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Intravascular arrest of circulating tumor cells is a
two-step process exploiting their adhesion repertoire
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Cancer metastasis is a process in which a primary tumor
spreads to form life-threatening metastases. Circulating tumor
cells (CTCs) may arrest in distant organs and escape by cross-
ing the endothelial barrier. We have previously demonstrated
that blood flow controls sequential CTC arrest and stable adhe-
sion to endothelial cells. We now aim at identifying the adhe-
sion receptors involved in each step. Early arrest is mediated
by the formation of adhesion of weak magnitude of forces de-
pending on CD44 and integrin αvβ3. Stabilization of this arrest
uses integrin α5β1 dependent adhesions with larger magnitude
of forces, which allows arrested CTCs to resist the shear forces
conveyed by the blood flow. Finally, blood flow favors luminal
deposition of fibronectin by endothelial cells, an integrin α5β1
ligand. In conclusion, we identified the molecular partners that
are sequentially exploited by CTCs to arrest in vascular regions
with permissive flow regimes, before extravasation.
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Introduction
Cancer metastasis is a complex multi-step process in which
secondary tumors are formed at distant organs ultimately
leading to the death of patients. After escaping the primary
tumor, cancer cells invade the surrounding stroma and reach
vessels, where they enter blood or lymph circulation. Once
in the blood flow, circulating tumor cells (CTCs) may reach
distant organs, where they will extravasate from the blood cir-
culation and either remain dormant or form new tumor foci
(Obenauf and Massagué, 2015). Several recent studies sug-
gest that most metastases are formed from cancer cells that
disseminate efficiently and very early during cancer progres-
sion (Eyles et al., 2010; Harper et al., 2016; Hosseini et al.,
2016; Rhim et al., 2012). Over the past two decades, exten-
sive work has been achieved to study the molecular receptors
potentially involved in the intravascular adhesion of CTCs to
the endothelium (Reymond et al., 2013). In particular, gly-
coproteins involved in the rolling of leukocytes at the sur-
face of the endothelium have been widely studied. For exam-
ple, selectins present on the endothelium are required for the
adhesion of colon or breast cancer cells to endothelial cells
(Aigner et al., 1998; Laferrière et al., 2001). At the surface
of tumors cells, glycoprotein such as CD24, CD44, PODXL
and mucins were shown to mediate CTC adhesion to the en-

dothelium (Aigner et al., 1998; Dallas et al., 2012; Hanley
et al., 2006; Rahn et al., 2005; Shea et al., 2015). Finally,
in vitro studies using different cancer cell lines have shown
the requirement of the integrin family of adhesion receptors
at the surface of CTCs for their arrest and adhesion to en-
dothelial cells. More specifically, integrins αvβ3 and β1 have
been involved in breast and prostate cancer cells (Barthel
et al., 2013; Felding-Habermann et al., 2001; Reymond et
al., 2012), β4 in prostate and colon cancer derived cell line
(Barthel et al., 2013; Laferrière et al., 2004) and α4β1 in
melanoma (Klemke et al., 2007). However, the respective
contribution of these receptors in CTC arrest and adhesion
remains elusive. Furthermore, while there is an extensive
amount of studies performed in vitro, very little information
on how these receptors are recruited and used in a realistic in
vivo situation is available. Recently, using a combination of
easy-to-tune microfluidics as well as intravital imaging in two
animal models, we have shown that blood flow tunes CTC
arrest, preceding metastatic outgrowth (Follain et al., 2018a).
We showed that shear forces compete with the adhesion po-
tential of CTCs, through a tug of war, and thereby control
their probability of intravascular arrest. Using the zebrafish
embryo, we observed that CTC arrest immediately after the
entry within the blood circulation between 0 and 5 minutes
post-injection (mpi) and that cells may still be detached from
the endothelium by blood shear stress. Then, CTCs form sta-
ble adhesion between 1 and 3 hours post-injection (hpi) that
prevents them from shear-mediated detachment. This sug-
gests that CTCs may use two consecutive steps very likely
molecularly mediated by different adhesion receptors. Stud-
ies from the molecular mechanisms engaged by leukocytes
during intravascular arrest is driven by adhesions of weak
forces mediated by receptors such as CD44 while stable ad-
hesion depends on integrin-dependent adhesions (Eibl et al.,
2012; McEver and Zhu, 2010). Here, we demonstrate that ar-
rest of CTC is driven by two major steps: (i) early arrest me-
diated by the formation of de novo adhesions of weak magni-
tude of forces and (ii) the stabilization of CTC/endothelium
adhesions through the recruitment of adhesions with larger
magnitude of forces. Altogether, these 2 consecutive steps
allow arrested CTCs to resist the shear stress from the blood
flow. At a molecular level, the glycoprotein CD44 and the
integrin αvβ3 are required for early metastable adhesion to
endothelial cells. In contrast, integrin α5β1 is later required
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to strengthen intravascular arrest through stable adhesions.
Finally, we observe that endothelial cells subjected to flow
profiles that are permissive for intravascular arrest and ex-
travasation secrete more fibronectin, a major ligand of inte-
grins αvβ3 and α5β1, on their luminal side.

Results
CD44, ITGB3 and ITGB1 favor arrest and adhesion of
CTCs, yet only ITGB1 is required for stable adhesion
to the endothelial layer. In order to assess the role of ad-
hesion receptors of weak and larger forces respectively, we
decided to test the role of CD44, ITGB3 and ITGB1 in CTC
arrest and adhesion (Baccelli et al., 2013; Barthel et al., 2013;
Felding-Habermann et al., 2001; Reymond et al., 2012) using
microfluidics (Fig. 1A). Using transient siRNA depletion, we
efficiently knocked-down the expression of these cell adhe-
sion receptors into D2A1 murine carcinoma cells (Fig. 1D
and S1). We previously showed that CTC arrest is tuned
by blood flow in a tug of war between CTC adhesion and
blood shear forces. We identified a threshold flow value of
400 500 µm/s above which CTC adhesion is prevented (Fol-
lain et al., 2018a). We thus perfused cells into microchan-
nels, where a confluent monolayer of HUVEC endothelial
cell had been grown, and interrogated the strengthening of
the adhesion between CTCs and the endothelial cells using
an innovative, yet simple, experimental workflow described
in Fig.1C. Briefly, we perfused CTCs and decreased veloci-
ties from 400 µm/s to 100 µm/s for 2 min for each perfusion
step while live recording CTC arrest/adhesion (Fig. 1A,D,
Movie 1). As expected, such decrease favored CTC adhe-
sion (Fig. 1E, Movie 2-3). Strength of this early adhesion
was then interrogated by increasing shear forces (400 µm/s)
(Fig. 1A,C, Movie 1). Based on this approach, we measured
that 80% of arrested CTCs had formed stable adhesion with
the endothelial layer (Fig. 1E). Interestingly, while depleting
CD44, ITGB3 or ITGB1 compromised CTC early adhesion
(Fig. 1E, Movie 2-3), only ITGB1 depletion impacted CTC
stable adhesion to the endothelial layer (Fig. 1E). To further
interrogate the adhesion forces mediated by CD44, ITGB3
and ITGB1, we perfused D2A1 cells transfected with con-
trol or anti-CD44, ITGB3 or ITGB1 siRNAs and assessed
their adhesive potential using optical tweezing. Upon adhe-
sion of perfused D2A1 (5 min, no flow), we rapidly trapped
attached CTCs and mechanically detached them from the en-
dothelial monolayer (Fig. 1F). Identically to our live in vitro
adhesion assay, 80% of cells formed stable adhesion with
the endothelial monolayer in control conditions. Stable ad-
hesion was not impaired when depleting CD44, nor ITGB3,
while it was significantly impacted by ITGB1 depletion (Fig
1G, Movie 4-6). Altogether, these results suggest that CD44,
ITGB3 and ITGB1 both favor the initial arrest and adhesion
of CTCs, but that only ITGB1 is capable of mediating stable
shear-protected adhesion of CTCs to the endothelium.

CD44 and ITGB3 are required for CTC arrest in vivo,
only ITGB1 further stabilizes adhesion to the endothe-
lium. It appeared that decoupling early arrest from adhesion

was difficult in an in vitro setup. Thus, in order to study the
involvement of CD44, ITGB3 and ITGB1 in CTC arrest and
early adhesion, we took advantage of our well-established
CTC live injection protocol using zebrafish embryo stably ex-
pressing an endothelium-specific EGFP (Tg(Fli1a:EGFP)) at
2 days post-fertilization (dpf) (Follain et al., 2018b). We in-
jected fluorescently-tagged D2A1 cells that were transfected
with either control siRNAs or siRNAs targeting endogenous
CD44, ITGB3 or ITGB1. Upon injection, their arrest was
monitored using instantaneous live imaging for 5 minutes.
Such innovative experimental set-up is perfectly suited for
interrogating the very early dynamics of arrest of CTCs (Fig.
2A). While the depletion of CD44 and ITGB3 impacted CTC
arrest and early adhesion to the endothelium, ITGB1 deple-
tion had no effect and CTCs arrested similarly the the arterio-
venous junction (Fig. 2B-C, Movie 7-9). Accurate analysis
of the dynamic behavior of CTCs in the blood flow showed
that control cells had arrest time exceeding 2 minutes. CD44-
and ITGB3-depleted cells were either unable to arrest or had
shorter arresting time (Fig. 2C) suggesting decreased ad-
hesive abilities. To test the involvement of CD44, ITGB3
and ITGB1 in the formation of stable adhesion to the en-
dothelium, we assessed the number and location of adhered
CTCs 3 hpi using a cumulative heatmapping protocol in a
large number of Tg(Fli1a:EGFP) embryos (Fig. 1A) as pre-
viously described (Follain et al., 2018b). Depletion of CD44
or ITGB3 did not affect the number of cells adhered in the
AVJ. On the contrary, ITGB1 depletion drastically reduced
the number of cells stably arrested in the AVJ at 3hpi (Fig.
2E-G). These data indicate that CD44/ITGB3 and ITGB1 are
sequentially exploited by CTCs to mediate stable intravascu-
lar arrest in vivo. While CD44 and ITGB3 are required ini-
tially to mediated the first steps of CTC arrest, ITGB1 is re-
quired for strengthening and stabilizing the adhesion of CTCs
that are now resistant to ripping shear forces.

Integrin α5β1 is required for the stable adhesion of
CTCs to the endothelium. Integrins are heterodimers con-
sisting of 2 subunits (α and β) which tune their ligand affin-
ity (Campbell and Humphries, 2011). ITGB3 essentially
associates to ITGAV to form the heterodimer αvβ3 which
binds fibronectin and vitronectin (Humphries, 2006). ITGB1
can dimerize with several different α subunits to consti-
tutes integrin heterodimers with very different ligand speci-
ficity (Humphries, 2006). In order to identify the subunit
that, when associated to ITGB1, mediates stable adhesion of
CTCs, (and thereby identify the ligand), we knocked down
different integrin alpha subunits (Fig. 3A), among which in-
tegrin α4 (ITGA4), which associates to ITGB1 to interact
with VCAM at the surface of the endothelium (Klemke et
al., 2007), integrin α3 (ITGA3) which combines with ITGB1
to engage laminin below the endothelial layer (Chen et al.,
2016a) and integrin α5 (ITGA5) which heterodimerizes with
ITGB1 and binds fibronectin (Huveneers et al., 2008). We
then tested their role in CTC adhesion in vitro, using our mi-
crofluidic live imaging assay, or in vivo, using intravascu-
lar injection in zebrafish embryos. We observed that ITGA4
was not involved in CTC adhesion, neither in vitro nor in
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Fig. 1. CD44, ITGB3 and ITGB1 are involved in CTC arrest/adhesion but only ITGB1 is required for stable adhesion in vitro. (A) Scheme of the experimental approach
for the microfluidic CTC arrest assay. (B) D2A1 cells were transfected with indicated siRNAs. Representative western blot images from 72h extract are shown in the upper
panel. The graphs show the mean ± S.D. of 3 independent experiments. (C) D2A1 were perfused into microfluidic channels containing a confluent monolayer of endothelial
cells (HUVEC) for 2 min at the indicated speeds. The number of cells adhered is quantified and normalized to the number of cells adherent at the lowest perfusion speed
(100 µm/s). The graph shows the mean ± S.D. (left) and mean ± S.D. (right) of 14 independent experiments. (D) Upper panel: time projection of 2 min perfusion of D2A1
cells at 100 µm/s showing arrested cells. Lower panel: time projection of 2 min wash step (perfusion of medium at 400 µm/s) showing transiently arrested cells (metastable,
red) or stably arrested cells (stable, green). Related to movie 1. (E) D2A1 cells were transfected with indicated siRNAs and perfused into microfluidic channels containing a
confluent monolayer of endothelial cells (HUVEC). The number of cells adhered normalized to siCTL was quantified (left) and the ratio of stably adhering cells was measured
(right). The graph shows the mean ± S.E.M. (left) and mean ± S.D. (right) of 6 independent experiments. Related to movie 2 and 3. (F) Scheme of the experimental approach
for the microfluidic CTC stable adhesion assay. (G) D2A1 cells were transfected with indicated siRNAs, perfused into microfluidic channels containing a confluent monolayer
of endothelial cells (HUVEC) and left to attach to the endothelial layer without flow for 5 min. Attached cells were then trapped into the optical tweezer beam and the stage
was moved away using the piezo stage. The graph shows the mean ± S.D. of 3 independent experiments. Related to movies 4 to 6.
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Fig. 2. CD44 and ITGB3 are involved in CTC arrest while ITGB1 is required for stable adhesion in vivo. (A) Scheme of the experimental approach for the in vivo CTC
arrest assay. (B-C) D2A1 cells were transfected with indicated siRNAs and microinjected into the duct of Cuvier of 3 dpf Tg(Fli1a:EGFP) embryos. Cell arrests were live
imaged at 4 fps for 5 min immediately after injection. (B) The graphs show the mean ± S.D. of 3 independent experiments. (C) Time projection of representative embryo
injected with cells transfected with indicated siRNAs. The color code shows the arrest time of CTCs. Related to movies 7 to 9. (F-G) D2A1 cells were transfected with
indicated siRNAs and microinjected into the duct of Cuvier of 2 dpf Tg(Fli1a:EGFP) embryos. Cell adhesion pattern was imaged 3h after injection. The heatmaps show the
quantification of the number and location of stably arrested CTCs at 3 hpi in the caudal plexus of embryo injected with indicated siRNAs. The graphs show the mean ± S.D.
of 5 independent experiments.
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vivo, suggesting no requirement of endothelial VCAM (Fig.
3B,E). Interestingly, we observed that ITGA3 mediated CTC
arrest/adhesion in vitro as we measured a significant decrease
in the number of cells attached to the endothelial layer af-
ter the perfusion steps. However, ITGA3 was not required
for the formation of stable cell adhesion to the endothelial
layer as siITGA3 depleted cells were insensitive to the wash-
ing step (Fig. 3C). This was further supported by the obser-
vation that ITGA3 knock down did not affect stable arrest
of CTCs in the zebrafish embryo (Fig. 3F). Finally, we ob-
served that ITGA5 depletion impaired CTC attachment and
the formation of stable adhesion in vitro (Fig. 3D). This was
further confirmed in vivo, where ITGA5-depleted cells were
less prone to arrest in the AVJ (Fig. 3G). All in all, depletion
of ITGA5 phenocopied ITGB1 depletion suggesting that the
integrin α5β1 is the major mediator of stable CTC adhesion
to the endothelium. Such observation further suggests that fi-
bronectin, its main ligand, may also be involved in stabilizing
intravascular arrest of CTCs.

Blood flow controls endothelial secretion of luminal
fibronectin. Since we observed that integrin α5β1 is one of
the main mediators of CTC stable adhesion to the endothe-
lium, we tested the presence of fibronectin on the surface
of confluent monolayers of HUVEC. Using immunostaining
and 3D confocal imaging, we observed fibronectin deposits
at the surface of endothelial cells which we correspond to
the luminal side of blood vessels (Fig. 4A). We have shown
recently that blood flow is a major regulator of the arrest,
adhesion and extravasation of CTCs. In particular, we have
shown that the endothelium is sensitive to blood flow and its
response to shear stress was driving endothelium remodeling
to promote CTC extravasation (Follain et al., 2018a). We thus
explored the hypothesis that flow might directly tune CTC
adhesion to the endothelium from an endothelial standpoint.
We thus wondered whether flow might control the formation
of fibronectin deposits on the luminal side which would co-
operate with the flow-mediated adhesive capacities of CTCs
to favor the creation of an adhesion favorable platform on
the lumen of blood vessels. To do so, we cultured HUVEC
cells in microfluidic channels and subjected to absence of
flow or imposed flow of 400 µm/s (i.e. flow velocity that is
permissive to arrest and extravasation in vivo (Follain et al.,
2018a). We observed that endothelial cells subjected to flow
had a 4,8-fold increase in luminal fibronectin compared to
cells cultured without flow (Fig. 4A-B). Remarkably, we did
not observe any flow-dependent effect on fibronectin expres-
sion in HUVEC cells by western blot (Fig. 4C). This suggests
that flow might favor the secretion of endothelial fibronectin
as previously shown for TRPV4 ion channel (Baratchi et
al., 2016). We then performed immunostaining for endoge-
nous fibronectin in Tg(Fli1a:EGFP)) embryos at 2 days post-
fertilization and observed luminal fibronectin in the caudal
plexus as well as in the inter somitic vessels (ISVs – Fig. 4F).
Remarkably, we observed increased deposition of fibronectin
in the dorsal aorta (DA), where the blood flow velocity is
higher than in the AVJ (Fig. 4F). To further investigate the
role of blood flow on the presence of luminal fibronectin, we

pharmacologically decreased blood flow profiles by incubat-
ing them in lidocaine (Follain et al., 2018a). Reducing blood
flow velocities led to a significant decrease in the number of
embryos with fibronectin deposits. Altogether, these obser-
vations suggest that blood flow also tunes indirectly CTC ar-
rest and adhesion by the deposition of fibronectin at the sur-
face of blood vessels, which act as major adhesion scaffold.
In conclusion, blood flow synergistically controls the effi-
cient intravascular arrest of CTCs: it favors arrest of CTCs
which cannot sustain shear ripping forces and it induces the
deposition of fibronectin that is later exploited for stabilizing
the adhesion of CTCs, preceding metastatic outgrowth.

Discussion
Using live intravital imaging in the zebrafish embryo, we re-
cently documented that CTC adhesion is a multi-step process
which requires (i) their arrest shortly after their entry into the
blood circulation by direct interaction with the endothelial
layer and (ii) the stabilization of CTC-endothelium interac-
tion through the formation of stable adhesions whose forces
exceed the local shear stress exerted by the blood flow for
successful extravasation (Follain et al., 2018a). Furthermore,
we have shown that blood flow tunes CTC arrest by a pro-
cess which is encoded into a tug-of-war between blood flow-
driven shear stress and the limited adhesive power of a single
CTCs in suspension (Figure 1A). CTC adhesion to the en-
dothelium, preceding their exit of the blood stream, has been
extensively studied either in vitro (Aigner et al., 1998; Chen
et al., 2016a; Giavazzi et al., 1993a; Laferrière et al., 2001,
2004; Reymond et al., 2012; Tremblay et al., 2008) or in vivo
(Hiratsuka et al., 2011; Köhler et al., 2010; Stoletov et al.,
2010) for the past 30 years, giving a general idea of which ad-
hesion receptors might be involved in such events. However,
no study so far could detail at high spatio-temporal resolution
the events leading to CTC arrest and the respective contribu-
tions of adhesion receptors. Thus, the influence of low force
adhesion receptors versus high force adhesion receptors in
CTC arrest and adhesion to the endothelium remains elusive.
In the present work, we exploited the multiple advantages of
combined microfluidics and experiments conducted in vivo in
zebrafish embryo to provide an original description of CTC
arrest. We report that early arrest is mediated by CD44 and
integrin αvβ3, both being reported as receptors of weak mag-
nitude of forces (Bano et al., 2016). Indeed, CD44 has been
involved in the rolling of leukocytes along the endothelium
and is found expressed in breast cancer CTCs with higher
metastatic potential (Baccelli et al., 2013; Boral et al., 2017).
Integrin αvβ3, a major fibronectin ligand, has been suggested
to mediate weaker adhesion involved in mechanosensing dur-
ing cell migration over a matrix of fibronectin (Roca-Cusachs
et al., 2009; Bharadwaj et al., 2017). We also show that
CTC/endothelium bonds are quickly stabilized to resist the
shear stress from the blood flow with the formation of in-
tegrin α5β1 dependent adhesions. These integrin α5β1 ad-
hesions have been shown to be involved in the formation of
more stable adhesions, in cells migrating over a matrix of fi-
bronectin by producing larger magnitude of bonding forces
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Fig. 3. ITGA5 phenocopies ITGB1 role in CTC adhesion to endothelial cells. (A) D2A1 cells were transfected with indicated siRNAs. The expression of the genes of
interest were measured using RT-qPCR. The graph shows the mean ± S.E.M. of at least 3 independent experiments. (B-D) D2A1 cells were transfected with indicated siRNAs
and perfused into microfluidic channels containing a confluent monolayer of endothelial cells (HUVEC). The number of cells adhered normalized to siCTL was quantified (left)
and the ratio of stably adhering cells was measured (right). The graph shows the mean ± S.E.M. (left) and mean ± S.D. (right) of at least 4 independent experiments. (E-G)
Quantification using heatmapping of the number and location of stably arrested CTCs at 3 hpi in the caudal plexus of embryo injected with cells transfected with indicated
siRNAs. The graphs show the mean ± S.E.M. of 4 independent experiments.
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Fig. 4. Flow drives the formation of luminal FN deposits. (A) HUVEC cells were grown to confluency in microfluidic channels and subjected to either no flow or a laminar
flow of 400 µm/s for 16h. Cells are immunostained for fibronectin (green), actin (red) and nucleus (blue). A y-projection of 35 single representative transversal confocal slices
is shown in the bottom panel XZ. (B) The ratio of HUVEC cells with fibronectin (FN) deposits was quantified. The graphs show the mean ± S.D. of 3 independent experiments.
(C) HUVEC cells were grown to confluency in microfluidic channels and subjected to either no flow or a laminar flow of 400 µm/s for 16h. Fibronectin (FN) expression was
then quantified. A representative western blot image is shown in the upper panel The graphs show the mean ± S.D. of 5 independent experiments. (D) Scheme of the
experimental approach for the in vivo luminal FN quantification. (E) 2 dpf Tg(Fli1a:EGFP) embryos were either untreated (NT) or treated for 2h with vehicle (EtOH) or lidocain
at 640 µM (Lido). Embryos were then processed for endogenous fibronectin immunostaining and the presence of fibronectin deposits was assessed. The graphs show the
mean ± S.D. of 6 independent experiments. (F) Representative embryos were imaged using light sheet microscopy (SPIM).

than integrin αvβ3 (Roca-Cusachs et al., 2009; Kong et al.,
2009, 2013; Bharadwaj et al., 2017). Several studies in vitro
or in vivo report that CTCs roll along blood vessels (Giavazzi
et al., 1993b; Aigner et al., 1998; Liu et al., 2018). From our
time lapse analysis, we find that this is not a universal CTC
behavior. We could not observe any obvious rolling behavior
neither in vitro nor in vivo. (Movie 1-3 and 7-9). This sug-
gests that rolling abilities of CTCs might differ between can-
cer types or between cancer derived cell lines. This difference
in behavior might be due to the expression of distinct cellular
adhesion repertoires but also by discrepancies in key biome-
chanical cellular parameters such as cell stiffness (Wakatsuki
et al., 2003), viscosity (Bennett et al., 2018) or membrane
tension (Pontes et al., 2017). In our previous study, we have
reported that the initial contact between an arrested CTCs and
the endothelium is mediated by a direct interaction between

filopodia emanating from the CTC and the closest endothelial
cell (Follain et al., 2018a). Recent work also described that
the aggressive mouse carcinoma cell line D2A1 produces ex-
tensive filopodial like structures which contain adhesive re-
ceptors such as integrins αvβ3 and α5β1 (Shibue et al., 2012,
2013). This suggests that the whole adhesive machinery in-
cluding CD44 could be present at the tip of filopodia of CTC
within the blood flow. Such adhesive and highly dynamic
structure might be exploited by CTCs to probe the surface
of the endothelium, ready to catch their endothelial counter-
part to promote CTC arrest. It would be interesting in the
future to directly assess the role of such filopodia in CTC ar-
rest endothelium (Follain et al., 2018a). A previous in vitro
study has suggested that CTCs engage the laminin contained
in the basement membrane below the endothelial layer via
integrin α3β1 and α6β1 (Chen et al., 2016b). Interestingly,
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we also observed that integrin α3β1 mediates CTC arrest in
our in vitro set up but was not required in vivo (Figure 3C
and F). One possible explanation between this discrepancy
might be that microfluidic set up aiming at culturing endothe-
lial layers to mimic blood vessels in vitro form immature and
leakier vessel-like structures compared to more impermeable
vessels found in in vivo models such as the zebrafish em-
bryo. In such microfluidic set up, the cultured endothelial
layer might still not be fully impermeable, thus giving op-
portunity for CTCs to attach to the basal extracellular matrix
through filopodia containing integrins. We did not test the
involvement α6β1 specifically within our in vitro and in vivo
models, and thus cannot rule out its involvement. Finally,
we observed that fibronectin, the major ligand of integrins
αvβ3 and α5β1, is found as deposits at the surface of the en-
dothelial layer both in vitro and in vivo, in a process which is
flow-dependent (Figure 4). A recent study also suggested that
luminal fibronectin is found on the luminal side of liver blood
vessels and facilitates CTC arrest in this organ (Barbazán et
al., 2017). Past work reported the presence of laminin at the
surface of lung blood vessels which correlated with region of
CTC arrest (Wang et al., 2004). Fibronectin secretion is a
physiologically relevant event as it is secreted on the apical
side of epithelial cells of the salivary gland and was shown
to be essential during developmental stages such as cleft for-
mation in mouse (Sakai et al., 2003). Fibronectin is also se-
creted on their surface by endothelial cells, although prefer-
entially basally, and is needed for proper vasculogenesis in
the zebrafish embryo (Mana et al., 2016). It has been shown
that cellular exocytosis is driven by the increase in membrane
tension (Gauthier et al., 2011). Furthermore, in the zebrafish
embryo, we observed an increase in fibronectin deposits in
the anterior parts of the dorsal aorta and of the the caudal
vein where blood flow is the highest compared to the artero-
venous junction (Figure 4F, upper panel) where the lowest
flow velocities are measured (Follain et al., 2018a). As the
amount of fibronectin deposits scales with blood flow veloc-
ities, it is quite tempting to speculate that the shear stress in-
duced by the blood flow might directly promote the secretion
of a fibronectin adhesion platform at the luminal side of the
endothelial cells. Altogether, we propose that the first steps
of CTC arrest are mediated by a complex interconnection be-
tween blood flow and CTC/endothelium adhesion where: (i)
blood flow shear stress challenges the finite CTC adhesion
force to tune their location of arrest, (ii) CTCs differentially
use their adhesion repertoire to arrest and stably adhere to the
endothelial layer and (iii) blood flow also tunes CTC arrest by
providing a luminal adhesion platform.
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Supplementary Figure 1:

Fig. 5. siRNAs knockdown validation 96h after transfection. D2A1 cells were transfected with control or anti-CD44 siRNAs. Protein extracts were prepared 96h later and
immunoblotted against CD44 or GAPDH. The graph shows the mean ± S.D. of 3 independent experiments.
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