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Abstract

Rationale: Endothelial barrier function depends on the proper localization and function of the
adherens junction protein VE-cadherin. Previous studies have suggested a functional relationship
between integrin-mediated adhesion complexes and VE-cadherin yet the underlying molecular
links are unclear. Binding of the cytoskeletal adaptor protein talin to the p integrin cytoplasmic
domain is a key final step in regulating the affinity of integrins for extracellular ligands (activation)
but the role of integrin activation in VE-cadherin mediated endothelial barrier function is
unknown.

Objective: To test the requirement of talin-dependent activation of B1 integrin in VE-cadherin
organization and endothelial cell barrier function.

Methods and Results: Endothelial cell-specific deletion of talin in adult mice resulted in
impaired stability of intestinal microvascular blood vessels, hemorrhage and death. Talin-deficient
endothelium showed altered VVE-cadherin organization at endothelial cell-cell junctions in vivo.
shRNA-mediated knockdown of talinl expression in cultured endothelial cells led to increased
radial actin stress fibers, increased adherens junction width and increased endothelial monolayer
permeability measured by electrical cell-substrate impedance sensing. Restoring 1 integrin
activation in talin-deficient cells with a B1 integrin activating antibody normalized both VE-
cadherin organization and endothelial cell barrier function. In addition, VE-cadherin organization
was normalized by re-expression of talin or integrin activating talin head domain but not a talin
head domain mutant that is selectively deficient in activating integrins.
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Conclusions: Talin-dependent activation of endothelial cell 1 integrin stabilizes VE-cadherin
at endothelial junctions and promotes endothelial barrier function.
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INTRODUCTION

Endothelial cells (ECs) line the luminal blood vessel surface forming a barrier that separates
the blood from surrounding tissues. EC barrier function is tightly regulated, dynamic and
plays a central role in human health and disease. The EC barrier is maintained in part by
adherens junctions (AJs), comprised of VE-cadherin and associated cytoplasmic interacting
proteins1-3, In response to permeability inducing hormones and autocoids such as vascular
endothelial growth factor and thrombin, AJs remodel and the endothelium becomes more
permeable. These changes in vascular permeability play an important role in leukocyte
transmigration and tissue fluid homeostasis*®.

The plasticity of AJs in response to extracellular cues depends upon connections to the actin
cytoskeleton. VE-cadherin is linked indirectly to actin through its interaction with the p-
catenin and a-catenin complex. / Mice expressing a VE-cadherin-a-catenin fusion which is
retained at AJs were protected from VEGF-induced permeability clearly demonstrating the
functional significance of VE-cadherin junctional stability in vivo. 8 Actomyosin-dependent
contraction of ECs regulates the endothelial barrier and the reorganization of junctional VE-
cadherin pools in response to the altered actin cytoskeleton tension induces the appearance
of tensile AJs referred to as focal adherens junctions (FAJs). % 10 Like AJs, integrin
containing adhesion complexes are linked indirectly to the actin cytoskeleton through
interactions with cytoskeleton adaptor proteins!! . Indeed, a functional relationship been Als
and integrins is well-established but the underlying molecular mechanisms are yet unclear!2,

Integrins are heterodimeric adhesion receptors comprised of a and p-subunits which bind,
among other ligands, extracellular matrix components important in mediated cell adhesion to
the basement membrane.13 Quiescent endothelium expresses at least seven classes of
integrin with B1 integrin, one of the best studied in endothelium, dictating specificity for
fibronectin (a5p1), collagen (a1p1, a2pl) and laminin (a3p1, a6p1). 14 Concomitant
endothelial-specific deletion of a5 and av leads to cardiovascular defects and embryonic
lethality by E14.5.15 EC-specific deletion of B1 integrin during development resulted in
embryonic lethality between E9.5-E.10.5 characterized by vascular patterning defects and
vessel malformations'® whereas inducible genetic deletion of 1 integrin in ECs or postnatal
pharmacological blockade of p1 integrin resulted in impaired lumen formation and defects
in EC apical-basal polarity during new vessel growth.1” More recently, EC-specific genetic
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deletion of B1 integrin in mice supported a role for B1 integrin expression in stabilizing VE-
cadherin at cell-cell junctions.18 Collectively, these data indicate that the expression of g1
integrin in ECs is critical for normal vascular development and blood vessel stability.

An important property of integrins is the modulation of affinity for extracellular ligands, a
process termed integrin activation or “inside-out integrin signaling”. A key final step in
activating integrins is binding of the N-terminal head domain of the cytoskeletal protein talin
to the B integrin cytoplasmic domain. 19-22 Whereas many of the molecular and structural
details of how talin binding activates integrins?! and the biological significance of talin-
dependent integrin activation have been clearly demonstrated in hematopoietic cells?3-27, the
requirement for talin-dependent integrin activation in established blood vessels has not been
tested. EC-specific deletion of 7/n1 in mice causes embryonic lethality due to defects in
angiogenesis resulting in extensive vascular hemorrhaging and lethality by E9.5 28
supporting a clear role of talin in embryonic developmental angiogenesis.

Here, we analyzed mice in which we have genetically deleted 7/n1 selectively in the
endothelium of established blood vessels of adult mice using an inducible conditional Cre/
loxP recombination approach. Interestingly, our findings indicate the importance of EC
talinl in the stability and barrier function of the intestinal microvasculature. Furthermore, we
present both in vivo and in vitro data that support a role for talin in VE-cadherin
organization and show that talin-dependent activation of p1 integrin is a key node in this
pathway required for AJ stability and integrity of the endothelium.

METHODS

Mice.

The authors declare that all supporting data are available within the article and its online-
only Data Supplement.

To delete talinl postnatally in endothelial cells, 7/717f:Cdh5-CreERT2+/~ 29,30 (3 gift from
Ralf Adams, Max Planck Institute) male mice were crossed with 7771 female mice to
generate 7/n1f;Cdh5-CreERT2™/~ (TIn1 CTRL) and 7/n17f;Cdh5-CreERT2*/~ (TIn1 EC-
KO) offspring. Studies using the tdTomato reporter were done by comparing mice with
genotype 7/n1f:Cdh5-CreERT2*/~;Rosa26-tdTomato*/~ with 7/n17Wt:Cdhs-
CreERT2*/~;Rosa26-tdTomato*~ mice. Adult mice, 8-10 week old mice were treated with
tamoxifen (Cayman Chemicals) dissolved in corn oil via intraperitoneal injection (2mg/
mouse/day) for 3 consecutive days. For retinal angiogenesis studies, pups received
tamoxifen (dissolved in corn oil) via intragastric injection (50ug/mouse/day) for 3
consecutive days starting on postnatal day 2. Similar ratios of males and female mice were
used for experiments and experimenters were blinded to the genotypes of mice until all data
was collected. In control experiments to test the effects of tamoxifen versus corn oil on
survival, mice were randomly assigned to treatment groups. Experimental procedures were
approved by the Emory University Institutional Animal Care and Use Committee.
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Statistical analysis.

All statistical tests were performed using Prism Software 8.0. The specific test that was used
to analyze individual experiments is noted in the figure legends but briefly for comparison of
parametric data from two groups, an unpaired t-test was used. Data sets analyzed with
parametric statistical tests were tested for a normal distribution using a Shapiro-Wilk test.
For comparison of vessel leak in mouse organs, we performed multiple unpaired t-tests as
only two groups (CTRL vs EC-KO) were compared. Where noted in the legends, we
performed one-way analysis of variance with either a Dunnet’s, Tukey or_Sidak’s Multiple
comparison test. The number of animals and experimental repeats is listed in individual
legends.

Detailed methods can be found in the Online Data Supplement.

RESULTS

Endothelial-specific deletion of talinl in established blood vessels causes intestinal
vascular hemorrhage and death.

To test the contribution of talin-dependent integrin activation in endothelial cells in the
maintenance and stability of mature vasculature, we generated endothelial cell (EC)-specific
talin1 knock-out mice utilizing 7/n1 floxed mice 26 27 expressing a tamoxifen-inducible Cre
driven by the VE-cadherin (Cah5) promoter30. Adult 7/n17f:Cdh5-CreERT27/~ (referred to
as TIn1 CTRL) and 7/n1f;Cdh5-CreERT2*/~ (TIn1 EC-KO) mice were administered
tamoxifen at 8-10 weeks of age. Strikingly, TIn1 EC-KO mice developed sudden-onset
morbidity, including inactivity and hunched posture, starting approximately 14 days after
tamoxifen treatment and died 16-21 days after tamoxifen treatment (Fig 1A). Neither Tinl
EC-KO mice treated with corn oil vehicle nor 7/n17f;Cdh5-CreERT27/~ mice treated with
tamoxifen showed adverse effects or reduced survival (data not shown and Fig 1A). Gross
examination of TIn1 EC-KO adult mice 16 days after deletion of talinl revealed bloody
intestines whereas abnormalities in other organs were not observed (Fig 1B and 1C). Talin
protein expression was reduced by 82% in ECs isolated from lungs of TIn1 EC-KO mice
treated with tamoxifen in vitro (Fig 1D). In light of the observed extravascular red blood
cells in the intestinal capillaries of TIn1 EC-KO mice visualized by Hematoxylin and eosin
staining (Fig 1E), we measured the leak of circulating Evan’s Blue Dye (EBD), a well-
established in vivo assay to assess vascular permeability31. Two hours after intravenous
injection of EBD, which binds tightly to serum albumin, TIn1 EC-KO mice showed
approximately a 2.5 fold increase in EBD content in the small intestines compared to TIn1l
CTRL mice indicating impaired endothelial barrier function in the intestines of TIn1 EC-KO
mice (Fig 1F). We also deleted 7/n1 utilizing a second EC-specific, tamoxifen-inducible
PDGFB-CreERT2 mouse line32. Tamoxifen treatment of 7/717f, PDGFB-CreERT+/- mice
resulted in similar intestinal bleeding and death as when 7/n was deleted with Cah5-
CreERT2 (Online Figure I A-C). The possibility of Cre-mediated recombination in
hematopoietic cells in Cdh5-CreERT2 and PDGFB-CreERT2 mice was examined with a
Rosa26-flox-stop-flox-TdTomato (TdTom) Cre reporter mouse (Jackson Labs #007914).
Flow cytometry of peripheral blood isolated from tamoxifen-treated PDGF-
CreERT2*/~;TdTom mice showed TdTomato expression in approximately 10% of platelets
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consistent with the previous characterization of these mice32. In contrast, TdTomato
expression was not detected in any peripheral hematopoietic cells isolated from tamoxifen-
treated Cdh5-CreERT2*/~;TdTom mice (Online Figure I D). Since talin expression in
platelets is essential for hemostasis?6: 27, we utilized Cdh5-CreERT?2 to delete EC talinl in
all subsequent experiments.

Endothelial Talin1 is required for intestine vascular barrier function.

To visualize vascular morphology in cre-recombined cells, the above-described TdTomato
Cre-reporter was bred into TIn1 EC-KO and CTRL mouse lines to create 7/72Vf;Cdh5-
CreERT2*~ TdTomato* (TIn1 CTRL-TdTom) and 7/72f;Cdh5-CreERT2*/~, TdTomato*
(TIn1 EC-KO-TdTom) mice. Intravascular labeling of the endothelium with FITC-lectin for
30 minutes revealed extravascular accumulation of FITC-lectin in surrounding intestinal
tissue in TIn1 EC-KO-TdTom mice 16 days after tamoxifen suggestive of vascular leak
despite comparable intravascular FITC-lectin labeling (Fig 2A). Confocal microscopic
analysis of TIn1 EC-KO-TdTom villi revealed disorganized villi capillary beds with the
appearance of round cyst-like malformations composed of multiple ECs (Fig 2B) that were
not observed in TIn1 CTRL-TdTom littermates. We examined the vasculature of whole-
mounted segments of small intestine from adult mice as early as 12 days after tamoxifen
injection and observed morphological defects in the microvasculature of TInl EC-KO-
TdTom mice, characterized by small cyst-like structures and widening of the villi capillaries
(Fig 2C). Importantly, TdTomato was expressed in the blood vessels of all organs examined
including the brain, liver and heart, of TIn1 CTRL-TdTom and TIn1 EC-KO-TdTom mice
indicating efficient activation of Cre after tamoxifen treatment (Online Figure I1). Deletion
of 7/n1transcript in intestinal ECs was confirmed by reverse transcription and real-time
PCR analysis of RNA isolated from FACS-sorted intestinal ECs (Online Figure I1I).
Together, the foregoing data support an important function of talin in the maintenance and
stability of intestinal microvasculature.

Reduced B1 integrin activation and disorganized adherens junctions in established
vessels of Talinl EC-KO mice.

Consistent with the established role of talin as a key regulator of integrin activation,
immunofluorescence analysis of retinas of P7 TIn1 EC-KO and CTRL neonates with a p1
integrin activation-sensitive antibody indicated a significant reduction in active p1 integrin in
TInl EC-KO endothelium (Fig 3A). Importantly, total p1 integrin expression in the retina
appeared similar between groups (Fig 3B). Furthermore, similar levels of 1 integrin surface
expression were observed in acutely isolated lung ECs from adult TIn1 EC-KO and CTRL
mice 15-days after tamoxifen treatment (Online Figure IV A). Endothelial barrier function
depends on VE-cadherin (VE-Cad) 2. Recent work highlighting the requirement of
endothelial B1-integrin in maintaining vessel stability by regulating VE-cadherin
localization!® suggested that VE-Cad localization might be altered in the endothelium of
TInl EC-KO mice. Whole-mount staining of retinal vasculature from adult TIn1 EC-KO and
CTRL mice 15 days after tamoxifen treatment revealed disorganized capillary cell-cell
junctions and increased intracellular VE-Cad staining relative to TIn1 CTRL mice (Fig 3C).
Interestingly, intestinal capillary junctions visualized by immunofluorescence of VE-Cad
were discontinuous with ECs detached from neighboring ECs (Fig 3D). Analysis of zonula
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occludens-1 (Z0-1), a component of tight junctions, similarly showed altered organization in
P7 TIn1 EC-KO retinas (Online Figure V). Together, these data indicate that talin expression
is necessary for 1 integrin activation in ECs in vivo and suggest an important mechanistic
link between talin-dependent B1 integrin activation and the regulation of cell-cell junction
organization in ECs.

Disorganized cell-cell junctions in talin-deficient endothelial cells.

To further investigate the mechanisms by which EC talinl contributes to cell-cell junction
stability, we deleted talinl using short hairpin RNAs in human umbilical vein endothelial
cells (HUVECSs) as measured by immunofluorescence and western blot analysis (Fig 4A and
4B). Deletion of talin1 did not alter surface expression of the major endothelial integrins as
measured by flow cytometry (Online Figure 1V B). Talin-deficient cells exhibited a striking
difference in the junctional organization of VE-cadherin (Fig 4C) and ZO-1 (Online Figure
V) with significantly wider cell junctions in shTIn1 cells relative to shScramble control cells.
p120 staining at the cell-cell junctions was discontinuous and diffuse in shTInl cells
consistent with altered AJ organization (Fig 4D). Altered junctional organization in talin-
deficient ECs was not accompanied by any consistent detectable changes to VVE-cadherin or
p120 protein expression relative to shScramble cells (Fig 4E, Online Figure VI B). Changes
to junctional organization in talin-deficient ECs were also evident in human dermal blood
microvascular endothelial cells (HDMVECS). Deletion of talinl in HDMVECs increased
junctional width (Fig 4F) with no consequence to the total expression of adherens junction
components VE-cadherin and p120 (Fig 4G). Because of the junctional alterations exhibited
in talin-deficient ECs, we speculated that increased cell contractionl® might be responsible
for changes in junctional morphology of talin-deficient ECs. Indeed, talin-deficient
HUVECs and HDMVEC:s displayed increased actin stress fiber formation relative to
shScramble cells (Fig 5A and Online Figure VI D). Phosphorylation of myosin light chain
was also increased in talin-deficient HUVECS, consistent with increased contractility in the
absence of talin (Figure 5B). Pharmacological inhibition of Rho-Kinase in talin-deficient
HUVECs mitigated the alterations in VE-Cad organization and actin stress fiber formation
(Fig 5C). These findings indicate that talin stabilizes endothelial AJs at least in part by
suppressing_actin-myosin contractility.

Reduced barrier function of talin-deficient endothelial cells.

To test whether altered cell-cell junctions of talin-deficient ECs was due to increased cell-
cell junctional tension, we performed immunofluorescence co-localization of VE-cadherin
and vinculin to identify tensile AJs. Previous work has described changes in junctional VE-
cad organization in response to increased actin cytoskeleton tension demarcated by co-
localization of vinculin and VVE-cadherin at cell-cell contacts® 1. Deletion of talini in
HUVEC:s resulted in pronounced co-localization of VE-cadherin and increased junctional
pools of vinculin (Fig 5D-E) as measured by line-scanning of cell junctions. Interestingly,
the appearance of tensile VE-cadherin+/vinculin+ cell-cell contacts could be reversed by
Rho Kinase inhibition supporting the role of increased contraction in the change in tensile
junction formation (Fig 5F-G). To test whether the increased appearance of tensile cell-cell
contacts and wider junctions of shTInl cells coincided with altered EC barrier function, we
performed Electric Cell-Substrate Impedance Sensing (ECIS Z0; Applied Biophysics)
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experiments to assess basal impedance of EC monolayers in response to talin depletion.
shTInl HUVECs exhibited a 39% reduction in endothelial monolayer impedance compared
to shScramble-treated control cells (Fig 5H). Defects in monolayer resistance were similarly
observed in shTIn1 HDMVEC:s relative to control cells (Fig 51). Together, these results are
consistent with the observation of leaky blood vessels in TIn1 EC-KO mice and indicates
that talinl is required for EC barrier function in vitro and in vivo.

Bl integrin localizes to cell junctions and B1 activation is required for junctional stability.

The expression of B1-integrin in endothelial cells has been shown to promote VE-cadherin
stability 18. Interestingly, a pool of B1 integrin has previously been reported to localize to EC
junctions33. To investigate whether active p1 integrin contributes to AJ stability we first
examined the localization of active 1 integrin by immunofluorescence with an activation-
sensitive B1 integrin antibody in HUVECs. As expected, active 1 integrin localized to focal
adhesions (Fig 6A). In addition, we observed a pool of active p1 integrin at VE-cadherin-
containing cell-cell junctions (Fig 6B). We confirmed these findings using higher resolution
3D structure illuminated microscopy (3D-SIM) (Fig 6B). In addition, a pool of talin was
localized at cell-cell junctions (Fig 6C). Treatment of HUVECSs with the ligand blocking p1
integrin antibody P5D2 induced VE-cadherin disorganization and reduced endothelial
barrier function compared to cells treated with the non-function altering 1 integrin antibody
K20. (Fig 6D-E). To test whether impaired B1 integrin activation contributed to the altered
VE-cadherin junction organization we observed in talin-deficient HUVECs, we treated
shTInl and shScramble HUVECs with either 1 integrin activating antibody (9EG7) or
nonimmune 1gG. 9EG7 treatment largely reversed the increased AJ width of talin-deficient
HUVECs (Fig 6F). Treatment of shTInl and shScramble HUVECs with 9EG7 did not alter
total protein expression of VE-cadherin relative to control groups treated with rat isotype
IgG (Fig 6G). Functionally, treatment of talin-deficient HUVECs with 9EG?7, but not the
non-function altering p1 integrin antibody K20, rescued EC barrier function up to 6 hours
after treatment (Fig 6H). Together, these results indicate that talin-dependent activation of p1
integrin is required for maintaining VE-cadherin organization and EC barrier function.

Talin-dependent B1 integrin activation stabilizes VE-cadherin.

To test whether changes in talin-dependent 1 integrin activation altered turnover of VE-
cadherin, we performed an antibody internalization assay34 3° to visualize VVE-cadherin
internalization in talin-deficient HUVECs. Whereas total pools of VE-cadherin appeared
similar, shTInl cells exhibited a 37% increase in internalized VVE-cadherin (Fig 7A). The
increased VE-cadherin width in talin-deficient ECs was abrogated by transfecting shTinl
cells with GFP-talin but not GFP (Fig 7B). Reconstitution of HUVECs with GFP-tagged
talin head domain (GFP-THD) which activates integrins3® but lacks most actin binding sites
appears to partially rescue junctional width while expression of GFP-THD-L325R, capable
of binding to, but not activating integrins3® failed to normalize AJ organization compared to
GFP-TInl (Fig 7B). These data reveal a critical role of talin-dependent integrin activation in
regulating the junctional organization of VVE-cadherin: when p1 integrin is activated, either
by expression of talin or by treating talin-deficient cells with 1 integrin activating
antibodies, cell-cell junctions are stabilized. Importantly, changes to junctional organization
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in response to stimulation of B1 integrin activation or blockade of p1 integrin correspond
functionally with altered monolayer barrier function.

DISCUSSION

Here we tested the requirement for EC talin in the maintenance of established blood vessels.
Deletion of EC talin in adult mice results in vascular leak and lethal intestinal hemorrhage
16-21 days after 7/n1 deletion. EC-specific talinl knockout mice exhibit altered cell-cell
junction organization and intestinal EC detachment from adjacent ECs. Mechanistically,
depletion of talin with 7/nZ shRNA in HUVECs resulted in cell-cell junction remodeling,
increased cytoskeletal contraction and increased junctional width. Loss of talin promoted the
appearance of tensile Focal Adherens Junctions (FAJs) suggesting increased junctional
tension. Activation of B1-integrin rescued junctional VE-cadherin organization while 1-
integrin blockade in WT HUVECSs phenocopied shRNA-mediated talin depletion suggesting
a critical role for talin-dependent integrin activation in maintaining cell-cell junctions.
Functionally, deletion of talin in HUVECs increased VE-cadherin internalization and
reduced EC barrier electrical resistance. Defects in cell-cell junction organization and EC
barrier function in talin-deficient ECs were rescued by treating cells with a 1 activating
antibody. Furthermore, reconstitution of talin-deficient HUVECs with either full length
talinl or an integrin-activating talinl head-domain normalized VE-cadherin organization.
Collectively, these studies reveal an important role of talin-dependent B1-integrin activation
in the maintenance of vascular barrier function.

Our observation that inducible genetic deletion of talinl in ECs of adult mice causes defects
predominantly in the intestinal microvasculature is striking. Similar phenotypes were
observed utilizing two widely-used tamoxifen-inducible EC-specific Cre mice limiting the
chances that the phenotype could be attributed to deletion of talin in non-ECs. While EC
turnover appears to be similar across various established vascular beds 37, the concept of
vascular heterogeneity and organ-specific EC function is well-supported38-40, For example,
the unique structures and functions of the blood brain barrier (BBB)*: 42, blood retinal
barrier (BRB)*3: 44 and the gut vascular barrier (GVB)® each play context-dependent roles
in regulating paracellular permeability.2 3 46 The endothelium of the BBB lacks
fenestrations and contains continuous intercellular tight/adherens junctions.*! In contrast,
the endothelium of the outer BRB and of the GVB are characterized by fenestrated
capillaries and increased permeability to components of the blood, immune cells and, in the
case of the GVB, microbiota® 4°. Furthermore, compelling evidence suggests that
fenestrated microvasculature and endocrine organ vasculature are preferentially dependent
on VEGF-VEGFR?2 signaling as pharmacological VEGF inhibition reduces fenestrations
and vessel growth4”: 48, The reasons for TIn1 EC-KO mice developing defects
predominantly in the intestinal microvasculature is not clear. Integrin signaling has been
shown to promote VEGFR2 function9-5L, It is therefore plausible that VEGFR2 activity
may be reduced in the endothelium of TIn1 EC-KO mice. If the fenestrated® capillaries of
the intestine are more dependent on VEGF signaling than other vascular beds, this could
contribute to the observed dysfunction of the intestinal microvasculature of TIn1 EC-KO
mice.
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A key regulator of vascular permeability is the AJ molecule, VE-cadherin? 7. As cell-matrix
and cell-cell adhesions are linked through their independent interactions with the actin
cytoskeleton33: %4, their downstream signaling pathways converge at a number of molecular
hubs which act downstream of mechanosensory stimuli.>®> Small GTPases, cytoskeletal
adaptors and mechanosensitive proteins such as vinculin play critical roles in establishing
and maintaining both cell-cell and cell-matrix adhesions. Our observation that talin-deficient
HUVECs exhibit altered vinculin localization to cell-cell borders (Fig 5D) is reminiscent of
recent work which showed thrombin-induced cell contraction promotes weakening of the
endothelial barrier and the appearance of FAJs. ® FAJs are demarcated by VE-Cad-vinculin
co-localization at cell-cell contacts. As talinl contains several vinculin-binding sites 6. 57
and the actin cytoskeleton is disorganized in talin-deficient ECs (Fig 5A), loss of EC talin
may promote the association of vinculin with the AJ complex by promoting vinculin-a-
catenin binding and thereby altering cellular tension. Interestingly, the altered organization
of tight junction component ZO-1 would suggest that changes in cellular tension likely
affect the junctional stability of other adhesive structures, an observation that warrants
further future investigation (Online Figure V).

Together, our in vitro and in vivo results provide evidence for a link between inside-out
integrin activation and the maintenance of the endothelial barrier in the intestinal
microvasculature. Early studies established the importance of endothelial a5p1 integrin in
barrier function as antibody-mediated blockade of a.5p1, but not avp3 integrin, weakened
barrier function in vitro 33, Subsequent studies have revealed the importance of 1 integrin
during developmental angiogenesis as it dictates endothelial cell polarityl” and functions in
the stabilization of established and maturing vessels 18. Together, these studies highlight the
requirement of EC B1 integrin expression in the growth, maintenance and stability of blood
vessels. Our results here build on these concepts by demonstrating that talin-dependent
integrin activation controls the organization of cell-cell junctions in the intestinal
microvasculature. Our in vitro results, utilizing both pharmacological and genetic
approaches, indicate that it is the capacity of talin to activate integrins, not mechanically
linking integrins to the actin cytoskeleton, that contributes to VE-cadherin organization.
Importantly, this finding suggests the exciting possibility that pharmacological manipulation
of integrin activation may represent a novel therapeutic strategy for modifying the
endothelial barrier in the context of a variety of human diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms:

EC endothelial cell

Al adherens junction

FAJ focal adhesion junction

ECIS electrical cell-substrate impedance sensing

EBD Evan’s blue dye

HUVEC human umbilical vein endothelial cell

HDMVEC human dermal blood microvascular endothelial cel
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Integrins play an important role in endothelial cell (EC) function and talin is
an important regulator of integrin affinity modulation.

. VE-cadherin at EC-EC junctions is critical for EC barrier function.

. B1 integrin expression is required for the establishment and stability of VE-
cadherin at EC-EC junctions.

What New Information Does This Article Contribute?
. Talin expression is required for EC 1 integrin activation in mice.

. Loss of talin in ECs results in increased cell contractility and altered VE-
cadherin organization.

. B1 integrin activation plays an important role in VE-cadherin organization
and EC barrier function.

A functional interaction between integrin-containing cell-matrix adhesions and VE-
cadherin-containing adherens junctions has been described but the molecular mechanisms
underlying this relationship is unclear. Indeed, the stability of VE-cadherin has recently
been shown to depend on the expression of B1 integrin in ECs. In the current study, we
tested the hypothesis that VE-cadherin organization and EC barrier function depends on
integrin affinity modulation (activation) by deleting a key regulator of integrin activation,
talin, in ECs in vitro and in vivo. Inducible-deletion of EC talinl in adult mice caused
increased intestinal vascular leak and death within 3 weeks of talin deletion. In vitro,
talin-deficient ECs showed increased cell contraction associated with altered intercellular
junctions and increased EC barrier function. VE-cadherin disorganization and reduced
EC barrier function in talin-deficient ECs was dependent on reduced activation of 1
integrin. These results reveal a role for 1 integrin activation in VVE-cadherin organization
and promoting EC barrier function that may inform novel strategies to therapeutically
modulate EC barrier function.
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Figure 1: Endothelial cell-specific deletion of talinl in established blood vessels causes intestinal
vascular hemorrhage and death.

A-C. Adult TIn1 EC-KO (7/n1ff:Cdh5creERT2*/~) and TIn1 CTRL
(7In1V:Cdh5creERT27/7) mice were administered tamoxifen once a day for 3 consecutive
days via intraperitoneal injection. A. Survival of TIn1 EC-KO and TIn1 CTRL mice
following tamoxifen treatment (n=15, TIn1 CTRL; n=14, TIn1 EC-KO). B. Pictures of
exposed peritoneum of adult TIn1 EC-KO and CTRL mice sacrificed 16 days after
tamoxifen treatment. C. Macroscopic images of intestinal vascular hemorrhage in TIn1 EC-
KO adult mice 16 days after tamoxifen treatment. D. Western blot analysis of talin
expression in mouse lung endothelial cell cultures isolated from TIn1 CTRL or TIn1 EC-KO
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mice. Cultures were treated with 4-hydroxy-tamoxifen for 4 days and protein lysates
subjected to Western blotting with talin and p-actin antibodies. (n=2). E. Hematoxylin/eosin
staining of small intestine isolated from TIn1 CTRL and TIn1 EC-KO mice 16 days after
tamoxifen treatment showing the presence of extravascular red blood cells in TIn1 EC-KO
villi. (n=3; scale=50 pm). F. Measurements of Evan’s Blue Dye (EBD) in lung, liver,
intestine, brain and kidney of TIn1 CTRL and TIn1 EC-KO mice 2 hours after intravenous
injection. (=12, TIn1 CTRL; n=10, TIn1 EC-KO; **p = 0.0013 two-tailed unpaired t-test).
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Figure 2: Endothelial talin is required for maintenance of intestinal vascular integrity and
barrier function.

A. TdTomato and FITC-lectin were visualized in the villi of mice 16 days after tamoxifen
injection. Mice were injected intravenously with FITC-Lectin 30 minutes prior to sacrifice.
(n=3;scale=50 um). Total FITC-Lectin fluorescence and intravascular lectin levels were
quantitated indicating increased extravascular leak in TIn1 EC-KO-tdTom mice relative to
TIn1l CTRL-tdTom (n=3 mice/group; *p=0.039 two-tailed unpaired t-test) B. Confocal
microscopic analysis of cryosections of intestine showing tdTomoto fluorescence and
collagen IV immunofluorescence. Inset shows a zoomed region demonstrating endothelial
cell rounding (white arrows) and detachment from neighboring cells in the intestinal villi of
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TInl EC-KO-tdTom mice. (n=3; scale=50 pm; zoom scale=10 pm). C. TdTomato
fluorescence showing disorganized capillaries and cyst-like structures (white arrows) in Tinl
EC-KO-tdTom intestinal wall and villi 12 days after tamoxifen injections. (n=3; scale=100

pm).
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Figure 3: Reduced pB1 integrin activation and disorganized adherens junctions in established
vessels of Talinl EC-KO mice.

A-B. Immunofluorescence analysis of active p1 integrin with the activation-sensitive
antibody 9EG7 (A) or total B1 integrin with an activation insensitive 1 integrin antibody
HMb1-1 (n=3-4; *p=0.03 two-tailed unpaired t-test) (B) in whole mounted retinas from TInl
EC-KO and TIn1 CTRL mice. Neonates were treated with tamoxifen on P1-3 and sacrificed
on postnatal day 7 (P7) at which time retina whole mounts were prepared for staining.
(n=3-4; ns=not significant unpaired t-test; scale=50 um). C. Altered junctional thickness
(magenta arrows) and localization of VE-Cadherin (yellow arrows) in retinal vessels and
capillaries of TIn1 EC-KO mice 16 days after tamoxifen injections compared to TIn1 CTRL
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mice. (n=3; scale=25 um). D. VE-cadherin immunofluorescence of intestine cryosections
showing disrupted cell-cell junctions in villi (white arrows) of TIn1 EC-KO-tdTom mice 16
days after tamoxifen treatment. Changes in cell-cell junctions appear cell autonomous as
junctions between non-recombined ECs in TIn1 EC-KO-tdTom villi (asterisks) are intact.
(n=3; scale=100 pm).
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Figure 4: Increased width of adherens junctions formed by talin-deficient endothelial cells.
A. HUVECs were infected with talin1 shRNA (shTInl) or scramble sequence shRNA

(shScramble) lentivirus. Immunostaining for talin1/2 72 hours after shRNA infection shows
efficient knockdown of talin protein in shTInl cells (n=5; scale=25 pum). B. Western blot
analysis and quantitation of talin1 protein levels relative to total protein in shScramble and
shTInl treated HUVECs (n=5). C. Max-intensity projections depicting Immunofluorescence
of VE-Cadherin in cells infected with two different shTIn1 lentiviruses. shTIn1 HUVECs
shows disorganized cell-cell junctions and increased junctional width (white arrows)
compared to shScramble HUVECs. (n=3; ***p=0.0007, *p=0.0225 one-way ANOVA with
Dunnett’s multiple comparisons test). D. Immunofluorescence of p120-catenin in shTinl
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and shScramble HUVECs. (n=3). E. Western blot analysis of VE-cadherin protein levels in
shScramble and shTIn1 HUVECs show similar levels of expression (n=6). F. Human dermal
microvascular cells (HDMVECS) treated with shTInl lentivirus exhibit increased junctional
width relative to shScramble treated cells (n=3; scale=25 pm; **p=0.0042 two-tailed
unpaired t-test). G. Western blot analysis and quantitation of talin1/\VE-cad/p120 protein
levels in shScramble and shTIn1 HDMVECs. Efficient deletion of talinl does not appear to
affect relative expression of VE-cad or p120 protein (n=3).
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Figure 5: Increased cell contraction and tensile adherens junctions in talin-deficient endothelial
cell.

A. Phalloidin and VE-cadherin immunofluorescence on shScramble and shTIinl HUVECs.
The number of perinuclear stress fibers per cell were quantified as described in methods.
(n=3; scale=25 pm *p=0.016 two-tailed unpaired t-test) B. Max-intensity
immunofluorescence projections of HUVECs stained with anti-pMLC2 antibody indicate
increased pMLC2+ cell area in shTIn1#1 and shTIn1#2 cells relative to shScramble (n=2-4;
scale=25 pum; *p=0.0105, *p=0.0405 one-way ANOVA with Kruskal Wallis multiple
comparisons test) C. Inhibition of cytoskeletal contraction by treating cells with Rho-
associated kinase inhibitor Y-27632 (50nM, 12 hours) reduces junctional disorganization
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and FAJ formation in talin-deficient HUVECs. (n=3; scale=25 pm). D. Co-localization of
VE-Cadherin (magenta) and Vinculin (green) at cell-cell junctions is increased in shTinl
cells compared to shScramble HUVECs (scale=25 pum). E. Intensity profile plot of VE-
Cadherin and vinculin immunofluorescence shown in D. (n=4) F. Inhibition of ROCK-
mediated cellular contraction (Y-27623) reduces vinculin localization at cell-cell junctions
of shTIn1 HUVEC:S relative to vehicle treated cells (n=3; scale=25 um). G. Intensity profile
plot of VE-cadherin and vinculin immunofluorescence depicted in G (n=3). H. HUVEC
monolayer resistance measured using electrical cell impedance sensing (ECIS) of shTInl
infected monolayers is reduced relative to shScramble (n=3; *p=0.0131; two-tailed unpaired
t-test). 1. HDMVEC monolayer resistance measured by ECIS of shTInl infected monolayers
is reduced relative to shScramble (n=3; *p=0.0399; two-tailed unpaired t-test).
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Figure 6: Talin-dependent Bl-integrin activation is required for endothelial barrier function.
A. Z-stack projections of immunofluorescence using an activation-sensitive p1 integrin

antibody (9EG7) (green) and VE-Cadherin antibody (red) on HUVECs showing the
appearance of a subpopulation of B1 integrin near AJs of confluent HUVECs. White arrows
highlight cell-cell border regions enriched for B1 integrin. (n=3; scale=25 pm). B. Super
resolution 3D structured illumination (3D-SIM) immunostaining of active f1 integrin and
VE-cadherin in HUVECs highlight a subset of 1 integrin (white arrows) at VE-cadherin-
positive junctions (n=3; scale=5 um). C. Immunofluorescence on HUVECs with antibodies
against talin (green) and VE-cadherin (red). A subset of talin localized to cell-cell contacts
(white arrows) in addition to the expected pool of talin at focal adhesions (n=3; scale=25
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pum). D. Treatment of HUVEC monolayers with a f1 integrin blocking antibody (P5D2)
alters cell-cell junction organization relative to cells treated with a non-function altering p1
integrin antibody (K20). (n=3; scale=25 ym). E. HUVEC monolayers treated with a p1
integrin blocking antibody (P5D2) exhibit reduced barrier function as measured by electrical
cell-substrate impedance sensing (4000 Hz) relative to HUVECs treated with a non-function
altering B1 integrin antibody (K20). Measurements were made 3 hours after antibody
incubation and remained stable for up to 6 hours post-treatment. (n=3; p=0.0019 unpaired t-
test). F. Junctional width measured by VE-Cadherin immunofluorescence (green) is
normalized by antibody-mediated 1 integrin activation (9EG7) in shTIn1 HUVECS relative
to talin-deficient HUVECS treated with a non-function altering antibody (K20). (n=3;
scale=25 pum; *** p=0.0006, ** p=0.0036 ordinary one-way ANOVA with Sidak’s multiple
comparisons test). G. VE-cadherin protein expression measured by western blot in
shScramble and shTIn1 HUVECs treated with 5 ug/mL Rat Isotype 1gG or B1 integrin
activating antibody 9EG7 for 12 hours. (n=2; ns; One-way anova with a Tukey multiple
comparisons test) H. Electrical resistance of shScramble and shTIn1 HUVECs treated with
either the activating 1 integrin antibody 9EG7 or the non-function altering f1 antibody
K20. (n=3; *** p=0.0002 one-way ANOVA with a Tukey multiple comparisons test).
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Figure 7: Talin-dependent integrin activation is indispensable for endothelial adherens junction
organization.

A. Antibody internalization assay in which mouse VE-Cadherin (red) antibody was
incubated with either shTIn1 or shScramble HUVECs for 30min prior to fixation after which
excess surface-bound antibody was removed by acid washing as described in Methods. After
fixation/permeabilization, total levels of VE-Cadherin (green) were visualized using a rabbit
VE-Cadherin antibody. (n=3; scale= 25 ym; **p=0.0077 two-tailed unpaired t-test). B.
shTInl HUVECSs were transfected with either Empty-GFP, GFP-Talin1, GFP-THD or GFP-
THD-L325R after which junctional width was assessed as described above and in Methods.
GFP-Talinl (GFP+) and GFP-Talinl (GFP-) cells junctional widths were quantitated as an
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internal control for transfected groups. (n=3; scale=25 um; *** p=0.0007, ** p=0.0099,
ns=not significant, one-way ANOVA with a Tukey multiple comparisons test.
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