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Abstract

Mesenchymal stem cells (MCSs) have been shown to have therapeutic potential in multiple
disease states associated with vascular instability including traumatic brain injury (TBI). In the
present study, Tissue Inhibitor of Matrix Metalloproteinase-3 (TIMP3) is identified as the soluble
factor produced by MSCs that can recapitulate the beneficial effects of MSCs on endothelial
function and blood brain barrier (BBB) compromise in TBI. Attenuation of TIMP3 expression in
MSCs completely abrogates the effect of MSCs on BBB permeability and stability, while
intravenous administration of rTIMP3 alone can inhibit BBB permeability in TBI. Our results
demonstrate that MSCs increase circulating levels of soluble TIMP3, which inhibits VEGF-A
induced breakdown of endothelial AJs in vitro and in vivo. These findings elucidate a clear
molecular mechanism for the effects of MSCs on the BBB in TBI, and directly demonstrate a role
for TIMP3 in regulation of BBB integrity.
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INTRODUCTION

Mesenchymal Stem Cells (MSCs) have been shown to have therapeutic potential in multiple
disease states characterized by vascular instability(1-4). Our past work has shown that
MSCs modulate endothelial cell (EC) permeability both in vitro and in vivo in a rodent
model of traumatic brain injury (TBI). MSCs were found to inhibit blood brain barrier
(BBB) permeability in TBI through preservation of cerebral endothelial adherens junctions
(AJs) and tight junctions (TJs)(3). Interestingly, the beneficial effects of MSCs were
recapitulated by conditioned culture media (CM) collected from MSCs cultured in contact
with ECs, suggesting soluble factors produced by MSC-EC contact mediate the observed
effects. Further support of this concept is found in vivo where MSCs exert potent effects on
the brain, despite the lack of large numbers of MSCs in the brain. Most of the intravenously
(V) administered cells are found in the lungs, liver and spleen(5, 6). Since ECs are the first
cell type intravenous MSCs encounter, we hypothesized that the interaction between MSCs
and ECs (i.e. in the lungs) may trigger the synthesis and release of a vascular stabilizing
factor (s).

In the present study, we sought to identify the active factor(s) and employed a gene
expression based approach to screen for soluble factors that are regulated by contact
between pulmonary endothelial cells (PECs) and MSCs. In this screen, the factor Tissue
Inhibitor of Matrix Mettaloproteinases-3 (TIMP3), a soluble and matrix bound protein that
can recapitulate the effects of MSCs alone, was identified. TIMP3, a member of the tissue
inhibitor of Matrix Mettaloproteinases(TIMPSs), has modulatory effects on extracellular
matrix remodeling, inflammation and angiogenesis(7-10). TIMP3 has specifically been
shown to inhibit VEGF-A signaling by directly binding to VEGFR2, a critical regulator of
vascular endothelial permeability(11). Our studies in vitro demonstrate 1) TIMP3 is induced
in both MSCs and PECs when co-cultured; 2) siRNA-mediated knockdown of TIMP3
expression in MSCs reduces the protective effects of MSC conditioned media (CM) on
VEGF-A induced PEC permeability, matrigel vascular network formation and AJ
breakdown, and 3) recombinant human TIMP3 (rTIMP3) recapitulates the effects of MSC
CM invitro. In a mouse model of TBI, we show that 1) IV administration of MSCs
increases lung and serum levels of TIMP3, but does not change TIMP3 levels in brain,
spleen, or liver; 2) knockdown of TIMP3 by siRNA in MSCs abrogates the effect of MSCs
on BBB permeability and AJ stability and 3) 1V administration of rTIMP3 recapitulates the
effects of MSCs by decreasing BBB permeability and preserving AJs in the injured brain.
These results suggest that MSCs promote vascular stability after TBI through increased
production of TIMP3, a protein that inhibits VEGF-A induced compromise of the
endothelial barrier. TBI is the leading cause of death in children and young adults between
the ages of 18-44(12) with few therapeutic options for treating cerebral edema and increased
intracranial pressure (ICP). These findings elucidate a clear molecular mechanism for the
effects of MSCs on the BBB in TBI and potentially demonstrate a therapeutic role for
TIMP3 in regulation of BBB integrity.

RESULTS

Gene Expression Studies Reveal Significant Changes in Multiple Genes Induced by MSC-
PEC Contact

Since the main goal of this work was to identify soluble factors produced by 1V MSC
administration, a gene expression based approach that has been used successfully by others
for similar purposes was employed(13). The objective was to identify the soluble factors
produced by either ECs or MSCs or both after co-culture with contact in vitro. In these
experiments human pulmonary endothelial cells (PECs) were chosen in light of abundant
data by our group and others showing that the majority of MSCs administered IV are lodged
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in the pulmonary microvasculature due to a first pass effect(6) thereby making PECs one of
the main cells that MSCs interact with. To study these effects and re-create the MSC
therapeutic niche in vitro, ECs and MSCs were co-cultured in contact for 24 hours at a 1:5
ratio of MSCs to PECs (Figure 1A). Cells were harvested and separated using CD31
antibody coated beads by MACS separation. After separation four groups of cells were
generated. MCO and PCQO were MSC and PEC cell groups that were co-cultured and
separated, whereas PEC and MSC groups were cultured alone. All groups were subjected to
the separation process and RNA was prepared for Affymetrix total genome array analysis.
To ensure that our MACS separation was complete without contamination from the other
cell type, surface antigen expression by flow cytometry was analyzed in the MACS sorted
cell. Cell separation yielded a pure population of CD31*/CD44~ PECs and CD317/CD44*
MSCs (Figure S1A) CD44 message, found predominantly in MSCs, was not detected in the
PCO group (Figure S1B) indicating a clean complete separation. Affymetrix Human
Genome GeneChip® was used for gene profiling. Each array contains 54,675 probe sets.

The first observation made upon completion of this analysis was the pronounced differences
in gene expression between the groups PEC vs PCO and MSC vs MCO as seen by the two-
way clustering heat maps (Figure 1B and Figure 1C). The groups cultured alone and with
MSCs separated out from each other by the Pearson correlations, indicating large differences
between the groups. (Figure S1C). We made two comparisons, between PCO and PEC and
between MCO and MSC based on gene expression data. We identified a number of genes
whose expression was significantly changed by co-culture (Figure S1D). Gene ontogeny
analysis indicates that genes altered by contact between the two cell types fall into three
main groups of genes: soluble factors, cell adhesion genes, and extracellular matrix
related genes (Figure 1D). Based on the goals and hypothesis of this project, we focused on
soluble factors. One gene of interest, increased in PECs and MSCs by co-culture, is a gene
belonging to the TIMP family- Tissue Inhibitor of Matrix Metalloproteinase-3 (TIMP3). In
our analysis of the array data, TIMP3 increased by 4.5 fold in the PCO group with p value of
1.25 x 1077 (Figure S1D). On array, TIMP3 was not significantly changed in the MCO vs
MSC groups, however gPCR revealed a significant increase in TIMP3 expression in the
MCO group (Figure 1E). Although many soluble factors were changed by co-culture, our
choice to focus on TIMP3 was based upon the work of others showing that TIMP3 binds to
VEGFR?2 and has potent inhibitory effects on VEGFR2 signaling, a key regulator of
vascular endothelial permeability(14). TIMP3 has also been shown to inhibit inflammation,
MMP activity and angiogenesis(8, 11, 15).

MSC-PEC Co-culture Stimulates Increased TIMP3 mRNA and Protein Levels

To re-confirm the findings from the gene expression microarrays, TIMP3 was amplified by
quantitative PCR from the four groups PEC, PCO, MSC and MCO. gPCR results confirm
the microarray findings of significant increase in PEC production of TIMP3 from low
baseline levels (Figure 1E). In MSCs, which produce larger baseline levels of TIMP3,
TIMP3 expression was significantly increased between MCO vs. MSC groups. Western
blotting also reveals increased TIMP3 protein levels in both the PCO and MCO groups, with
co-cultured MSCs being the largest producer of TIMP3 protein (Figure 1F). To determine if
TIMP3 treatment of ECs or MSCs results in further increase of TIMP3, MSCs and PECs
were treated with 0.5 and 2.0 ug of rTIMP3 for 2, 12 and 24 hours. Figures S2A-S2D,
shows that rTIMP3 does not alter TIMP3 production by either cell type. To determine if
non-specific cell-cell interactions may cause TIMP3 increases in PECs, we co-cultured
PECs with U937, a monocytoid line. No changes were found in TIMP3 expression (Figure
S4B), suggesting that TIMP3 increases may be specific to MSC-PEC interactions.
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Knockdown of TIMP3 in MSCs impairs vascular stabilizing activity of CM on VEGF-A
induced adherens junction breakdown, endothelial barrier compromise and Matrigel
network formation

Since protein expression studies revealed that MSCs are the larger producer of TIMP3 in co-
cultured cells, we sought to determine how suppression of TIMP3 production in MSCs
would change the effect of MSCs on PECs. Figure 2A demonstrates by gPCR that siRNA to
TIMP3 attenuates expression of TIMP3 in MSCs, which is confirmed by western blot
(Figure 2B). Previously, CM collected from MSC:EC co-culture had been shown to inhibit
VEGF-A induced endothelial permeability, an effect dependent on VE-Cadherin-f3-catenin
interactions(3). Addition of VEGF-A to PEC cultures disrupts membrane localization of
VE-cadherin and p-catenin and addition of MSC:PEC CM or MSC CM prevents this
disruption, while MSCs with attenuated TIMP3 (MSCT3KO) have a diminished capacity to
prevent AJ disruption (Figure 2C). CM from MSCT3KO was also less effective than CM
from controls in reducing VEGF-induced permeability (Figure 2D). Quantitative results
support adherens junction changes (Figure S2E). PECs naturally give rise to tube-like
network structures in matrigel, which are inhibited by MSC CM, but not by MSCT3KO CM
(Figure 2E). These findings are depicted quantitatively using branch length and branch point
number (Figure 2F). Taken together, these findings suggest that TIMP3 may be a critical
mediator of the effects of MSCs on endothelial stability.

Recombinant TIMP3 can recapitulate the effects of MSCs and MSC CM on Adherens
Junction stability, endothelial barrier function and Matrigel network formation by PECs

To determine if rTIMP3 can recapitulate the effects of MSC CM on PEC function in vitro,
TIMP3’s effect on VEGF-A induced PEC permeability was assessed. rTIMP3 was added to
PEC cultures prior to inducing PEC permeability. Similar to CM from MSCs, rTIMP3 also
repaired AJ breakdown induced by VEGF-A (Figure 3A). Quantitative results support
Adherens Junction changes (Figure S2F). The results presented in Figure 3B show that
barrier performance of PEC cultures treated with 0.25-1.0 pg/ml rTIMP3 was significantly
improved, but with no dose response, relative to untreated cultures. The second graph in
Figure 3B shows that the effect of rTIMP3 is specific to VEGF-A induced permeability and
not other inducers such as thrombin. In addition, 2D matrigel network formation was
inhibited by rTIMP3 shown visually in Figure 3C and quantified in Figure 3D. To determine
if the effects of rTIMP3 may be due to its ability to inhibit matrix metalloproteinase
(MMPs), we tested two known inhibitors of MMPs (GM6001 and PD166793). Both of these
inhibitors were incapable of inhibiting VEGF-A induced PEC permeability at concentrations
known to inhibit MMPs (Figure 3E). These results suggest that TIMP3 mediates the effects
of MSCs on vascular stability through inhibition of VEGF-A activity.

IV MSCs increase circulating levels of TIMP3 post-TBI

We conducted experiments in a mouse model of TBI to determine if the effect of MSCs on
BBB permeability post-TBI involves increased circulating TIMP3. Animals received two
doses of MSCs (1 x10%/dose), 2 and 24 hours post-injury and blood was collected at 72
hours post-injury, a time when the BBB is maximally open. Western blot analysis of TIMP3
in the serum of treated animals reveals that MSCs increase circulating serum levels of
TIMP3 (Figure 4A). Since the antibody used for western blot cannot distinguish between the
human and mouse TIMP3, the source of the increased serum TIMP3 (human or mouse)
cannot be ascertained.

IV MSCs increase TIMP3 levels in the lungs and spleen but not the liver post-TBI

To determine the source for the synthesis and release of TIMP3 into the circulation of MSC
treated animals, TIMP3 protein and mRNA were measured in the lungs, an organ known to
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trap MSCs in a first- pass effect. Western Blot of lung total protein showed a significant
increase in TIMP3 protein in mice receiving MSCs relative to mice receiving vehicle alone
(Figure 4B). QPCR using mouse-specific primers indicates that MSC treated mice have
significantly increased levels of murine TIMP3 mRNA compared to controls at 72 hours
post-injury (Figure 4C). These differences are not present at 24 and 48 hours post injury
(Figure S3A). Using human specific GAPDH primers, we detected GAPDH mRNA (a
surrogate for tracking human MSCs) in lung tissue at 24 and 48 hr. post injury, but not 72
hr. (Figure 4D). QPCR of human TIMP3 production in the rodent lungs, reveals that human
TIMP3 is increased above the production levels found in MSCs in vitro at 24 and 48 hours
post-injury. Figure 4E shows that the human TIMP3 production in the lungs is increased
approximately 2 and 5 fold, at 24 and 48 hours respectively, above what we find in the in
vitro cultured MSCs. At 72 hours there are no MSCs (human GAPDH) detectable in the
lungs. These data suggest that early increased production of TIMP3 in the lungs may come
from the MSCs, but later production, after 72 hours, is most likely due to induced murine
production. Figure 4E also shows that this effect is specific to TIMP3 and not human TIMP1
or 2, which remain unchanged after MSC administration. QPCR analysis of tissue from liver
and spleen, two organs that also trap intravenously administered MSCs, reveals modest
increases in murine TIMP3 at 24 and 48 hours but not at 72 hours in the spleen of MSC
treated animals. No differences in mouse TIMP3 mRNA were detected in the liver at any
time point examined (Figure S3A). Human TIMP3 was not found in the rodent liver and
spleen after 24 hours, as there were no MSCs detectable in these organs one day post-injury
(Figure 4D).

IV MSCs do not Increase TIMP3 expression in the brain

Measurement of TIMP3 protein in the injured cortex indicates that TBI alone increases
TIMP3 protein levels in the brain (Figure 4F), however MSCs do not cause any additional
increase. QPCR analysis of murine TIMP3 in the cortex also shows a slight but not
significant increase in TIMP3 expression following TBI, with no change after MSC
treatment (Figure 4G). Interestingly, as expected, no human GAPDH expression (no MSCs)
was found in the brain of MSC treated mice (Figure 4D).

Knockdown of TIMP3 in MSCs fully abrogates the protective effects of MSCs on BBB
permeability after TBI

Our findings above suggest that the production of TIMP3, both human and mouse, increase
in vivo after IV MSC administration primarily in the lungs and also systemically in the
serum. These findings confirm our in vitro gene expression data demonstrating a contact-
mediated increase of TIMP3 in both PECs and MSCs, with MSCs being the largest producer
of TIMP3. To determine if MSC derived TIMP3 is required for BBB protection by MSCs in
TBI, knockdown of TIMP3 expression in MSCs was studied. Figure 5A schematically
depicts the experiment. MSCs were transfected with TIMP3 siRNA (Figure 2B). 48 hours
post injury, MSCs (transfected with scramble siRNA) or MSCs with attenuated TIMP3
(MSCT3KO) were injected in 2 doses, 2 and 24 hours post-injury. At 72 hours, animals
were injected with Evans’s Blue (EB), an albumin-binding dye that does not pass the BBB
unless it is compromised. Since the duration of the experiment is 5 days from initial
transfection with TIMP3 siRNA, we confirmed that expression of TIMP3 (Figure 5B) in
MSC:s is attenuated for up to 5 days after transfection with TIMP3 siRNA. Figure 5C shows
qualitatively that MSCs inhibit EB dye permeability post-TBI, but MSCT3KO does not.
Figure 5D shows quantitatively that knockdown of TIMP3 in MSCs completely abrogates
the protective effects of MSCs on BBB permeability to EB dye. To control for the
possibility that effects of human MSCs on the BBB are due to an immune mediated reaction
in the host, we conducted similar experiments with syngeneic C57BI6 MSCs to determine if
they could reproduce the effects of human MSCs. Murine MSCs (mMSCs) were
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administered IV post-TBI in the same fashion as human MSCs (Figure 5A). EB dye
permeability was attenuated by mMSCs, similar to the effects found with human MSCs
(Figures S4D and S4E). Further studies reveal that mMSCs produce TIMP3 (Figure S4A)
and can induce enhanced TIMP3 production in co-cultures with PECs (Figure S4B).
Pulmonary endothelial permeability is also inhibited by mMSC CM similar to human MSCs
(Figure SAC). These data suggest the effects of human MSCs in TBI are not due to a host
response to human cells and that mMMSCs may mediate protective effects through production
of TIMP3 as well.

Knockdown of TIMP3 in MSCs abrogates effects of MSCs on Adherens Junctions in the

brain

Past work has shown that MSCs preserve and reconstitute the loss of AJs and TJs post-
TBI(3). To determine if this effect is altered by knockdown of TIMP3, as was found in vitro,
brain tissue was sectioned and analyzed in the penumbra region of the injury (Figure 6H).
Staining for Occludin (red) and VE-Cadherin (green) reveals perivascular staining of both
proteins in the brain’s vasculature (Figures 6G and 5E). Qualitative analysis of Occludin-1
and VE-Cadherin expression in the penumbra shows that MSCs reconstitute depletion of
VE-Cadherin post-TBI, however mice receiving MSCs with attenuated TIMP3
(MSCT3KO), do not show this protective effect. Figure 5F shows significant quantitative
results of this study.

IV recombinant TIMP3 (rTIMP3) preserves BBB function in TBI animals

The role of circulating TIMP3 is still unknown to date, and most studies on TIMP3 have
generally focused on tissue expression of TIMP3(9). We sought to determine if
systemically-delivered rTIMP3 could recapitulate the effects of MSCs in vivo. TIMP3
(60pg/kg) was injected in three doses to brain-injured animals (see schematic Figure 6A).
EB dye extravasation into the brain was measured 48 hours post-injury as described above.
Figure 6B shows qualitatively that post-TBI administration of rTIMP3 significantly reduced
extravasation of EB dye into the injured brain. Quantitative analysis of EB dye extravasation
reveals a significant decrease in BBB permeability after TBI in rTIMP3 treated animals
(Figure 6C).

IV rTIMP3 preserves cerebral Vascular Adherens Junctions and inhibits neutrophil
infiltration post-TBI

Figure 6D shows that AJs are increased in rTIMP3 treated animals. Quantitative analysis
confirms this observation (Figure 6E). To determine the location in the brain of expression
of TIMP3, brain sections were co-stained for TIMP3 and PDGFRp, a vascular pericyte
marker. Figure 6C shows that TIMP3 localized in both blood vessels and neurons in the
brain. The close association of TIMP3 and PDGFR indicates that TIMP3 may be localized
or bound to cerebral vascular pericytes. To determine the effects of IV rTIMP3 on neuronal
inflammation, brain sections from rTIMP3 mice were stained for NIMP-R14, Iba, and
GFAP, which stain for blood neutrophils, reactive microglia, and reactive astrocytes
respectively. These markers of cerebral inflammation reveal significantly decreased cerebral
neurtrophil infiltrates in rTIMP3 treated animals (Figure S5A and S5B), but no change in
reactive microglia (Figure S5C and S5D) or astrocytosis (Figure S5E and S5F).

DISCUSSION

Our studies reveal that the beneficial effects of human MSCs on the BBB in TBI may be due
to production of the soluble factor TIMP3. The present studies reveal three important
findings: 1) MSCs increase gene and protein expression of TIMP3 in vitro and in vivo post
TBI 2) siRNA-mediated knockdown of TIMP3 in MSCs abrogates the ability of MSCs to
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attenuate VEGF induced EC/BBB permeability in vitro and in vivo after TBI and 3)
administration of rTIMP3 alone improves endothelial barrier dysfunction in vitro and in vivo
after TBI. We specifically show that TIMP3 is capable of decreasing BBB permeability and
restoring cerebral endothelial AJ integrity, all qualities previously reported for MSCs in
TBI(3). Our data suggests that MSC interactions with PECs triggers increased TIMP3
expression, findings which are corroborated by our in vivo data showing that both murine
and human TIMP3 increase in the lungs after MSC administration. Past work by our group
and others has shown that 90% of 1V administered MSCs are in the lungs in contact with
pulmonary endothelium(2, 5). These data further support our in vitro findings that contact-
mediated effects between PECs and MSCs mediate production of TIMP3 by both cell types.
Interestingly, large increases in murine TIMP3 production in the liver or spleen were not
found, indicating an organ (lung) specific effect. However, large increases in circulating
serum TIMP3 were found in MSC treated animals. This data has led us to hypothesize that
the lungs are the primary source of TIMP3, which is released systemically and has global
effects on vascular endothelial stability (Figure 7a).

Although, the mechanism by which TIMP3 modulates endothelial barrier function could be
multifold, our data suggest that this effect is mediated through inhibition of VEGFR2
signaling, a known biological activity of TIMP3(11) (Figure 7b). The rapidity with which
the AJs are restored by TIMP3 in PECs in vitro (30 minutes) suggests that the mechanism of
action is receptor mediated. VEGF-A binding to VEGFR?2 is a key inducer of vascular
permeability both in vitro and in vivo after TBI(16). Inhibition of VEGFR signaling has been
shown to decrease cerebral edema and BBB permeability after TBI(17). Our data
demonstrate that TIMP3 inhibits VEGF-A induced endothelial permeability and
compromise of AJs, both effects that regulate BBB compromise post-TBI.

Other possible regulators of BBB permeability by TIMP3 could be MMP inhibition or the
anti-inflammatory effects of TIMP3. TBI causes a biphasic increase in BBB permeability: a
rapid phase that occurs within minutes and a more delayed phase that peaks between 24-72
hrs after injury. The rapid phase is thought to arise from physical injury to brain
microvessels and the mechanisms that underlie the delayed phase involve a number of
processes including MMP inactivation and inflammation. Our data in vitro suggest that the
immediate effects of TIMP3 on endothelial barrier function are not due to either of these
activities since MMP inhibition in vitro could not recapitulate the effects of TIMP3 on
VEGF-A induced permeability, however we cannot rule out this possibility in vivo. TIMP3
has also been shown to have anti-inflammatory effects through inhibition of the tumor
necrosis factor-a (TNF-a) convertase (TACE/ADAM-17)(7). Further studies are needed to
assess the contribution of TACE inhibition to the effects of TIMP3 on BBB post-TBI.

The mechanism by which MSCs increase TIMP3 expression in PECs and vice-versa is
unclear at this time. We have ruled out the possibility that TIMP3 regulates TIMP3
expression in PECs and MSCs (Figure S2). Other possibilities include direct promoter
regulation by MSCs. A number of studies have shown TIMP3 promoter methylation plays
an important role in TIMP3 expression. Translation of TIMP3 mRNA can also be regulated
by several microRNAs including miR-21, miR-221 and miR-222(18), some of which are
known to be down regulated after TBI(19). Further investigation is required as to whether
MSC modulate any of these processes.

Perhaps the most interesting and convincing data supporting the role of TIMP3 in BBB
stability is our finding that a selected dose of recombinant TIMP3 is capable of significantly
inhibiting BBB permeability. From a therapeutic standpoint the dose of rTIMP3 used would
be a critical issue to determine since TIMP3 has been shown to induce apoptosis and most
likely would have a defined therapeutic window(20). Interestingly, one might hypothesize
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that the role of circulating TIMP3 is to maintain systemic vascular stability and homeostasis.
TIMP3 has been found to have genetic variants that are associated with macular
degeneration(21) and Sorsby’s Fundus dystrophy(22). Both of these ocular diseases are
associated with vascular changes and instability, suggesting a role for TIMP3 in regulating
vascular stability in multiple organs.

From a translational standpoint, it is clear that the future role of stem cells in disease is
unclear. There are a number of logistical and ethical issues surrounding the clinical
therapeutic use of stem cells in human disease. As our group and many others in the field are
finding, much of the demonstrated potential of MSCs in human disease models has been
shown to be due to the production of soluble factors(3, 13, 23, 24).There are multiple
advantages to identifying these factors considering the possibility of a “cell free” therapeutic
that can be used instead of cells. There is a clear unmet need for effective therapeutics in
traumatic brain injury, the leading cause of death in children and now a rising concern in
military personnel wounded in combat. Treatment options for brain swelling are few and
often include drastic measures such as craniotomy to relieve intracranial pressures. These
studies demonstrate that TIMP3 may have a translational role as a “cell free” therapeutic for
the acute treatment of cerebral edema after TBI.

Experimental Methods

Primary Cells and Cell Lines

First-passage human MSCs and PECs were purchased from Lonza (Walkersville,
Maryland). MSCs were found to have undetectable levels of MHC class Il and very low
levels of MHC class I; intermediate levels of the cellular adhesion proteins ICAM; and high
levels of CD105, CD29, and CD44(2;6). Cells were used at passages 2—7.

MSC-PEC Co-culture and MACs Cell Separation

PECs were co-cultured in contact with MSCs or with MSCs in transwells. The ratio of
MSCs to PECs was 1:5. Cells were harvested by trypsinization after 24 hr. and sorted by
magnetic cell sorting (MACS) using CD31 beads (Miltenyi Biotec, Germany). The CD44~
population of PECs was used in subsequent assays of endothelial function. An aliquot of this
population of cells was confirmed to be CD31* by flow cytometry.

siRNA Transfection of MSCs

About 5x10° MSCs were transfected with 2 ug anti-TIMP3 siRNA (OriGene Technologies,
Inc, Rockville, MD.) or pBlast empty vector using the Amaxa MSC Nucleofection system
(Lonza). Transfection efficiencies were estimated using a green fluorescent protein plasmid
to be about 80%.

Endothelial Cell Permeability Assay and Matrigel Assay

PEC monolayer permeability was tested by adding 10 pL of 10mg/mL 40-kDa flourescein
isothiocyanate (FITC)-Dextran (Sigma-Aldrich, St. Louis, MO) as described previously(3).
MMP inhibitors used include GM6001(Millipore Billerica,MA) at 10uM and PD166793
(Santa Cruz Santa Cruz,CA) at 10uM. Alternate inducers of PEC permeability include
TNFa (50 ng/ml) and Thrombin (10 ng/ml). For matrigel assay, PECs were treated with
rTIMP3 or media. 1x104 cells were seeded and endothelial network formation was
monitored at 1, 2, 3, 6, and 8 hr after seeding and images were captured on an Olympus
CKX41 light microscope (Center Valley, PA). Tube length and branch point numbers were
assessed by manual measurements and branch point counts were taken from 3 individual
wells for each treatment group.
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Animals and Traumatic Brain Injury Model

All procedures were approved by the University of Texas Health Science Center
Institutional Animal Care and Use Committee (HSC-AWC-10-037) and were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory Animals. A well-
established model of controlled cortical impact injury (CCl) (3, 25, 26) was used to cause
TBI in the animals as previously described(3). A single impact at a velocity of 4 m/s with a
deformation depth of 1.6 mm, was delivered- a severe injury. At 2 and 24 h after injury,
1x1095MSCs, siRNA-transfected MSCs, pBlast empty vector MSCs, or vehicle control
(phosphate-buffered saline, PBS) were administered via tail vein injections in a total final
volume of 125 pL. Evans Blue dye (EB) studies are described previously(3). For rTIMP3-
60.0 pg/kg rTIMP3 or vehicle control (PBS) was administered at 2, 24, and 48 h after injury,
via tail vein injections in a total volume of 125 L.

Affymetrix Arrays and Biostastical Analysis

The Affymetrix Human Genome U133 Plus 2.0 GeneChip® (Santa Clara, CA) was used for
gene expression profiling. The raw data was quantified using Robust Multiarray Analysis
(RMA) algorithm(27). To identify differentially expressed genes between two groups, two-
sample t-test was utilized on probe set-by-probe set basis; the p-value for each probe set was
computed based on the test statistic applied(28). Supervised two-way hierarchical clustering
technique was utilized to illustrate findings. To produce two-way clustering heat map, the
Pearson correlation was used for distance matrix calculation and the Ward’s method was
applied as linkage rule. The expression data processing and analyses were performed using
R (version 2.10.0) and Bioconductor packages (http://www.bioconductor.org/). To better
understand genes differentially expressed between PECs cultured alone or co-cultured with
MSCs and then separated, we used clustering to group genes with appropriate p-values
(FDR < 1%) into sets that exhibited similar expression patterns. Gene annotation enrichment
analysis of clustered genes was performed using the NIH DAVID annotation tool (http://
david.abcc.ncifcrf.gov).

Statistical analysis

Data in all graphs are shown as mean+/-SEM. Where applicable, data were analyzed using a
Student’s t-test for 2 group comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Direct MSC-PEC interaction dramatically alters gene expression in both cell types
(A) Schematic of MSC-PEC co-culture, MACS separation, and RNA generation to generate
four groups: MSCs cultured alone (MSC), MSCs co-cultured with PECs then separated
(MCO), PECs cultured alone (PEC), and PECs co-cultured with MSCs then separated
(PCO). (B) Two-way clustering heat maps for PECs vs PCOs and (C) MSCs vs MCOs
shows large changes with co-culture in both cell types. (D) Gene ontogeny analysis reveals
that secreted, cell adhesion, and extracellular matrix proteins are classes of genes altered by
MSC-PEC contact. (E) Confirmatory gPCR and (F) western blot data shows significant
increases in TIMP3 expression in both MSCs and PECs following co-culture (*p<0.05).

Data expressed as mean + SEM; n =2-4.
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Figure 2. Knockdown of TIMP3in M SCsdiminishes effect of MSCson PECsin vitro

(A) gPCR (B) western blot analysis of MSCs transfected with TIMP3 siRNA (MSCT3KO)
shows knockdown of TIMP3 mRNA (*p<0.05). Data expressed as mean + SEM; n =2-4.
(C) Diminished protection by CM from MSCT3KO on AJs. VE-Cadherin-Green, 3-Catenin-
Red (D) Lack of an effect of MSCT3KO CM (*p<0.05) compared to control. Data are
expressed as mean = SEM; n =4. (E) EC network formation in matrigel shows that CM from
MSCs inhibits EC network formation. Treatment of ECs with MSCT3KO CM shows only
partial inhibition. Representative images shown are at 30 mins and 8 hrs. (F) Branch point
length and branch point number confirms reduction in inhibition (*p<0.05) by MSCT3KO
CM. Data expressed as mean + SEM; n =4.
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Figure 3. Recombinant TIMP3 (r TIMP3) recapitulates the effects of conditioned media on
VEGF-treated ECsin vitro

(A) rTIMP3 preserves EC AJs following VEGF stimulation similar to MSC-CM (B)
rTIMP3 inhibits VEGF-induced EC permeability (*p<0.05) and is not concentration
dependent. The effect of rTIMP3 is specific to VEGF-induced permeability, as no protection
against thrombin-induced permeability is found. Data are normalized to untreated cells
(Control) and expressed as mean £ SEM; n =4. (C) Similar to CM in Figure 2E, rTIMP3
(0.5 pg/mL or 1.0 pg/mL) inhibits matrigel networks. Images shown were taken at 30 mins
and 8 hrs after seeding. (D) Branch point length and branch point number confirms
inhibitory effect (*p<0.05) of rTIMP3. Data expressed as mean £ SEM; n =4. (E) MMP
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inhibition by GM6001 and PD166793 (both tested at 10 pM) cannot recapitulate the effects

of rTIMP3 on VEGF-induced endothelial permeability. Data expressed as mean = SEM; n
=4,
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Figure4. |V MSCsalter lung and circulating TIMP3 levelsin TBI mice

Western blot shows increased levels of TIMP3 in (A) serum and (B) the lungs of injured,
MSC-treated mice compared to controls (*p<0.005). Data expressed as mean + SEM; n =5.
(C) gPCR demonstrates mRNA of murine TIMP3 levels in lungs is increased (*p<0.05) in
MSC-treated mice. Data expressed as mean + SEM; n =5. (D) gPCR detection of human
GAPDH mRNA in MSC-treated mice indicates the presence of IV-delivered MSCs. Table
shows tracking of MSCs in the spleen, liver, lung, and brain of TBI mice treated with MSCs.
(+) signifies detection of human GAPDH. (E) QPCR changes in lung of TIMP3 vs. TIMP1
and TIMP2 by MSCs in TBI mice at 24 (green) and 48 (blue) hrs post-injury. MSCs
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cultured alone in vitro are also shown as a control (white). (F) Western blot and (G) gPCR

of TIMP3 protein/mRNA in the cortex shows no difference in MSC treated mice compared
to TBI alone. Data expressed as mean + SEM; n =5.
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Figure5. sSRNA-mediated knockdown of TIMP3in M SCsdiminishestheir protection of the
blood-brain barrier in TBI mice

(A) Methodology to detect BBB integrity using Evans Blue Dye (EBD). (B) TIMP3 is
attenuated by transfection with TIMP3 siRNA (MSCT3KO). QPCR and western blot of
TIMP3 production in MSCs transfected with siRNA confirms reduction of TIMP3 for five
days post-transfection, spanning the duration of the in vivo experiment. (C) Brains show
decreased EBD at the site of cortical impact with MSCs. This effect is eliminated in MSCs
transfected with TIMP3 siRNA. (D) Quantitation of EBD confirms differences in (B)
(*p<0.005). Data expressed as mean + SEM; n =10. (E) Immunofluorescent staining of VE-
cadherin (green), B-catenin (red), DAPI (blue) and merge(yellow) in the penumbra of sham
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mice, untreated TBI-injured mice (TBI), TBI-injured mice treated with MSCs (MSC), and
TBI-injured mice treated with MSCs transfected with a-TIMP3 siRNA (MSC-T3KO).
MSCT3KO mice show diminished restoration of AJs post-TBI. (F) Quantitation of (E)
confirms attenuated VE-Cadherin expression in MSC-T3KO-treated animals (*p<0.05).
Data expressed as mean + SEM; n =4 animals, 8 sections/animal.
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Figure 6. TIMP3 Regulates Blood-Brain Barrier Stability

(A) Schematic with control, TBI-alone and TBI-injured mice treated with rTIMP3 at 6ug/kg.
(B) Representative images of brains show decreased EBD at the site of cortical impact in
rTIMP3-treated mice. (C) Quantitation of EBD confirms differences observed in (B).
(*p<0.05). Data expressed as mean + SEM; n =10. (D) Staining of Occludin (red) and VE-
cadherin (green) in the penumbra of TBI alone and TBI+rTIMP3 reveal preservation of AJs
by TIMP3. (E) Quantitation confirms increased expression of VE-Cadherin in rTIMP3-
treated animals (*p<0.05). Data expressed as mean + SEM; n =4, 8 sections/animal. (F)
TIMP3 (red) and PDGFRp (green) co-localize expression on vasculature. Arrows depict
neuronal and vascular staining of TIMP3. (G) Confocal imaging of Occludin (Red) and VE-
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Cadherin (Green) shows perivascular staining of proteins in the brain vasculature. (H)
Schematic of coronal brain section showing the imaged penumbral region (red).
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Figure 7. TIMP3 Enhances Blood-Brain Barrier Integrity and May Act Through Multiple

M echanisms I nvolving Many Organs

(A) Biological model showing increased production and downstream effects of circulating
TIMP3 following contact of intravenously-delivered MSCs with the pulmonary vasculature.
(B) Schematic of the biological effects of TIMP3. IV MSCs are found primarily in the lungs
in contact with pulmonary vascular endothelium. In the lungs early expression of TIMP3 is

from MSCs (red) and later (72 hrs) TIMP3 production derive

s from the mouse. This results

in systemic increases in TIMP3 and systemic vascular effects, hypothetically leading to

decreased end organ damage.
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