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Thrombomodulin (TM) is a thrombin receptor on endothelial cells
that is involved in promoting activation of the anticoagulant
protein C pathway during blood coagulation. TM also exerts
protective anti-inflammatory properties through a poorly under-
stood mechanism. In this study, we investigated the importance of
TM signaling to cellular functions by deleting it from endothe-
lial cells by CRISPR-Cas9 technology and analyzed the resultant
phenotype of TM-deficient (TM™") cells. Deficiency of TM in en-
dothelial cells resulted in increased basal permeability and hyper-
permeability when stimulated by thrombin and TNF-«. The loss of
the basal barrier permeability function was accompanied by in-
creased tyrosine phosphorylation of VE-cadherin and reduced po-
lymerization of F-actin filaments at cellular junctions. A significant
increase in basal NF-kB signaling and expression of inflammatory
cell adhesion molecules was observed in TM~~ cells that resulted
in enhanced adhesion of leukocytes to TM " cells in flow chamber
experiments. There was also a marked increase in expression, stor-
age, and release of the von Willebrand factor (VWF) and decreased
storage and release of angiopoietin-2 in TM™~ cells. In a flow
chamber assay, isolated platelets adhered to TM™~ cells, forming
characteristic VWF-platelet strings. Increased VWF levels and in-
flammatory foci were also observed in the lungs of tamoxifen-
treated ERcre-TM™f mice. Reexpression of the TM construct in
TM~~ cells, but not treatment with soluble TM, normalized the
cellular phenotype. Based on these results, we postulate cell-
bound TM endows a quiescent cellular phenotype by tightly
regulating expression of procoagulant, proinflammatory, and
angiogenic molecules in vascular endothelial cells.
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hrombomodulin (TM) is a high-affinity receptor for throm-

bin involved in promoting the activation of protein C to ac-
tivated protein C (APC) on endothelial cells (1). APC has both
anticoagulant and cytoprotective activities (2). APC initiates its
cytoprotective activity through endothelial protein C receptor
(EPCR)-dependent activation of protease-activated receptor 1
(PART1) on endothelial cells (3, 4). PARI signaling by APC in-
hibits activation of NF-kB and expression of cell adhesion mol-
ecules (CAMs) and other proinflammatory cytokines in vascular
endothelial cells (4, 5). TM contains five distinct domains: an
N-terminal lectin-like domain, followed by six epidermal growth
factor (EGF)-like domains, a membrane proximal Ser/Thr-rich
domain harboring chondroitin sulfate glycosaminoglycans, a
single-pass transmembrane domain, and a cytoplasmic tail (6). In
addition to its essential cofactor role for thrombin in protein C
activation, TM is known to directly elicit potent anti-inflammatory
signaling responses in endothelial cells through a poorly un-
derstood mechanism. Recent results have indicated the lectin-
like domain of TM exhibits anti-inflammatory functions in both
cellular and animal models (7), likely by binding to an unknown
receptor on endothelial cells. Moreover, the lectin-like domain
of TM harbors binding sites for high mobility group box 1
(HMGB1) and lipopolysaccharides, thereby likely sequestering
and attenuating their proinflammatory signaling functions (8).
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TM-deficient mice exhibit a severe consumptive coagulopathy
with increased lung vascular permeability and inflammation
(9). Transgenic supplementation of APC in these mice has been
shown to suppress thrombosis, but it has failed to reduce in-
creased lung permeability and inflammation (9), implicating a
direct cytoprotective role for TM that appears to be indepen-
dent of its cofactor role in promoting protein C activation by
thrombin.

Analysis of the signaling data of thrombin, which has been
studied in human umbilical vein endothelial cells (HUVEC:),
has proven to be challenging due to several negatively charged
residues of both TM and PAR1 competing for binding to the
same basic exosite-1 of thrombin (10), both receptors thereby
being capable of influencing the signaling and functional speci-
ficity of the protease. Moreover, other factors, including cell
surface expression levels of these receptors, their relative affinity
for exosite-1, and the concentration of thrombin, can influence
the interpretation of the experimental results (5). Because of
these inherent complexities, the physiological relevance of the
signaling data in HUVECsS has remained obscure. In this vein, a
potent PAR1-dependent proinflammatory function for thrombin
in HUVECs has been reported; however, when a low concen-
tration of catalytically inactive protein C zymogen (protein
C-S195A) was added to cultured HUVECs in order to occupy
EPCR, the cleavage of PAR1 by thrombin has been shown to
induce a cytoprotective response (11), suggesting that coreceptor

Significance

We demonstrate that deletion of thrombomodulin (TM) from
endothelial cells confers inflammatory phenotype to TM-
deficient (TM™") cells. This is based on the loss of integrity of
VE-cadherin at cellular junctions, disrupted basal barrier per-
meability, and increased expression of cell adhesion mole-
cules in TM~~ cells. Proinflammatory phenotype is rescued by
reexpression of TM in TM~~ cells; however, soluble TM lacked
this effect. Interestingly, instead of storage in Weibel-Palade
bodies, VWF was secreted in TM~~ cells, thereby recruiting
platelets to cell surfaces under flow conditions. Increased VWF
and inflammatory foci were also observed in lungs of
tamoxifen-treated ERcre-TM™f mice. These results suggest cell-
bound TM maintains a quiescent phenotype in vascular endo-
thelial cells by regulating expression of procoagulant and
proinflammatory molecules.

Author contributions: H.G., S.R.P., and A.R.R. designed research; H.G., S.R.P., X.C., and I.B.
performed research; H.W. and A.R.R. contributed new reagents/analytic tools; H.G., S.R.P.,
X.C., I.B., and A.R.R. analyzed data; and A.R.R. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

'"To whom correspondence may be addressed. Email: ray-rezaie@omrf.org.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2022248118/-/DCSupplemental.

Published March 8, 2021.

https://doi.org/10.1073/pnas.2022248118 | 1 of 9

>
(L
(=]
-
]
@
—
—
frr}
o



https://orcid.org/0000-0001-8550-9436
https://orcid.org/0000-0003-2479-0249
https://orcid.org/0000-0002-5302-0553
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2022248118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:ray-rezaie@omrf.org
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022248118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022248118/-/DCSupplemental
https://doi.org/10.1073/pnas.2022248118
https://doi.org/10.1073/pnas.2022248118

signaling by EPCR plays a key role in determining the specificity
of PARI signaling by thrombin (12). To determine the contri-
bution of TM to signaling by thrombin on HUVECs, we decided
to delete the TM gene in transformed HUVECs (EA.hy926
cells) using the CRISPR-Cas9 technology and investigated the
inflammatory phenotypes of TM™~ cells under basal and stim-
ulated conditions. We discovered that the basal barrier perme-
ability and expression of cell surface adhesion molecules in
TM™~ cells were elevated. Moreover, TM~'~ cells exhibited
significant hyperactivity for thrombin and other proinflammatory
stimuli. Interestingly, we found that expression and secretion
levels of von Willebrand factor (VWF) in TM™'~ cells were
dramatically elevated. By contrast expression and secretion levels
of angiopoietin-2 (Ang2) were markedly decreased in these cells.
Increased basal VWF levels and inflammatory foci were also
observed in the lungs of tamoxifen-treated ERcre-TM™f throm-
bomodulin knockout (TM-KO) mice. Reexpression of a TM
construct in TM~'~ cells normalized the endothelial cell pheno-
type. Based on these results, we hypothesize that TM endows a
quiescent phenotype for vascular endothelial cell by tightly

regulating expression of procoagulant and proinflammatory
molecules.

Results

Deficiency of TM Results in Increased Basal Cell Permeability and
Hyperresponsiveness to Inflammatory Stimuli. To study the impor-
tance of TM for modulation of endothelial cell signaling in re-
sponse to thrombin and other proinflammatory stimuli, we
deleted the TM gene in EAhy926 endothelial cells using
CRISPR-Cas9 technology (SI Appendix, Fig. S1 A and B). Im-
munofluorescence analysis revealed a loss of VE-cadherin and
reduced polymerization of F-actin filaments at cell junctions
under basal conditions in TM ™'~ cells (Fig. 14). The loss of the
junctional VE-cadherin was accompanied by its increased tyro-
sine phosphorylation at Tyr658 (Fig. 1 B and C). No changes
were observed in the total level of VE-cadherin or the tight
junction protein, ZO-1, in TM ™'~ cells (Fig. 1B). TM was found
to be colocalized with VE-cadherin at cellular junctions in wild-
type EA.hy926 cells (SI Appendix, Fig. S2A4). Increased tyrosine
phosphorylation of VE-cadherin is known to disrupt stable in-
teractions among junctional proteins and actin filaments, thereby
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Fig. 1. Deficiency of TM leads to endothelial cell dysfunction. (A) Confluent WT and TM ™'~ cells were fixed, permeabilized, and stained with rabbit anti-VE-
cadherin antibody and Alexa Fluor 488-conjugated goat anti-rabbit IgG. F-actin was stained with Alexa Fluor 568-conjugated phalloidin followed by nucleus
staining with Hoechst 33342. Immunofluorescence images were obtained with confocal microscopy. (Scale bar, 50 um.) (B) Confluent WT and TM™~ cells were
lysed, and levels of VE-cadherin (phosphorylated at Tyr658 and the total level), ZO-1, TM, and f-actin were analyzed by Western blotting. (C) Quantification
(fold changes) in P-VE-cadherin (Y658) normalized to total VE-cadherin. Confluent WT and TM™~ cells were serum starved with basal medium containing
0.5% bovine serum albumin (BSA) for 3 h and then treated with either thrombin (1 nM) for 20 min (D) or TNF-a (10 ng/mL) for 4 h (E). The amount of Evans
blue dye that leaked into the lower chamber in the Transwell assay plates was measured as described in Materials and Methods. (F) WT and TM~'~ cells were
treated with TNF-a (20 ng/mL) for various time points and levels of p65 NF-kB (phosphorylated and total); TM and -actin were analyzed by Western blotting.
(G) Cell surface levels of ICAM-1 in WT and TM~~ cells, treated with 1 and 10 ng/mL TNF-a for 4 h, were measured by flow cytometry. The untreated data
belong to TM™~ cells. Data are mean + SEM (n = 3). One-way ANOVA: *P < 0.05, **P < 0.01, and ***P < 0.001.
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leading to increased endothelial cell permeability (13). Indeed,
TM™~ cells exhibited increased basal permeability and hyper-
permeability when stimulated with 1 nM thrombin (Fig. 1D). A
similar barrier-disruptive effect was observed in TM~'~ cells with
electric impedance measurement by the xCELLigence system in
response to thrombin (SI Appendix, Fig. S2B). Stimulation with
TNF-a also resulted in a markedly higher permeability response
in TM™"~ cells (Fig. 1E). Additionally, TNF-« resulted in mark-
edly higher p65 NF-kB phosphorylation in TM ™'~ cells (Fig. 1F).
TNF-a also augmented the cell surface expression of intercel-
lular adhesion molecule-1 (ICAM-1) (Fig. 1G) and vascular cell
adhesion molecule-1 (VCAM-1) (SI Appendix, Fig. S2C) in
TM™~ cells at a greater extent than wild-type cells. Taken to-
gether, these results suggest that TM plays a key role in main-
taining a quiescence phenotype for endothelial cells under basal
conditions and dampens the inflammatory function of cytokines
under stimulated conditions.

TM Plays a Modulatory Role in PAR1-Dependent Endothelial Cell
Stimulation by Thrombin. The activation of endothelial PAR1 by
thrombin exhibits a concentration-dependent dual specificity
with thrombin concentrations above 0.5 nM inducing a barrier-
disruptive effect and a low concentration (i.e., 50 pM) eliciting a
barrier-protective effect by unknown mechanisms (14, 15). In
agreement with the literature, 1 nM thrombin induced a barrier-
disruptive effect through cleavage of PAR1 in both wild-type and

TM~~ cells since the PARI function-blocking antibody
(ATAP2) blocked the thrombin effect on both cells (Fig. 24).
The nonblocking S-19 anti-PARI1 antibody was used as a control
in these experiments. The protective effect of the low concen-
tration of thrombin in endothelial cells was also PAR1 depen-
dent; however, the protective effect of this low concentration of
thrombin was eliminated in 7M™~ cells (Fig. 2B). These results
suggest that the PAR1-dependent barrier-protective activity of
the low concentration of thrombin is mediated through the
TM-thrombin complex, and the PARI1-dependent barrier-
disruptive effect of the higher concentration of thrombin is
largely due to free thrombin in the reaction. Analysis of cell
surface expression levels of the EPCR and PART1 in both wild-
type and TM~'~ cells indicated similar expression levels on both
cell types (SI Appendix, Fig. S3 A and B).

Reexpression of TM in TM~~ Cells Normalizes the Inflammatory
Phenotype. TM was reexpressed in TM ™/~ cells using lentivirus-
mediated TM transduction, and cells expressing TM similar to
that of wild-type cells (TMm“tCh) were selected by the
fluorescence-activated cell sorter (FACS) (SI Appendix, Fig.
S3C). Immunostaining, Western blotting (S Appendix, Fig. S3 D
and E), and protein C activation levels by thrombin (data not
shown) positively correlated with TM expression levels on
TM™M " cells. Increased basal permeability and thrombin-
induced hyperpermeability of TM ™'~ cells were attenuated in
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Fig. 2. Thrombin-mediated PAR1 signaling in TM~"~ cells with or without lentivirus-mediated TM transduction. (A) Confluent WT and TM~'~ cells were serum
starved for 3 h before the addition of PAR1 function-blocking (ATAP2) or nonblocking (519) antibodies for 30 min. Permeability was induced with thrombin (1
nM) for 20 min. The amount of Evans blue dye that leaked into the lower chamber in the Transwell assay plates was measured as described in Materials and
Methods. (B) Confluent WT and TM~'~ cells were pretreated with the same antibodies as in A, followed by treatment with thrombin (50 pM) in the basal
medium containing 0.5% BSA for 3 h. The amount of Evans blue dye that leaked into the lower chamber in the Transwell assay plates was measured as
described in Materials and Methods. (C) Similar to A, except in addition to WT and TM™"~ cells, TM™2t" cells were used. (D) Confluent WT, TM~~, and TM™2t<"
cells were pretreated with sTM (100 nM) for 3 h before addition of Evans blue dye. (E) Confluent WT, TM~'~, and TM™*" cells were lysed, and levels of VE-
cadherin (phosphorylated at Tyr658 and the total), TM, and GAPDH were analyzed by Western blotting. (F) Confluent WT, TM™-, and TM™2t" cells were
treated with TNF-a (20 ng/mL) for 0, 5, and 15 min, and levels of p65 NF-kB (phosphorylated and total), ERK (phosphorylated and total), and -actin were
analyzed by Western blotting. (G) Confluent WT, TM™~, and TM"9" cells were serum starved with basal medium containing 0.5% BSA for 3 h and then treated
with various concentrations of thrombin (1 to 10 nM) for 20 min, TNF-a (10 ng/mL) for 4 h (H), and polyphosphate (10-100 uM) for 4 h (/). The amount of Evans
blue dye that leaked into the lower chamber in the Transwell assay plates was measured as described in Materials and Methods. Data are mean + SEM (n = 3).
One-way ANOVA: NS, non significant, *P < 0.05, **P < 0.01, and ***P < 0.001.
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TM™! cells (Fig. 2C). Unlike transduced TM, soluble TM
(sTM) had no effect on restoring the basal permeability of TM~/~
cells to a normal level (Fig. 2D), suggesting cell-bound TM is
required for maintenance of normal vascular permeability.
Moreover, the associated increased VE-cadherin phosphoryla-
tion was reduced in TM™*" cells (Fig. 2F). Similar results were
obtained with TNF-a-mediated phosphorylation of p65 NF-xB in
TM™P cells (Fig. 2F). An increase in the basal phosphorylation
of ERK in TM™~ cells was also observed (Fig. 2F). These in-
flammatory responses were all normalized in TM™*" cells.
Taken together, these results suggest the loss of TM is respon-
sible for the basal inflammatory phenotype of TM~'~ cells. Cells
expressing high levels of TM were also prepared by the
lentivirus—=TM construct (TM™¢"). Analysis of the barrier per-
meability function of TMM" cells in response to increasing
concentrations of thrombin indicated that 1 nM thrombin, which
is sufficient to cleave all cell surface PAR1 on EA.hy926 cells
and induce an inflammatory phenotype, did not induce a barrier-
disruptive effect in these cells (Fig. 2G). The slight increase in
the barrier permeability effect with higher concentrations of
thrombin is likely due to the protease cleavage of PAR4 and/or
other receptors. These results support our hypothesis that in-
teraction of thrombin with TM abrogates its PAR1-dependent
proinflammatory function. Interestingly, relative to wild-type
cells, the basal permeability was markedly reduced in TM™e"
cells (Fig. 2H), and the proinflammatory stimuli like TNF-a and
polyphosphate, which are known to induce potent barrier-
disruptive effects (16), were ineffective in TM"&" cells
(Fig. 2 H and ).

Leukocytes and Platelets Bind to TM~'~ Endothelial Cells. An in-
crease in the cell surface expression of ICAM-1 was observed in
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TM™"~ cells under unstimulated conditions, which were restored
to normal levels in TM™#" cells (SI Appendix, Fig. S3F).
Analysis of cell surface expression levels of ICAM-1 and
E-selectin after stimulation with a low concentration of TNF-a
(1 ng/mL) indicated that expression of both receptors is signifi-
cantly enhanced in TM~~ cells but was restored to wild-type
levels in TM™*“" cells (Fig. 3 4 and B). To determine the
functional significance of enhanced expression levels of these
receptors in 7M™~ cells, an established adhesion assay under
flow conditions was conducted by perfusing HL-60 cells on
confluent monolayers of wild-type, TM~'~, and TM™*" cells
treated with a low concentration of TNF-a (1 ng/mL) in a flow
chamber assay at 0.25 dyn/cm?. TM~'~ cells exhibited enhanced
interaction with HL-60 cells (Fig. 3C). HL-60 cells rolled slowly
before adhering firmly to TM ™"~ cells (Movie S2). A significant
number of HL-60 cells also adhered to nonstimulated 7M™/~
cells. However, wild-type and TM™2 cells exhibited an insig-
nificant level of adhesion to HL-60 cells under both stimulated
and nonstimulated conditions (Fig. 3C and Movies S1 and S3).
The flow chamber assay was also employed to monitor adhesion
of freshly isolated platelets to endothelial cells with or without
stimulation of cells with a low concentration of HMGB1 (20
nM), which does not induce any change in VWF levels in wild-
type cells (SI Appendix, Fig. S44). An increased number of
platelet string formations was observed only on TM™'~ cells, the
extent of which was significantly higher on HMGBI1-stimulated
cells (Fig. 3 D and E and Movie S5). By contrast, minimal
platelet—endothelial cell interaction was observed in wild-type
and TM™P cells, with or without HMGBI stimulation
(Fig. 3 D and E and Movies S4 and S6).
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Fig. 3. Lentivirus-mediated reexpression of TM in TM~'~ cells inhibits TNF-a-induced adhesion of HL-60 cells and HMBG 1-induced platelet string formation on
TM™ cells. (A) Cell surface levels of ICAM-1 and (B) E-selectin in WT, TM~'~, and TM™2" cells, treated with TNF-a (1 ng/mL) for 4 h, were measured by flow
cytometry. TM™"~ cells were used as untreated controls. (C) Fold change in the adhesion of HL-60 cells on WT, TM™=, and TM™2t" cells, stimulated with TNF-a
(1 ng/mL) for 4 h under flow conditions per field of the view (firmly adherent cells were quantified). (D) WT, TM™~, and TM™3t" cells were incubated with
HMGB1 (20 nM) for 18 h and then 5-chloromethylfluorescein diacetate-labeled platelets were perfused in a flow chamber. Representative images showing
platelet string formation captured on WT, TM™~, and TM™t" cells. (Scale bar, 25pum.) (E) Quantitation was measured by counting the average number and
length of strings per field in different groups. The average number of platelet strings per field was determined as >3 platelets aligned in the direction of the

flow. Data are mean + SEM (n = 3). One-way ANOVA: *P < 0.05.
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Increased VWF Expression and Release Are Responsible for Platelet
String Formation in TM~'~ Cells. Platelet string formation occurs on
endothelial cells only upon release of high-molecular-weight
VWF molecules (17, 18). Increased platelet-endothelial inter-
actions prompted us to determine whether TM~'~ cells consti-
tutively secrete or synthesize VWF that resulted in increased
platelet string formation. Hence, supernatants from both WT
and TM~'~ cells were collected and analyzed for VWF secretion
by enzyme-linked immunosorbent assay (ELISA). Surprisingly,
there was a dramatic increase in the basal level of VWF release
from TM™'~ cells compared to WT cells (Fig. 44). Increased
VWEF release was also detected in supernatants of the hetero-
zygous TM™*'~ cells, the extent of which was almost half of that
observed with the homozygous TM "~ cell (Fig. 44). Analysis of
VWEF particles in wild-type and TM~'"~ cells by confocal imaging
revealed an increased stochastic expression of VWF in TM ™/~
cells (SI Appendix, Fig. S4B). Furthermore, analysis of a single
cell at a higher magnification and a subsequent three-
dimensional surface plot of VWF particles in the cell cyto-
plasm indicated a uniform distribution and thickness for VWF
particles in wild-type cells but an increase in both the number
and size of the VWEF particles in TM~'~ cells (Fig. 4B). Results of
Western blotting and real-time RT-PCR indicated that TM de-
ficiency increases both protein (Fig. 4 C and D) and messenger
ribonucleic acid (mRNA) transcript levels of VWF (Fig. 4E).
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Angiopoietin-2 (Ang2) is another regulatory molecule that is
localized with VWF in Weibel-Palade bodies (WPBs) and re-
leased upon activation of endothelial cells by various physio-
logical stimuli (19, 20). Since a direct interaction between TM
and Ang2 has been reported (21), we decided to evaluate Ang2
expression in TM™~ cells. Intriguingly, there was a marked de-
crease in Ang2 secretion in TM*'~ and TM~~ cells as deter-
mined by ELISA (Fig. 4F). Western blotting results further
confirmed the decreased expression of Ang2 in TM~'~ cells
(Fig. 4G). Both thrombin and TNF-a are known to increase
expression level and the release of Ang2 from WPBs (22).
However, stimulation of cells with either thrombin (10 nM) or
TNF-a (100 ng/mL) did not induce a significant amount of Ang2
release in TM~~ cells when compared to wild-type cells
(Fig. 4H). Confocal imaging indicated a low Ang?2 level in the
cytoplasm of TM™~ cells (SI Appendix, Fig. S4C), suggesting
increased expression and storage of VWF limits the synthesis
and/or the storage of Ang2 in WPBs of TM '~ cells. These results
are consistent with the literature since expression levels of VWF
and Ang2 are known to be inversely related and an enhanced
VWF expression level is associated with inhibition of Ang2 ex-
pression in vascular endothelial cells (20).

Reexpression of TM in TM~'~ Cells Normalizes VWF and Ang2 Levels.
Reexpression of TM attenuated expression of VWF mRNA and
reversed decreased the Ang2 mRNA expression level in TM™a<h
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Fig. 4. Deficiency of TM leads to increased expression and release of VWF. (A) Levels of VWF in the medium supernatant collected from confluent WT, TM*"~,
and TM~"~ cells were measured by a sandwich ELISA. (B) Confluent WT and TM™"~ cells were fixed, permeabilized, and stained with rabbit anti-VWF antibody
and Alexa Fluor 568-conjugated goat anti-rabbit I9G. The nucleus was stained with Hoechst 33342. Immunofluorescence images were obtained with confocal
microscopy. A three-dimensional surface plot of VWF particles in the cytoplasm, constructed with ImagelJ software, is presented below B. (Scale bar, 10 pm.)
(C) Confluent WT and TM~'~ cells were lysed, and protein levels of VWF, TM, and p-actin were analyzed by Western blotting. (D) Quantitation of VWF protein
levels inside the cells normalized to p-actin. (E) Changes in VWF RNA transcripts in WT and TM ™'~ cells were measured by qRT-PCR. GAPDH was used as an
internal control for quantitation. (F) Levels of Ang2 in the medium supernatant, collected from the same cells mentioned in A. (G) Protein levels of Ang2 and
B-actin in confluent WT and TM~'~ cells were measured by Western blotting along with the quantitation. (H) Levels of Ang2 in the medium supernatant,
collected from confluent WT and TM~'~ cells, treated with thrombin (10 nM) or TNF-o (100 ng/mL) for 16 h, were measured by a sandwich ELISA. Data are
mean + SEM (n = 3). One-way ANOVA: *P < 0.05, **P < 0.01, and ***P < 0.001.
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cells as determined by RT-PCR (Fig. 54). Similar results were
obtained at the protein level; thus, a reduction in the protein
level of VWF in TM™®" cells was accompanied by an increase in
the expression level of Ang2 (Fig. 5 B-D). Analysis of VWF and
Ang? protein levels in supernatants by ELISA further confirmed
that reexpression of TM is associated with restoration of normal
expression of VWF (Fig. SE) and Ang2 (Fig. 5F) in TM™*" cells
(Fig. 5F). Interestingly, TM™&" cells showed decreased basal
levels of VWF release in the supernatant as well as protein levels
in the cell lysate (Fig. 5 G and H).

Soluble TM has been known to exhibit anti-inflammatory ef-
fects in endothelial cells (7). To determine whether the signaling
function of sTM, similar to reexpression of TM, can normalize
the expression level of VWF in TM™"~ cells, cells were treated
with sSTM for 16 h before measuring VWF release in wild-type
and TM~'~ cells. Analysis by ELISA revealed sTM has no effect
on VWEF release (Fig. 5I), suggesting that cell-bound TM is re-
quired for regulation of expression and storage of VWF in
WPBs. To determine whether increased VWF in TM ™'~ cells is
responsible for the increased basal barrier permeability, short
hairpin ribonucleic acid (shRNA) was used to knock down VWF
in TM~~ cells (SI Appendix, Fig. S54). The results showed VWF
knockdown could not restore basal cell permeability similar to
that seen in TM™? cells (SI Appendix, Fig. S5B).

Inflammation and Increased VWF Expression in the Lungs of TM
Knockout Mice. Next, we investigated the expression profile of
VWEF in tamoxifen-treated ERcre-TM" (TM-KO) mice. Whole-
mount immunostaining of the mouse trachea at day 12 of ta-
moxifen treatment showed ~90% deletion of TM (Fig. 6 4 and
B). Results indicated expression of VWF in venular endothelial
cells was markedly increased (Fig. 6 4 and C). Analysis of the
lung lysates revealed tamoxifen treatment markedly decreased
TM levels in TM-KO mice, and the VWF expression level was
also significantly elevated in these mice (Fig. 6 D and E). In-
creased VWF and decreased TM antigen levels in the lung

lysates were further confirmed by ELISA in TM-KO mice in
comparison to TM"/ (Fig. 6 F and G). Microscopic examination
of the paraffin-embedded sections of lung tissues stained with
hematoxylin and eosin (H&E) displayed increased inflammatory
foci in the lungs (Fig. 6H), reminiscent of the increased basal
inflammatory phenotype of TM ™'~ cells.

A slight but statistically nonsignificant increase in the plasma
level of VWF was observed in TM-KO mice (SI Appendix, Fig.
S6A4). However, the plasma level of Ang2 was significantly re-
duced in TM-KO mice (SI Appendix, Fig. S6B), suggesting in-
creased VWF expression is also associated with reduced Ang2
levels in vivo similar to that seen in 7M™~ cells in vitro. Multi-
mer analysis of VWF derived from cell culture supernatants and
mice are shown in SI Appendix, Fig. S7 A and B. No changes in
the plasma clotting time and activated partial thromboplastin
time were observed among TM and TM-KO mice (SI Appendix,
Fig. S6 C and D), suggesting increased VWF expression is not as
a result of activation of blood coagulation but due to the loss of
TM from endothelial cells. Taken together, these results suggest
that cell-bound TM plays a key role in regulation of the basal
permeability function of endothelial cells, thereby contributing
to both the maintenance of the quiescence phenotype of blood
vessels under normal conditions and down-regulation of in-
flammatory responses under stimulated conditions (model in
Fig. 7).

Discussion

Both primary and transformed HUVECsS are extensively used for
investigating mechanistic details of PAR1 signaling by thrombin
and other coagulation proteases in vascular endothelial cells. In
addition to PARI, these cells express at least three other re-
ceptors: PAR3, PAR4, and TM, which are also targets for in-
teraction with thrombin. With the exception of PAR4, the other
three receptors (PAR1, PAR3, and TM) all possess a hirudin-
like sequence that binds to exosite-1 of thrombin to modulate the
procoagulant and signaling specificity of the protease (10, 23,

o
A B A N $®Q Dzo, *k%k E
o §’§& L g kkk ek
2 L VWF 0 515 o,
5 ™ mpeETe 5 |+ 1 58
&l o
2 ses——ca-u I Erd B
37
i o Kkkk kkk Z0.5- 2 E 1
Z =10 -—\\/T L
[h'd [&]
€ ® w=TM”  0.0- U
@ 5 T\match R § N S
[T < @&@S@ &$
) < s
F | "
£q 15 H £ o8
58 €97 xus WT Twrisn 8 &
TS © [N c g
g8 o510/ | vwr hl_zso Se
0.5 Se ouw 2
“ oo B2 B-actin jwem—n 0> =~ o MUEIMIE
S & L = 0.0 , 37 SIS
S WT TMpigh N T?/l
S

Fig. 5.

Lentivirus-mediated reexpression of TM in TM™"~ cells, but not sTM, normalizes VWF and Ang2 levels. (A) Levels of VWF, Ang2, and TM RNA tran-

scripts in WT, TM™'~, and TM™*" were measured by qRT-PCR. GAPDH was used as an internal control for quantitation. (B) Confluent WT, TM~'~, and TM™at<h
cells were lysed, and levels of VWF, Ang2, and B-actin were analyzed by Western blotting. Quantitation of changes in the levels of (C) VWF and (D) Ang2 in
WT, TM~~, and TM™2t" cells. Levels of (E) VWF and (F) Ang2 in the medium supernatant collected from confluent WT, TM~=, and TM™3th cells. (G) Levels of
VWEF in the medium supernatant collected from confluent WT and TM™9" cells were measured by a sandwich ELISA. (H) Confluent WT and TM"9" cells were
lysed, and levels of VWF, TM, and f-actin were analyzed by Western blotting. (/) Confluent WT and TM™'~ cells were treated with sTM (100 nM) for 16 h in the
basal medium containing 0.5% BSA, and levels of VWF in the medium supernatant were analyzed by a sandwich ELISA. Data are mean + SEM (n = 3). One-way

ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.001.

60f9 | PNAS
https://doi.org/10.1073/pnas.2022248118

Giri et al.

Thrombomodulin is essential for maintaining quiescence in vascular endothelial cells


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022248118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022248118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022248118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022248118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022248118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022248118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022248118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022248118/-/DCSupplemental
https://doi.org/10.1073/pnas.2022248118

B TM staining C VWEF staining
15 *%

— © o

[9) @ ==

2 210 -

19 >

> «-6 .

G -

2 z’

o

0
TM® TM-KO TMFTM-KO
*

TM7 TM-KO
F N
0.4 . 3

cE . 520

203 S =
5% . S8
S s 0.2 . % S S10
[T o . . s ()]
= So. E2s
> NI ?, 0

TM# TM-KO TM# TM-KO

Fig. 6. Increased expression of VWF in the trachea vessels and lungs in TM-KO mice. (A) Tracheal blood vessels visualized by TM and VWF immunostaining of
TM™ and TM-KO mice. The inset boxes from each group are magnified. Note the prominent expression of VWF in veins (shown in the inset box). (Scale bar,
100 um.) (B and C) Relative fluorescence intensity units (RFU) of TM and VWF in tracheal vessels analyzed by ImageJ in TM™ (n = 3) and TM-KO (n = 5) mice. (D)
Lung lysates from TM™ and TM-KO mice were analyzed for protein levels of TM, p-actin, and VWF by Western blotting. (E) Quantitation of VWF normalized
to p-actin in WT (n = 12) and TM-KO (n = 13) mice. (F) Tissue antigen levels of VWF in TM™ (n = 13) and TM-KO (n = 8) mice measured by a sandwich ELISA. (G)
TM antigen levels in the lung lysates of TM™ (n = 10) and TM-KO (n = 8) mice were measured by a sandwich ELISA. (H) Representative images (10x) of H&E
staining of the lung tissue sections from TM"f and TM-KO mice. The inset boxes from each group are magnified. (Scale bar, 200 pm.) Data are mean + SEM (n =

3). t test: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.001.

24). PAR3 does not have a cytoplasmic domain, and thus, this
receptor is not believed to be directly involved in signaling by
thrombin. However, thrombin cleavage of both PAR1 and PAR4
induces barrier-disruptive effects in cultured endothelial cells (5,
25, 26). Thrombin exhibits a dual PARI1 signaling specificity with
concentrations in the picomolar range (50 pM), inducing a
barrier-protective effect, however, in the nanomolar range (>1
nM), eliciting a barrier-disruptive effect (14, 15). To evaluate the
contribution of TM to the signaling specificity of thrombin in this
system, we deleted the TM gene from EA.hy926 cells and
studied the PAR1-dependent signaling function of thrombin in
TM™'~ cells. Interestingly, we found that the PAR1-dependent
barrier-disruptive function of thrombin (1 nM) in TM~~ cells
was markedly enhanced. However, further studies revealed that
the fold enhancement in the barrier-disruptive function of
thrombin is similar for both wild-type and TM~'~ cells and that
the enhanced effect in TM ™'~ cells was primarily due to markedly
compromised basal permeability, suggesting TM plays a key role
in the maintenance of a noninflammatory phenotype for endo-
thelial cells under normal conditions. In support of this hy-
pothesis, the impaired basal permeability was rescued in TM ™/~
cells if they were transduced with a TM-lentivirus construct.
Interestingly, analysis of results of permeability assays indicated
that the PAR1-dependent barrier-protective effect of the low
concentration of thrombin is absent in TM~~ cells, strongly
suggesting this effect of thrombin is dependent on binding of the
protease to TM on endothelial cells. It appears that the cell
surface expression level of TM on EA.hy926 cells is rather low;
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thus, most of the added thrombin (I nM) remains unbound
under these assay conditions. The finding that the TM—thrombin
complex induces a barrier-protective effect is significant as it
implies that the PARI-dependent signaling specificity of
thrombin would be of the barrier-protective type in the micro-
vasculature where the surface area of the endothelium, exposed
per milliliter of blood, is dramatically increased and thus the
effective local concentration of TM can reach a very high level
(~500 nM) (27-29). Further support for the hypothesis that in-
teraction with TM abrogates the PARI-dependent proin-
flammatory function of thrombin is provided bx the observation
that unlike wild-type and TM™" cells, TMMe" cells, which ex-
press ~10-fold higher TM levels, exhibited resistance to the
barrier-disruptive effect of high concentrations of thrombin and
other proinflammatory stimuli (Fig. 2), suggesting a key role for
the cell-bound TM in conferring high stability for endothelial cell
junctions.

The increased basal permeability of TM ™'~ cells was associated
with decreased polymerization of cortical actin microfilaments
and phosphorylation-dependent destabilization of VE-cadherin
at cellular adherens junctions (Fig. 1). Cortical actin microfila-
ments are attached to transmembrane proteins, and they play
crucial roles in the maintenance of the endothelial barrier
function and cell shape as their disruption by cytochalasin B has
been shown to lead in increased endothelial cell permeability
(30). The results of this study suggest the membrane-bound
TM may be part of other transmembrane proteins that are in-
volved in the maintenance of the integrity of cortical actin
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Fig. 7. Schematic illustration showing that deletion of TM results in NF-xB
and ERK phosphorylation, increased endothelial permeability, phosphory-
lation of VE-cadherin, loss of cortical actin, increased expression of inflam-
matory adhesion molecules, increased adhesion of leukocytes, and platelet
string formation. Altered WPB content (increased expression, storage, and
release of VWF and decreased expression, storage, and release of Ang2) is
denoted. Image was created with BioRender.

microfilaments and the cell shape. The soluble form of TM did
not rescue the impaired basal permeability function of 7M™/~
cells; however, reexpression of full-length TM restored it to a
normal level (Fig. 2). Moreover, relative to wild-type cells, the
basal permeability was significantly improved in TMM" cells,
suggesting the cell-bound TM plays a key role in stabilizing the
interaction of actin microfilaments with VE-cadherin and other
transmembrane proteins at the cellular junctions. The mecha-
nism by which TM interacts with cytoskeletal membrane proteins
to regulate basal permeability is not known. It is, however,
known that TM interacts directly with the actin cytoskeleton by
membrane-anchoring proteins called ERM proteins, which are
involved in controlling cell shape by attaching cortical actin mi-
crofilaments to the cell membrane. A direct interaction between
TM and ezrin (31), one of the three closely related proteins of
ERM (ezrin, radixin, and moesin), has been reported. Further
support for our hypothesis is provided by results of a previous
study which showed that the cytoplasmic domain-dependent
signaling function of TM is required for its antiproliferative
function (32). It should also be noted that in addition to com-
promised basal permeability, the basal expression levels of cell
adhesion molecules were elevated in 7M™~ cells and these cells
were also hyperresponsive when stimulated with cytokines.
Further studies are required to understand the exact mechanism
by which TM contributes to the regulation of vascular perme-
ability and maintenance of the quiescence phenotype in
endothelial cells.

Another interesting observation of this study is the dramati-
cally increased expression and secretion levels of VWF in TM ™/~
cells under basal conditions (Fig. 4). Thrombin and other in-
flammatory stimuli are known to activate endothelial cells and
mobilize VWF to the cell surface, thereby recruiting platelets
and forming long string-like structures that play critical roles in
regulating primary hemostasis at the vascular injury site. A

80of9 | PNAS
https:/doi.org/10.1073/pnas.2022248118

significant fraction of the released VWF appears to remain at-
tached to the surface of TM ™'~ cells as evidenced by their ability
to recruit freshly isolated platelets and form the characteristic
cell surface platelet strings in a flow chamber assay (Fig. 3). The
markedly enhanced release of VWF in unstimulated 7M™~ cells
suggests that apart from its essential anticoagulant role in pro-
moting protein C activation by thrombin, TM also plays a critical
anticoagulant and anti-inflammatory role by regulating the VWF
release from WPBs. This finding may have clinical relevance in
inflammatory disorders where expression of TM is down-
regulated during inflammation and/or the receptor is cleaved
by metalloproteases and leukocyte proteases and released to the
circulation as soluble TM (33, 34). Similar to VWF-mediated
adhesion to platelets, the increased basal expression of CAMs
on TM™'~ cells promoted adhesion of HL-60 leukocytes to the
cell surface. Whether decreased surface expression or cleavage
of TM can increase secretion of VWF and expression of CAMs
under inflammatory conditions requires further investigation.

In addition to VWF, another WPB protein, Ang2, which is
colocalized with VWF in WPBs and released only upon stimu-
lation, was also altered in TM '~ cells; in this case however, the
secretion of Ang2 was markedly decreased (Fig. 4). Lentiviral-
mediated TM transduction normalized expression of both VWF
and Ang2 in TM~'~ cells, supporting the hypothesis that TM is
involved directly or indirectly in regulating expression, secretion,
and storage of these proteins. Ang2 functions as an antagonist of
Angl-Tie2 signaling and acts synergistically with VEGF-A to
promote angiogenesis (19, 20). Recent results have indicated
that small interfering ribonucleic acid (siRNA) knockdown of
VWF expression increases Ang2 release (20), suggesting that
VWEF negatively regulates angiogenesis. Consistent with these
previous results, the enhanced expression of VWF culminated in
inhibition of expression of Ang2 in TM~'~ cells. The TM-
dependent regulation of both angiogenic proteins was medi-
ated at the transcriptional level since a markedly elevated VWF
mRNA level in TM~~ cells was associated with a significant
decrease in the mRNA expression level of Ang2. TM itself has
also been shown to directly regulate angiogenesis. The EGF-like
domain of TM promotes angiogenesis (35); however, the lectin-
like domain of TM has been reported to inhibit angiogenesis
through interaction with the Lewis Y antigen on endothelial cells
(36). The observation that sSTM did not restore the expression
levels of either VWF or Ang2 in TM™'~ cells suggests that sig-
naling by the lectin-like domain of TM may not be involved in
TM-dependent paradoxical regulation of VWF and Ang2 as
observed in this study. Based on the observation that deletion of
the TM gene leads to destabilization of VE-cadherin and cortical
actin filaments, we favor the hypothesis that TM is associated
with other transmembrane proteins which are involved in regu-
lation of vascular tone and angiogenesis. The integrin avp3 has
been identified as the primary receptor for VWF on endothelial
cells (20). In light of reports that Ang2 also interacts with avf3 to
regulate angiogenesis, further studies will be required to deter-
mine whether avp3 is one of the transmembrane protein network
that is also directly or indirectly associated with TM in
endothelial cells.

Finally, analysis of the expression profile of VWF in trachea
and lung lysates in TM-KO mice indicates that the findings in the
cellular system are physiologically relevant. Immunostaining of
the mouse trachea clearly indicated that expression of VWF in
venular endothelial cells was markedly increased in TM-KO
mice. Although the increase in the plasma level of VWF was not
statistically significant on day 12 of the experiment, TM defi-
ciency was associated with a significant increase of VWF ex-
pression in endothelial cells and reduction in the plasma level of
Ang2 in TM-KO mice, supporting the findings in the cellular
model. As expected, increased inflammatory foci in the lungs of
TM-KO animals were also observed, which is reminiscent of the
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increased basal inflammatory phenotype of TM '~ cells. Further
studies in cellular and animal models in which the cytoplasmic
domain of TM has been deleted are required to further inves-
tigate the hypothesis that the interaction of cell-bound TM with
transmembrane or cytoskeletal proteins plays a key role in
maintaining the vascular integrity and basal quiescence phenotype
of endothelial cells.

Materials and Methods

All protocols were approved by the Institutional Review Board and Use
Committee of the Oklahoma Medical Research Foundation. Blood was col-
lected in acid-citrate—dextrose tubes from healthy adult volunteers with
informed consent. Reagents, cell culture methods, generation of T™M™ cells,
lentivirus-based overexpression of TM, knockdown of VWF in TM~~ cells,
TM knockout mouse model, ELISA, VWF-platelet string formation assay,
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