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SUMMARY

Systemically administered adult mesenchymal stem cells (MSC), which are being explored in
clinical trials to treat inflammatory disease, exhibit the critical ability to extravasate at sites of
inflammation. We aimed to characterize the basic cellular processes mediating this extravasation
and compare them to those involved in leukocyte transmigration. Using high-resolution confocal
and dynamic microscopy, we show that, like leukocytes, human bone marrow-derived MSC
preferentially adhere to and migrate across TNF-a-activated endothelium in a vascular cell
adhesion molecule-1 (VCAM-1) and G-protein coupled receptor (GPCR) signaling-dependent
manner. As several studies have suggested, we observed that a fraction of MSC integrated into
endothelium. In addition, we observed two modes of transmigration not previously observed for
MSC: Para (between endothelial cells)- and trans (directly through individual endothelial cells)-
cellular diapedesis through discrete pores and gaps in the endothelial monolayer, in association
with VCAM-1-enriched ‘transmigratory cups’. Contrasting leukocytes, MSC transmigration was
not preceded by significant lateral migration and occurred on the time scale of hours rather than
minutes. Interestingly, rather than lamellipodia and invadosomes, MSC exhibited non-apoptotic
membrane blebbing activity, that was similar to activities previously described for metastatic
tumor and embryonic germ cells. Our studies suggest that low avidity binding between
endothelium and MSC may grant a permissive environment for MSC blebbing. MSC blebbing
was associated with early stages of transmigration, in which blebs could exert forces on
underlying endothelial cells indicating potential functioning in breaching the endothelium.
Collectively, our data suggest that MSC transmigrate actively into inflamed tissues via both
leukocyte-like and novel mechanisms.

Corresponding Authors: Jeffrey M. Karp and Christopher V. Carman, jkarp@rics.bwh.harvard.edu (JMK) or
ccarman@bidmc.harvard.edu (CVC), CVC will correspond with Editorial and Production offices., 330 Brookline Ave., RN-234,
Boston, MA 02215, Phone: 617-667-0888, Fax: 617-667-2913.

Author Contributions:

Grace S.L. Teo: Conception and design, collection and/or assembly of data, data analysis and interpretation, manuscript writing
James A. Ankrum: Conception and design, collection and/or assembly of data, data analysis and interpretation.

Roberta Martinelli: Conception and design, collection and/or assembly of data, data analysis and interpretation.

Sarah E. Boetto: Collection and/or assembly of data

Kayla Simms: Collection and/or assembly of data

Tracey E. Sciuto: Collection and/or assembly of data, data analysis and interpretation,

Ann M. Dvorak: Data analysis and interpretation

Jeffrey M. Karp: Conception and design, financial support, data analysis and interpretation, manuscript writing

Christopher V. Carman: Conception and design, financial support, collection and/or assembly of data, data analysis and interpretation,
manuscript writing, final approval of manuscript



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Teoetal. Page 2

Keywords
Diapedesis; Mesenchymal Stem Cell; Cell Migration; Inflammation; Bleb; adhesion

INTRODUCTION

More than 100 clinical trials currently evaluate adult ‘mesenchymal stem cells’ (MSC) or
‘multipotent stromal cells’ for treatment of diverse inflammatory, cardiovascular and
autoimmune diseases 1. Approximately half of the clinical trials involve the systemic
infusion of MSC into the vascular circulation 1. Preclinical animal studies demonstrate that
infused MSC preferentially engraft into inflamed or ischemic tissues, a behavior that is
thought to be critical for their therapeutic efficacy 2. Additionally, physiological homing
ability of endogenous MSC is supported by studies reporting that endogenous MSC can be
mobilized from the bone marrow and recruited into wounds 3, tumors 4, ectopic endometrial
tissue in endometriosis 5 © and sites of intimal hyperplasia ”. A critical step in such
recruitment and engraftment is the exit of MSC from the vascular circulation (i.e.,
extravasation), which requires crossing the endothelial cell barrier that lines blood vessels.
For MSC, this process of extravasation remains incompletely understood.

In contrast, the process of leukocyte extravasation at sites of inflammation has been well-
characterized as a dynamic and rapid (timescale of minutes) multi-step cascade (Fig. 6).
During inflammation, endothelium becomes activated by cytokines such as tumor necrosis
factor-alpha (TNF-a). They then upregulate chemoattractants and surface proteins,
including selectins and cell adhesion molecules (CAMs), which mediate rolling and
adhesive interactions respectively. Subsequently, leukocytes initiate a phase of lateral
migration over the luminal surface and utilize dynamic cytosketelal protrusions (e.g.,
lamellipodia, pseudopods and invadosomes) to cross the endothelium through discrete gaps
in intercellular junctions (i.e., ‘paracellular diapedesis’) or directly through pores in
individual endothelial cells (i.e., ‘transcellular diapedesis’) -10. In parallel, endothelium
proactively generates its own actin-dependent protrusions (i.e. ‘transmigratory cups’) that
embrace the leukocytes and guide their transmigration 10,

Like leukocytes, previous studies suggest that MSC may also be able to undergo selectin-
mediated rolling 11 and integrin-mediated adhesion 11 12 preferentially on cytokine-
activated endothelium. However, unlike leukocytes, a limited number of studies attempting
to investigate the cellular process of MSC transmigration have largely suggested an
‘integration’-based mode of transmigration. MSC integration has been described as the
process in which gross-scale retraction of endothelial cells allow for MSC spreading and
incorporation into the endothelial monolayer, before the endothelial monolayer ultimately
reforms over the integrated MSC 13-15. However, the molecular and cellular details of this
process have not been well resolved. For example, critical aspects such as detailed three-
dimensional cellular architecture, distribution of adhesion and endothelial junction
molecules and dynamics have not yet been carefully investigated.

We therefore employed high-resolution confocal and dynamic live-cell imaging in the
current study and found strikingly that, in addition to integration, MSC can transmigrate
through discrete pores and gaps in the endothelium by paracellular and transcellular
diapedesis, in association with endothelial transmigratory cups similarly to leukocytes.
However, contrasting leukocytes, MSC transmigration does not involve significant lateral
migration, lamellipodia or invadosomes in the initiation of transmigration. Instead, like
some embryonic germ and metastatic tumor cells 16-18 MSC exhibit non-apoptotic blebbing
which can exert forces on endothelial cells during early stages of transmigration.
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MATERIALS AND METHODS

Antibodies and Reagents

The following antibodies and were used for immunocytochemistry: 1C1/12-Cy3 and IC1/13-
Cy3 were as described 1°. ToPro3, Phalloidin-546 and 647, Cholera toxin B-488 and 546
were from Invitrogen. Purified mouse anti-human CD90 (clone 5E10), FITC mouse anti-
human CD90 (clone 5E10) and mouse anti-human CD144 (VE-cadherin; clone 55-7H1)
were from BD Pharmingen (San Diego, CA, USA). Polyclonal sheep anti-human VCAM-1
and Rabbit anti-human JAM-1 was from R&D Systems (Minneapolis, MN, USA). Purified
goat anti-rat VE-Cadherin (sc-6458) and mouse anti-rat ICAM-1 (clone 1A29) were from
Santa Cruz (Santa Cruz, CA, USA) and (Raleigh, NC, USA), respectively. Rabbit
polyclonal anti-human occludin was from Abcam (Cambridge, MA, USA). Mouse anti-
human B-catenin conjugated to Alexa Fluor 647 was from Cell Signaling Technology.
Annexin V conjugated to Alexa Fluor 647 was from Molecular Probes (Eugene, OR, USA).
Antibody conjugation to Alexa488, Alexa546 or Alexa647 bisfunctional dyes (Molecular
Probes) was performed according to manufacturer’s instructions. The fluorescent lipophilic
dyes, Dil and DiO were from Invitrogen and used according to the manufacturer’s
instructions. The following antibodies were used for function blocking experiments:
Polyclonal sheep anti-human VCAM-1 (R&D Systems), mouse anti-human alpha 4 integrin
(HP2/1 Millipore), sheep IgG isotype control (Jackson Labs) and mouse 1gG1 isotype
control (BD). The following antibodies were used for flow cytometry analysis of MVECs or
GPNTs: AlexaFluor488-conjugated mouse anti-human CD54 (clone RR1/1) (generous gift
from Timothy Springer), FITC-conjugated mouse IgG1 isotype control (clone P3.6.2.8.1,
eBioscience, San Diego, CA, USA), PE-conjugated mouse anti-human CD106 (clone
51-10C9, BD), PE-conjugated mouse IgG1 isotype control (BD), mouse anti-rat CD54
(clone 1A29, AbD Serotec), mouse anti-rat (CD10, clone 5F10), rat IgG2A isotype control
(clone eBR2a, eBioScience), and FITC-conjugated goat anti-mouse secondary antibody
(Invitrogen). The following antibodies were used for flow cytometry analysis of MSCs and
CDA4+ T cells: Mouse anti-human alpha 4 integrin (HP2/1, Millipore), AlexaFluor488-
conjugated mouse anti-human alpha 4 integrin (7.2R, R&D Systems), mouse anti-human
alpha 5 integrin (MAB1956Z, Chemicon), mouse anti-human beta 1 integrin (P4C10,
Milllipore), mouse anti-human beta 2 integrin (TS1/18, gift from Professor Timothy
Springer), and murine 1gG1 isotype control (ICIGG1, Abcam).

MSC Culture

Primary human MSC were obtained isolated from the iliac crest of the hip bone of healthy
consenting donors and obtained from the Texas A&M Health Science Center, College of
Medicine, Institute for Regenerative Medicine at Scott & White Hospital (Temple, TX,
USA).. The donor inclusion criteria were that they must be normal, healthy adults, at least
18 yrs of age, with a normal Body Mass Index and free of infectious diseases (as determined
by the blood sample screening performed one week before bone marrow donation). In these
studies MSC from four different donors were used. MSC were maintained in a-Minimum
Expansion Media (a-MEM; Invitrogen, Carlshad, CA, USA) supplemented with 15% Fetal
Bovine Serum (Atlanta Biologicals, Lawrenceville, GA, USA), 1% L-Glutamine
(Invitrogen), and 1% Penn-Strep (Invitrogen). Cells were cultured to 80% confluence before
passaging. All experiments were performed using MSC at passage 3—7 during which they
expressed high levels of the MSC markers CD90 and CD29 (>99% cells) and did not
express hematopoietic markers CD34 or CD45 (0% of cells), as determined by flow
cytometry analysis 20. MSC senescence at P3, P5 and P7 was assessed using the Senescence
B-Galactosidase Staining Kit from Cell Signaling Technology (Danvers, MA, USA),
according to manufacturer’s instructions. In some cases, MSC were pretreated with 2.5 oM
etoposide for 24 hours followed by drug washout and an additional 72 h of culture in

Stem Cells. Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Teo et al.

EC Culture

Page 4

complete media to induce apoptosis. Stained MSC were imaged using a Nikon TE2000E
inverted microscope equipped with a 20x bright-field objective, CCD camera and NIS
Element software (Melville, NY, USA). Five microscopic fields of view (each containing at
least 50 MSC in total) were captured and the percentage of total MSC in each field that were
senescent (i.e., showed blue colored B-Galactosidase reaction product) was calculated and
averaged among the five fields for each condition.

Primary adult human lung (hLMVEC) and cardiac (hnCMVEC) microvascular endothelial
cells were purchased from Lonza and cultured on human purified fibronectin (Invitrogen)-
coated substrates in EBM-2 MV media (Lonza) and used at passage 4-6. Five pg of
fibronectin/cm? was used for coating substrates. The immortalized Lewis rat brain
microvascular endothelial cell line GPNT was obtained from Dr. John Greenwood
(University College of London, UK), characterized as described 2122 and cultured on
collagen-1V-coated substrates (7 g of collagen/cm?) in media comprised of a 1:1 ratio of
F10 (Invitrogen) and a-MEM (Invitrogen) supplemented with 10% Fetal Bovine Serum and
1% Penn-Step. Aortic adventitial fibroblasts were obtained from Lonza, and cultured in
Dulbecco’s Modified Eagle’s medium (Invitrogen), supplemented with 10% Fetal Bovine
Serum and 1% Penn-Strep. Fibroblasts were used at passage 4-6.

Flow Cytometry

MSC and EC cultures were detached with 0.05% Trypsin-EDTA (Sigma) and suspended in
FACS buffer (phosphate buffered saline (PBS) containing 2% fetal calf serum, 2 mM EDTA
and 0.03% azide) and then incubated with primary antibodies (10 pg/ml) at 4°c for 30 min.
Samples were washed three times with PBS, incubated secondary antibodies, the re-washed
and analyzed using a C6 Flow Cytometer (BD Accuri, Ann Arbor, MI, USA) and CFlow
software. EC were either resting or activated by pretreatment with recombinant TNF-a. (50
ng/ml for 16 h; Peprotech, Rocky Hill, NJ, USA or Invitrogen) and/or IFN-y (100 ng/ml for
48 h; Invitrogen). For apoptosis studies, MSC, EC or co-incubated MSC and EC were
detached from tissue culture plates with 0.05% Trypsin/EDTA and stained with Annexin V,
and propidium iodide (PI) using the Annexin V/Dead Cell Apoptosis Kit (Invitrogen)
according to manufacturer’s instructions and then analyzed by flow cytometry. In cases, of
MSC-EC co-incubation, co-incubation time was 1 h and co-staining with CD90-647 was
used to distinguish MSC from EC. As indicated in some cases MSC were pretreated with
100 ng/ml pertussis toxin (PTX) or 1 mM hydrogen peroxide (H2O5) for 2 h.

Fixed-End Point Microscopic Analysis of MSC Adhesion and Transmigration

EC were plated at 90% confluency in 24-well plates (100,000 cells per 24 well) containing
circular coverglass (12 mm diameter) coated with fibronectin (5 pg/cm?; or for GPNTS,
collagen 1V at 7 g/cm?). These were cultured for 48-72 h and, as indicated, and pre-
activated for 16 h with TNF-a (50 ng/ml; Peprotech, Rocky Hill, NJ, USA or Invitrogen) or
for 48 h with IFN-y (100 ng/ml; Invitrogen). Cultured MSC were detached using 0.05%
Trypsin/EDTA (Invitrogen), resuspended in EBM-2 MV media, added to the EC
monolayers, and incubated at 37°C and 5% CO, for indicated and then fixed with 3.7%
formaldehyde. In some cases EC and/or MSC were pre-labeled with membrane dyes Dil and
DiO (1 pg/ml) respectively for 30 min at 37°C, prior to co-incubation. As indicated in some
cases EC were pre-incubated with function with blocking anti-VCAM-1 antibody (20 g/
ml; R&D Systems) for 30 min at 37°C and MSC were treated with PTX (100 ng/ml; Sigma-
Aldrich) for 2 h at 37°C.

In the case of pre-labeled (i.e., with Dil and DiO samples), imaging was performed directly.
For all other experiments (except anti-occludin staining), fixed samples were blocked with
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5% non-fat dry milk in phosphate buffered saline (PBS; Invitrogen) for 5 min, variously
stained for CD90 (anti-human CD90-488, -546), GM1 gangliosides (an alternate MSC
marker; CTx-B-488, 546), VCAM-1 (polyclonal anti-VCAM-1-Cy3), ICAM-1 (ICAM-1-
Cyb5), F-actin (phalloidin-647), nucleus (ToPro3), VE-cadherin (anti-human-VE-cadherin-
Cyb5; anti-rat-VE-cadherin-488) and JAM-1 (anti-human-JAM-1-Cy3) in blocking buffer
containing 0.05% Triton-X100 for 30min, and then washed 3 times. Anti-occludin staining
was performed as previously described 23 24, Confocal imaging was conducted on a Zeiss
LSM 510 (Zeiss, Heidelberg, Germany) using a 63x water immersion objective. For serial
Z-stacks, the section thickness ranged from 0.5 to 1.0 um. Three-dimensional reconstruction
and projection of Z-stacks was performed with Axiovision software (Zeiss, Heidelberg,
Germany). The stages of MSC transmigration were determined from the relative distribution
of VCAM-1 or ICAM-1 (used as surface marker for ECs), CD90 or CTx-B (used as surface
markers for MSC) and actin (to determine structure of both cells) fluorescence in both the x—
y and z dimensions using confocal microscopy as described 1°. Five distinct stages in MSC
transmigration were defined and interpreted: 1) MSC adherence to the apical surface of
endothelium, 2) endothelial cup formation, 3) endothelial gap/pore formation (initiation of
transmigration), 4) subendothelial spreading of the MSC (advanced progression of
transmigration) and 5) barrier restoration (MSC is completely on the basal endothelial
surface). For some analyses these stages were collapsed into 3 major positions of MSC
relative to EC: Apical (Stages 1-2; MSC is completely on the apical side of the EC
monolayer); Transmigrating (Stages 3—4; MSC is spans across a gap or pore in endothelial
layer with portions remaining both apical and basal); Basal (Stage 5). Two routes of
transmigration (paracellular and transcellular) were defined as described!® using the relative
distribution of VE-Cadherin (an endothelial adherens junction marker), CD90 and VCAM-1.
In paracellular transmigration, MSC migrated between two or more endothelial cells with
evident disruption of the VE-Cadherin stained adherens junctions (i.e., ‘paracellular gaps”).
In transcellular transmigration, MSC migrated directly through an individual endothelial cell
via a transcellular pore located at least 1 um from an intact adherens junction. MSC were
scored as positive for membrane blebbing activity if at least one clear membrane bleb was
present. Blebs were defined as hemispherical-shaped cell surface protrusions (seen through
CD90 staining) of 1-5 wm in diameter. Filopodia were defined as thin spike or rod-like cell
surface protrusions.

Fluorescence Plate Reader-Based Adhesion Assay

Adhesion assay was as previously described?®. Briefly, confluent \CMVEC monolayers
were grown in 96-well plates and, where indicated, pre-activated with 50 ng/ml TNF-a for
16 h. hMSC were detached and incubated with a 0.5 M solution of 2”,7”-bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF, Molecular Probes) fluorescent dye for
15 min at room temperature in the dark in buffer A (Hanks Buffered Salt Solution (HBSS,
Invitrogen) supplemented with 20 mM HEPES (pH 7.2), 1% human serum albumin). MSC
were washed once with buffer A and resuspended at 2 x 10° cells/ml in EBM-2MV. 50 .l of
MSC suspension was added to each well of hCMVEC. In some cases MSC or EC were pre-
incubated for 15 min with 20 pg/ml mouse anti-alpha 4 integrin or sheep-anti-VCAM-1
function-blocking antibodies (or correlating species-matched IgG controls), respectively,
prior to MCS-EC co-incubation. Plates were subjected to a brief centrifugation (<10 sec at
150 RCF) and then incubated at 37°C for 10 min. The fluorescence of each well was read on
a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA, USA) both
immediately before and following two sequential washes with 100 pl of buffer A. Wells in
which no MSC were added were used to measure background fluorescence of the
monolayer. Each condition was done in triplicate. Results are presented as the post-wash
fluorescence of each well divided by the pre-wash fluorescence.
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Live-Cell Imaging of MSC on Endothelium

ECs and MSC were transfected by Amaxa electroporation according to the manufacturer’s
instructions (Lonza) with the following constructs as indicated: GFP-actin (Clontech
Laboratories, Mountain View, CA, USA), palmitoylated YFP (‘mem-YFP’; Clontech) and
palmitoylated DsRed (‘mem-DsRed’; Clontech 19). For MSC nucleofection, 500,000 MSC
were resuspended in 100wl of Amaxa hMSC Nucleofector solution. Next, 5 g of the
relevant plasmid (either mem-YFP or GFP-actin) was added to the MSC suspension and
then the mixture was transferred to an electroporation cuvette, which was placed in the
Amaxa electroporator and subject to the MSC-specific electroporation program U-23. MSC
culture media (500 pl) was then added to the cuvette, the mixture and then transferred to a
T75 flask containing 15 ml of MSC culture media. Transfected MSC were incubated at
37°C/5% CO2 for 24 h before use. Survival rate was roughly 60% and transfection
efficiency was ~50%. For hLMVEC nucleofection, 500,000 hLMVEC were resuspended in
100 ul of Amaxa hMVEC-L Nucleofector solution. Cells were then transfected as above
using the endothelial-specific electroporation program S-005 followed by addition of
EBM-2MV culture media and plating on Delta T culture dishes from Bioptechs (Butler, PA,
USA). Survival rate was ~50% and transfection efficiency was 40-60%. Transfected
endothelial cells were used 48 h after plating and 12-16 h after activation with 50 ng/ml of
TNF-a. Occasionally, EC were alternatively stained with the fluorescent membrane marker
Octadecyl Rhodamine B Chlorideme (R18; Invitrogen) immediately before live-cell
imaging. R18 was mixed with PBS at a 1:2000 ratio, and incubated with a confluent
endothelial monolayer in the dark at 37°C for 10 min, followed by washing twice with
EBM-2MV. Live-cell imaging was conducted on an Axiovert S200 epifluorescence
microscope (Zeiss) equipped with an Orca CCD camera (Hamamatsu, Japan) and
Axiovision software (Zeiss), both 40X and 63X oil-immersion objectives and a Delta T
heating stage (Bioptechs) to maintain temperature at 37°C. At intervals of 5-90 seconds,
sequential differential interference contrast (DIC), fluorescence, and interference reflection
microscopy (IRM; a modality that explicitly reports regions of close cell-substrate
interaction26) were acquired. Lateral migration velocities of apical MSC on endothelium (28
MSC in four separate experiments) were obtained by tracking position of individual MSC
over a 30 minute duration using the AxioVision Tracking Module.

Live-Cell Imaging of MSC on Fibronectin-Coated Glass

To quantify MSC blebbing in the presence or absence of adhesive signals, we performed
live-cell imaging of MSC, with or without pre-incubation with the 120kDa a-chymotryptic
cell attachment region of fibronectin (Millipore, Billerica, MA, USA), on fibronectin-coated
glass. Delta T culture dishes from Bioptechs were incubated with a 40 pg/ml solution of
human purified fibronectin (Invitrogen) for at least 1 h. About 100,000 MSC were
trypsinized and resuspended in 200 .l of buffer A, with or without 240 pg/ml of the cell
attachment region of fibronectin. MSC were incubated in suspension for 30 min at 37°C,
pelleted, and then resuspended in 30wl buffer A with 0.1% human serum albumin (HSA;
Sigma-Aldrich). 10ul of the MSC suspension was then carefully transferred onto the
fibronectin-coated Delta T dish containing 400l buffer A. At least 30 MSC were then
imaged in 3 random fields over 3 consecutive 6 min durations. Live-cell imaging was
conducted as above using a 40X oil immersion objective. Blebbing MSC were then
expressed as a percentage of the total number of MSC imaged.

Transmission Electron Microscopy

Transmission electron microscopy was performed as described previously 27. Briefly, MSC
were incubated on TNF-a-activated GPNTs grown on fibronectin-coated glass for 30 min
and then fixed with 2.5% glutaraldehyde and 2% paraformaldehyde in 1.0 M sodium
cacodylate buffer, pH 7.4, for 2 h, post-fixed in 1.5% sym-collidine-buffered OsO4 for 1 h,
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stained en bloc with uranyl acetate, dehydrated in alcohol and embedded in eponate. Thin
eponate sections of 90 nm were visualized with a Philips CM-10 electron microscope.

Statistical Analysis

In our studies we used pooled MSC donor data whereby an individual experiment (i.e., n =
1) was always done with MSC from a single donor and among the total averaged replicates
at least two different donors were included. Results were presented as mean + s.e.m for n >
3. For comparisons between two groups, Student’s t tests were used. Comparisons between
multiple groups (>2) were performed with one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test, unless otherwise stated. Asterisks indicate statistically significant
differences of p<0.05 (*), p<0.01 (**) or p<0.001 (***).

RESULTS

MSC transmigrate in an inflammation-, Gai- and VCAM-1-dependent manner

To investigate the mechanisms for inflammation-specific extravasation of MSC, we set up /n
vitro models of ‘resting’/‘quiescent’ and cytokine-‘activated” microvascular endothelium.
Specifically, we cultured confluent monolayers of primary human lung (hLMVEC) and
cardiac (hCMVEC) microvascular endothelial cells (MVEC) and activated them with the
potent inflammatory cytokine TNF-a.. MVEC activation was confirmed by strongly
upregulated expression of the adhesion molecules VCAM-1 and ICAM-1 (Fig. S1A). Early
passage (P3-P7) primary human bone marrow-derived MSC (which were confirmed to be
minimally senescent; Fig. S1B 28) were detached from tissue culture dishes and incubated
on TNF-a activated endothelial monolayers for 1 hour, followed by washing and fixation.
Through imaging-based methods we confirm previous observations 11 12 that endothelial
activation enhances MSC-endothelial interactions, as noted by increased density of MSC
remaining associated with the endothelium (Fig. 1A).

To quantify and further characterize this observation we employed confocal fluorescence
microscopy. This allowed for assessment of MSC positioning with respect to the
endothelium in one of 3 states: 1) Apical: Completely on the upper/apical surface of the
endothelial monolayer, 2) Transmigrating: Spanning across the endothelium and partially
occupying both the apical and subendothelial/basal spaces or 3) Basal: Completely under/
basal to the endothelium (see Fig. 1Bi, schematic). We interpreted these to represent MSC
that had not yet initiated, were in the process of, or had completed transmigration,
respectively. We quantified both total MSC (all 3 states; as a measure of overall interaction
efficiency), as well as MSC that were either Transmigrating or Basal to the endothelium (as
a measure of transmigration frequency). In both cases the numbers of MSC were increased
2-3 fold on TNF-a-treated endothelium (Fig. 1Bii) demonstrating that endothelial activation
promotes both adhesion and transmigration of MSC.

Activated endothelia express and present a range of chemokines® 29 some of which have
been implicated in MSC transmigration in bone marrow30. To probe the idea that MSC
adhesion and transmigration in our model may be dependent in part on chemokines, we
employed PTX, a broad-acting inhibitor of chemokine receptor signaling via ADP-
ribosylation of the G protein Ga.i. Pretreatment of MSC with PTX (under conditions that did
not alter cell viability; Fig. S2A), indeed, significantly inhibited their adhesion to and
transmigration across activated MVEC (Fig. 1C).

Previous studies have implicated the integrin very late antigen-4 (VLA-4) and its ligand
VCAM-1 in MSC adherence to endothelium!: 12, We compared MSC adhesion and
transmigration on MVEC activated TNF-a with versus IFN-y, which contrasting TNF-a
was ineffective at upregulating VCAM-1 (Fig. S1A), and found that only TNF-a could
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promote MSC-MVEC interactions (Fig. 1D). Similar studies with a rat brain endothelial cell
line (GPNT 21 22) in which both TNF-a. and IFN-y failed to significantly upregulate
VCAM-1 (Fig. S1A) showed that both cytokines failed to upregulate MSC interactions (Fig.
S2B). We found that function-blocking antibodies to VCAM-1 significantly blocked the
TNF-a-mediated upregulation of MSC adhesion and transmigration on MVEC (Fig. 1D and
S2C). Finally, function-blocking antibodies to the VCAM-1 receptor VLA-4 (which we
confirmed was expressed by MSC; Fig. S2D) similarly block MSC-MVEC interactions (Fig.
S2C).

MSC actively transmigrate both between and directly through endothelial cells in
association with ‘transmigratory cups’

Previous studies with static imaging suggested that rather than transmigrating, MSC
‘integrate’ into the endothelial monolayer by causing endothelial cell retraction, and
spreading on the underlying matrix 13-15, This is in contrast to leukocytes which
transmigrate through discrete pores and gaps in the endothelium, and progressively spread
underneath endothelium 1°. To determine if MSC integrate or actively transmigrate across
the endothelium in our model of inflamed MVEC, we conducted detailed high-resolution
confocal imaging analysis (Fig. 2). In samples fixed after 1 hour co-incubation, we observed
that some MSC indeed underwent integration. However, we also largely encountered 5
distinct morphological arrangements consistent with progressive stages of a discrete and
active transmigration process.

Stage 1 — Adherence: Relatively spherical MSC adhered to the flat apical surface of a
continuous, intact endothelial monolayer (Fig. 2A). Stage 2 — Transmigratory Cup
Formation: Adherent MSC were partially ‘embraced’ by microvilli-like endothelial
projections that extended vertically and were enriched in actin and VCAM-1 (Fig. 2B, white
arrows, and Video 1) in similar fashion to transmigratory cups formed during leukocyte
diapedesis 19 25. 31 Contrasting leukocytes 8 9, apically adherent MSC (i.e., Stage 1 and 2)
did not exhibit significant spreading or polarization. Stage 3 — Gap/Pore Formation:
Transmigratory cup-associated MSC exhibited bulbous basal protrusions that extended
across discrete gaps or pores in the endothelium, which were in direct contact with the
underlying substrate (Fig. 2C, blue arrows). Stage 4 — Subendothelial Spreading: MSC still
remained partially above and spanning across the endothelium, but showed increased
amounts of membrane spread out beneath the endothelium (Fig. 2Di-iv). Stage 5 -
Transmigration Completed: MSC that had completed transmigration were spread entirely
underneath the endothelial monolayer (Fig. 2E).

As noted above, varying fractions of MSC (~1% on GPNT, up to ~50% on hCMVEC)
caused large-scale disruption of the endothelium, integrating into the monolayer rather than
migrating across it (Fig. 2Dv-vii). Using dynamic live-cell imaging, we further confirmed
that MSC co-incubation could lead to progressive retraction of endothelium coupled with
MSC spreading on the substrate (data not shown). Although not quantified, we observed that
integration events were more frequent when a given endothelial monolayer a priori exhibited
relatively low confluency or showed signs or poor health and defective integrity (i.e., pre-
existing intercellular gaps). On our blood-brain-barrier endothelial model (i.e., GPNT),
which consistently provided an endothelial barrier of exceptionally high integrity, MSC
integration was only very rarely observed and transmigration nearly always occurred
through highly discrete gaps and pores (e.g., Fig. 2F).

Significantly, in the course of the above investigation, we noted that apart from integration,
MSC apparently could utilize two distinct pathways or ‘routes’ for crossing the endothelial
barrier like leukocytes 10. In the majority of diapedesis events the MSC migrated across
paracellular gaps via the local disruption of the adherens (Fig. S3A) and tight (Fig. S3B)
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junctions. Interestingly, junctional adhesion molecule-1 (JAM-1; a tight junction marker 32)
also exhibited modest enrichment in transmigratory cups (Fig. S3C). Less frequently (~20-
30% of diapedesis events) MSC migrated directly through individual endothelial cells via de
novo formation of transcellular pores in endothelial cells (Fig. 2Fv-viii).

MSC undergo relatively slow transmigration in the absence of lateral migration

Next, to assess the kinetics of MSC transmigration, we incubated the MSC with the
activated hLMVEC for 30, 60 and 120 min, and then quantified the fraction of MSC that
were apical, transmigrating or basal to endothelium as in Fig. 1. These studies showed that
>90% of adherent MSC initiated transmigration within 30 minutes, while about 50%
completed the process only after 120 minutes (Fig. 3A).

To better integrate the stages of transmigration observed through fixed-cell studies (i.e., Fig.
2), we turned to live-cell microscopy. Consistent with the fixed-cell imaging studies,
adherent MSC (i.e., that had not yet transitioned to gap/pore formation) retained a relatively
spherical morphology. MSC also exhibited very limited net lateral movement over the
endothelial surface; though movement velocities averaged 3.08 + 0.3 pm/min, total
displacement over 30-60 minutes was usually only ~1-3 pum (Fig. 3B and Video 2, MSC
#3-6). Additionally, live-cell imaging revealed that the formal phase of transmigration (i.e.,
initial formation of a gap or pore until the completion of diapedesis) is a relatively slow
process. Whether migrating paracellularly or transcellularly, MSC typically required at least
45 min for this phase of migration (Fig. 3B and Video 2, MSC #1 and #2). It should be
noted, however, that such extended durations precluded the visualization of complete
transmigration events (i.e., Stages 1-5) for individual MSC, due to technical challenges
associated with such long-term imaging (e.g., cytotoxicity and photobleaching).

Transmigrating MSC exhibit extensive non-apoptotic membrane blebbing

The above findings (Fig. 2, 3 and Video 2) show an absence of polarization, limited lateral
migration and lack of characteristic protrusive structures (e.g., lamellipodia, pseudopodia
and invadosomes 8 9) associated with leukocyte diapedesis. However, these initial live-cell
imaging studies showed instead dynamic extension and retraction of membrane bleb-like
protrusions and (e.g., Video 2, MSC #5 and 6), apparently related, more amorphous ‘worm-
like” protrusions with somewnhat longer lifetimes (e.g., Video 2, MSC #3 and #4). We had
also noted apparent ‘snap-shots’ of such protrusive activity in initial fixed-cell imaging (e.g.,
Fig. 2C, yellow arrows).

Further high-resolution imaging of this phenomenon clearly showed that blebs formed over
all surfaces of the MSC, including those in intimate contact with endothelium and at sites of
endothelial pore or gap formation (Fig. 4A and Video 3). Interestingly, we observed that
classic F-actin free cell surface membrane blebs (in which the membrane had apparently
detached from the underlying cortical actin layer; Fig. 4A, C, white arrows, and Video 3)
coexisted in individual MSC with morphologically similar blebs that were strongly enriched
in F-actin at the outer membrane (Fig. 4A,C, yellow arrows, and Video 3). Qualitative
(Video 4) and quantitative (Fig. 4B) analysis revealed that the majority of MSC, whether on
resting or activated endothelium, exhibited blebs, whereas a minority exhibited filopodia
instead. It is unknown if filopodia-possessing MSC are a distinct subset from blebbing MSC,
however, a small subset of MSC expressed both filopodia and blebs (Fig. 4B), indicating
that filopodia and blebs were not necessarily mutually exclusive.

Blebbing is classically associated with apoptosis. However, some embryonic and tumor cells
have been shown to employ non-apoptotic migratory blebbing for motility and
invasion 16-18, To determine whether or not blebbing MSC were undergoing apoptosis we
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stained the nuclei with ToPro3 and conducted high-resolution confocal imaging and digital
3D-reconstruction. In all cases nuclei of blebbing MSC were healthy and intact, showing
none of the canonical nuclear fragmentation that is associated with apoptosis (Fig. 4C, see
asterisks in i—iii). This observation was confirmed by transmission electron microscopy
imaging of nuclei (Fig. 4D). Furthermore, MSC cultured alone or co-incubated with EC
showed a lack of detectable staining for Annexin V or propidium-iodide, as assessed by
microscopic (Fig. 4Ei-iii) and flow cytometric analyses (Fig. 4Eiv).

MSC display non-apoptotic blebbing in association with early transmigration stages and
can exert forces on endothelium

To elucidate the dynamics of MSC blebbing during transmigration, we conducted live-cell
imaging on TNF-a activated endothelium. High temporal resolution DIC imaging revealed
repetitive cycles of rapid bleb expansion (average time of 15.22 + 0.92 seconds to reach
maximal size of 1-5um), followed by a significantly slower phase of retraction (average
time of 43.52 £ 2.40 seconds) (Video 4, ‘Example 1’). These kinetics are highly consistent
with those of migratory blebs formed by some tumor and embryonic cells 16-18,

As noted with the fixed-cell imaging studies, blebs protruded from all surfaces of the MSC
including those in direct contact with the endothelium. Blebs that formed against the
endothelium often were coupled with ‘jerky’ MSC movements suggesting that significant
intercellular forces were being developed (e.g., Video 2, MSC #3, #4 and #6 (note orange
arrow) and Video 5, Examples 2-4). Next, we conducted studies using EC transfected with
soluble GFP, a previously developed to monitor local cytoplasmic volume in EC as a
readout for topological dynamics 2. We found that as MSC protruded blebs against
endothelium, spatially and temporally correlated regions of low GFP intensity developed in
the apposing EC (Fig. 5A). We interpreted this to signify formation of cytoplasm-displacing
endothelial invaginations caused by MSC blebs driving the apical surface of the
endothelium toward its basal surface. We confirmed this interpretation with interference
reflection microscopy (IRM), a modality that reveals regions of close cell-substrate
apposition as dark areas 26 (Fig. 5B and Video 5, Example 2).

Further studies, in which EC were transfected with plasma membrane markers (i.e. mem-
DsRed or mem-YFP), suggest that blebs continue to form and exert forces during
endothelial gap/pore formation (Fig. 5C and Video 5, Example 3, 4) and subendothelial
spreading (Fig. 5D and Video 5, Example 5). Toward the end of the transmigration process,
when MSC had formed significant contacts with the subendothelial fibronectin, blebbing
was progressively diminished and replaced by radially spreading lamellipodia (Video 5,
Example 5). Quantitative fixed-cell analysis confirmed that the majority of apical or
transmigrating MSC were associated with non-apoptotic migratory blebs, whereas those that
were basal to endothelium had largely lost their blebs (Fig. 5E).

Non-apoptotic migratory blebbing in general has been suggested to reflect a cell’s response
to reduced substratum adhesion 16:17. 33 'We hypothesized that modestly avid adhesion of
MSC to endothelium may be permissive for blebbing, whereas high avidity adhesion to
subendothelial matrix is not. To test this idea MSC in suspension were pre-incubated with or
without the soluble cell-binding fragment of fibronectin, and then seeded on fibronectin-
coated substrate. As expected, control MSC exhibited very limited blebbing and initiated
lamellipodial spreading almost immediately (Fig. 5F and Video 6, Part 1). However, when
adhesion to the fibronectin-coated substrate was blocked, spreading was blocked (not
shown) and MSC blebbing was preserved (Fig. 5F). Interestingly, when fibroblasts were
seeded on activated endothelium, no blebbing was observed demonstrating that the blebbing
response is not universal (Video 6, Part 2).
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Finally, we performed live-cell imaging of MSC transfected with GFP-actin. These studies
show that individual MSC blebs formed during transendothelial migration consistently
exhibited cycles of rapid protrusion of actin-free blebs, followed shortly by recruitment of
actin to the bleb and finally a somewhat slower phase of bleb retraction (Fig. 5G and Video
7). This was in agreement with our high-resolution confocal imaging that showed co-
existence of both cortical actin-free and F-actin-enriched MSC blebs (Fig. 4A, C, white and
yellow arrows, and Video 3). Importantly, as seen Fig. 5G and Video 7, these cycles were
coupled to the advancement of the subendothelial leading edge of the transmigrating MSC.
Overall, these features are highly consistent with migratory blebbing mechanisms previously
characterized in other cells 16: 17,

DISCUSSION

Exogenously infused and endogenous MSC are known to circulate and preferentially engraft
at sites of inflammation /n vivo. However, the process by which they migrate across the
endothelial barrier to exit the circulation and engraft has remained incompletely understood.
Here we uncover a transmigratory process that combines leukocyte-like and unique
mechanistic features (Fig. 6).

The molecular mechanisms underpinning the specificity of MSC extravasation at sites of
inflammation likely includes activation of endothelium by pro-inflammatory cytokines.
TNF-a stimulates expression and presentation of a range of chemokines and adhesion
molecules by endothelial cells 8 29, Consistent with previous reports 12: 14.34.35 \ye
observed that both MSC adhesion and transmigration increased upon activation of
endothelium with TNF-ca.. This in turn was mediated through Ga.i (and thus likely
chemokine)- and VLA-4/\VCAM-1-dependent mechanisms. With respect to chemokines,
two recent studies have directly implicated roles for CXCL9, CXCL16, CCL20, and CCL25
(for which MSC express cognate receptors) in augmenting transmigration 30: 34, It is likely
that other surface proteins and soluble factors, such as matrix metalloproteases 36 37, are
also involved that remain to be further investigated.

The cellular basis for MSC transmigration has been much less well resolved. Previous
reports which attempted to morphologically characterize the process of MSC transmigration,
albeit with limited resolution, have described a process termed integration 13-15. In such
studies, large-scale retraction of endothelium coupled to MSC spreading on the substrate
was inferred from static images. In this study, we aimed to improve upon the current
knowledge by employing both high-resolution and dynamic imaging modalities in
combination with specific molecular markers. In this way, we confirm that MSC co-
incubation can induce progressive retraction of large regions of endothelium that
accommodate MSC spreading and integrating. In addition, we also demonstrated for the first
time that MSC can also mediate two other types of transmigration, namely, paracellular and
transcellular diapedesis. Contrasting integration, the endothelium remained largely intact
during diapedesis and MSC actively squeezed through discrete pores and gaps in the
endothelium to enter the sub-endothelial space. The finding that MSC can initiate
transcellular diapedesis is particularly compelling evidence that MSC can actively breach
endothelial barriers as, contrasting paracellular gaps, transcellular endothelial pores never
form autonomously form in these settings 19 27,

We also noticed that during diapedesis, the endothelium projected actin-, VCAM-1- and
JAM-1-rich finger-like protrusions from its surface that surrounds the MSC forming
transmigratory cups similar to those shown to guide leukocyte transmigration 19, This
suggests that MSC diapedesis is also a cooperative event between both MSC and endothelial
cells. Whether JAM-1 localization to transmigratory cups is a result of engagement of a
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specific ligand on MSC or occurs through some type of lateral association with VCAM-1 38
remains an open question.

While technical improvements in imaging may partly account for why diapedesis was
observed for the first time in the current study, it is also likely that the quality of endothelial
monolayers used affects the fraction of diapedesis versus integration events observed.
Although endothelial monolayers cultured /n vitro are generally regarded to be an acceptable
model for endothelium, many aspects of physiologic endothelium that promote junctional
stability are absent or aberrant in vitro3°. For example, endothelium is usually plated on
non-physiologically rigid substrates /n vitro, which inclines them toward a hypercontractile
phenotype 40 that is prone to intercellular gap formation and retraction 4% 42, Other
physiologic barrier-promoting or ‘anti-contractility’ stimuli, such as steady-state laminar
fluid shear flow, contacts with mural cells (e.g., pericytes) and exposure to circulating
sphingosine-1 phosphate are also absent in most /n vitro models. Thus, /n vitro endothelia
seem significantly biased toward less stable and more contractile phenotypes that may favor
integration over to diapedesis. Consistent with this, we found that when poor/unhealthy EC
monolayers were used MSC integration increased, whereas well-formed healthy monolayers
exhibited less integration. Our in vitro EC model that retained the most physiologic and
robust barrier properties (i.e., GPNT) allowed for almost negligible MSC integration. Thus,
whereas we cannot rule out a role for integration as a physiologic mode of extravasation (as
shown for some metastatic tumor cells 43 44), our observations suggest that it may often be
overestimated in /n vitro.

An important contrast between MSC and leukocyte diapedesis is that it occurred over a
much longer timeframe (30-120 versus 3-6 min 19) and in the absence of significant
polarization, directed lateral migration and formation of lamellipodia or invadosomes. Our
studies were performed under static conditions. A recent study showed that application of
physiologic shear flow promoted slow lateral migration on the endothelium (~20pm over ~2
hours), although the MSC similarly failed to spread or polarize and required similar
durations before spreading on the subendothelial matrix 34.

Unexpectedly, we found that MSC display extensive non-apoptotic membrane blebbing
during transmigration (Fig. 6). Non-apoptotic blebbing is a recently appreciated behavior
employed by some embryonic and tumor cells for motility and invasion 16-18, We showed
that dynamic features of MSC blebbing was similar those described for other cells. Such
blebbing has been shown to be a response of cells to a loss of substrate adhesion 16:17. 33,
We noted that MSC blebbing was predominant in early stages of transmigration, in which
MSC were primarily contacting endothelium and rounded, but was lost at late stages of
when MSC mediated extensive adhesions with and spread on the subendothelial matrix. Our
data support the hypothesis that relatively low avidity interaction between endothelium and
MSC is permissive for MSC blebbing, whereas the high avidity interactions that form upon
contact with the subendothelial matrix quench blebbing in favor a lamellipodial mode of
migration.

Significantly, we also show here for the first time that MSC blebs can exert forces on
endothelium. Although it remains to be determined if such forces function to breach the
endothelial barrier and initiate transmigration, blebbing activity was well associated with
gap/pore formation, and the initial phase of subendothelial spreading. Thus, it is possible
that non-apoptotic blebbing by MSC may function as an alternate to the actin-rich protrusive
structures (e.g. lamellipodia, pseudopodia and invadosomes) that leukocytes employ to
breach the endothelium. Two recent /7 vivo4® and in ex vivo organ culture 14 studies
provide support for the physiological relevance of this hypothesis. Specifically, MSC were
found to initiate extravasation by extending ‘plasmic podia’ across the endothelium 45 14,
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Though not characterized in any detail, the fact that these plasmic podia were of identical
scale and morphology as the non-apoptotic membrane blebs described herein, leads us to
speculate that these two structures are one in the same. Finally, it is interestingly, to note that
tumor cell blebs have also been observed in models of tumor extravasation, though their
dynamics and functional roles remain to be characterized 46 47,

In summary, we have performed novel and high-resolution morphological and dynamic
characterization of MSC transmigration. In this way, we provide new insights for the
cellular processes that mediate MSC transmigration (Fig. 6). Specifically, we show for the
first time that in addition to integration, MSC can also transmigrate through discrete gaps
and pores by paracellular and transcellular diapedesis processes, partially similar to those
used by leukocytes. Additionally, MSC transmigration was strongly associated with non-
apoptotic membrane blebbing. This is the first demonstration, to our knowledge, of blebbing
by a physiologic cell type during diapedesis.

As discussed above, the in vitro models used in the current study are inherently limited with
respect to their ability to fully recapitulate the physiologic settings of MSC extravasation.
Additionally, our study models a generic inflammatory condition and cannot account for all
of the heterogeneity that arises in distinct tissues/vascular beds and the diverse setting for
inflammation, such as ischemic injury, tissue trauma and infection. Thus, future studies are
needed to critically evaluate and extend the current findings in diverse /n7 vivo models.
Elucidating the mechanistic underpinning for MSC diapedesis will be critical to understand
MSC recruitment to sites of inflammation in physiological, pathological and clinical
settings.
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Figure 1. M SC preferentially transmigrate through TNF-a activated lung and cardiac
endothelium

(A) DiO-labeled MSC (green) were incubated on resting (i) or TNF-a activated (ii) Dil-
labeled human lung microvascular endothelium (hLMVEC; red) for 60 min, followed by
fixation and imaging by fluorescent and phase-contrast microscopy. Representative
micrographs are shown. Scale bars represent 100 pm.

(B) MSC were incubated on resting or TNF-a. activated (LMVEC and hCMVEC for 60
min, followed by fixation, staining and imaging by fluorescent confocal microscopy. (i)
MSC were counted and classified according to their positions relative to endothelium:
Apical, Spanning or Basal. (ii) Both the total number of MSC, and the number of MSC in
only the transmigrating or basal positions were compared on TNF-a activated and resting
endothelium for both hLMVEC and hCMVEC.
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(C) MSC were incubated on resting or TNF-a activated hCMVEC for 60 min. In some
cases, MSC were incubated with 100 ng/ml of pertussis toxin (PTX) for 2 h prior to be
added to endothelium. As in B, both the total number of MSC, and the number of MSC in
only the transmigrating positions were compared for all conditions.

(D) MSC were incubated on resting, or TNF-a activated and/or IFN--y activated hCMVEC
for 60 min. In some cases, TNF-a activated endothelium was incubated with 20 pg/ml
blocking antibodies against VCAM-1 for 30 min prior to the addition of MSC. Samples
were fixed, stained and imaged by fluorescent confocal microscopy. As in B, both the total
number of MSC, and the number of MSC in only the transmigrating or basal positions were
compared for all conditions.

For Bii, C and D, data were collected from at least 6 microscopic fields for each
experimental condition. Values represent mean = s.e.m.. 1, 2, or 3 asterisks indicate 3 levels
statistically significant differences (p<0.05, p<0.01, and p<0.0001 respectively). For B, this
was assessed by a two-tailed, paired Student’s t-test. For C and D, this was assessed by a
one-way ANOVA test with a Tukey post-hoc test.
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Figure 2. The 5 stagesand 2 routes of M SC transmigration
Five distinct stages (A-E) of transmigration were consistently observed for MSC, based on
previously established leukocyte morphological analysis 1°, presented as both schematics

orthogonal (x-z and y-z) cross-sections.

(A) Stage 1: Adherence. A relatively spherical MSC (CTx-B; green) is adherent to the apical
surface of an intact GPNT monolayer as seen by ICAM-1(EC surface; red) and VE-cadherin
(EC junctions; blue) staining.

(B) Stage 2: Transmigratory Cup Formation. VCAM-1-enriched microvilli-like vertical
projections (white arrows) that extend up from hLMVEC endothelium (VCAM-1; red) and
form a “cup-like’ structure around the base of the MSC (CD90; green) at 60 min. Actin is
stained in blue. 3D projections (rotated 0°, 45° and 90° about y and z axes) are shown in
(iii). See also Video 1.

(C) Stage 3: Gap/Pore Formation. A discrete hCMVEC endothelial discontinuity is occupied
by the basal portion of an MSC in contact with the substrate (blue arrows) indicating
initiation of transmigration at 60 min. Sample stained as in B. Note blebs extending from the
MSC surface (yellow arrows).
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(D) Stage 4: Subendothelial Spreading. A representative MSC is shown spreading beneath
intact h(LMVEC endothelium viaa discrete gap. Orthogonal projections (ii) and a merged
image (iii) is shown. This is in contrast to integration (schematic, v; orthogonal projection,
vi), where MSC displace endothelial cells by spreading between adjacent EC. MSC leading
edges and gaps in the EC are outlined in iv and vi to highlight the distinct endothelial gaps
which are typically formed during transmigration through endothelium versus integration
within an endothelial monolayer. Samples stained as in B.

(E) Stage 5: Transmigration Completed. Representative orthogonal views (ii) indicate an
MSC completely under the endothelium at 60 min. Top view projections, with (iii) or
without (iv) MSC shown, demonstrating intact endothelium.

(F) Two Routes of MSC Transmigration, paracellular and transcellular, are shown. MSC
incubated on GPNT ECs for 60 min were fixed and stained for VVE-cadherin (green), CTx-B
(MSC; red) and ICAM-1 (blue). Representative images of MSC at similar late stages in
diapedesis migrating either through a paracellular gap between two endothelial cells (i-iv)
or through a transcellular pore across a single endothelial cell (v—viii). Images are either top
view projections of entire z-stacks (ii, vi) or single sections alone (iv, viii) or together with
orthogonal projections (iii and vii). The red MSC (CTx-B) signal was omitted for panels iv
and viii to enhance visualization of the transmigration passageway. Note that in both events,
only a small rounded portion of the MSC still remains above the endothelium. In ii—iv the
MSC migrates through a small (~2 m in diameter) paracellular gap (iii, yellow arrows)
between two cells where the adherens junction (AJ, white arrows) has been disrupted. In vi-—
viii the MSC passes through a small (~1 wm in diameter) transcellular pore (vi, yellow
arrow) distinct from intact adherens junctions (white arrows).

Scale bars represent 20 p.m.
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Figure 3. MSC transmigration kinetics and absence of lateral migration

(A) MSC were incubated on hLMVEC for 30, 60 or 120 min, then fixed, stained and imaged
asin Fig. 2. As in Fig. 1B, MSC were counted and classified according to their positions
relative to endothelium: Apical, Spanning or Basal. Values represent mean + s.e.m..
Asterisks indicate a statistically significant difference (p<0.05) as assessed by a one-way
ANOVA test with a Tukey post-hoc test, n=3.

(B) MSC were subjected to live cell DIC (left panels) and fluorescence (middle panels)
imaging during interaction with activated memDsRed-transfected hLMVEC (red). Still
frames from the video at 0, 15, 30 and 45 min are shown. Numbers identify 6 separate MSC.
Blue and yellow arrows indicate 2 MSC (#1 and #2) in the active process of transmigration
as indicated in part by the expanding transmigration passageways in the endothelium; White
dashed lines (middle panels, bottom row) indicate intercellular junctions between two ECs
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(‘ECY’ and ‘EC2’), blue dashed line indicates a paracellular gap for migration of MSC #1,
yellow dashed line indicates a transcellular pore for transmigration of MSC #2. Pink and
green dashed lines (left frames; MSC #3 and #5) represent the location of 2 different apical
MSC in the preceding panel (i.e., lines at 15 min panel show the MSC positions in 0 min
panel, etc.) and highlight a lack of significant lateral migration. Orange arrow, MSC #6 (15
min time point) indicates the protrusion of an MSC bleb against the endothelial surface. See
also Video 2.

Scale bars represent 20 p.m.
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Figure 4. M SC exhibit extensive non-apoptotic blebbing on endothelium

(A) MSC were incubated for 60 min on activated hLMVEC, then fixed and stained for
CD90 (green), VCAM-1 (red) and actin (blue). A representative top view confocal
projection of a MSC at an early stage of transcellular diapedesis is shown. Multiple highly
rounded, bleb-like structures can be seen protruding from the MSC surface, which are both
negative (white arrows) and positive (yellow arrows) for cortical F-actin (blue). See also
Video 3.

(B) MSC were incubated on resting or TNF-a activated hCMVEC for 60 min. At least 30
MSC were counted for each condition per experiment (n =3). The fraction of MSC
exhibiting either blebs, filopodia or both were quantified as shown. Values represent mean *
s.e.m., p<0.05, as assessed by paired Student’s t test. See also related Video 4.

(C) MSC were incubated for 60 min on activated hLMVEC and then fixed. To ascertain
whether or not blebbing reflected MSC apoptosis, samples stained for CD90 (green), actin
(red) and nuclear morphology (ToPro3; blue). A representative example of early stage
diapedesis is shown. Both single top view (x-y plane) confocal sections (i), and top view
projections/orthogonal cross-sections (ii) show clearly presents of F-actin negative (white
arrows) and positive (yellow arrows) and blebs over all MSC surfaces, including those in
direct contact with the endothelium. The MSC nucleus (distinguished from neighboring
endothelial nuclei with an asterisk) shows normal intact morphology (rather than the
canonical fragmented morphology seen during apoptosis) as seen by confocal cross-section
(i), orthogonal view (ii) and 3D volumetric rendering (iii).

(D) MSC were incubated for 30 min on GPNTSs, fixed and then processed for, and imaged
by, transmission electron microscopy. Micrograph depicts a representative MSC on
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endothelium (EC, 10% opacity red overlay) with clearly evident micron-scale cell surface
blebs (green arrows) and an intact nucleus (highlighted with a 10% opacity blue overlay).
(E) (i-iii) MSC were either incubated on hLMVEC for 30 min or on tissue culture plastic in
the presence of 5 mM hydrogen peroxide for 2 h, followed by fixation and staining for
CD90 (green), F-actin (red) and annexin V (blue). Representative images show confocal
projections of annexin V-negative blebbing MSC on hLMVEC (i) and annexin V-positive
of annexin V- and propidium iodide (PI)-stained EC (shades of green) and MSC (shades of
blue) following separate culture (with or without 2 h treatment with 5 mM hydrogen
peroxide for MSC) or 1 h EC-MSC co-incubation. Percentage of cells in each condition that
were non-apototic (annexin V and PI negative), in early apoptosis (annexin V positive, Pl
negative) and late apoptosis/necrosis (annexin V and Pl positive) are shown. Values are
mean + s.e.m, n = 3.. Asterisks indicate a statistically significant difference as assessed by a
one-way ANOVA test with a Tukey post-hoc test.

Scale bars represent 20 um for A, C and E and 5 pm for D.
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(A) MSC were imaged live on TNF-a-activated hCMVEC transfected with soluble GFP
(sGFP). We previously established that SGFP serves as a sensitive readout for local
cytoplasmic volume and, indirectly, surface topology of endothelial cells 27. Images show
sequential still frames of a single MSC on an sGFP-expressing hCMVEC at 30 sec intervals.
By DIC blebs can be seen protruding from the basal surface of the MSC against the
endothelial cell surface (arrows). Note that at t = 0 sec one bleb (pink arrow) has formed that
corresponds to a decrease in local SGFP signal indicating an endothelial cell surface
depression/invagination and consequent displacement of cytoplasm. In the subsequent frame
that bleb has partially retracted and the endothelial depression has disappeared. At the same
time a distinct bleb and endothelial depression (blue arrow) form de novo.

(B) MSC were imaged live on TNF-a activated hCMVEC with both DIC (top row) and
interference reflection (bottom row; IRM) microscopy. Images are sequential still frames of
a single MSC on hCMVEC at 30 sec intervals. Att = 0 sec one bleb (pink arrow) has
generated a dark area in the corresponding IRM image indicating that the basal surface of
the endothelial cell has been locally depressed and forced into close opposition with the
underlying glass substrate. In the subsequent frame this bleb retracts and the endothelial
depression (i.e., IRM dark spot) disappears. At the same time a distinct bleb and endothelial
cell depression (blue arrow) form de novo. See also similar experiment in Video 5 ‘Example
2.

(C) MSC were imaged live on TNF-a activated, mem-RFP transfected hLMVEC with both
DIC (top row) and fluorescence (bottom row) microscopy. Images are still frames separated
by a ~10 min interval. Left panels show an MSC adherent over an intact intercellular
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junction (dashed line) formed between a positive mem-RFP transfected (‘EC1’, red) and a
non-transfected (‘EC2’, black) hLMVEC. Right panels show that commensurate with the
onset of blebbing, a large (~5 pm) rounded intercellular gap forms under the MSC. See also
corresponding Video 5, ‘Example 4°.

(D) MSC were imaged live on mem-GFP transfected hLMVEC with both DIC (left) and
fluorescence (right) microscopy. Images are still frames of a single MSC migrating through
a transcellular pore in a mem-GFP positive endothelial cell. For this ‘fried egg-shaped’ MSC
the peripheral blebbing regions of the MSC have already spread beneath the endothelium
(See Fig. S1, bottom, right ‘multiple leading fronts”), where the central ‘yolk’ region is
spanning across and partially above the endothelium. Arrows indicate dynamic MSC blebs
expanding and apparently exerting force on the endothelium as seen by corresponding
distortions in the endothelial cell topology. See the corresponding dynamics in Video 5,
‘Example 5’

(E) The extent to which ‘non-apoptotic migratory blebbing” was associated with MSC at
different stages of transmigration was quantified. MSC were incubated on TNF-a activated
hCMVEC for 30, 60 or 120 min. Individual MSC were classified according to their position
(as in Fig. 1B) relative to endothelium and of the percentage of blebbing MSC in each
position is shown. Five independent experiments were performed, and a total of 85, 133 and
45 apical, transmigrating and basal MSC, respectively were counted. Values represent mean
+ s.e.m.. p<0.05, as assessed by unpaired Student’s t test.

(F) The association between MSC blebbing and avidity for a rigid substrate was explored.
MSC were incubated in either serum-free media (‘Control”), or serum-free media containing
240 pg/ml of the a-chymotryptic fragment (cell attachment region) of fibronectin (‘FN-
Block’) for 30 min, before being transferred to a fibronectin-coated glass dish. Three
consecutive 6 minute videos of MSC were captured for each experimental condition, and the
percentage of MSC which exhibited blebbing (described in Materials and Methods) is
shown. Values represent mean + s.e.m. p<0.05, as assessed by paired Student’s t test.

(G) GFP-actin (green; central and right panels) transfected MSC were imaged live during
transmigration across activated hLMVEC via both DIC and fluorescence microscopy. The
depicted example shows a relatively late stage diapedesis event (i.e., slightly advanced stage
compared to Fig. 5D) in which the MCS is advancing part of its membrane under the
endothelium through cycles of bleb expansion and retraction. Images are sequential still
frames at 20 or 40 sec intervals. Consistent with the fixed cell imaging in Fig. 4A,C, blebs
can be seen (via the DIC imaging; left and right panels) protruding from the MSC that are
both negative (white arrows) and positive (yellow arrows) for GFP-actin. Red dashed lines
(right panels) delineate the edge of MSC membrane during bleb formation, whereas blue
dashed line indicates the ‘edge’ GFP-actin signal. Note that cycles of actin-negative bleb
formation, followed by actin recruitment to the bleb and subsequent bleb retraction occur as
the cell advances, features are highly similar to non-apoptotic migratory blebbing activities
exhibited by some tumor and embryonic cell types 16-18. 46 See also Video 7.

Scale bars represent 20 p.m.
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Figure 6. Comparison between the leukocyte transmigration cascade and the proposed M SC
transmigration cascade

Discrete steps in the leukocyte adhesion cascade (top panel) and the proposed MSC
adhesion cascade (bottom panel). Labels in red indicate key differences between the 2
processes, while labels in black indicate similarities. Leukocytes (light green) roll on
activated endothelium (red) via selectins, which are upregulated on the endothelial surface
during inflammation. MSC (dark green) also roll on endothelium 11, Rolling brings
leukocytes in closer proximity to the endothelial surface where chemokines (red asterisks)
are presented. GPCR receptors on the leukocyte (top left inset) recognize the chemokines,
leading to conformational rearrangement of leukocyte surface integrins adhesion receptors
that are coupled increased ligand binding affinity. This allows high affinity binding to
complementary ligands such as ICAM-1 and VCAM-1 on the endothelial cell surface
endothelial surface thereby inducing firm adhesion of the leukocyte. Although firm adhesion
of MSC occurs 11 it is currently unknown if this occurs through a similar activation step
(bottom left inset). For leukocytes, adhesion is followed by an important phase of
polarization and lateral migration, during which they employ actin-dependent protrusions,
including lamellipodia, pseudopodia and invadosomes, for motility (top middle inset) and
migratory pathfinding (top middle and right inset). In contrast MSC do not exhibit
significant polarization or lateral migration on the apical surface of the endothelium.
Moreover, there is no evidence that MSC utilize lamellipodia, pseudopodia or invadosomes
during initiation of diapedesis. Intriguingly, however, they do display distinct and highly
dynamics non-apoptotic blebbing protrusions. These form initially without cortical actin
(bottom right inset, yellow line), but subsequently become enriched in actin (dashed yellow
line), which is followed by bleb retraction. In some tumor and embryonic cell types such
non-apoptotic blebbing serves as mechanistic basis for motility and invasion 16-18. 46 Bjlebs
are proposed here as putative mechanisms by which MSC exert force on the endothelial
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surface (bottom right inset, black arrow), or search for adhesion points and sites permissive
for transmigration. Though they appear to initiate transmigration through different
protrusive activities, leukocytes and MSC both trigger proactive endothelial extension of
microvilli-like, actin, ICAM-1 and VCAM-1 endothelial projections that form
‘transmigratory cups’, which are thought to facilitate diapedesis. Additionally, both cell
types exhibit the ability to employ transcellular (directly through an endothelial cell) and
paracellular (between endothelial cells) routes of transmigration. However, leukocytes
invade the subendothelial space typically with a single lamellipodial leading edge and
complete the entire transmigration process in several minutes, while MSC initially spread
beneath the endothelium in a starburst fashion with multiple leading fronts and require one
to two hours to completely transmigrate.
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