which precedes the arrival of cancer cells themselves. Among the
factors responsible for this effect, we have identified the proangio-
genic molecules VEGF-A and PlGF, both binding to VEGFRs (and,
to a less extent, bFGF) although, given the plethora of signals
coming from the tumor, we do not exclude that other factors
might contribute too.Mechanistically, we suggest that the activation
of receptor tyrosine kinases in ECs, e.g., VEGFRs, is themain trigger
for TRAIL suppression, greatly through the proproliferative cascade
MEK/MAPK signaling (which is consistent with the observation
that Ki-67high ECs did not express TRAIL). This pathophysiological
situation is similar to the even more extreme scenario offered by
EC-specific TRAIL deletion, in which cancer cell adhesion and
immune cell infiltration are both enhanced and vascular integrity
is compromised. VEGF-A–targeted therapies have faced important
challenges, partly because of the lack of predictive biomarkers (60,
61). If VEGF-A induces permeability of the pulmonary vascular bed
through TRAIL down-regulation, then one can hypothesize that
those patients where VEGF-A–targeted therapies abrogate this
process are virtually those that respond positively to the treatment.
Together, our data highlight endothelial TRAIL at the PMN as a
physiologically relevant gatekeeper of vascular barrier function
that can be overruled by the tumor during cancer cell
dissemination.

We define a pathophysiological control of this pathway by dis-
closing the relevance of naturally occurring TRAIL inhibitors, the
TRAIL decoy receptors DcR1 and DcR2 (23–25, 28). Although ex-
pressed by several immune cells, only the deletion of DcR1 and/or
DcR2 in nonimmune cells (likely by ECs themselves) impairs me-
tastasis. Therefore, given our evidence on the intracrine interaction
of TRAIL and DR5, we speculate that EC-derived DcRs could
compete intracellularly with DR5, thereby harnessing TRAIL’s anti-
metastatic effect.

In conclusion, we show that TRAIL in ECs is required to ensure
EC survival and a resting anti-inflammatory and antiadhesive state,
thus resulting in the formation of a tight and quiescent barrier. In
the context of cancer, this mechanism is possibly overruled in a way
that the down-regulation of TRAIL and the blockade of TRAIL by
DcRs would foster the dysregulation and activation of this barrier,
the initiation of inflammation, and cancer cell adhesion and dis-
semination, all events promoting metastasis.

MATERIALS AND METHODS
Animals
WT C57BL/6NTac and Balb/cAnNCrl mice were purchased from
the internal stock of the KU Leuven. Constitutive and ubiquitous
Tnfsf10-deficient mice (8) (referred to as Trail+/+ and Trail−/−) in
Balb/c background were received from Prof. M. Smyth (Peter
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MacCallum Cancer Centre, Australia) and Prof. J. Weiss (The Na-
tional Cancer Institute, USA).

Conditional Tnfsf10 KO mice (Tnfsf10Lox/Lox) were generated in
the C57BL/6N background using a targeted ES cell line from
KOMP/EUCOMM (EPD0244_2_E08). Positive clones were con-
firmed by Southern blot. The neomycin resistance cassette was
deleted in vivo by using recombinase flippase (FLP)-mediated
recombination. The final transgenic line carries two
LoxP sites flanking the exon 3 in each Tnfsf10 allele.
Tnfsf10Lox/Lox mice were intercrossed with mice expressing the
tamoxifen-inducible Cre recombinase under the Rosa26 promoter
(Rosa26.iCreERT2xTnfsf10Lox/Lox, for inducible ubiquitous deletion
and referred to as R26W/Wand R26ΔT10), the VE-cadherin promoter
(Cdh5.iCreERT2xTnfsf10Lox/Lox, for inducible EC-specific deletion
and referred to as ECW/W and ECΔT10), or a constitutively active
Cre recombinase under the NKp46 promoter (62) (Nkp46.i-
CrexTnfsf10Lox/Lox, for NK cell–specific deletion and referred to
as NKW/W and NKΔT10). Nkp46.iCre mice (62) were obtained
from Prof. E. Vivier (Centre d’Immunologie de Marseille-
Luminy, France).

Prof. H. Walczak (Deutsches Krebsforschungszentrum,
Germany) provided the conditional Tnrfsf10b KO mice
(DR5Lox/Lox) mice (9). Tnfrsf10bLox/Lox mice were intercrossed with
mice expressing the tamoxifen-inducible Cre recombinase under
the Rosa26 promoter (Rosa26.iCreERT2xTnfrsf10bLox/Lox, for induc-
ible ubiquitous deletion and referred to as R26W/W and R26ΔDR5) or
the VE-cadherin promoter (Cdh5.iCreERT2xTnfrsf10bLox/Lox, for
inducible EC-specific deletion and referred to as ECW/W

and ECΔDR5) and with Cdh5.iCreERT2xTnfsf10Lox/Lox mice
(Cdh5.iCreERT2xTnfsf10Lox/LoxxTnfrsf10bLox/Lox, for inducible EC-
specific double deletion of TRAIL and DR5 and referred to as
ECW/W and ECΔT10ΔDR5).

In collaboration with Cyagen (USA), we generated constitutive
Tnfrsf22/Tnfrsf23-double KO mice (referred to as Dcr1/2+/+ and
Dcr1/2−/−) by introducing a point mutation in exon 3 of both
genes by CRISPR-Cas9 technology [guide RNA (gRNA) sequence
targeting both genes: CACATTGTCCTTGAGTATGGGGG]. The
targeted allele of Tnfrsf22 has an insertion of 1 base pair (bp)
between nucleotides 135 and 136. The targeted allele of Tnfrsf23
has a deletion of 2 bp corresponding to nucleotides 97 and 98.
The mRNAs transcribed from the targeted alleles with frameshift
mutations undergo nonsense-mediated decay and result in the
absence of the protein. Analysis of potential off-target sites includ-
ing NGA, NAG, and NGG protospacer adjacent motive (PAM) se-
quence by polymerase chain reaction (PCR) and next generation
sequencing (NGS) confirmed that they were intact.

All mice used were between 8 and 14 weeks old. Deletion of the
Tnfsf10 and/or Tnfrsf10b floxed allele in murine strains expressing a
tamoxifen-inducible Cre recombinase (iCreERT2) was induced by
intraperitoneal injections of tamoxifen (1 mg per mouse per day)
for 5 days (Rosa26.iCreERT2) or 10 days (Cdh5.iCreERT2) before
the experiment. When necessary, mice were anesthetized with a
mix of ketamine (100 mg/kg) and xylazine (10 mg/kg). Housing
and all experimental procedures were performed in accordance
with the guidelines of the Institutional Animal Care and Research
Advisory Committee of the KU Leuven (ECD156/2014, ECD200/
2016, and ECD226/2017).

Cell culture
4T1 and E0771medullary breast adenocarcinoma cell lines were ob-
tained from the American Type Culture Collection and CH3 Bio-
systems, respectively, and EMT6.5 cells were a gift from
R. L. Anderson (Peter MacCallum Cancer Centre, Melbourne, Aus-
tralia). 4T1 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) high glucose (Gibco, 41965-039) supplemented
with 10% fetal bovine serum (FBS) (Gibco), penicillin (100 U/ml),
streptomycin (100 μg/ml), and 2 mM L-glutamine (Gibco) (referred
to as DMEM complete). EMT6.5 cells were cultured in Alpha
minimum essential medium (MEM) Eagle without L-glutamine
(Lonza, BE12-169F) supplemented with 10% FBS (Gibco), penicil-
lin (100 U/ml), streptomycin (100 μg/ml), and 2 mM L-glutamine
(Gibco). E0771 cells were cultured in Roswell Park Memorial Insti-
tute (RPMI)1640 with L-glutamine (Gibco, 21875-034) supple-
mented with 10% FBS (Gibco), penicillin (100 U/ml),
streptomycin (100 μg/ml), and 2 mM L-glutamine (Gibco) (referred
to as RPMI complete). Cells were incubated at 37°C in 95% air and
5% CO2. A lentiviral vector encoding a mutated firefly luciferase
[akaluciferase (Akaluc)] (40), Renilla luciferase, puromycin resis-
tance, and miRFP670 was introduced by lentiviral transduction in
4T1 and E0771 cells. Transduced cells were sorted according to
miRFP670 expression, and miRFP670+ cells are hereby referred to
as 4T1-Akaluc or E0771-Akaluc. A lentiviral vector (LentiGuide)
expressing a dLNGFR as a surface reporter protein was introduced
by lentiviral transduction in 4T1 and E0771 cells. Transduced cells
were sorted to obtain a pure dLNGFR+ cell population. A lentiviral
vector expressing tdTomato (Addgene, plasmid #27353, provided
by Prof. J. Van Rheenen) and blasticidin resistance was introduced
by lentiviral transduction in E0771-dLNGFR+ cells. Subsequently,
tdTomato+ cells were selected for 5 days with blasticidin (1 μg/ml;
InvivoGen, ant-bl-05). Generation of DR5 KO cells was achieved by
transfection of 4T1 and E0771 cells with a plasmid encoding for
Thy1.1 (as a surface reporter protein), Cas9, and the gRNA of inter-
est (nontargeting gRNA, GAACAGTCGCGTTTGCGACT; DR5
gRNA, TAGAATGTACCTGCTAGACA) (LentiCRISPR v2
Thy1.1) using Lipofectamine3000 (Invitrogen, L3000008, according
to the manufacturer’s instructions). The Thy1.1 was used to nega-
tively select the clones where the plasmid might have been stably
incorporated. Subsequently, cells were sorted to obtain a pure
“Cas9-free” DR5WT (Thy1.1− DR5+) or KO (Thy1.1− DR5−) pop-
ulations. A lentiviral vector expressingmurine VEGF-A164 (pRRL56
mVEGFA164), murine PlGF (pRRL56 mPlGF), or its correspond-
ing empty vector was introduced by lentiviral transduction in E0771
cells. Overexpression of VEGF-A or mPlGF was confirmed by
quantitative reverse transcription PCR (qRT-PCR) and by the
quantification of the cytokine levels in cancer cell supernatants
with mouse VEGF-A Quantikine ELISA kit (R&D, MMV00) or
mouse PlGF-2 Quantikine ELISA kit (R&D, MP200) according to
the manufacturer’s instructions.

HUVECs from pooled donors were obtained from PromoCell
and cultured in 0.2% gelatin-coated dishes in Endothelial cell
growth medium 2 (EGM2) medium supplemented with the provid-
ed growth factors (PromoCell, C-22011), penicillin (100 U/ml), and
streptomycin (100 μg/ml; Gibco). HUVECs were used between pas-
sages 3 and 7, and the medium was refreshed every 48 or 72 hours.
To induce EC quiescence by contact inhibition, at day 0, HUVECs
were seeded in supplemented EGM2 at a density of 30,000 cells/
cm2; at day 3, the medium was replaced for a 1:1 mixture of
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supplemented EGM2 and Medium 199 (M199) with HEPES
(Gibco, 12340-030) supplemented with 10% FBS (Gibco), penicillin
(100 U/ml) and streptomycin (100 μg/ml) (referred to as quiescence
medium); and at day 6, cells were collected for analysis. For the anal-
ysis at different densities, at day 0, HUVECs were seeded in supple-
mented EGM2 at a density of 30,000 or 2500 cells/cm2 for dense or
proliferating conditions, respectively, and analyzed at day 4. For in
vitro gene silencing experiments, at day −1, HUVECs were seeded
in supplemented EGM2 at a density of 15,000 cells/cm2, transduced
overnight with pLKO lentiviral vectors coding for a short hairpin
RNA against TNFSF10 (Sigma-Aldrich, TRCN0000005928) and
the respective scramble as control vector at a multiplicity of infec-
tion of 20, and re-fed with fresh medium the next day.

Chemical inhibitors and cytokines
Inhibitors were, unless indicated otherwise, used in the following
concentrations: pan-caspase inhibitor qVD (50 μM; Gentaur, 607-
A1901), caspase-8–specific inhibitor zIETD (100 μM; Selleck
Chemicals, S7314), sunitinib (1 μM; LC Laboratories, S-8803),
IκB inhibitor IKK-16 (NF-κBi, 2.5 and 5 μM; Selleck Chemicals,
S2882), p38 inhibitor SB203580 (p38i; 1 and 10 μM; Selleck Chem-
icals, S1076), MEK inhibitor pimasertib (1 μM; MedChemExpress,
HY-12042), PI3K/mTOR inhibitor dactolisib (10 μM; MedChe-
mExpress, HY-50673), and Akt inhibitor ipatasertib (10 μM; Med-
ChemExpress, HY-15186A). Samples treated with vehicle only
served as negative controls.

Cytokines were, unless indicated otherwise, used in the follow-
ing concentrations: murine interleukin-2 (IL-2) (100 ng/ml; Pepro-
Tech, 212-12), murine IL-15 (50 ng/ml; PeproTech, 210-15), human
VEGF-A (50 ng/ml; PeproTech, 100-20), human PlGF-1 (50 ng/ml;
PeproTech, 100-06), human bFGF (10 ng/ml; PromoCell, C-39211),
human IFN-γ (10 ng/ml; PeproTech, 300-02), human SuperKiller-
TRAIL [100 ng/ml for cell death assay and 1 μg/ml for coimmuno-
precipitation (co-IP); Adipogen, AG-40 T-0002], human TNFα (20
ng/ml; PeproTech, 300-01A), human IL-1α (5 ng/ml; PeproTech,
200-01A), human IL-3 (20 ng/ml; PeproTech, 200-03), human IL-
4 (20 ng/ml; PeproTech, 200-04), human IL-6 (20 ng/ml; Pepro-
Tech, 200-06), human IL-10 (150 ng/ml; PeproTech, 200-10),
human IL-13 (25 ng/ml; PeproTech, 200-13), transforming
growth factor–β (TGFβ) (20 ng/ml; PeproTech, 100-21).

Tnfsf10 mRNA production and formulation into LNPs
Tnfsf10 mRNAs were produced as described (63). Tnfsf10 was
codon-optimized and cloned into a 101 adenosine tail (polyadeny-
late tail) containing in vitro transcription template. Tnfsf10 mRNA
was nucleoside-modified (m1Ψ-5′-triphosphate) and cotranscrip-
tionally capped using the trinucleotide CleanCap (TriLink) and
precipitated and purified using cellulose chromatography (64).
mRNA was analyzed by electrophoresis using native agarose gels
and stored at −20°C. Cellulose-purified mRNAs were encapsulated
in LNPs using a self-assembly process in which an aqueous solution
of mRNA at pH 4.0 is rapidly mixed with a solution of lipids dis-
solved in ethanol (65). LNPs used in this study were similar in com-
position to those described previously (65, 66). The nanoparticles
contained the commercially available ionizable cationic lipid
ALC-0315 (Cayman Chemicals), phosphatidylcholine, cholesterol,
and polyethylene glycol (PEG) lipid at molar ratio 50:10:38.5:1.5,
respectively, and were encapsulated at an RNA to total lipid ratio
of ~0.05 (w/w). The control LNP had no RNA included. LNPs

had a diameter between 80 and 90 nm and a polydispersity index
(PDI) of <0.2 as measured by dynamic light scattering using a Ze-
tasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) instru-
ment. mRNA-LNP formulations were stored at −80°C at a
concentration of mRNA of ~1 mg/ml.

Preparation and characterization of targeted LNPs
For preparation of targeted LNP antibodies to murine CD31/plate-
let endothelial cell adhesion molecule 1 (PECAM1) (BD Bioscienc-
es, clone MEC13.3) were conjugated to nanoparticles via N-
succinimidyl S-acetylthioacetate (SATA)–maleimide conjugation
chemistry (44). The mRNA-LNP construct was modified with mal-
eimide functioning group (DSPE-PEG-mal) by postinsertion tech-
nique with minor modifications (67). The antibody was
functionalized with SATA (Sigma-Aldrich) and deprotected using
hydroxylamine, followed by removal of the unreacted components
by G-25 Sephadex Quick Spin Protein columns (Roche Applied
Science, Indianapolis, IN). The reactive SH groups on the antibody
were then conjugated to LNP maleimide. Size analysis of anti-
CD31/Tnfsf10mRNA-LNPs was performed using Malvern Zetasiz-
er Nano ZS (Malvern Instruments Ltd., Malvern, UK). Antibody
conjugation enlarged LNP diameter from 78.7 ± 0.4 nm (PDI,
0.016 ± 0.004) to 113.1 ± 1.1 nm (PDI, 0.137 ± 0.019).

Bone marrow transplantation
To generate bone marrow reciprocal chimeras, 5- to 8-week-old re-
cipient mice of the appropriate murine strain were sublethally irra-
diated with 9.2 gray (Gy). Subsequently, 10 × 106 bone marrow cells
from donor mice of the appropriate genotype were injected intrave-
nously in the tail vein of recipient mice. Experimental metastasis
experiments were initiated 5 weeks after bone marrow
reconstitution.

Tumor experiments
A total of 106 4T1 or EMT6.5 cells in a volume of 50 μl of phosphate-
buffered saline (PBS) were injected orthotopically to the right
mammary fat pad (m.f.p.) of the second nipple. Tumor size was
measured three times a week using a caliper and calculated using
the formula: V = (π × d2 × D)/6, where d is the minor tumor axis
and D is the major tumor axis. On the last day, tumor weight was
registered and samples were collected for histological or FACS anal-
ysis. Lung metastatic nodules were visualized after intratracheal in-
jection of 15% India ink solution. Superficial metastatic nodules
were assessed under a stereomicroscope.

Experimental lung metastasis
A total of 100,000 4T1 or 250,000 E0771 cells in a volume of 200 μl
of PBS were intravenously injected in the tail vein. For analysis of
cancer cell burden at early time points, 4T1-Akaluc, 4T1-dLNGFR,
E0771-Akaluc, E0771-dLNGFR, or E0771-dLNGFR-tdTomato
were used. At the end stage (13 days for 4T1 or 12 days for
E0771), lung metastatic nodules were contrasted after intratracheal
injection of 15% India ink solution. Alternatively, lung tissue was
collected after perfusion of animals with a saline through the
right ventricle, and metastasis were assessed by hematoxylin and
eosin staining on paraffin sections. For ex vivo quantification of
cancer cell burden at early time points, lung tissue was collected
after perfusion of animals with a saline through the right ventricle,
and bioluminescence was measured in an IVIS Spectrum (detailed
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below), snap-frozen (to assess dLNGFR expression by qRT-PCR),
digested (to perform colony formation assay), or fixed in 2% para-
formaldehyde (PFA) (for whole-lung imaging). When indicated, a
mixture of anti-ICAM1 (Bio X Cell, BE0020) and anti–E-Selectin
(Bio X Cell, BE0294) blocking antibodies (10 mg/kg of each) or
its corresponding immunoglubulin G2b (IgG2b) isotype control
(Bio X Cell, BE0090) (20 mg/kg) were intravenously injected in
the tail vein 3 hours before cancer cell injection. When indicated,
anti-CD31–conjugated control LNPs (anti-CD31–LNP/empty) or
anti-CD31–conjugated LNPs loaded with murine Trail mRNA
(anti-CD31–LNP/Trail) (8 μg permouse) were intravenously inject-
ed 48 and 24 hours before cancer cell injection.

Experimental liver metastasis
Mice were anesthetized and the spleen was exposed via an incision
in the lateral flank. A total of 100,000 4T1-CD90.1 cells or 15,000
E0771-dLNGFR cells in a volume of 30 μl of PBS were slowly inject-
ed in the spleen, and cancer cells were allowed to circulate to the
liver for 5 min. Afterward, the vasculature in the upper part of
the spleen was ligated, the spleen was removed by cauterization,
and the incisions were stitched. For the E0771 model, only male
mice were used.

In vivo bioluminescence
Micewere injected intravenously with 4T1-Akaluc or E0771-Akaluc
cells. For imaging at the indicated time points, mice were injected
intraperitoneally with TokeOni Akalumine substrate (30 mg/kg;
Sigma-Aldrich, 808350) dissolved in PBS (10 mM). After 10 min,
the animals were perfused with saline through the right ventricle.
Lungs were dissected positioned in the IVIS Spectrum (PerkinElm-
er), and images were acquired (medium binning, f stop = 1,
time = 60 s). Bioluminescence images were analyzed using the Liv-
ingImage (PerkinElmer, Waltham, MA) processing software.
Regions of interest (ROIs) were drawn around the bioluminescent
signals, and measurements were generated as the total flux (in
photons per second per square centimeter per steradian) from the
selected ROIs. For analysis, ROIs for all lungs were kept identical,
and the same ROI was overlaid on all lungs of every group to avoid
differences in background signal contributing too much to the
overall photon flux. We further calculated the specific Akaluc
signal by subtracting the average values obtained for control
animals (not receiving 4T1-Akaluc or E0771-Akaluc cells but still
receiving Akalumine substrate) to the ROI region of experimen-
tal animals.

Colony formation assay
Animals were perfused with saline through the right ventricle.
Lungs were dissected, minced, and collected in gentleMACS C
tubes containing 5 ml of lung digestion buffer [DMEM high
glucose supplemented with 1% penicillin-streptomycin (Gibco),
collagenase II (1 mg/ml; Gibco, 17101015), collagenase IV (2.5
mg/ml; Worthington Biochemical, LS004188) and deoxyribonu-
clease I (DNase I) (40 U/ml; Sigma-Aldrich, D4527)] and automat-
ically dissociated on the gentleMACS Dissociator (Miltenyi Biotec)
with the program 37_m_LDK_1. Single-cell suspensions were
washed in FACS buffer (PBS supplemented with 2% FBS and 2
mM EDTA), filtered through a 70-μm pore-sized mesh and centri-
fuged at 360g for 5 min. Cells were resuspended and plated in
DMEM complete medium supplemented with 6-thioguanine (60

μM, Sigma-Aldrich, A4882) and plated in 10-cm petri dishes.
After 6 days, the colonies were fixed with 4% PFA for 15 min,
stained crystal violet (0.1 g/liter) in distilled H2O for 30 min,
and counted.

In vivo administration of cancer cell conditioned medium
E0771 cancer cells (empty vector, VEGF164-OE, or PlGF-OE) were
seeded in 10-cm petri dishes and allowed to grow for 24 to 72 hours.
The medium was replaced by RPMI medium without glutamine
and without phenol red (Gibco, 32404014), and cells were incubated
for 48 hours. The same medium was incubated in parallel in 10-cm
petri dishes without cancer cells to generate vehicle medium. Con-
ditionedmediumwas collected and centrifuged at 3130g for 10min.
Supernatants were supplemented with Hepes (20 mM) and filtered
(0.22 μm). Eight- to 10-week-old WT C57BL/6NTac mice were in-
jected with 300 μl of conditioned medium (or PBS) daily in the tail
vein 5 times/week and euthanized 17 days after the first injection.
Animals were perfused with saline through the right ventricle.
Lungs were dissected, minced, and collected for FACS processing.

Whole-lung clearing and immunostaining
Animals were perfused with saline through the right ventricle.
Lungs were dissected and fixed in 2% PFA (pH 7.4) for 24 hours
at 4°C. Next, lungs were cleared for 3 to 5 days using the FLASH
tissue clearing method (68) with some modifications: Clearing
steps took place before immunostaining to preserve tdTomato en-
dogenous fluorescence, and primary antibody tissue penetration
and dehydration steps were omitted. DAPI (4′,6-diamidino-2-phe-
nylindole) (Thermo Fisher Scientific, D1306; 1:500) was incubated
for 4 to 5 hours using an orbital shaker at room temperature (RT).
Whole lungs were kept in PBS for short-term storage at 4°C or in
refractive index–matched solution for at least 1 hour
before imaging.

Whole-lung imaging
For whole-lung tissue imaging, lung pieces embedded in refractive
index–matched solution were placed onto thin microscope cover-
slips (Duran Group, 235503704) and imaged using an inverted con-
focal microscope (TCS SP8, Leica Microsystems) with a 25× water
objective (long working distance; numerical aperture, 0.95) and
equipped spectral hybrid detectors. To localize metastatic cells, a
xy overview was generated for each lung piece. Next, metastatic
cells were imaged in 3D with more detail by generating detailed
xyz tile scans with Z-step size of 0.5 to 1 μm. DAPI signal was
excited with a 405-nm laser and collected between 410 and
500 nm, and tdTomato was excited with a 561-nm laser and collect-
ed between 570 and 640 nm. All images were collected at 12-bit
depth with 1024 by 1024 pixels per tile. Images were processed
using the LasX 3D visualization software module (Leica Microsys-
tems), and signal intensities were linearly adjusted for visualization
purposes. The number of tdTomato+ metastatic cells was counted
using confocal images obtained from lung overviews. Total
imaged area of each lung was used to normalize the number of met-
astatic cells per square millimeter.

Histological analysis and immunostainings ofmurine tissue
For serial sections cut at 7 μm in thickness, tissue samples were fixed
in 2% PFA overnight at 4°C, dehydrated, and embedded in paraffin.
Paraffin slides were first rehydrated to further proceed with antigen

Riera-Domingo et al., Sci. Adv. 9, eadd5028 (2023) 22 March 2023 18 of 24

SC I ENCE ADVANCES | R E S EARCH ART I C L E



retrieval in citrate solution (DAKO, S1699) at 100°C for 20 min. If
necessary, then 0.1% hydrogen peroxide was added to methanol to
block endogenous peroxidases. The sections were blocked with the
appropriate serum (DAKO) and incubated overnight with the fol-
lowing antibodies: rat anti-CD31 (BD Pharmingen, 550274; 1:50),
rat anti-F4/80 (Serotec, MCA497F; 1:100), rabbit anti-pimonidazole
(Hypoxyprobe, PAb2627AP; 1:100). Appropriate secondary anti-
bodies were used: Alexa Fluor 488–, Alexa Fluor 647–, or Alexa
Fluor 568–conjugated secondary antibodies (Molecular Probes;
1:200), biotin-labeled antibodies (Jackson ImmunoResearch;
1:300) and, when necessary, tyramide signal amplification (TSA)
system amplification [fluorescein, Cy3, or biotin/3,3′-diaminoben-
zidine (DAB)] (PerkinElmer, Life Sciences) were performed accord-
ing to the manufacturer’s instructions. Hoechst solution (Thermo
Fisher Scientific, H3570; 1:1000) was used to visualize nuclei.
Whenever sections were stained in fluorescence, ProLong Gold
Antifade Mountant without DAPI (Invitrogen, P36930) was used.
Microscopic analysis was done with an Olympus BX41 microscope
and CellSense imaging software.

Hypoxia assessment
Tumor hypoxia was detected by injecting intraperitoneally pimoni-
dazole hydrochloride (60 mg/kg; Hypoxyprobe, HP3-100KIT) into
tumor-bearing mice 1 hour before mice were euthanized and
tumors were harvested. To detect the formation of pimonidazole
adducts, tumor formalin-fixed paraffin-embedded (FFPE) sections
were immunostained with anti-pimonidazole (Hypoxyprobe,
PAb2627AP; 1:100) according to the manufacturer’s instructions.

Patient selection and sample collection
FFPE samples from metastases and normal lung tissue were ob-
tained through the ethically approved UPTIDER program (UZ/
KU Leuven Program for Post-mortem Tissue Donation to
Enhance Research, NCT04531696, S64410). In this project, patients
with metastatic breast cancer that consent to participate undergo a
rapid research autopsy in the first 12 hours after death. Briefly, upon
death of a participating patient the body is transported to the
morgue of the UZ Leuven hospital. Several types of body fluids
are collected, as well as extensive malignant and adjacent normal
tissue samples from different organs in the body, including the
ones that are difficult to reach during the life of the patient.
Tissue samples are processed under different conditions (snap-
frozen in liquid nitrogen, frozen in optimal cutting temperature
compound, collected in neutral-buffered formalin for further pro-
cessing in FFPE blocks, or fresh in specific medium for in vivo de-
velopment). For our experiments described in this paper, FFPE
samples were used. The UPTIDER project is coordinated and per-
formed by the Laboratory for Translational Breast Cancer Research
at our institution, KU Leuven, under the lead of Prof. C. Desmedt
and Prof. Dr. G. Floris.

Histological analysis and immunostainings of human tissue
Lung tissue adjacent to breast cancer lung metastasis and the corre-
sponding lung metastasis samples was obtained from a patient from
the postmortem tissue donation program UPTIDER (UZ/KU
Leuven Post-mortem Tissue Donation program to Enhance Re-
search, https://clinicaltrials.gov/ct2/show/NCT04531696). Immu-
nofluorescent staining of FFPE was performed on a LabSat device
(Lunaphore Technologies SA). Preprocessing steps such as

dewaxing was performed on Leica ST5010 Autostainer XL device.
Antigen retrieval was subsequently performed on LabSat, using the
proprietary antigen retrieval buffer of pH 9. TRAIL staining was
performed using anti-human TRAIL antibody (R&D, AF375; 60
μg/ml) for 10 min, followed by 2-min incubation with Alexa
Fluor 647 AffiniPure donkey anti-goat IgG (H + L) (Jackson Immu-
noResearch, 705-605-147; 1:420). CD31 staining was performed
using anti-human PECAM-1/CD31 antibody (LifeSpan BioScienc-
es, LS-B16850-50, 1:50) for 10 min, followed by 2-min incubation
with Alexa Fluor 555 donkey anti-mouse IgG (H + L) highly cross-
adsorbed antibody (Invitrogen, A-31570; 1:300). Scanning was per-
formed with Zeiss Axio scan Z1 with adapted scanning profile.

Immunofluorescent images were analyzed using QuPath (69).
Five regions per lesion were selected for quantification of signal.
Regions with unspecific staining and debris were avoided. Within
the region, the endothelium of the small vessel was delineated by
polygon annotation tool. Intensity of TRAIL in Cy5 channel was
calculated using the built-in “compute intensity features” module.
Settings were selected with a pixel size of 1 μm and a tile diameter of
25 μm. The autofluorescent signal of the respective region was cal-
culated in the exact same way and subtracted from the TRAIL
intensity.

Immunofluorescence of HUVECs
Eighteen-millimeter glass coverslips were coated with 0.2% gelatin
for 1 hour at RT. Subsequently, gelatin-coated coverslips were
exposed to 2.5% glutaraldehyde in PBS for 10 min at RT, followed
by 70% ethanol for 30 min at RT. After washing with PBS, active
aldehyde groups were neutralized with 2 mM glycine in PBS over-
night at 37°C. Glycine was removed and the coverslips were washed
with PBS before seeding the HUVECs. HUVECs were fixed in 4%
PFA for 10min at 4°C and blocked and permeabilized with blocking
buffer [PBS supplemented with 0.3% Triton X-100 and 3% bovine
serum albumin (BSA) fraction V] for 1 hour at RT. The following
primary antibodies diluted in blocking buffer were incubated over-
night at 4°C: goat anti-human TRAIL (R&D, AF375; 1:25), rabbit
anti–Ki-67 (Abcam, ab15580; 1:1000) and mouse anti–NF-κB
(Cell Signaling Technology, 6956; 1:400). Appropriate secondary
antibodies were used: Alexa Fluor 488–, Alexa Fluor 647–, or
Alexa Fluor 568–conjugated secondary antibodies (Molecular
Probes; 1:200). Hoechst solution (Thermo Fisher Scientific,
H3570; 1:1000) was used to visualize nuclei. Coverslips were
mounted with ProLong Gold Antifade Mountant without DAPI
(Invitrogen, P36930). Microscopic analysis was done with an
Olympus BX41 microscope and CellSense imaging software.

Proximity ligation assay
HUVECs grown in 0.2% gelatin-coated coverslips (described above)
were fixed in 4% PFA for 10 min at 4°C and permeabilized with PBS
supplemented with 0.3% Triton X-100 for 10 min at 4°C. For the
proximity ligation assay (PLA) of TRAIL and DR5, the Duolink
In Situ Red Starter Kit Goat/Rabbit (Sigma-Aldrich, DUO92105)
was utilized according to the manufacturer’s protocol, which was
combined with immunofluorescence of VE-cadherin. The follow-
ing primary antibodies were incubated at 4°C overnight: goat
anti-human TRAIL (R&D, AF375; 1:25), rabbit anti-human DR5
(Cell Signaling Technology, 8074; 1:50), and mouse anti–VE-cad-
herin (BD Biosciences, 610252; 1:100). Donkey anti-mouse Alexa
Fluor 488 (Molecular Probes; 1:200) was incubated together with
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the anti-goat and anti-rabbit PLA probes. Microscopic analysis was
done with an Olympus BX41 microscope and CellSense imaging
software.

Flow cytometry (FACS) analysis and cell sorting
Before dissecting the lungs, animals were perfused with saline
through the right ventricle. Lungs were dissected, minced, and col-
lected in gentleMACS C tubes containing 5 ml of lung digestion
buffer [DMEM high glucose supplemented with 1% penicillin-
streptomycin (Gibco), collagenase II (1 mg/ml; Gibco, 17101015),
collagenase IV (2.5 mg/ml; Worthington Biochemical, LS004188),
and DNase I (40 U/ml; Sigma-Aldrich, D4527)] and automatically
dissociated on the gentleMACS Dissociator (Miltenyi Biotec) with
the program 37_m_LDK_1. Tumors were minced and collected in
gentleMACS C tubes containing 5 ml of tumor digestion buffer
[RPMI 1640 supplemented with 10% FBS (Gibco), 1% L-glutamine
(Gibco), 1% penicillin-streptomycin (Gibco), collagenase I (1 mg/
ml; Gibco, 17100017), Dispase (2 mg/ml; Gibco, 17105041), and
DNase I (0.2 mg/ml; Roche, 11284932001)] and automatically dis-
sociated on the gentleMACS Dissociator (Miltenyi Biotec) with the
program 37_m_TDK_2 (4T1) or 37_m_TDK_1 (E0771). Livers
were dissected, mince, and collected in 50-ml Falcon tubes contain-
ing 5 ml of liver digestion buffer [DMEM high glucose supplement-
ed with 1% penicillin-streptomycin (Gibco), 1× sodium pyruvate
(Gibco), 1× MEM nonessential amino acid solution (Gibco), colla-
genase I (1 mg/ml; Gibco, 17100017), collagenase II (1 mg/ml;
Gibco, 17101015), Dispase (2.5 U/ml; Gibco, 17105041), and
DNase I (20 U/ml; Sigma-Aldrich, D4527)] and placed at 37°C
for 30 min with regular vortexing to allow dissociation. Single-cell
suspensions were washed in FACS buffer (PBS supplemented with
2% FBS and 2 mM EDTA), filtered through a 70-μm pore-sized
mesh, and centrifuged at 360g for 5 min. Red blood cell (RBC)
lysis was performed using Hybri-Max (Sigma-Aldrich, R7757) for
3 min at 37°C, subsequently washed in FACS buffer, filtered
through a 40-μm pore-sized mesh, and centrifuged at 360g for 5
min. Cells were resuspended in FACS buffer, counted and incubated
for 15 min at 4°C with mouse BD Fc block (BD Biosciences,
553142), and stained with the appropriate fluorochrome-conjugat-
ed antibodies and viability dye (Invitrogen, 65-0866-14) for 30 min
at 4°C, protected from light (details on the FACS panels are available
upon request). For intracellular staining, after staining for surface
antigens and viability, washed cells were fixed and permeabilized
(Invitrogen, 00-5523-00) for 30 min at 4°C and incubated with
the fluorochrome-conjugated antibody overnight. Cells were
washed and either resuspended in FACS buffer and sorted with a
FACSAria III (BD Biosciences) or fixed in a 1:1 mixture of IC fix-
ation buffer (eBioscience, 00-8222-49) and FACS buffer and ana-
lyzed with a BD Fortessa X-20 (BD Biosciences) or a FACSCanto
II (BD Biosciences). For absolute cell counts, precision count
beads (BioLegend, 424902) were added by reverse pipetting before
analysis. FMO (fluorescence minus one) controls and isotype con-
trols (where the antibody is substituted with its corresponding fluo-
rochrome-conjugated isotype control, in the presence of all the
other antibodies and viability dye) were prepared when required
to ensure proper gating of positive populations. Plotted data repre-
sent median fluorescence intensity (MFI) of the stained samples
after subtracting the appropriate control (FMO or isotype for extra-
cellular or intracellular markers, respectively).

For cell death analysis, supernatants of HUVECs cultures (con-
taining dead cells) were pooled with HUVECs collected with
trypsin. Subsequently, cells were washed in annexin V binding
buffer (BioLegend, 422201) and stained with allophycocyanine
(APC)-conjugated annexin V (BioLegend, 640941; 1:50) and propi-
dium iodide (Sigma-Aldrich, P4864; 1:2000) for 15 min. Stained
samples were further diluted with annexin V binding buffer and im-
mediately analyzed with a BD Fortessa X-20 (BD Biosciences). Flow
cytometry data were analyzed with FlowJo 10 software (Tree Star).

RNA-seq of lung ECs
RNA from 2million sorted lung ECs (viability dye− CD45− CD31+)
from EC-specific TRAIL WT and KO mice (Cdh5.iCreERT2
xTnfsf10Lox/Lox) was isolated, and the concentration, as well as
purity, was determined spectrophotometrically using the Nanodrop
ND-1000 (Nanodrop Technologies).

Per sample, an amount of 3000 ng of total RNA was used as
input. Subsequently, preparation was performed with KAPA
stranded mRNA-seq according to the protocol, and samples were
pooled equimolar. Sequencing was performed as single end of 50
bp on HiSeq 4000 from Illumina. Thirty-five to 40 million reads
were generated per sample.

Gene reads counts were estimated by RNA-Seq by Expectation-
Maximization (RSEM) using GENCODE reference annotation of
the mouse genome (GRCm38), version M24 (Ensembl 99). Differ-
ential expression of EC-specific TRAIL KO (ECΔT10) versus control
(ECW/W) was performed using the DESeq2 R package (v1.26.0). The
significance was determined by padj < 0.05. The GSEA was per-
formed using the preranked gene list by log2 fold change (ECΔT10

versus ECW/W control) and the MSigDB gene sets. Only gene sets
containing between 5 and 500 genes were retained, and the number
of permutations was set at 1000.

RNA extraction, cDNA synthesis, and qRT-PCR
Cultured cells were collected in RLT lysis buffer containing 1% β-
mercaptoethanol and RNA was isolated using RNeasy Micro or
Mini kits (QIAGEN, 74004 and 74106, respectively). Lung tissue
was ribolysed in TRIzol, extracted with chloroform, and subse-
quently isolated using RNeasy Mini kit (QIAGEN, 74004).
Reverse transcription to cDNA was performed using SuperScript
III First-Strand Synthesis System (Invitrogen, 18080051), for
sorted cells, or the Quantitect Reverse Transcription Kit
(QIAGEN, 205314), for cultured cells and tissue, according to the
manufacturer ’s instructions. qRT-PCR amplification was per-
formed using commercial or homemade primers (IDT) in the
QuantStudio 12K Flex Real-Time PCR system (Applied Biosys-
tems). Hypoxanthine-guanine phosphoribosyltransferase (HPRT)
or β-actin was used as housekeeping genes.

Co-IP of endogenous TRAIL and DR5
Co-IP was performed using the Co-Immunoprecipitation Kit
(Thermo Fisher Scientific, 26149) and according to themanufactur-
er ’s instructions. Briefly, AminoLink Plus Coupling Resin was
coupled with anti-human TRAIL (R&D, AF375), anti-human
DR5 (R&D, AF631), or normal goat IgG (R&D, AB-108-C) anti-
bodies at a proportion of 1.3 mg of antibody/mg of protein accord-
ing to the manufacturer ’s instructions. HUVECs [untreated or
treated with SuperKillerTRAIL (1 μg/ml) for 30 min] were lysed
for 5 min on ice with IP lysis buffer (provided in the kit) [25 mM
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tris, 0.15 M NaCl, 1 mM EDTA, 1% NP-40, and 5% glycerol (pH
7.4)] supplemented with Halt Protease and Phosphatase Inhibitor
Cocktails (Thermo Fisher Scientific, 78440). After centrifugation
at 13,000g for 10 min at 4°C, the supernatant was recovered and
protein concentration was measured by the bicinchoninic acid
(BCA) protein assay (Thermo Fisher Scientific, 23225) according
to the manufacturer’s instructions. Protein extracts were precleared
with the control agarose resin and subsequently incubated over-
night at 4°C with the antibody-coupled AminoLink Plus Coupling
Resin. After washing unbound proteins, resin-bound proteins were
eluted in elution buffer (pH 2.8). Protein lysates were denatured by
adding lane marker sample buffer 5× [0.3 M tris-HCl, 5% SDS, 50%
glycerol, lane marker tracking dye, and 5% β-mercaptoethanol (pH
6.8)] and incubating at 95°C for 5 min and analyzed by
Western blot.

Cell surface protein isolation
Cell surface protein isolation was performed using the Cell Surface
Protein Isolation Kit (Thermo Fisher Scientific, 89881) and accord-
ing to the manufacturer ’s instructions. Briefly, surface HUVEC
monolayers were biotinylated for 30 min at 4°C to label surface pro-
teins. Subsequently, the reaction was quenched and HUVECs were
harvested, pelleted, and lysed for 30 min on ice in lysis buffer (pro-
vided in the kit) supplemented with cOmplete Mini protease inhib-
itor (Roche, 11836145001) and PhosSTOP phosphatase inhibitor
(Roche, 04906837001). After centrifugation at 10,000g for 2 min
at 4°C, the supernatant was recovered and incubated for 60 min
at RT with NeutrAvidin Agarose. The flow-through containing
unbound intracellular proteins was collected by centrifugation,
the NeutrAvidin Agarose was washed, and biotinylated surface pro-
teins were eluted in SDS–polyacrylamide gel electrophoresis
(PAGE) sample buffer supplemented with 50 mM dithiothreitol
(DTT) and analyzed by Western blot.

Protein precipitation from supernatants
Protein precipitation from filtered HUVECs’ supernatants was per-
formed by mixing supernatant:methanol:chloroform (4:4:1). After
centrifugation at 18,000g for 5 min at RT, an interphase containing
the protein was formed. The upper aqueous phase was removed,
and the remaining lower organic phase and interphase were
mixed with the same initial volume of methanol. After centrifuga-
tion at 18,000g for 5 min at RT, the supernatant was discarded and
the protein pellet was dried, dissolved in 1× SDS Laemmli buffer
(Bio-Rad, 1610737), and analyzed by Western blot.

Protein extraction and Western blot
Protein extraction from murine lungs was performed by ribolysing
the perfused left lobe in radioimmunoprecipitation assay (RIPA)
buffer (Thermo Fisher Scientific, 89900) supplemented with cOm-
plete Mini protease inhibitor (Roche, 11836145001) and PhosSTOP
phosphatase inhibitor (Roche, 04906837001). Lung lysates were in-
cubated on ice for 15 min before centrifuging at 17,000g for 15 min
at 4°C to remove cellular debris. Supernatants were subsequently
collected. Whole-cell protein extraction from HUVECs was per-
formed using a modified Laemmli extraction buffer [62.5 mM
tris-HCl (pH 6.8), 10% glycerol, and 2% SDS] supplemented with
cOmplete Mini protease inhibitor (Roche, 11836145001) and Phos-
STOP phosphatase inhibitor (Roche, 04906837001). Membranes
and DNA were disrupted by passing the protein extracts through

a 29-gauge syringe. Protein concentration was measured by the
BCA protein assay (Thermo Fisher Scientific, 23225) according to
the manufacturer’s instructions. Protein samples (20 to 50 μg) were
denatured by adding reducing loading buffer and incubating at
95°C for 5 min. Proteins were resolved by SDS-PAGE and trans-
ferred to nitrocellulose membrane Trans-Blot Turbo Midi 0.2 μm
Nitrocellulose (Bio-Rad, 1704159) using Trans-Blot Turbo Transfer
System (Bio-Rad). Nonspecific binding was blocked in PBS with
0.1% Tween 20 (PBST) containing 5% nonfat dry milk (Cell Signal-
ing Technology, 9999). Subsequently, membranes were incubated
overnight at 4°C with the following primary antibodies diluted in
PBST containing 5% BSA or nonfat drymilk (according to theman-
ufacturer ’s recommendations): human TRAIL (Cell Signaling
Technology, 3219; 1:1000), murine TRAIL (R&D, AF1121; 1:500),
murine DcR2 (R&D, MAB1816; 1:500), glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (Cell Signaling Technology, 2218;
1:1000), VE-cadherin (BD Biosciences, 610252; 1:1000), tubulin–
horseradish peroxidase (HRP) (Abcam, ab21058; 1:2000), pro–
caspase-3 (Cell Signaling Technology, 9668; 1:1000), cleaved
caspase-3 (Cell Signaling Technology, 9116; 1:1000), pro–caspase-
8 (Cell Signaling Technology, 4790 or 9746; 1:1000), cleaved
caspase-8 (Cell Signaling Technology, 9496; 1:1000), vinculin
(Sigma-Aldrich, V9131; 1:2000), ICAM1 (Cell Signaling Technolo-
gy, 67836; 1:1000), E-Selectin (Santa Cruz Biotechnology, sc-
137054; 1:800), p38 ph-Thr180/Tyr182 (Cell Signaling Technology,
4511; 1:1000), p38 (Cell Signaling Technology, 8690; 1:1000),
IκBα ph-Ser32/36 (Cell Signaling Technology, 9246; 1:1000), IκBα
(Cell Signaling Technology, 4814; 1:1000), DR4 (Cell Signaling
Technology, 42533; 1:1000), DR5 (Cell Signaling Technology,
8074; 1:1000), IKKα (Cell Signaling Technology, 2682; 1:1000),
IKKβ (Cell Signaling Technology, 8943; 1:1000), RIP1 (Cell Signal-
ing Technology, 3493; 1:1000), NEMO (BD Biosciences, 611306;
1:1000), and FADD (Cell Signaling Technology, 2782; 1:1000).
The day after, membranes were incubated for 1 hour at RT with ap-
propriate HRP-conjugated secondary antibodies (Cell Signaling
Technology, 7074 or 7076; 1:2000; and DAKO, P044901-2;
1:2000). Signal was visualized by Novex ECL Chemiluminescent
Substrate (Invitrogen, WP20005) or SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific, 34096)
and acquired by a LAS 4000 charge-coupled device camera with Im-
ageQuant software (GE Healthcare). Tubulin, GAPDH, or vinculin
are shown as loading controls.

Live-cell imaging
To assess cell viability over time, HUVECs were seededin 96-well
black plates with clear bottom (VWR, 734-1609) for in vitro gene
silencing as described above. At the indicated time, culture
medium was replaced by culture medium containing 250 nM
cytotox green reagent (Essen BioScience, 4633) in the presence or
the absence of the pan-caspase inhibitor qVD (50 μM; Gentaur,
607-A1901) or the caspase-8–specific inhibitor zIETD (100 μM;
Selleck Chemicals, S7314). The cells were then incubated and mon-
itored by the IncuCyte live-cell imaging system (Essen BioScience),
and images were acquired every 2 hours. Cytotox+ area per well was
analyzed over time by the IncuCyte ZOOM software.

Transendothelial electrical resistance
TEER was measured as described in (45). Briefly, 25,000 shSCR or
shTRAIL HUVECs were seeded in EGM2 on 0.1% gelatin-coated
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6.5-mm polyester transwells with 0.4-mm pore size (Corning,
CLS3470). The TEER was measured using the Endohm-6 electrode
(World Precisions Instruments) connected to an EVOM2 voltohm-
meter (World Precisions Instruments). Gelatin-coated wells
without cells were used to measure the intrinsic electrical resistance
of the inserts, and these values were then subtracted to the values
measured in the presence of cells. Measurements were performed
every day, taking three measurements per construct.

Cancer cell adhesion assay
HUVECs were seeded in 96-well plates for in vitro gene silencing as
described above, and the adhesion assay was performed on day
6. E0771-dLNGFR-tdTomato or 4T1-tdTomato cells were harvest-
ed, counted, and resuspended inM199medium (Gibco, 12340-030)
supplemented with 1% BSA. HUVECs’ supernatant was completely
removed and cancer cells were placed on top (40,000 cells per well)
and allowed to adhere for 1 hour (37°C and 5%CO2). Nonadherent
cells were removed by washing two times with PBS. The adhered
cancer cells and HUVECs were collected with trypsin, transferred
to a V-bottom 96-well plate, centrifuged at 360g for 5 min at 4°C,
and fixed in a 1:1 mixture of IC fixation buffer (eBioscience, 00-
8222-49) and FACS buffer by reverse pipetting. Precision count
beads (BioLegend, 424902) were added by reverse pipetting before
analysis of tdTomato+ cells with a Fortessa LSR-II (BD Biosciences).

Leukocyte adhesion assay
HUVECs were seeded in 96-well plates for in vitro gene silencing as
described above, and the adhesion assay was performed on day
6. Blood was collected by cardiac puncture and kept in lithium
heparin Microtainer tubes (BD Biosciences, 365965). To isolate
white blood cells (WBCs), the blood was diluted in 1.25% dextran
in saline to allow the sedimentation of RBCs. After 30 min, the
erythrocyte-poor upper layer was collected and washed in PBS sup-
plemented with 0.1% BSA. The remaining RBCs were lysed in a hy-
potonic solution of 0.2% NaCl for 30 s and brought under isotonic
condition with 1.6% NaCl and 0.1% glucose. WBCs were washed in
PBS supplemented with 0.1% BSA, counted, and resuspended in
DMEM complete. HUVECs’ supernatant was completely
removed, and WBCs were placed on top (100,000 cells per well)
and allowed to adhere for 1 hour (37°C and 5% CO2). Nonadherent
cells were removed by washing two times with PBS. The adhered
WBCs and HUVECs were collected with trypsin, transferred to a
V-bottom 96-well plate, stained for CD45, centrifuged at 360g for
5 min at 4°C, and fixed in a 1:1 mixture of IC fixation buffer (eBio-
science, 00-8222-49) and FACS buffer by reverse pipetting. Preci-
sion count beads (BioLegend, 424902) were added by reverse
pipetting before analysis of tdTomato+ cells with a Fortessa LSR-
II (BD Biosciences).

Statistical analysis
All statistical analysis was performed using GraphPad Prism
9. Unless otherwise stated in the figure legend, statistical signifi-
cance was calculated by two-tailed unpaired t test on two experi-
mental conditions or two-way analysis of variance (ANOVA)
when more than two experimental groups were compared.
Outlier test was performed.All data are represented asmeans± SEM.
P values are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001.

Supplementary Materials
This PDF file includes:
Fig. S1 to S11

View/request a protocol for this paper from Bio-protocol.
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