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Bone marrow endothelium plays an important role in the homing of
hematopoietic stem and progenitor cells (HSPC) upon transplanta-
tion, but surprisingly little is known on how the bone marrow (BM)

endothelial cells regulate local permeability and hematopoietic stem and
progenitor cells transmigration. We show that temporal loss of vascular
endothelial-cadherin function promotes vascular permeability in BM, even
upon low-dose irradiation. Loss of vascular endothelial-cadherin function
also enhances homing of transplanted HSPC to the BM of irradiated mice
although engraftment is not increased. Intriguingly, stabilizing junctional
vascular endothelial-cadherin in vivo reduced BM permeability, but did not
prevent HSPC cells migration into the BM, suggesting that HSPC use the
transcellular migration route to enter BM. Indeed, using an in vitromigration
assay, we show that human HSPC cells predominantly cross BM endothe-
lium in a transcellular manner in homeostasis by inducing podosome-like
structures. Taken together, vascular endothelial-cadherin is crucial for BM
vascular homeostasis but dispensable for the homing of HSPC. These 
findings are important in the development of potential therapeutic targets
to improve HSPC homing strategies.
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ABSTRACT

Introduction

Hematopoietic stem cell transplantation is used to restore hematopoiesis in
patients with (hematological) malignancies and disorders after chemotherapy
and/or irradiation. The first step to therapeutic success of hematopoietic stem cell
transplantation critically depends on the homing of sufficient numbers of
hematopoietic stem- and progenitor cells (HSPC) to the bone marrow (BM).1 An
important step in homing is the actual transmigration of re-infused HPSC across
the BM endothelium to the underlying parenchyma. This extravasation event
requires a set of specific molecular interactions that mediate the firm adhesion of
the HSPC to the BM endothelial cells, and subsequent transmigration across the
endothelial lining.2,3 For the diapedesis step, HSPC have to cross the endothelial
barrier. It has been described that immune cells can cross the endothelial barrier on
two different routes: the paracellular route, i.e., through the cell-cell junctions, or
the transcellular pathway, i.e., through the cell body.4 It appears that neutrophils
and monocytes prefer the paracellular route. However, T lymphocytes may have
a preference for the transcellular route.5 Not only the immune cell type seems to
matter here, but also the state of the endothelium: the brain endothelium allows
more cells to traffic in a transcellular fashion, whereas in the lungs, all immune
cells seem to prefer the junctions, i.e., the paracellular route.6,7 In addition to that,



the amount of ICAM-1, one of the crucial adhesion mol-
ecules expressed by the inflamed endothelium can steer
the route preference: overexpression of ICAM-1 drives
lymphocytes towards the transcellular route.8-10 Up to
now, it is unclear why one immune cell prefers the para-
cellular route whereas the other crosses in a transcellular
way. 
Upon HPSC transplantation, it is desired to have as

many HSPC to home to the bone marrow as possible.
Understanding how these cells would cross the endothe-
lium may open new opportunities to promote HPSC ho-
ming. It has been postulated that the route of the least
resistance may play a role here.6 One important mediator
of this hypothesis would be the barrier function of the
endothelium. VE-cadherin is an important mediator of
the endothelial barrier.11 It specifically controls the leak-
age in lung and skin tissues.7 In the BM, sinusoid lining
appears to be continuous.12-14 This was demonstrated by
scanning electron microscopy. The number of fenestra-
tions found without the presence of a migrating immune
cell was very limited. The role for VE-cadherin in the reg-
ulation of BM vascular integrity is not clear. As VE-cad-
herin is an important regulator for the barrier function as
well as for transmigration, we investigated to what
extend VE-cadherin regulates the integrity of the BM vas-
culature and the homing of HSPC in that respect. 
Our data show that VE-cadherin regulates the vascular

integrity in the BM upon low-dose irradiation conditions.
Blocking of VE-cadherin with interfering antibodies increas-
es permeability and promotes the homing of HPSC to the
BM. Using the VE-cadherin-α-catenin chimera knock-in
animals, we could show that HPSC cross the BM endothe-
lium in a transcellular manner, although basal and irradia-
tion-induced permeability was reduced. Additional experi-
ments implicate podosome structures on the HSPC to be
involved in the transmigration event. Interestingly, blocking
VE-cadherin did promote the number of HPSC that home
to the BM. However, we did not find a beneficial effect for
the long-term engraftment of these cells in the BM.
Together, we conclude that HSPC cross the BM

endothelium in a transcellular fashion using podosomes.
Temporal targeting of the BM-endothelial VE-cadherin
will most likely result in a disturbance of the BM home-
ostasis and will not result in a faster recovery of the BM
population upon irradiation. These findings are important
in the development for potential therapeutic target to
improve HSPC homing strategies.

Methods

Mice
The following strains were used: C57BL/6, C57BL/6-Ly5.1, VE-

cadherin/α-catenin7 and VE-cadherin-GFP.15 The VE-cadherin/α-
catenin mice were characterized previously and showed no clear
differences in hematopoiesis.16 Mice were maintained on a
C57BL/6 background in the animal facilities of the Netherlands
Cancer Institute (Amsterdam, the Netherlands) and the Max
Planck Institute for Molecular Biomedicine (Münster, Germany) in
specific pathogen-free conditions. All animal experiments were
approved by the local Animal Ethical Committee in accordance
with national regulations.

Multi-photon imaging of vascular permeability
Mice were injected with PBS containing GS-I17,18 or VE-cadherin

blocking or IgG1 isotype control antibody.19 See the Online
Supplementary Material and Methods for further details.

Murine HSPC homing assay
See the Online Supplementary Material and Methods for details.

Flow cytometry 
See the Online Supplementary Material and Methods for details.

Confocal microscopy of murine BM sections
See the Online Supplementary Material and Methods for details.

Human HSPC migration assays
Cord blood (CB) was collected according to the guidelines of

Eurocord Nederland and CD34+ cells were isolated as previously
described.20 Generation of HBMEC cell lines was previously
described.21 See the Online Supplementary Material and Methods for
details.

Physiological flow assays
Physiological flow experiments were performed as previously

described.22 See the Online Supplementary Material and Methods for
details.

Podosome formation assays
Human dendritic cells (DC) were generated as described previ-

ously.23 See the Online Supplementary Material and Methods for
details.

VE-cadherin internalization assays
See the Online Supplementary Material and Methods for details.

Immunoprecipitation and Western blot analysis
Immunoprecipitation and Western blotting were performed as

previously described.24 See the Online Supplementary Material and
Methods for further details.

Statistics
See the Online Supplementary Material and Methods for details.

Results

BM vasculature is highly permeable for small 
molecules
To test the vascular barrier in the BM during homeosta-

sis, fluorescently-labeled 10 kDa dextrans were intra-
venously administered to mice together with the vascular
marker GS-I and allowed to circulate for 5 minutes, after
which the mice were sacrificed (Figure 1A). To define vas-
cular permeability, we employed whole mount multipho-
ton imaging of several organs and measured the fluores-
cent intensity of the dextrans in the vascular tissue
microenvironment within a perimeter of one cell layer 
(8 mm) around individual blood vessels (Figure 1B). To cor-
rect for potential loss of intensity at greater tissue depth,
fluorescence intensity of the dextrans was normalized to
intensity values of the GS-I vascular staining (Figure 1C).
We determined the vascular permeability of BM, liver,
lung and heart as a ratio to the vascular permeability of the
brain, where vascular permeability is exceptionally low
(Figure 1D-E). Vascular permeability in the BM was com-
parable to that of the liver, and approximately 2-3 times
higher than that of the lung and heart, respectively (Figure
1D, 1E). Thus, BM vessels are permeable for small dex-
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Figure 1. Bone marrow vasculature is highly permeable for small molecules. (A) Schematic summary of experimental set up. (B) Bone marrow (BM) imaging after
injection of fluorescent dyes with in green GS-I for vessel labeling and in red 10 kDa dextran (panel 1). Panel 2-4 show identification of a vessel (solid line) with red
fluorescence detection outside of the vessel (dotted line), as a measurement of vascular permeability. V indicates the vessel lumen. (C) Mathematical equation for
vascular permeability: Fluorescence intensity of dextran (solid line in 1B) is divided by the fluorescence intensity of the vessel stain in the selected area (dotted line
in 1B). (D) Detection of vascular permeability in several organs as indicated. (E) Quantification of the vascular permeability per organ, calculated as described in (C)
(n=2). (F) Detailed analysis of vascular permeability in specific BM regions: Diaphysis and metaphysis and discrimination between arterioles and sinusoids, based
on intensity of GS-I stainings (n=5). Scale bars: 25 mm.
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trans, similar to fenestrated sinusoids of the liver. 
Within the BM, we discriminated between sinusoids

and arterioles in the metaphysis and diaphysis area, based
on CD31 intensity staining, according to Bixel and co-
workers.4 We found that basal permeability in sinusoids
was significantly higher than in arterioles (Figure 1F).
These data indicate that baseline permeability differs per
type of vessel in the BM. 

VE-cadherin regulates BM vascular permeability in
homeostatic conditions and after irradiation 
As VE-cadherin is recognized as the major regulator of

vascular permeability,25 we investigated whether vascular
permeability in the BM is also regulated by VE-cadherin.
To block homotypic binding of VE-cadherin at the
endothelial junctions, we injected mice intravenously
with a blocking antibody against VE-cadherin (clone 7519)
4 hours prior to the injection of fluorescently labeled 10
kD dextran (Figure 2A). It has previously been shown that
VE-cadherin-blocking antibodies increased vascular per-
meability of the heart, lung and lymph nodes in vivo,19,26
but less is known about their effect on the integrity of the
BM vasculature. We found that loss of VE-cadherin func-
tion resulted in increased vascular permeability in both
sinusoids and arterioles in the BM (Figure 2B-C) compared
to non-treated conditions. Blocking VE-cadherin resulted
in increased permeability in the heart as well (Online
Supplementary Figure S1A). Interestingly, the effects of VE-
cadherin blockage in the BM on the permeability of 500
kDa dextran did not result in a significant increase (Figure
2B-C and Online Supplementary Figure S1A), indicating that
the blockage does not massively disrupt endothelial junc-
tions. When locking VE-cadherin-based junctions, using
the VE-cadherin-alpha-catenin chimera knock-in animals,
we found that under homeostatic conditions, the BM vas-
cular permeability, measured with 10kDa dextrans, was
significantly reduced compared to WT controls (Figure
2D-E). These data indicate that VE-cadherin regulates vas-
cular permeability during homeostasis in a paracellular
fashion. 
From a clinical perspective, total body irradiation is

commonly applied before hematopoietic stem cell trans-
plantation (HSCT) to enable homing of sufficient numbers
of HSPC.27 We measured vascular permeability of BM
sinusoids of low dose irradiated mice with 10 kDa dex-
trans (Figure 3A) and found that vascular permeability in
the BM is significantly increased after irradiation (Figure
3B-C), in line with previous studies.28-30 To substantiate the
role of VE-cadherin in regulating the integrity of the BM
vasculature, we examined permeability in VE-cadherin-α-
catenin chimera mice upon low dose irradiation. The
effect of stabilizing endothelial junctions on BM vascular
permeability was still apparent after low dose irradiation
of VE-α-catenin fusion mice, as BM vascular permeability
was significantly lower compared to irradiated controls, in
sinusoids as well as in arterioles (Figure 3D-E). Taken
together, these data show that VE-cadherin is important in
regulating vascular permeability in the BM. Using the VE-
cadherin-GFP transgenic knock-in mouse model, we did
not observe clear changes in VE-cadherin distribution in
the BM after low-dose irradiation, suggesting that the
physical structure of the BM vasculature is not affected by
low dose irradiation (Figure 3F). Also VE-cadherin expres-
sion was unaltered, as determined by Western blotting
(data not shown). VE-cadherin function is known to be 

regulated by phosphorylation.31,32 Consequently, VE-cad-
herin is internalized. To study in more detail if irradiation
alters VE-cadherin internalization or phosphorylation lev-
els that undermine the endothelial cell-cell junction
integrity, we used in vitro human umbilical vein endothe-
lial cells (HUVEC) and found that low-dose irradiation
promoted internalization of VE-cadherin (Online
Supplementary Figure S1B-D). However, no clear increase in
tyrosine phosphorylation of VE-cadherin or a loss of the
interaction of p120-catenin with VE-cadherin was
observed, although both events are known to be involved
in VE-cadherin internalization31,33 (Online Supplementary
Figure S1E-F). Although serine phosphorylation may also
be involved in VE-cadherin internalization,32 we did not
study this. From these data, we concluded that low-dose
irradiation does not affect the overall physical structure of
endothelial junctions in the BM vasculature, but rather
induces a change in the regulation of vascular permeabili-
ty, possibly by increasing the internalization of VE-cad-
herin. 

Loss of VE-cadherin function increases HSPC homing
to the BM
We next examined whether VE-cadherin also regulates

homing of HSPC to the BM. C-kit+ HSPC were adoptively
transferred into low dose-irradiated mice in the presence
or absence of a blocking VE-cadherin antibody (Figure
4A). After 16 hours, mice were sacrificed and the presence
of donor HSPC in the BM, lung, spleen, and liver was
determined (Figure 4B). We found that in the mice in
which VE-cadherin function was blocked, homing of line-
age-Sca-1+c-kit+ (LSK) cells to the BM was significantly
increased 2-fold, compared to controls (Figure 4C). There
was also a tendency towards increased homing of donor
HSPC to spleen in anti-VE-cadherin-injected mice albeit
not significant (Figure 4C). Homing of HSPC to the lung
and liver was not affected by anti-VE-cadherin antibodies.
The reason for this may be that percentages of donor
HSPC in other organs than the BM were >40 fold lower
than in the BM (data not shown), implying that the presence
of adoptively transferred HSC in these organs was not due
to directed migration. This is not surprising considering
that CXCL12, the most important chemokine for HSPC, is
expressed in the BM at much higher levels than in any
other organ.34 To study if increased homing also resulted in
increased engraftment, we measured the blood content
after 1, 2 and 3 months of blocking of VE-cadherin func-
tion, as described above. The results showed a significant
increase in myeloid cell numbers in the blood after 3
months (Online Supplementary Figure S2A). These data
were supported by the BM cell phenotyping after 3
months (Online Supplementary Figure S2B). Also, here we
found the myeloid cell fraction to be significantly
increased, whereas the other leukocyte types, including
the LSK cells were not (Online Supplementary Figure S2B).
Shimoto and colleagues recently reported that under non-
irradiation conditions, large numbers of HSPC need to be
transplanted to reach normal homing of stem cells to the
BM.35 Additionally, homing is improved without total
body irradiation preconditioning.36 To test if opening the
endothelial junctions by blocking VE-cadherin may pro-
mote this, we performed this experiment. However, the
results showed that also under non-irradiated conditions,
no increase in engraftment upon treatment with the VE-
cadherin antibody was observed (Online Supplementary
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Figure S2C). Together, these data show that blocking VE-
cadherin promotes initial homing of HSPC but does not
have a long-term effect on engraftment.
As we observed a clear correlation between increased

BM vascular permeability and increased homing of HSPC
to the BM upon loss of VE-cadherin function, we expected

decreased homing of HSPC to the BM of VE-cadherin-α-
catenin fusion mice that have decreased BM vascular per-
meability. Surprisingly, we did not observe decreased
homing of HSPC to the BM of VE-cadherin-α-catenin
fusion mice compared to WT controls (Figure 4D), indica-
ting that permeability and transmigration in the BM are
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Figure 2 Anti-VE-cadherin antibodies increase bone marrow vascular permeability in homeostatic conditions and after irradiation. (A) Schematic summary of 
experimental set up. (B) Bone marrow (BM) imaging after injection of fluorescent dyes with in green GS-I for vessel labeling and in red 10 and 500 kDa dextran as
indicated. M: megakaryocytes. (C) Quantification of vascular permeability in arterioles and sinusoids in metaphysis and diaphysis after blocking VE-cadherin (10 kD:
n=7-8 per group, 500 kD: n=4 per group). (D) BM imaging of wild-type and VE-cadherin-α-catenin chimera mice after injection of fluorescent dyes with in green GS-
I for vessel labeling and in red 10 kDa dextran (n=3-4 per group). (E) Quantification of vascular permeability in arterioles and sinusoids in wild-type and VE-cadherin-
α-catenin chimera mice as indicated. Scale bars: 25 mm, ctrl: control.
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regulated separately, in line with our previous finding
where we showed that the endothelium actively limits
vascular permeability during neutrophil extravasation.37
There was also no significant difference in HSPC homing
to the spleen and liver in VE-α-catenin fusion mice,
although a trend for more homing to the lungs was detec-
ted (Figure 4D). To verify that the donor HSPC which we
identified in the BM of VE-α-catenin fusion mice by fluo-
rescence activated cell sorting (FACS) analysis were not
trapped in the vascular bed of the BM, cryosections of the
BM of transplanted WT and VE-cadherin-α-catenin fusion
mice were analyzed (Online Supplementary Figure S2D).
Here, we found that the majority of adoptively transferred

HSPC were located inside the BM parenchyma (Online
Supplementary Figure S2E). Moreover, the antibody effect
was gone after 16 hours of treatment, based on an increase
in BM vascular permeability (Online Supplementary Figure
S2D,F). These data showed that stabilizing endothelial
junctions does not impair the homing of HSPC to the BM. 

HSPC predominantly use the transcellular route of
migration over BM endothelium and form 
podosome-like structures
Our finding that homing of HPSC in VE-cadherin-α-

catenin fusion mice is unaltered suggested that these cells
crossed the BM endothelium in a transcellular manner,
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Figure 3. Reduced bone marrow vascular permeability in VE-cadherin-
α-catenin fusion mice. (A) Schematic summary of experimental set up.
(B) Bone marrow (BM) imaging of wild-type, VE-cadherin-α-catenin
chimera mice and supplemented with anti-VE-cadherin antibody after
injection of fluorescent dyes with in green GS-I for vessel labeling and
in red 10 kDa dextran (n=3-4 per group). (C) Quantification of vascular
permeability in sinusoids in wild-type, VE-cadherin-α-catenin chimera
mice and supplemented with anti-VE-cad antibody as indicated. (D) BM
imaging of wild-type and VE-cadherin-α-catenin chimera mice after 5
Gy irradiation after injection of fluorescent dyes with in green GS-I for
vessel labeling and in red 10 kDa dextran (n=3-4 per group). (E)
Quantification of vascular permeability in arterioles and sinusoids in
wild-type and VE-cadherin-α-catenin chimera mice upon irradiation as
indicated. (F) BM vasculature using a VE-cadherin-GFP knock-in mice
showed proper VE-cadherin lining in control and upon irradiation con-
ditions. Images on right are zoom from dotted box. Scale bars: 25 mm;
ctrl: control.
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rather than through the cell-cell junctions. As it is techni-
cally challenging to discriminate between both routes
using in vivo imaging of the BM vasculature, we employed
an in vitro approach, where we used human CD34+ CB
HSPC and immortalized human BM endothelial cells
(HBMEC).21 To properly discriminate between the para- or
transcellular route, HBMEC were transfected with Lifeact-
GFP to visualize F-actin, activated for 4 hours with IL-1b21

and 30 minutes prior to adding the CD34+ cells, HBMEC
were incubated with fluorescently-labeled, non-blocking
VE-cadherin antibodies to visualize endothelial junctions
(Figure 5A).22 Interestingly, we found that the vast majori-
ty (~75%) of HSPC crossed the HBMEC transcellularly
(Figure 5B). Pretreatment of the endothelial cells with a

blocking VE-cadherin antibody promoted paracellular
migration, indicating that these cells can cross through the
junctions (Figure 5B). Although it is not fully understood
how the transcellular migration route is regulated, it is
believed that membrane fusion events are required to
form a so-called transcellular pore.38 Therefore, we
blocked membrane fusion activity in endothelial cells
using the SNARE-complex inhibitor 
N-Ethylmaleimide (NEM).38 HSPC migration across a con-
fluent HBMEC layer that was treated with NEM showed
a significant inhibition of the number of HSPC transmi-
grating towards CXCL12 (Figure 5C). These data indica-
ted that the formation of transcellular migration pores is
the major route for HSPC to cross HBMEC. It should be
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Figure 4. Anti-VE-cadherin antibodies increase hematopoietic stem and progenitor cells homing to the bone marrow. (A) Schematic summary of experimental set
up for two groups: anti-VE-cadherin antibody administration and VE-cadherin/alpha-catenin chimera (VE-α-cat). Experiment also includes control group. (B) Gating
strategy to select for LSK cells (murine hematopoietic stem and progenitor cells [HSPC]) using flow cytometry. (C) Normalized homing efficiency of HSPC to different
organs after 16 hours (hrs) of transplantation in control and anti-VE-cadherin antibody group (n=4-5 per group, representative of two independent experiments). (D)
Normalized homing efficiency of HSPC to different organs after 16 hrs of transplantation in wild-type and VE-α-cat groups (n=4-5 per group). 
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Figure 5. Hematopoietic stem
and progenitor cells predomi-
nantly use the transcellular route
of migration across bone mar-
row endothelium by forming
podosome-like structures. (A)
IL1b-pretreated immortalized
human BM endothelial cells
(HBMEC) were cultured and
transfected with GFP-LifeAct
(green) to monitor F-actin dyna-
mics during hematopoietic stem
and progenitor cells (HSPC) inter-
actions. Both migration routes
were detected for HSPC migra-
tion across HBMEC: paracellular
with junctions marked by VE-cad-
herin (magenta), and transcellu-
lar, nuclei stained in blue and DIC
shows overview. White dotted
lines indicate localization of
human HSPCs with #1 represent-
ing paracellular migration and #2
representing transcellular migra-
tion. Lower panel shows XZ pro-
jection with position HSPC 1 for
paracellular migration (illustrated
by the two magenta stains at the
side) and position HSPC 2 for
transcellular migration. Scale
bar: 20 mm. (B) Quantification of
transmigration route of HSPC.
Open bar represents percentage
of cells that cross transcellularly,
and closed bars represent per-
centage that crosses paracellu-
larly (mean ± standard error of
the mean [SD], n=3 per group).
Anti-VE-cadherin indicates that
VE-cadherin function is blocked
and promotes paracellular path-
way. (C) Blocking of membrane
fusion events in HBMEC by 
N-Ethylmaleimide (NEM) impairs
HSPC transendothelial migration
towards CXCL12 in an in vitro
Transwell system (Mean ± SD,
n=3 per group). (D) Migration
tracks of cells under flow condi-
tions show highly motile neu-
trophils and passive HSPC, quan-
tified by distance traveled on the
apical surface of HBMEC in µm
(E) or average velocity (µm/s) (F).
These experiments were inde-
pendently carried out at least
three times. (G) HSPC were treat-
ed for 30 minutes with PMA
showing the induction of
podosomes, based on typical
podosome markers: vinculin
(green) in the circle and HS-1
(magenta) and F-actin (red) in the
core. Scale bar: 3 mm. (H)
Orthogonal projection shows the
distribution of the podosomes at
the basolateral surface (open
arrowheads) with F-actin in red,
vinculin in green and the nucleus
in blue. 
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noted that NEM treatment did also reduce the endothelial
cell monolayer barrier. 
The fact that HPSC prefer the transcellular route is a sur-

prising finding, considering that most immune cells use
the paracellular route for transmigration.39 Although the
exact mechanism of diapedesis is still under debate, trans-
and paracellular migration are most likely regulated by dif-
ferent molecular mechanisms. On the endothelial side,
VE-cadherin plays a key role in paracellular migration but
not in transcellular migration.40 From the leukocyte, Mac-
1/CD11b is thought to be essential for crawling towards
the nearest endothelial junction, thus facilitating paracellu-
lar migration.41 Interestingly, only a small subset of HSPC
expresses Mac-1/CD11b,42 suggesting that the majority
of HSPC is incapable to efficiently migrate to the nearest
endothelial junctions. To test this hypothesis, we used in
vitro physiological flow conditions and live-cell real-time
imaging22 to quantify HSPC crawling over HBMEC mono-
layers. HSPC did not crawl on HBMEC monolayers,
whereas neutrophils did (Figure 5C). Quantification of the
migration tracks showed that both the distance and velo-
city of HSPC was drastically reduced compared to neu-
trophils (Figure 5D-E). Off note, neutrophils crawl equally
well on HUVEC as on HBMEC monolayers (Online
Supplementary Figure S3A-C). Thus, our data suggest that
HPSC are not equipped to crawl on the endothelium to
locate the nearest endothelial junction, but rather start
their transmigration event immediately upon adhesion,
potentially in a transcellular manner. 
As of yet, nothing is known on how HSPC may initiate

transcellular migration.43 For transcellular migration of 
T-lymphocytes, it has been suggested that these cells
make invasive protrusions, or so-called ‘podosomes’ to
palpate the surface of the endothelium and initiate tran-
scellular pore formation.38 Other cellular projections such
as uropod and filopodia have been observed in HPSC,44
but the formation of podosomes by HSPC has not yet
been documented. Podosomes consist of a protrusive
actin core and an adhesive ring of integrins and actin-
adaptor proteins, such as vinculin and cortactin, or its
hematopoietic homologue, hematopoietic lineage cell-
specific protein 1 (HS-1).45,46 To determine whether HSPC
can form podosomes, we allowed HSPC to adhere to
fibronectin-coated coverslips and exposed them to phor-
bol 12-myristate 13-acetate (PMA) for 30 minutes. As a
positive control we induced podosome formation in cul-
tured dendritic cells, where we indeed observed clusters of
podosomes with a ring of vinculin and a core containing
actin and HS-1, as previously described46 (Online
Supplementary Figure S3D-E). Remarkably, we could iden-
tify similar, podosome-like structures in human HPSC
(Figure 5G-H), indicating that HSPC are equipped with the
machinery to induce podosomes that may allow them to
migrate through endothelial cells in a transcellular manner.
Additional experiments were added to show that murine
LSK cells can also induce podosomes as well (Online
Supplementary Figure S3F).

Discussion

We show that VE-cadherin regulates the vascular
integrity of the BM vasculature and inhibition of VE-cad-
herin function can promotes the homing of HPSC,
although this has no consequence for the engraftment

potential. Moreover, we show that human as well as
murine HSPC cross the BM endothelium in a transcellular
manner under homeostatic conditions, and can initiate
podosome-like structures that may assist these cells on
their way through. Our in vivo data suggest that murine
HSPC cross the vasculature in a transcellular manner.
Previous observations using electron microscopy already
indicated that leukocytes crossed the vasculature of the
BM in a transcellular manner.12,13 The fact that HSPC do
not crawl on endothelial monolayers, presumably because
they predominantly express LFA-1, known to regulate
firm adhesion, and not so much Mac-1, required for direc-
tional migration,47 also points towards the effective use of
the transcellular pathway. It remains unclear why HSPC
prefer the trans- over the paracellular route. Interestingly,
our data furthermore show that the route to cross the
endothelium is not exclusively regulated. When opening
cell-cell junctions, by blocking VE-cadherin interactions,
and thereby increasing vascular permeability, more HSPC
cross the endothelium. These data show that junctional
resistance also plays a role in the molecular decision for
HSPC transmigration. Putatively, transcellular migration
of HSPC continues upon administration of a VE-cadherin
antibody, and the observed increase in HSPC homing to
the BM can be explained by an increase of paracellular
migration of HSPC. The fact that HSPC predominantly
use the transcellular route to cross the endothelium may
also explain that HSPC homing to the BM is not impaired
in VE-cadherin-α-catenin fusion mice. It was previously
shown that, in contrast to our data on HSPC homing, neu-
trophil migration to inflamed cremaster, lung, and skin is
significantly impaired in VE-cadherin-α-catenin fusion
mice.7 However, this is not surprising considering that
neutrophils almost exclusively use the paracellular route
of transmigration.37,39,41,48 Interestingly, also in these studies,
it was shown that lymphocyte homing was not affected in
the VE-cadherin-α-catenin fusion mice.7
Although we have shown that anti-VE-cadherin anti-

bodies increase the homing of HSPC to the BM, we did
not measure an increase in the engraftment. Together with
the notion that HSPC cross the endothelium in a transcel-
lular fashion, our data indicate that VE-cadherin is not the
preferred target to increase HSPC transplantations after
irradiation. Rather, a target for transcellular migration
would be more beneficial. Unfortunately, until today, it is
not understood how leukocytes migrate through the
endothelial cell body. One potential mechanism may be
the induction of podosomes. Podosomes have been
described for DC and are believed to degrade the extracel-
lular matrix.49 For T lymphocytes, it is recognized that
podosomes may help these cells to cross in a transcellular
manner.5,50 The fact that T cells and HSPC show the same
transmigration kinetics, i.e., they firmly adhere to the ini-
tial point of attachment and stabilize, indicate that they
may use the same molecular mechanisms to cross the
endothelium. Indeed, blocking endothelial vesicle trans-
port using NEM in both cases reduces the number of cells
that transmigrates. Thus, we put forward that HSPC, like
T lymphocytes, use podosomes to cross the vascular
endothelium in a transcellular manner.
Taken together, we report that although HSPC predom-

inantly use the transcellular route for transendothelial
migration in homeostasis, blocking VE-cadherin homo-
typic interactions favors paracellular migration of HSPC
and increases homing of HSPC into the BM. This does not
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result in increased long-term engraftment. Our work
offers valuable insight into the mechanisms of HSPC
migration across the BM endothelium.
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