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THROMBOSIS AND HEMOSTASIS

Impaired von Willebrand factor adhesion and platelet response in
thrombospondin-2 knockout mice
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Interactions between collagenous extracellular matrices and von Willebrand factor (VWF)

are critical for hemostasis and thrombosis. In the present study, we investigated the

e Irregular ECM assembly in
TSP2 KO mice results in
reduced VWF adhesion and
compromised platelet
function.

e Because overall ECM
composition is not altered,
this study highlights the
importance of ECM
organization in hemostasis
and thrombosis.

contribution of an extracellular matrix (ECM) abnormality to the bleeding diathesis in
thrombospondin-2 (TSP2) knockout (KO) mice. First, we performed adoptive bone
marrow transplantation and observed that introduction of wild-type (WT) marrow into
lethally irradiated TSP2 KO mice did not rescue the bleeding diathesis. However, platelets
in transplanted mice displayed an inherent aggregation defect, which complicated
interpretation. Second, we performed interposition of arterial segments denuded of
endothelium. Denuded TSP2 KO arteries grafted into WT mice remained patent in vivo. In
contrast, WT grafts underwent thrombosis and were completely occluded within 24 to 48
hours. The nonthrombogenic property of the TSP2 KO ECM was confirmed in vitro by
exposing platelets to TSP2 KO dermal fibroblast (DF)-derived ECM. To further probe the
effect of TSP2 deficiency, ECM production and deposition by WT and TSP2 KO DFs was
analyzed via polymerase chain reaction, immunofluorescence, and scanning electron
microscopy and showed similar patterns. In addition, atomic force microscopy (AFM)
analysis of WT and TSP2 KO ECM did not reveal differences in stiffness. In contrast, reduced VWF accumulation on TSP2 KO ECM was
observed when matrices were subjected to plasma under physiological flow. AFM utilizing VWF-coated 2-pm beads confirmed the weak
binding to TSP2 KO ECM, providing a mechanistic explanation for the lack of thrombus formation. Therefore, our studies show that ECM

assembly is critical for interaction of collagen with VWF and subsequent thrombogenic responses. (Blood. 2016;128(12):1642-1650)

Introduction

The extracellular matrix (ECM) forms the basis of the microenviron-
ment within which cells exist in vivo, and, as such, it influences their
behavior. The use of cell-derived ECM as a bioactive substrate for
modulation of cell function has become an area of interest for many
researchers. For example, the pioneering studies of Gospodarowicz et al
showed a permissive effect of decellularized ECM on cell pro-
liferation." In addition, Vogel’s group demonstrated altered matrix
production by fibroblasts cultured on fibroblast-derived ECM.? In the
same study, it was shown that cross-linking the substrate ECM
postdecellularization led to its accelerated stretching by seeded cells.
Thus, in addition to composition, cross-linking of decellularized ECM
can modulate cell function. Of particular interest was that endothelial
cell (EC)-derived ECM thrombogenicity was reduced by glutaralde-
hyde fixation or heat denaturation.® Consistent with this observation,
cross-linking of decellularized vein also resulted in decreased
thrombogenicity.*

Obvious considerations in determining the nature of cell-ECM
interactions are the ECM’s assembly and composition following

decellularization. Presently, little is known about how ECM assembly
occurs, even for well-studied proteins such as laminin.’ Moreover, a
more in-depth consideration of collagen fibrillogenesis is hindered by
the fact that the process can occur in a cell-free environment. However,
in the presence of cells, the initiation of fibrillogenesis requires
noncollagenous molecules. Thus, the role of cells in a process driven by
self-assembly and polymerization remains unclear. One hypothesis
suggests the involvement of molecules such as collagens V and XI to
nucleate collagen fibrils and fibronectin (FN) and integrins to specify
their site of assembly.® This suggestion is supported by our knowledge
of FN fibril assembly and its requirement for collagen fibril assembly.
In addition, it has been shown that newly assembled collagen and
EN fibrils colocalize.” Moreover, another class of noncollagenous
molecules including N-propeptides of collagen, lysyl oxidase,
tenascin-X, several proteoglycans, and thrombospondin-2 (TSP2)
influences the rate of assembly, size, and structure of collagen fibrils.

TSP2 is an antiangiogenic, matricellular protein that has been
shown to interact not only with ECM proteins, but also with a variety of
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cell surface receptors.® Most of our current understanding of TSP2
function has been deduced from the investigation of TSP2 knockout
(KO) mice and their cells. The TSP2 KO phenotype is dominated by
abnormalities in connective tissue, which manifest as irregular collagen
fibrillogenesis.® This aspect of the phenotype is also apparent in ECM
derived in vitro from dermal fibroblasts (DFs) isolated from TSP2 KO
mice.’ Furthermore, TSP2 KO DF-derived ECM was more permissive
for EC migration.” Our observations implicate the matrix-modulating
activity of TSP2 as a novel mechanism in the regulation of ECM
assembly. We have also previously reported that TSP2 KO mice
display a bleeding diathesis that is due, in part, to a platelet aggregation
defect.'® Although the origin of the bleeding abnormality was reported
to be the irregular interactions of megakaryocytes with the vascular
sinuses in the TSP2 KO bone marrow microenvironment, we had not
examined whether ECM assembly might contribute as well.'

In the current work, we have focused on platelet response to TSP2
KO ECM. As a follow-up to previous studies, we performed bone
marrow transplants and found that wild-type (WT) marrow did not
rescue the bleeding diathesis in TSP2 KO mice. However, analysis of
TSP2 expression revealed none in megakaryocytes of transplanted
mice. Moreover, platelets from these mice displayed an aggregation
defect consistent with the TSP2 KO phenotype. Therefore, these
experiments could not determine the contribution of an ECM defect to
the bleeding phenotype. Further in vivo studies, in which aortas
denuded of endothelium from TSP2 KO or WT mice were implanted
into WT mice, showed that grafts from WT mice were occluded within
48 hours, whereas TSP2 KO grafts displayed no thrombosis, suggesting
the presence of an ECM defect. This work prompted studies to
determine potential mechanisms for the nonthrombogenicity of TSP2
KO ECM and to examine whether this property was retained in vitro.
To probe for a mechanistic explanation, we examined ECM expression
and deposition, mechanical properties, and adhesion of von Willebrand
factor (VWF) to the ECM. Studies with platelets showed that TSP2 KO
ECM had reduced thrombogenicity compared with that derived from
WT cells. Our results showed that TSP2 KO ECM is unable to support
the binding of VWEF. Moreover, it is intriguing to consider the potential
of TSP2 KO ECM as an antithrombotic coating for blood-contacting
devices and vascular grafts.

Materials and methods

Animals

TSP2 KO and littermate WT (C57BL6/129SVJ) mice aged 3 to 4 months were
used. All animal studies were performed as procedures approved by the
institutional animal care and use committees of Yale University.

Bone marrow transplant

WT and TSP2 KO mice were lethally irradiated (800 cGy) and rescued 24 hours
later with single-cell suspensions of 5 X 10° donor bone marrow cells in
prewarmed Hanks balanced salt solution via tail vein injection (n = 5 per group).
Recipient animals were studied 4 weeks posttransplantation.

Bleeding time

Bleeding time was measured as described previously.®

Arterial denudation

Carotid arteries in mice that received bone marrow transplants were denuded of
endothelium using a nylon thread as described previously.'® After 10 minutes,
carotid arteries were perfusion-fixed, harvested, washed with phosphate-buffered
saline (PBS), and prepared for scanning electron microscopy (SEM).
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To further examine the antithrombotic potential of the TSP2 KO matrix,
2-mm sections of abdominal aorta from WT and TSP2 KO 8- to 12-week mice
were denuded of endothelium with nylon thread and interposed into the
abdominal aortas of WT mice using an end-to-end anastomotic surgical
technique as described previously.'" After 48 hours (or earlier if in extremis),
mice were anesthetized, perfused, and abdominal aortas were procured and
fixed for histology.

Image analysis

Thrombus area and percent area covered by platelets were determined by analysis
with Image].

Preparation of TSP2 KO ECM

DFs from WT and TSP2 KO mice were isolated, plated into 24-well plates, and
decellularized as described previously.9

Platelet and VWF studies

Platelet-rich plasma (PRP) or platelet-poor plasma (PPP) were isolated and
prepared as described previously.'® Platelet adhesion on WT, TSP2 KO, and
TSP2 KO ECM treated overnight with 5 pwg/mL TSP2 (R&D Systems) was
examined by pipetting PRP onto decellularized matrix. Matrix and plasma were
allowed to interact for 30 minutes with shaking at 37°C. WT and TSP2 KO PPP
were used to determine VWF levels via an enzyme-linked immunosorbent assay
(ThermoFisher). Adenosine 5’-diphosphate (ADP) aggregation experiments
were performed as described previously.'

Flow chamber studies

WT and TSP2 KO matrices were produced on flow chamber glass slides. To
prepare matrices, glass slides were placed in 1 M NaOH for 1 hour, rinsed
(deionized water), and air-dried. Slides were autoclaved and coated with 1%
gelatin before seeding with 250 000 cells. Cells were cultured and matrix was
prepared as described in “Preparation of TSP2 KO ECM.”

Matrix-coated slides were placed in a flow chamber as described
previously.'> Human plasma was flowed over slides for 15 minutes at 15
dynes/cm®. After stopping flow, slides were collected, washed (PBS), and
fixed (4% paraformaldehyde [PFA]).

Histology, immunohistochemistry, and electron microscopy

Tissue samples. All tissue samples collected and fixed (4% PFA) for
histology were paraffin-embedded, sectioned, and mounted on glass slides. For
initial visualization, tissues were stained with standard hematoxylin and eosin.
Immunolocalization of TSP2 and PECAM-1 was performed as described
previously.®? Immunolocalization of VWF was performed after similar
dewaxing and rehydration steps, but sections were incubated with fluorescein
isothiocyanate—conjugated VWF antibody (Abcam) and 4',6-diamidino-2-
phenylindole (Invitrogen) for 30 minutes before mounting for fluorescent
microscopy. Images were taken using Zeiss Axiovert 200 microscopes
equipped with digital cameras.

All tissue samples collected for SEM during this study were fixed with 2%
PFA in 0.1 M cacodylate buffer. After fixing, samples were dehydrated through
an ethanol gradient and placed in hexamethyldisilazane. Samples were air-dried,
sputter-coated with chromium, and viewed via SEM (Hitachi SU-70).

In vitro studies. Immunofluorescent examination of ECM proteins was
performed on decellularized WT and TSP2 KO ECM. After decellularization,
ECM was fixed (4% PFA), washed (PBS), and blocked (1% bovine serum
albumin [BSA]in PBS) for 30 minutes. ECM was then incubated with antibodies
to either collagen I, collagen III, collagen IV, collagen VI, FN, laminin (Abcam),
TSP2 (BD Biosciences), or decorin (R&D Systems) overnight at 4°C. After
washing (PBS), and incubation with secondary antibody (Invitrogen), samples
were mounted for fluorescent microscopy.

Reverse transcriptase—polymerase chain reaction (RT-PCR) was perfor-
med on WT and TSP2 KO cells grown in ECM-producing conditions for 10
days before lysing in radioimmunoprecipitation assay buffer. RNA was isolated
from cells (RNeasy; Qiagen) and reverse transcribed (QuantiTect Reverse
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Table 1. Primer sequences used for Q-PCR of ECM proteins
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ECM component Forward Reverse

Collagen | TGACTGGAAGAGCGGAGAGTACT CCTTGATGGCGTCCAGGTT
Collagen IlI CTGTAACATGGAAACTGGGGAAA CCATAGCTGAACTGAAAACCACC
Collagen IV AACAACGTCTGCAACTTCGC CTTCACAAACCGCACACCTG
Collagen V CTTCGCCGCTACTCCTGTTC CCCTGAGGGCAAATTGTGAAAA
Collagen VI CTGCTGCTACAAGCCTGCT CCCCATAAGGTTTCAGCCTCA
FN GAGAGGAGCACTACCCCAGA GCCCGGATTAAGGTTGGTGA
Decorin AATGTGGGTGTCAGCTGGAT CTAGCAAGGTTGTGTCGGGT

Q-PCR, quantitative PCR.

Transcription kit; Qiagen). PCR amplification was performed using primers for
collagens I, ITI, IV, V, VI, FN, or decorin. Amplification of RPLPO (ribosomal
protein, large, PO) served as a control. See Table 1 for primer sequences.

Platelet adhesion was examined by fluorescence. Nonadherent platelets were
removed (PBS wash); samples were fixed and stained with rhodamine-phalloidin
(Molecular Probes) according to standard procedures.

For flow studies, immunolocalization was performed on fixed slides. To
confirm matrix retention under flow conditions, slides were stained for FN as
described at the beginning of this section. In order to examine the interaction of
VWEF with decellularized matrices, some slides were incubated with fluorescein
isothiocyanate—conjugated VWF antibody (Abcam) before washing (PBS) and
mounting for fluorescent microscopy (Zeiss Axiovert 200).

Atomic force microscopy

Sample preparation. ECM samples were prepared as described in
“Preparation of TSP2 KO ECM” on 8-well chamber slides (Nunc). Similarly,
slides were coated with TSP1, TSP2 (R&D Systems), or collagen type I (BD
Biosciences) by incubating 10 wg/mL purified protein in PBS at 4°C
overnight. Samples to be analyzed by atomic force microscopy (AFM) were
also treated with 1% BSA in PBS to prevent nonspecific binding to tissue-
culture plastic. Slides coated with pure protein were stained via immunoflu-
orescence after AFM to ensure protein coverage and retention.

Cantilever preparation. Carboxylated polystyrene beads 2 wm in
diameter (Invitrogen) were attached to tipless cantilevers (Bruker) with

UV-curing adhesive using a micromanipulator. Recombinant VWF (Millipore)
was subsequently conjugated via 1-ethyl-3-(3-dimethylamino) propyl
carbodiimide/N-hydroxysuccinimide chemistry to the beads on cantile-
vers. Bead attachment and VWF conjugation were confirmed via light and
fluorescent microscopy, respectively (supplemental Figure 1, available
on the Blood Web site).

Force measurements. A Bruker Dimension Icon AFM, equipped with
a camera for live viewing of the ECM, was used to determine modulus
and adhesion force. All measurements were performed using a fluid tip
holder in 0.2X PBS. Cantilever calibration was performed before each set
of measurements by analyzing force curves generated by cantilevers on a
standard fused silica sample (Bruker) using the Nanoscope Analysis
software to calculate deflection sensitivity. The thermal tune function of the
Dimension AFM software was then used to calculate the cantilever’s spring
constant. For each sample, 15 to 20 force curves were collected at 2 to 3
areas selected for force measurements using a ramp rate of 0.5 Hz and a
trigger threshold equivalent to the application of 2 nN of force. Force curves
were analyzed for Young Modulus (n = 8) and adhesion force (n = 5) using
Nanoscope Analysis software.

Statistical analysis

All data presented are expressed as means * standard error of the mean.
Statistical differences were determined by either Student ¢ tests or 1-way analysis
of variance. A value of P < .05 was considered to be significant.
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Figure 1. Vessel ECM abnormality contributes to the
bleeding diathesis in TSP2 KO mice. (A) Rescue of
irradiated WT and KO mice with KO and WT bone marrow
cells, respectively, did not alter the bleeding time of the
host. In addition, homotypic rescue maintained the
original phenotype. Transplant of WT bone marrow to
irradiated TSP2 KO mice did not reduce the bleeding
time. Circles (®) denote individual mice. (B-C) Represen-
tative SEM images of denuded carotid arteries from WT
mice receiving TSP2 KO bone marrow (B) and TSP2 KO
mice receiving WT bone marrow (C) 10 minutes after wire
injury. (D) Quantification of thrombus size by ImageJ
revealed a decrease in TSP2 KO arteries. *P < .05
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Figure 2. TSP2-null denuded aortic grafts resist thrombosis. Aortic segments
from WT and TSP2 KO mice were denuded and grafted in WT mice. Representative
images of hematoxylin-and-eosin (H&E)-stained sections of grafts 48 hours following
surgery are shown. WT to WT graft (A) is completely occluded whereas the KO to
WT graft is fully patent (B) (Zeiss). (C-D) Representative images of WT (C) and
TSP2 KO (D) aortic segments immunostained for PECAM-1 (brown color) are shown
and demonstrate lack of endothelium. Arrow in D denotes remnants of endothelium.
(E-F) Representative images of WT (E) and TSP2 KO (F) aortic segments
immunostained for TSP2 (brown color) are shown and demonstrate presence and
absence of TSP2, respectively. Arrows in E denote TSP2-immunoreactive cells. (G-H)
Representative images of immunofluorescence detection of VWF (green color) in WT
(G) and TSP2 KO (H) aortic segments are shown (Zeiss). WT segments show
excessive VWF immunoreactivity in the area of thrombus formation, which is absent in
TSP2 KO grafts. Asterisk (*) denotes lumen area; arrows denote the vessel edge.
Sections were counterstained with methyl green (A-F) or DAPI (G-H). n = 5.

Results
Adoptive bone marrow transplantation and platelet function

We previously reported a bleeding diathesis in TSP2 KO mice and that
platelets from TSP2 KO mice displayed suboptimal ADP-induced
aggregation in vitro.'® In order to probe these defects, adoptive bone
marrow transfers were performed. Both WT and TSP2 KO mice were
lethally irradiated and rescued with bone marrow from either WT
or TSP2 KO donors. Successful transplantation was confirmed
by detection of the WT and KO allele in KO and WT mice, respec-
tively (data not shown). Because TSP2 is not expressed in circulating
cells and cannot be detected in blood, we analyzed bone marrow by
immunohistochemistry. Previously, it was shown that marrow stromal
cells produce TSP2."* One month after transplantation, TSP2-positive
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megakaryocytes were detected in WT recipients rescued with either WT
or TSP2 KO bone marrow suggesting that irradiation-resistant MSCs
remain a source for the protein (supplemental Figure 2). In contrast, we
were unable to detect TSP2 in bone marrow of TSP2 KO recipients
regardless of donor genotype. In addition, analysis of platelet response to
ADP revealed normal aggregation in PRP from WT mice rescued with
either genotype, and suboptimal aggregation in PRP from TSP2 KO
mice rescued with either genotype (supplemental Figure 2). We also
determined platelet numbers and found no differences among any of the
groups (WT—KO, 730000 = 85498; KO—»WT, 601 000 = 68 636;
WT-WT, 698 000 = 53 609; KO—KO, 726 000 = 75 208), nor were
they different from previously reported platelet counts of WT and TSP2
KO mice.® To exclude the possibility that VWF levels could differ
between WT and TSP2 KO mice, we performed a VWF enzyme-linked
immunosorbent assay and found no differences (27.97 % 0.45 ng/mL for
WT and 28.61 * 0.61 ng/mL for TSP2 KO; n = 3). Bleeding times were
determined and it was found that WT mice receiving WT and TSP2 KO
bone marrow had bleeding times that did not differ from each other, nor
from those of previously reported untransplanted WT mice (132
seconds).8 In contrast, TSP2 KO mice receiving WT and TSP2 KO bone
marrow had longer bleeding times, comparable to those of untrans-
planted TSP2 KO mice (552 seconds) (Figure 1A)8

In order to probe this defect further, we denuded the endothelium of
the carotid arteries in bone marrow transplanted TSP2 KO to WT and
WT to TSP2 KO mice. Thrombus formation was greater in WT mice
rescued with TSP2 KO marrow (Figure 1B) vs TSP2 KO mice rescued
with WT marrow (Figure 1C). Image analysis confirmed significantly
increased thrombus area in bone marrow transplanted WT mice
(Figure 1D). These observations are consistent with a role for TSP2 in
megakaryocyte function and production of normal platelets.

Denuded TSP2 KO arteries do not cause thrombosis

Although the previous experiments indicate a platelet defect in all TSP2
KO mice, they do not exclude the contribution of a matrix abnormality
to the bleeding diathesis. In order to probe this possibility while
circumnavigating the platelet variable, segments of aortas from either
WT or TSP2 KO donor animals were removed, denuded of
endothelium, and grafted into the abdominal aortas of WT mice. WT
to WT grafts were all occluded and resulted in the death of all animals
within 48 hours (n = 5) (Figure 2A). WT recipients receiving TSP2
KO grafts, however, were all alive and the grafts showed no signs
of thrombus at 48 hours (n = 5) (Figure 2B). PECAM-1 staining
confirmed endothelial denudation of grafts (Figure 2C-D). TSP2
staining demonstrated that TSP2 KO grafts did not contain TSP2,
whereas TSP2 was present in WT grafts (Figure 2, panels F and E,
respectively). Immunofluorescence for VWF showed almostno VWF
bound to TSP2 KO ECM in comparison with significant VWF
bound to WT ECM and in the thrombi (Figure 2, panels H and G,
respectively). Because all graft recipients were WT animals,
platelets and VWF levels were not variables in these experiments.
Therefore, the results suggest that TSP2 KO ECM does not support
normal platelet aggregation and this defect, in addition to platelet
abnormalities, could play a significant role in their bleeding phenotype.

WT and TSP2 KO ECM are expressed and deposited in similar
quantities and patterns, and ECM mechanical properties
are unchanged

ECM expression and deposition by TSP2 KO and WT DFs was then
examined. Previously, we reported that collagen fibrils in TSP2 KO
ECM are irregular in shape compared with collagen fibrils in WT ECM
in vitro.”'* In an attempt to identify differences in individual
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Figure 3. Analysis of protein expression, deposition, and ECM mechanical properties. (A) Representative images of immunofluorescence detection of several ECM
components in DF-derived decellularized WT and TSP2 KO ECM (Zeiss). (B-C) Representative SEM images of WT (B) and TSP2 KO (C) decellularized ECM deposited on
tissue-culture plastic. Collagen fibril arrangement appeared less aligned in the latter (Hitachi). (D) PCR analysis of several ECM proteins expressed by WT and TSP2 KO DFs
revealed similar levels of expression. (E) Determination of ECM Young Modulus by AFM. A 2-um bead affixed to the end of an AFM cantilever was used to perform
nanoindentation studies on WT and TSP2 KO ECM. After force curves were collected, Young Modulus was determined using NanoScope Analysis software. n = 8. Col, collagen.

components of WT and KO ECM, we performed immunofluores-
cence for collagens I, IV, and VI, and FN (Figure 3A), as well as for
collagen III, laminin, and decorin (supplemental Figure 3). Immu-
nofluorescence showed similar deposition patterns in WT and TSP2
KO ECM for all components analyzed. Moreover, SEM imaging of
WT and TSP2 KO ECM did not reveal striking differences, though
WT collagen fibrils were more aligned than those of TSP2 KO matrix
(Figure 3, panels B and C, respectively). RT-PCR showed no
difference in messenger RNA content for collagens I, III, IV, V, VI,
FN, or decorin between WT and TSP2 KO cells (Figure 3D).

It is known that skin from TSP2 KO mice is less stiff than
comparable tissue from WT animals, as measured by tensile testing.®
However, until recently it has been difficult to confirm whether this
property is retained in cell-derived matrix. AFM is a method for

measuring the mechanical properties of thin and delicate materials, such
as hydrogels and cell-derived ECM.'>'® Therefore, we determined the
stiffness of WT and TSP2 KO ECM using this method. Although we
found a trend toward decreased stiffness of TSP2 KO ECM compared
with WT ECM, the difference was not significant (n = 8) (Figure 3E).

Reduced thrombogenicity of TSP2 KO ECM

To determine whether the nonthrombotic phenotype was retained in
vitro, we prepared decellularized ECM from WT and TSP2 KO DFs
and evaluated the ability of each to support platelet aggregation.
Fluorescence showed significant aggregation of platelets on WT ECM
(Figure 4A). In contrast, platelet adhesion was sparse with no aggregate
formation on TSP2 KO ECM (Figure 4B). Costaining for FN verified

20z aunr 80 uo 3sanb Aq pd z191/€86S6€EL/ZHILITL/8T L/PA-BJ0E/POOIq AU SUOKEDIgNdYSE//:d])Y WOl papeojumog



BLOOD, 22 SEPTEMBER 2016 * VOLUME 128, NUMBER 12

Figure 4. Cell-derived TSP2 KO ECM does not
support platelet aggregation. DF-derived ECM was
prepared in vitro following decellularization of long-term
(7 days) cultures. Mouse platelets were exposed to
either WT or TSP2 ECM for 30 minutes. (A-C)
Representative images of platelets visualized by rhoda-
mine-phalloidin (red color) on WT (A) or TSP2 KO ECM
are shown. Detection of FN (green color) confirms the
retention of ECM during the duration of the experiment
(Zeiss). (C) Quantification of platelet area by ImageJ
showed reduced platelet aggregation on TSP2 KO
ECM. n = 5; *P < .05. (D) Incubation of TSP2 KO
ECM with 5 nwg/mL TSP2 (detected via immunofluores-
cence, green color) overnight did not appear to increase
platelet aggregation on TSP2 KO ECM.

ECM retention and that platelet adhesion was specific to ECM. Image

platelets on TSP2 KO ECM (Figure 4C). These results showed that
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Figure 5. Reduced interaction of VWF with TSP2 KO
derived ECM. DFs from WT (A, C) and TSP2 KO mice
(B, D) mice were cultured for 10 days and then removed by
decellularization. ECMs were then exposed to plasma under
flow (15 dynes/cm?) for 15 minutes. (A-B) Immunofluores-
cence detection of FN (green color) revealed retention of the
ECM at the conclusion of the experiment. (C-D) VWF
accumulation on ECM was detected by immunofluores-
cence (green color) (Zeiss). Interaction with TSP2 KO ECM
(D) was minimal in comparison with WT (C) and this was
confirmed by image analysis using Imaged (E). n = 3;
*P < .05
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Figure 6. Reduced VWF adhesion force on TSP2
KO derived ECM as measured by AFM. A VWF-
conjugated 2-pm bead affixed to the end of an AFM
i cantilever was used to perform adhesion force studies.
These studies were performed on decellularized day 7
ECM from WT and TSP2 KO DFs after BSA treatment,
as well as on untreated plastic, collagen, TSP1, and
TSP2-coated plastic, and BSA-treated tissue-culture
plastic controls. Representative AFM approach and
retract curves for adhesion of VWF-coated bead to WT
ECM (A), where there is significant adhesion (denoted
by the downward spike in the retract curve) and TSP2
KO ECM (B), where there is no visible adhesion.
Quantification of the adhesion force was performed
using NanoScope Analysis software and showed re-
duced VWF adhesion on the TSP2 KO ECM compared
with WT ECM (C) and no adhesion of VWF to pure
TSP2 compared with collagen | and TSP1 (D). n = 5;
*P < .05; #P < .0001.
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contributes to platelet adhesion, TSP2 KO ECM was treated overnight
with 5 wg/mL TSP2 and then exposed to platelets. Despite detection of
TSP2 on the KO ECM, platelet aggregation was not evident indicating
that it does not directly influence this process (Figure 4D).

VWEF binding to TSP2 KO matrix is deficient

VWEF plays a critical role in thrombus formation, as it is capable of
binding to both exposed collagen and platelets. We examined binding
of VWF to WT and TSP2 KO ECM using a system in which either WT
or TSP2 KO ECM was deposited on glass slides, placed in a flow
chamber, and exposed to human plasma at physiological flow rates (15
dynes/cm?). After exposure to plasma under flow for 15 minutes, WT
and TSP2 KO ECM were examined viaimmunofluorescence for FN, to
ensure ECM had not been dislodged (Figure 5SA-B), and for VWF
(Figure 5C-D). Immunofluorescence detection of VWF showed
decreased plasma-derived VWF binding to TSP2 KO ECM compared
with WT ECM (Figure 5E).

AFM analysis shows distinct VWF adhesion forces

As mentioned in “WT and TSP2 KO ECM are expressed and deposited
in similar quantities and patterns, and ECM mechanical properties are
unchanged,” TSP2 KO ECM showed a trend toward reduced stiffness
in comparison with WT. However, the difference was not significant,
suggesting that it cannot completely explain the lack of platelet
response. To explore this defect further, we used an AFM approach
capable of determining precise adhesion force measurements via a
configuration involving a bead coated with VWF. Similar AFM
techniques have previously been used to measure adhesive forces
involved in platelet adhesion, such as glycoprotein Ib—VWF adhesion
and integrin a,B_collagen peptide adhesion.'”'® Based upon the
decreased VWEF staining on TSP2 KO ECM in vitro and in vivo, we
investigated the adhesion force of VWEF binding to cell-derived ECM.

AFM studies in which VWF was conjugated to beaded cantilevers
showed adhesion of VWF to WT ECM. This was measured by
calculating the difference in force between the nadir of the adhesion
spike (the depression into negative values of force) in the retract curve
and the corresponding values of the approach curve (Figure 6A).
Strikingly, no adhesion spike was seen in force curves from TSP2 KO
ECM samples (Figure 6B). Adhesion forces were quantified and VWF
adhesion was decreased on TSP2 KO ECM (1647 = 13 pN)
compared with WT ECM (53.84 = 18 pN) (Figure 6C). In addition,
examination of VWF adhesion to purified proteins indicated adhesion
to collagen I and TSP1 (positive controls), but not TSP2 (Figure 6D).

Discussion

The formation of ECM in association with cells is a complex process
that is poorly understood. In order to gain a better understanding of the
role of molecules modulating the nucleation and cellular assembly of
ECM, many researchers have endeavored to alter their expression.
Studies on collagen V, a molecule thought to be important in nucleation
of collagen I fibrils, have shown that genetic ablation of the al
component of collagen V leads to mechanical failure of skin at lower
stresses. They have also shown that deletion of either the a1 or a2
components of collagen V results in larger, more irregularly shaped
collagen fibrils.'®° Similar studies on lumican and decorin, which
have been shown to increase interfibrillar spacing in acellular models,
also yielded more delicate skin and connective tissue, as well as larger,
irregular collagen fibrils.>'* In fact, it has been proposed that decorin-
associated glycosaminoglycans act not only in fibril assembly, but also
as bridges capable of transferring forces between fibrils.> So, it is
possible that these kinds of molecules are not only important in the
assembly of regular fibrils, but may also bolster the mechanical
integrity of the mature fibers.
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Large, abnormal collagen fibers and decreased mechanical strength
of skin are also prominent aspects of the TSP2 KO mouse phenotype,
though we have made repeated attempts to localize TSP2 in collagen
fibers without success.*?® Our inability to demonstrate TSP2 as an
integral component of collagen fibrils suggested that the abnormality in
TSP2 KO mice could be due to a defect in collagen assembly by DFs.

In the current study, we examined the interactions of platelets with
TSP2 KO ECM. Our interest in these interactions began when a
bleeding diathesis was noted in TSP2 KO mice, though it was originally
posited that this was due to a platelet defect.'® However, as we have
reported here, ECM assembled by DFs lacking TSP2 does not support
aggregation of normal platelets. In healthy vessels, the ECM serves as a
scaffold for the ECs, smooth muscle cells, and fibroblasts, with the ECs
forming a barrier between the ECM and the blood. When the vessel is
damaged, interactions between collagenous ECM and VWF have been
shown to be critical for hemostasis and thrombosis. Once VWF is
bound to collagen, it may in turn be bound by the platelet glycoprotein
Iba, tethering the platelet to the disruption in the endothelium. This is
the first step toward thrombosis.>” Simply by being accessible, ECM
sets a crucial chain of events in motion. The fact that the TSP2 KO
matrix does not seem to initiate this cascade is unusual. In order to
elucidate a mechanism for this finding, we examined the expression and
deposition patterns of components of WT and TSP2 KO ECM. In
addition, we used AFM to examine the stiffness of and ability of DF-
derived TSP2 KO ECM to support VWF adhesion. Notably, this
information offers a potential mechanistic explanation for the reported
platelet adhesion defect, as recent studies have shown that fibrin and
collagen immobilized on stiffer substrates are more likely to activate
platelets.?®2° The inherent stiffness of TSP2 KO ECM was somewhat
reduced and could partially contribute to compromised platelet
responses. Analysis of adhesion strength of a 2-pm bead coated with
VWE showed decreased adhesion force to TSP2 KO ECM, which was
consistent with plasma flow studies showing reduced VWF
accumulation on TSP2 KO ECM. We have also shown that VWF
does not adhere to pure TSP2, which is consistent with the literature.*
Taken together, these data and the fact that plasma VWF levels do not
differ between WT and TSP2 KO mice indicate that the lack of VWF
adhesion is associated with an ECM defect. We have previously
shown that collagen fibril assembly by TSP2 KO DFs is irregular, and
that cryptic collagen epitopes are exposed in TSP2 KO ECM.° As
such, we are presently exploring the hypothesis that the VWF-binding
defect is due to the effect of TSP2 deficiency on the formation of
collagen fibrils. This fibril irregularity in turn could obscure VWEF-
binding sites, thus preventing the first step in the adhesion of platelets
to the matrix. Further investigation will be required to confirm this
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hypothesis. Regardless of the mechanism, the antithrombotic nature of
the TSP2 KO matrix coupled with the fact that it allows enhanced
migration of endothelial cells,” suggests TSP2 KO ECM as a potential
coating for devices and vascular grafts.
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