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Abstract

Background: Tissue factor pathway inhibitor (TFPI) is the primary inhibitor of events initiating
the blood coagulation pathway. 77o/”/~ mice die during embryonic development. The absence

of protease—activated receptor (PAR) 4, the major thrombin receptor on mouse platelets, rescues
Tfoi'~mice to adulthood. Among the 3 TFPI isoforms in mice, TFPIa is the only isoform within
platelets (pItTFPIa) and the only isoform that inhibits prothrombinase, the enzymatic complex
that converts prothrombin to thrombin.

Objectives: To determine biological functions of pltTFPla..

Methods: T#o/~/Par4”~ mice were irradiated and transplanted with bone marrow from mice
lacking or containing pItTFPla. Thus, PAR4 expression was restored in the recipient mice, which
differed selectively by the presence or absence of pltTFPla and lacked other forms of TFPI.

Results: Recipient mice lacking pltTFPIa had reduced survival over the 200-day posttransplant
period. Necropsy revealed radiation injury associated with large intraventricular platelet-rich
thrombi, whereas other organs were not affected. Thrombi were associated with fibrotic
presentations, including increased collagen deposition, periostin—positive activated fibroblasts,
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myofibroblasts, and macrophage infiltrates. Recipient mice containing pltTFPIa showed evidence
of radiation injury but lacked heart pathology.

Conclusions: Tfoi~IPar4™~ mice develop severe cardiac fibrosis following irradiation and
transplantation with bone marrow lacking pltTFPIa. This pathology is markedly reduced when
the mice are transplanted with bone marrow containing pItTFPIa. Thus, in this model system
pltTFPla has an important physiological role in dampening pathological responses mediated by
activated platelets within the heart tissue.
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1| INTRODUCTION

Three anticoagulant proteins, tissue factor pathway inhibitor a (TFPIla), protein S (PS),

and protease nexin (PN)-1, are released from activated platelets [1]. These 3 proteins

inhibit different stages of blood clotting. TFPla acts during the initiation phase of the
procoagulant response by inhibiting tissue factor(TF)-factor Vlla (TF-FVI1la) [2] and nascent
prothrombinase [3]. PS acts during the initiation phase by enhancing the ability of TFPI

to inhibit FXa [4] and prothrombinase [5-7] and in the propagation phase by acting as a
cofactor for activated protein C in the degradation of FVa [8]. PN-1 acts in later stages of
coagulation through direct thrombin inhibition [9]. Each protein has been shown to dampen
thrombus development under /n vivo conditions [10-12]. However, broader physiological
roles for these anticoagulant proteins in the procoagulant platelet remain to be explored.

Here, we have focused on defining physiological functions of platelet TFPla (pltTFPIa).
TFPla is one of the 3 alternatively spliced TFPI isoforms present in mice [13]. All

3 isoforms have identical A-terminal regions containing 2 Kunitz-type serine protease
inhibitory domains. The second Kunitz domain directly inhibits FXa, and the first

Kunitz domain inhibits TF-FVIla in an FXa-dependent manner [2,14]. TFPIB is a
glycosylphosphatidylinositol-anchored protein on endothelium [15], whereas TFPlvy is the
primary isoform circulating in mouse plasma [13,16]. TFPla is present in human plasma
but not in mouse plasma [15]. There is heparin-releasable TFPla in humans [17-19] and
mice [15]. TFPla is the only isoform present in human and mouse platelets [20]. It has

a C-terminal region with high affinity for partially cleaved forms of FVa that promotes
inhibition of nascent forms of prothrombinase [3,21]. In humans, high-affinity binding of the
TFPla C-terminus to FV-short variants produce bleeding disorders [22-25]. Thus, TFPla
inhibition of prothrombinase is a physiologically important anticoagulant activity occurring
early in the coagulation cascade when nascent forms of prothrombinase have assembled but
before thrombin is generated. Interestingly, saliva from the black fly, Simulium vittatum,
has a protein containing a single Kunitz domain that inhibits FXa, followed by a C-terminal
region with homology to TFPIa and the FV B-domain [26]. This evolutionary adaptation
suggests that the fly anticoagulates its blood meals by inhibiting prothrombinase through
the same mechanism used by TFPla and further amplifies the biological importance of
prothrombinase inhibition by TFPla.
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Mice lacking the first Kunitz domain of TFPI ( 7#o/") do not survive embryogenesis

[27]. We previously found that the embryonic lethality could be rescued by breeding
Tfoi'~ mice with mice lacking protease—activated receptor 4 (Par4'~), the major thrombin
receptor on mouse platelets [28]. In addition, our laboratory commissioned the production
of a conditional knockout mouse that allowed production of mice with selective removal

of TFPla from platelets. The bone marrow from mice lacking or containing pltTFPla

was transplanted into irradiated 77#o//~/Par4™'~ recipient mice. This breeding and bone
marrow transplantation strategy allowed for functional studies of pltTFPla. in the absence of
other sources of TFPI inhibitory activity. The study findings indicate that in the transplant
recipient mice, activated platelets without TFPla drive a thrombotic reaction that promotes
pathological fibrosis in the heart that is prevented by pltTFPla..

2| MATERIALS AND METHODS

2.1| Production of the floxed total TFPI mouse model

Mutant mice carrying a conditional 77p/total KO allele ( 7#pfmL-1Amast or 75!y were
generated at the University of California, Davis, Mouse Biology Program, using a 2-
construct approach as described in Supplementary Figure S1. Founders were confirmed

by Sanger sequencing of the genomic regions spanning the insertion sites of the 5’

and 3’ constructs. Founders were outcrossed to homozygous ACTB-FLPe mice [29] for
recombinase-mediated removal of the Neo selection cassette generating mice carrying the
final T#oifloxed (77o/") conditional allele. 77/ genotyping was performed by polymerase
chain reaction (PCR) using primers P1 and P2 (Table S1) to confirm presence of the
haploblock. The Pf4-Cretransgene (Stock No: 008535; Jackson Laboratory) was bred onto
the line to generate 77o//fl P4-Cret mice. Cretransgene genotyping was performed using
primers Cre-1, Cre-2, +PCR-1, and +PCR-2 (Table S1). The Institutional Animal Care and
Use Committee of the Medical College of Wisconsin approved all procedures.

2.2 | Bone marrow transplants

Recipient 7#p/'~/Par4™~ mice were obtained by breeding heterozygous TFPI K1 knockout
mice ( 7o M1Gib: T/o/*~) to Pars™'~mice (F2r/3™1-1Cah: par4~I-). Bone marrow donor mice
were obtained by crossing total TFPIT/f mice (7#ptm1-1Amast: total 7/p//~) with P4-Cre+
mouse [C57BL/6-Tg(Pf4-icre)Q3Rsko/J]. T#oi”~1Par47!~ recipient mice received 11Gy of
radiation 24 hours before bone marrow transplantation. Bone marrow was isolated from the
iliac crest and long bones of donor mice. Cells were passed through a 70-um filter, counted
for live cells, and 1 x 106 live cells were injected through retro-orbital injection in the
anesthetized recipient mouse. Recipient mice were provided trimethoprim/sulfamethoxazole
for 1 month after transplantation and maintained in the colony for up to 217 days.

2.3| Blood isolation

Blood was collected from anesthetized mice through the inferior vena cava into 3.2% citrate
(10% volume/volume). Complete blood counts were determined using an animal blood
counter (scil Vet abc Plus). Platelet-rich plasma was collected by 10-minute centrifugation at
3000g and plasma by 9000g centrifugation. Platelet-rich plasma from 2 genetically identical
mice was collected from whole blood, pooled, and centrifuged (100g, 5 minutes), the
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platelets were isolated and then pelleted (700g, 10 minutes), and washed 3 times with
phosphate-buffered saline. Platelets were lysed by repeat freeze-thaw cycles (5 times), and
then sonicated for a 10-minute cycle of 30 seconds on and 30 seconds off (Bioruptor Pico
Sonicator; Diagenode).

2.4 | TFPI activity assays

TF/FVIla—dependent FXa generation assays were used to measure TFPI activity in platelet
lysates standardized to 750 g total protein/mL using the bicinchoninic acid assay (Pierce).
Samples were incubated for 20 minutes with 1:500 rabbit brain cephalin (Pel-Freez
Biologicals), 0.001 nM human FVIla (Novo Nordisk A/S), and 1:4000 human TF (Siemens),
followed by the addition of Spectrozyme FXa (0.5 mM; Sekisui Diagnostics). Finally,

the reactions were initiated with 20 nM human FX (Enzyme Research Labs), and FXa
generation was measured at 405 nm for 1 hour using SoftMax Pro, version 4.3.1. Platelet
TFPI activity was interpolated from standard curves using GraphPad Prism 9.1.0 and
sigmoidal 4 parameter logistic regression where X'is the recombinant mouse TFPla
concentration. Standard curves for platelet lysate assays were generated using a 2-fold
dilution series of murine recombinant TFPla (Novo Nordisk A/S).

2.5| Thrombin-antithrombin complexes

Plasma thrombin-antithrombin (TAT) complexes were measured by ELISA according to the
manufacturer’s instructions (Abcam).

2.6 | Histology

Tissues were stained with trichrome and picrosirius Red (Poly-sciences), for histologic
examination. Tissues were evaluated using immunohistochemistry (IHC) and fluorescent
microscopy as previously described [30]. Antibodies used for IHC and immunofluorescence
included a-smooth muscle actin (SMA) and S100B (GeneTex), fibrinogen (Exalpha
Biologicals), platelet CD41 (gift from Richard Aster; Versiti), periostin (Abcam),

IBA-1 (Waco Chemicals USA), CD45 (R&D Systems), and Cre recombinase protein
(Novus Biologicals). Appropriate fluorochrome conjugated anti-goat, anti-mouse, and
anti-rabbit secondary antibodies were used for immunodetection (10 pg/mL) (Jackson
ImmunoResearch Laboratories). The Easy Scan imaging system (Motic) scanned IHC
slides. A Nikon Eclipse Ti2 inverted microscope with a DS-Ri2 high-speed color camera
using a low-magnification 10x/0.45, 20%/0.75, 40x/0.95 or a high-magnification 100x oil/
1.45 numerical aperture objective (Nikon Instruments) acquired immunofluorescent images.
Images were analyzed with the Nikon NIS-Elements software platform and processed with
Imaris multichannel microscopy software (Bitplane). Image formatting was performed in
Adobe Photoshop CS-6 and Adobe Illustrator CS-6 (Adobe).

2.7 | Quantification of collagen and periostin

Collagen and periostin signals in tissue sections were quantified using ImageJ software.
After the region of interest was assigned and a monochromatic image produced, the tissue
sections were outlined and any space outside the outlined tissue was obscured to avoid
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quantitation. The outlined tissue was analyzed to quantify the percentage area with positive
pixels.

2.8| Statistical analyses

Statistical analyses were performed using GraphPad Prism v9.1.0. Log-rank test was used

to estimate significant differences in Kaplan—Meier survival curves. For other quantitative
assays, Kruskal-Wallis test and post hoc analyses using the Wilcoxon signed-rank test were
performed with an a level of 0.05; p values were adjusted for multiple comparisons using
the Benjamini and Hochberg false discovery rate with significance reported as the adjusted ¢
value when applicable. Data are presented as the mean + standard deviation.

3| RESULTS

3.1| Generation of mice lacking pltTFPla

The pltTFPla—deficient mice serving as transplant donors were generated by targeted
genetic deletion of 77p/within the megakaryocytic lineage by crossing the Pf4 promoter—
driven Cretransgene onto the conditional total 77p/"f mice (Supplementary Figure S1).
7oV pf4-Cret mice had normal survival. Bone marrow from 77Tl pe4-Cre= or oMl
PFf4-Cre* donor mice (both PAR4"*) was transplanted into 77p//~/PAR4™/~ recipients. The
transplant restored platelet PAR4 activity, and the transplanted mice differed by the presence
(Tx-pItTFPIaP) or absence (Tx-pltTFP1a"9) of pltTFPIa but lacking other sources of
TFPI. Moreover, TFPI expression may have differed in other hematopoietic cells that
express Pf4 and TFPI, such as macrophages. Hearts from 77of\f! pf4-Cre* donor mice

and T#oi'~/Par4™'~ recipient mice that did not have radiation exposure were histologically
evaluated and appeared normal on trichrome stain. Immunohistochemical staining revealed
only background collagen deposition and the absence of periostin (Supplementary Figures
S2 and S3). Thus, there was no baseline pathology in the hearts of the recipient mice before
transplant.

3.2 | Characterization of transplanted mice

Bone marrow from pltTFPIa"9 and pltTFP1aP% mice engrafted equally well in 7707~/
Par47I~ mice, as assessed by complete blood counts of peripheral whole blood. Blood cell
counts after transplant were comparable with those previously reported for similar aged
mice (Table S2). Platelet TFPI activity after transplant was 0.084 + 0.16 fmoles TFPI/mg
total platelet protein in Tx-pltTFP1a"®¥ mice compared with 4.10 + 1.3 fmoles TFP1/mg
total platelet protein in Tx-pltTFP1aP% mice (p < .0001) (Figure 1A). Plasma TAT complex
levels were not different between Tx-pltTFP1a"®9 and Tx-pltTFPIaP® mice (2.2 + 1.4 vs
1.8 £ 0.9 ng/mL; p=.6541) (Figure 1B) indicating that platelets lacking TFPIa did not
produce a generalized prothrombotic condition. However, Tx-pltTFPIa."® mice had reduced
survival as 5 of 12 Tx-pltTFP1a"®9 mice died before day 217 posttransplantation. The
Tx-pItTFPIaP% mice had 100% survival until day 203 posttransplantation when 1 of the

6 mice died (Figure 1C). Necropsy with detailed histologic analyses was performed to
determine the cause of death.
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Both groups of mice had radiation—-induced tissue damage

Radiation is a known risk factor for cardiac fibrosis in patients receiving chest or thoracic
radiotherapy for treatment of left-sided breast or lung cancer [31,32]. Cardiomyocytes

are thought to be resistant to irradiation. This contrasts with endothelial cells that

become apoptotic or have increased cellular senescence following irradiation [33]. The
endothelial cell damage results in leaky vessels and perivascular p-amyloid deposition,
increased adhesion of inflammatory cells, and interstitial fibrosis [34,35]. Two predominant
phenotypes were observed in the transplanted mice: 1) radiation—induced vascular leakage
with low level interstitial fibrosis present in the Tx-pltTFPIa"®9 and Tx-pItTFP1aP% mice;
and 2) excessive cardiac thrombosis with extensive fibrosis present only in Tx-pltTFPIa."€9
mice. For the former, typical radiation—induced cardiomyopathy changes were observed

in both groups of mice including p-amyloid deposition adjacent to individual vessels
(Supplementary Figure S4A) and mild interstitial fibrosis as shown by collagen deposition in
perivascular areas and between the ventricular cardiomyocytes (Supplementary Figure S4B).
However, as described further, the thrombotic phenotype and cardiac tissue responses were
more severe in mice lacking pltTFPla and likely contributed to their death.

TX-pltTFPla"®9 mice had thrombotic lesions in the heart

Trichrome staining revealed mural thrombi in the heart ventricles from 11 of 12 Tx-
pltTFP1a"® mice, including 1 harvested at day 154, 3 at day 155, 1 at day 205, and 1

at day 217 posttransplant, and 5 that died as indicated in Figure 1C. One mouse harvested

at day 154 did not have cardiac thrombi. Because there were equal numbers of male and
female Tx-pltTFPIa"®9 mice, a sex-specific difference in development of heart pathology
was not present. None of the Tx-pltTFP1aP° mice had cardiac thrombi. In Figure 2, hearts
from 3 Tx-pItTFPIaP% (A-C) and 3 Tx-pltTFPIa."®d (D-F) mice that were harvested before
natural death are shown to highlight the pathology observed. The Tx-pltTFPIa"®9 mice

had ventricular thrombi that varied in size and number. The thrombi stained blue and were
located either adjacent to the ventricular wall or within the ventricular chamber. Some mice
had multiple small to medium mural thrombi (Figure 2D, F), whereas others had large
thrombi that filled a sizable portion of the ventricle (Figure 2E). Thrombi were also present
in the atria of 4 of 12 Tx-pltTFP1a"® mice (Figure 2E), and extensive pericardial fibrosis
was observed in a single mouse (Figure 2F). Overall, among the 11 Tx-pltTFPIa"®¥ mice
with thrombi, 6 had clots in both ventricles, 4 had only right ventricle clots, and 1 had only a
left ventricular clot (Table S3). Thrombi were not present in the brain, liver, kidneys, spleen,
or lungs from Tx-pltTFP1a"®9 mice. Because thrombi were present within the right ventricle
of several mice, lungs were examined for emboli, but none were observed.

Thrombi in Tx-pltTFPIa"®9 hearts were platelet and fibrin rich

Selected thrombi from the Tx-pltTFPIa"9 hearts shown in Figure 2 were enlarged and are
presented in Figure 3 with hearts from Tx-pltTFP1aP° mice displayed in Supplementary
Figure S5. In the trichrome—stained images (Figure 3A), the blue ventricular thrombi have
invaded into the cardiac tissue. Immunostaining of the cardiac thrombi characterized them
as fibrin and platelet rich (Figure 3B and Supplementary Figure S6). Similar staining of
Tx-pItTFPIaPOS hearts confirmed the absence of thrombi (Supplementary Figure S5A, B).
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3.6 | Localized areas of myofibroblast transformation were present in Tx-pltTFPla"¢9
hearts

Activated platelets release transforming growth factor (TGF)-, a potent activator of
fibroblasts that stimulates their differentiation into myofibroblasts [36,37]. a-SMA is a
marker of myaofibroblast differentiation and induced by TGF-B1. The Tx-pltTFP1aP% hearts
did not express detectable levels of a-SMA (Figure 4A), whereas in 3 Tx-pltTFP1a"€d
hearts containing 7 thrombi, 4 of the thrombi had associated a.-SMA interstitial expression,
indicating the presence of myofibroblasts (Figure 4B).

3.7| Abundant periostin was present in areas surrounding thrombi in Tx-pltTFPla"€Y
hearts

Periostin is a TGF-B superfamily-responsive glycoprotein secreted into the extracellular
matrix (ECM) by activated fibroblasts and myofibroblasts [38,39]. Tx-pltTFPIa"®9 heart
tissue had increased periostin expression radiating outwardly from the thrombus into the
surrounding ECM (Figure 5A). Lower levels of periostin were present in pltTFP1aPoS
hearts, most likely related to background radiation—induced activation of fibroblasts
(Supplementary Figure S5C). Periostin immunoreactivity was quantified in Tx-pltTFP1a."¢9
and Tx-pltTFP1aP% hearts (Supplementary Figure S5E). Within the Tx-pltTFP1a"®9 hearts,
periostin in areas adjacent to a thrombus increased over background areas of the heart (16.77
+ 7.07% vs 0.81 + 0.85% periostin—positive pixels, respectively; g = 0.0009). There was no
difference in background periostin staining between Tx-pltTFP1a"® and the Tx-pItTFPIaP%S
hearts (0.81 + 0.85% vs 0.85 + 0.37% periostin—positive pixels, respectively; g =0.4318).

3.8 | Collagen deposition was accentuated in areas surrounding thrombi in Tx-
pItTFPIa"®9 hearts

Cardiac fibrosis is characterized by excess collagen deposition in ECM observed by
picrosirius red staining. Extensive collagen deposition was present in a radiating pattern
extending from the mural thrombi into the ECM (Figure 5B) similar to periostin
staining. Collagen deposition was limited to radiation—induced background levels in the
TX-pItTFP1aPOS hearts (Supplementary Figures S4B and S5D).

3.9| Fibrosis was present in the Tx-pltTFPIa"®9 heart but not in other organs

Collagen deposition in the heart parenchyma was examined using ImageJ software to
quantify histologic observations. There was no difference in collagen deposition between
nonirradiated 7#o//~/Par4”~ mice and Tx-pltTFP1aP% mice (Figure 6A). However,
there were different fibrotic patterns in picrosirius red—stained heart tissue from the Tx-
pItTFPIaP% and Tx-pltTFP1a €9 hearts (Supplementary Figure S7). The Tx-pltTFP1a."9
hearts had significantly more collagen deposition than the Tx-pItTFPIaP® hearts (1.42
+0.85% vs 0.27 + 0.11% picrosirius red—positive pixels; g=0.0012) (Figure 6A), and
there was an increased amount of collagen associated with the thrombi. Interestingly,
there were high and low collagen deposition groups among the Tx-pItTFP1a"®9 hearts.
The high collagen group had 8.4-fold more collagen deposition than the Tx-pltTFPIa"¢9
hearts (2.28 + 0.28 vs 0.27 £ 0.11, g= 0.0095), and the low collagen group had 2.7-fold
more collagen in the pItTFP1a"®9 hearts (0.73 + 0.18 vs 0.27 £ 0.11, ¢ = 0.0065). The
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differences in collagen deposition in the Tx-pltTFP1a."® hearts were not related to the sex of
the recipient mouse because approximately equal numbers of male and female mice were in
each collagen group. Collagen deposition was quantified in other tissues with no differences
found between the Tx-pltTFP1a"®9 and Tx-pItTFP1aP°S mice in the kidney (0.17 + 0.10 vs
0.18 £ 0.07; p=.61), liver (0.38 £ 0.21 vs 0.27 £ 0.12; p=.33), or lung (0.52 £ 0.17 vs 0.50
+ 0.10; p=.86) (Figure 6B-D).

3.10| Tx-pltTFPIa"®9 cardiomyocytes secreted S100B with associated macrophage

infiltrates

Myofibroblasts secrete ECM proteins and cytokines that promote macrophage tissue
infiltration and activation [40,41]. S100B is secreted by myofibroblasts and activated
macrophages [42-44]. S100B was not detected in Tx-pltTFP1aP% hearts (Figure 7A).
Abundant S100B was present in Tx-pltTFP1a."®9 hearts, particularly in areas surrounding
mural thrombi, where expression extended through the ventricular wall (Figure 7B). Hearts
were stained for ionized calcium binding adaptor molecule (IBA)-1, a pan-specific marker
of activated macrophages. There are other pan-specific markers of activated macrophages,
such as F4/80 and CD68, which differentially detect macrophages in various anatomical
sites. IBA-1 was used in this study because it is a marker of membrane ruffling associated
with phagocytosis, a key feature of macrophage activation. Although macrophages were not
observed in the Tx-pltTFP1aP% hearts (Figure 7C), they were abundant in the mural clot
and the adjacent myocardium within Tx-pItTFP1a"®9 mouse hearts (Figure 7D). In addition,
immunofluorescence imaging revealed CD45+ inflammatory cell infiltration into the ECM,
secondary to mural clot formation in Tx-pltTFPIa"® hearts but not in Tx-pltTFPIaP%s
hearts (Supplementary Figure S8), which strongly indicates these clots were not postmortem
artifacts.

3.11| Rare IBA-1-positive bone marrow—derived macrophages were present in Tx-
pItTFPla"®Y heart after transplant

Two macrophage subsets are found in the heart, resident macrophages that are derived from
the yolk sac and nonresident macrophages that originate from bone marrow monocytes
[45]. Because TFPI [46] and PF4 [47] are present in various macrophage populations,

the contribution of macrophage TFPI to the thrombotic phenotype was examined. Heart
macrophages in the recipient mice lacked the TFPI-K1 domain before transplantation, but
after transplant the hearts of Tx-pItTFPIaP® mice may have had bone marrow—derived
macrophages expressing TFPI that contributed to the protective phenotype. However,
macrophages were not readily detectable in the hearts from Tx-pItTFP1aP% mice. Therefore,
macrophages associated with clots in the Tx-pltTFP1a"®9 mice were examined for Cre
expression. If they expressed Cre, it would suggest that bone marrow—derived macrophages
were within the hearts of Tx-pltTFP1a"9 and Tx-pltTFPIaP° mice. However, only rare
IBA-1 and PF4 Cre+ macrophages were associated with the heart thrombi in the Tx-
pItTFPIa™9 mice (Figure 7E), indicating that most macrophages within the hearts of both
groups of mice were resident macrophages that did not produce TFPI activity.
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4| DISCUSSION

TFPla is an anticoagulant protein present within the procoagulant platelet [10,20,48]. We
developed and characterized a mouse model to examine how pltTFPla anticoagulant activity
affects platelet function. 77pi”~/Par47/~ recipient mice [28] were transplanted with PAR4+
(F2rl3*"*) bone marrow either with or without pItTFPla to produce 2 groups of mice that
differed in whether they produced pltTFPla. Because the recipient mice lacked the first
Kunitz domain of TFPI, effects of pltTFPIla activity were observed without complication
from TFPI activity derived from other sources. Hearts from both groups of mice displayed
a low level of background cardiac fibrosis from the whole-body irradiation. However,
pItTFPIa™d mice had large intraventricular mural thrombi and associated cardiac fibrosis
radiating from the thrombus into the ventricular wall. This was a localized, heart-specific
process because thrombi and associated tissue fibrosis were not present in other organs. The
process was related to the absence of TFPIa within platelets because cardiac thrombi and
associated fibrosis were not observed in the pltTFP1aP® mice.

A mouse with the entire TFPI gene floxed was bred to the Pf4-Cre+ mouse to generate

bone marrow donors for these studies. Recipient mice had equal engraftment blood count
profiles, and the Tx-pItTFP1a"®d mice had greatly reduced pltTFPla activity. The plasma
TAT levels were not different between the 2 recipient groups indicating that the lack of
pltTFPla did not induce generalized hypercoagulability. However, Tx-pltTFP1a."® mice had
reduced survival compared with the Tx-pltTFP1aP% mice that was likely caused by localized
hypercoagulability in the heart.

The Tx-pltTFP1a"® hearts had atrial and ventricular thrombi, as well as pericardial fibrosis,
whereas the Tx-pltTFP1aP% hearts did not display this pathology. Some Tx-pltTFPIa"¢9
hearts had large platelet-and fibrin—rich thrombi that filled most of the ventricle and
incorporated valvular tissue. The thrombi penetrated surrounding cardiac tissue where

they were associated with activated fibroblasts secreting periostin and collagen, the central
effectors of cardiac fibrosis [49,50].

We propose that the cardiac insult to the Tx-pltTFP1a"9 mice was 2-fold. The first

insult was the full body irradiation used for the bone marrow transplant procedure. The Tx-
pltTFP1aPOS hearts had radiation damage evidenced by arterioles surrounded by amyloid and
the low background amounts of periostin and collagen. These findings were equally present
in TX-pItTFPIaPO hearts and areas of the Tx-pItTFPIa" hearts not affected by thrombosis-
associated fibrosis. The second insult was the platelet-rich thrombi. TGF- is 40- to 100-
fold more abundant in platelets than in other cells and is exclusively the profibrotic p1
isoform that promotes differentiation of cardiac fibroblasts into myofibroblasts and strongly
stimulates collagen deposition within the ECM [51-53]. TGF-B1 is released from activated
platelets and becomes trapped within thrombi. Then, it is slowly released and activated as
the clot undergoes plasmin-mediated lysis [53,54]. Thus, TGF-B is likely the primary driver
of the cardiac fibrosis observed in the pltTFP1a"® mice. The profibrotic effects may have
been further enhanced by platelet polyphosphate, which induces in vitro differentiation of
murine fibroblasts into myofibroblasts [55], and by platelet factor 4, which promotes disease
in mouse models of skin, lung and heart fibrosis [56]. Furthermore, thrombin cleavage
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of PARs located on endothelial cells, myocytes, and fibroblasts may contribute to cardiac
fibrosis [57].

The ventricular mural thrombi were associated with small, localized areas of myofibroblasts
expressing a-SMA, whereas periostin was abundant in areas surrounding thrombi. This
finding is consistent with periostin being a TGF-f responsive matricellular protein

secreted by activated fibroblasts and myofibroblasts [41,49]. Activated fibroblasts proliferate
independently from their differentiation into myofibroblasts. However, differentiation into
myofibroblasts robustly promotes inflammation because myofibroblasts secrete additional
ECM proteins and cytokines that recruit macrophages and other immune cells to the

injured tissue [58]. S100B IHC was used to examine the inflammatory response in the
Tx-pltTFPIa™Y hearts. Adult cardiomyocytes repress S100B expression, but it becomes
upregulated in many pathological states, including fibrosis [59]. Once upregulated, S100B
engages the receptor for advanced glycation end products expressed on cardiomyocytes and
recruits additional macrophages to the lesion [42]. In the Tx-pItTFPIa"®¥ mice, S100B was
adjacent to mural clots and radiated into the surrounding heart tissue. This histological
pattern is consistent with the presence of a cycle of macrophage and cardiomyocyte
activation contributing to the fibrosis observed.

Surface marker profiling studies of cardiac macrophages have delineated at least 4 subsets.
Three subsets populate the heart during embryogenesis, and the fourth results from
migration and differentiation of circulating monocytes into the heart tissue [60]. PF4
expression has been reported in resident aorta, peritoneal, and perivascular macrophages
and within atheroscleratic lesions [61-64]. We considered the possibility that decreased
expression of TFPI in monocyte—derived macrophages in the Tx-pltTFPIa"® mice
contributed to the thrombotic and fibrotic pathology that was not observed in the Tx-
pItTFP1aPOS hearts. Macrophages were present within and surrounding thrombi in the Tx-
pItTFPIa" hearts, but we were not able to reliably determine if they expressed TFPI using
IHC. Pf4-Cre transgene-mediated recombination events occur in 48% of mouse splenic
macrophages and in 45% of peripheral blood leukocytes [65,66], but heart macrophages
have not been previously examined. An anti-Cre recombinase antibody was used to examine
heart tissue for transplanted bone marrow lineage macrophages. There were only rare Cre+
macrophages present suggesting low or no contribution of macrophage TFPI expression to
the phenotype.

In addition to macrophages, there were large numbers of CD45+ cells in the Tx-pltTFPI1a"®d
hearts that localized adjacent to the mural thrombi and extended outwardly, whereas the
Tx-pltTFPIaP®S hearts had substantially fewer CD45+ cells. We propose that leukocytes and
macrophages induce further production of TGF-f by the activated fibroblasts with loops

of activation and release of fibrogenic factors and cytokines leading to continuous TGF-p
release and supporting a model where the fibrosis in the Tx-pltTFP1a"®9 hearts is initiated
by TGF-p released from activated platelets and propagated by the lack of pltTFPIa, which
is not available to dampen cardiac thrombi formation. Chronic induction and release of
fibroblast periostin and collagen, along with myofibroblast activation and inflammatory cell
infiltration, further propagates this response producing severe clot-associated fibrosis and
lethality of some of the Tx-pltTFPIa"®9 mice.
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Previous studies have implicated platelets in the pathophysiology of pulmonary [67], hepatic
[68], and cardiac fibrosis, [69] as well as in vessel wall fibrosis following venous thrombosis
[70]. The work presented in this study illustrated that pltTFPla has a key role modulating
platelet reactivity to prevent thrombus production and fibrosis within the cardiac tissue

of irradiated mice that lack other sources of TFPI activity. Dabigatran, a direct thrombin
inhibitor, attenuates murine cardiac fibrosis in the setting of pressure overload [71]. It

is likely that pItTFPla prevented cardiac fibrosis by reducing thrombin generation and
thrombin-mediated platelet activation in the studies described in this work. TFPI is one of
the 3 anticoagulant proteins in platelets [1]. The large effect of its absence from platelets

in the development of cardiac thrombi in the Tx-pltTFP1a"®9 mice despite the presence

of PS and PN-1 in the platelets may be related to the ability of TFPla to dampen early
responses to procoagulant stimuli [2,3] before bursts of thrombin are generated that cannot
be controlled by other platelet inhibitors of later stages of the coagulation cascade.
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Essentials

. Tissue factor pathway inhibitor a (TFPla) is the only TFPI isoform in
platelets (pItTFPla) and inhibits prothrombinase.

. Mice differing in the presence or absence of pItTFPIa and lacking other
TFPIs were produced.

. Mice without pltTFPla developed cardiac thrombi and severe cardiac fibrosis.
. Platelets promoted cardiac fibrosis after irradiation in a manner modulated by
pItTFPIa.
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FIGURE 1.

Tx-pltTFPIa™¥ mice did not have a global coagulopathy but had decreased survival. (A) TF/
FVIla—dependent FXa generation assays of platelet lysates confirm the absence of TFPla
inhibitory activity in platelets from Tx-pltTFPI1a."®9 mice. Platelets from 2 mice of the same
genotype were pooled and lysed. Each point represents a technical replicate from 2 platelet
lysates of each genotype. (B) Plasma thrombin-antithrombin (TAT) complex levels were

not different between Tx-pltTFP1a"®d and Tx-pItTFPIaP% mice, indicating the absence of

a global coagulopathy produced by platelets lacking TFPla. (C) A Kaplan—Meier survival
analysis of Tx-pltTFP1a" (n = 12) and Tx-pltTFP1aP% (n = 6) mice. Five Tx-pltTFPIa"Y
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mice died before posttransplant day 217. By contrast, Tx-pltTFP1aP°S mice had 100%
survival until posttransplant day 203, when 1 mouse died. The black tick marks indicate
censored mice harvested before natural death. The difference between groups was not
significant (p = .1359).
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Tx-pItTFPlares
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FIGURE 2.
Hearts from Tx-pltTFPIa"®d mice had extensive thrombotic disease. Hearts from Tx-

pItTFPIaP and Tx-pltTFP1a"®9 mice were stained with trichrome. (A-C) Three
representative Tx-pltTFP1aPO hearts harvested on days 205 (2 hearts) and 216 (1 heart)
posttransplant. No cardiac thrombi were present. (D—F) Three representative Tx-pltTFPIa"®9
hearts harvested on days 154, 155, and 205 posttransplant with different patterns of
thrombus formation. In D-F, arrows indicate mural ventricular thrombi. In E, the arrowhead
indicates a large thrombus that filled the ventricle, and the star indicates an atrial thrombus.
In F, the double star indicates a region of pericardial fibrosis (bar = 700 um).
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FIGURE 3.
Tx-pltTFPIa™Y cardiac thrombi were platelet and fibrin rich. (A) Enlarged images of

thrombi from the Tx-pltTFP1a"®9 hearts presented in Figure 2D—F. The left and right panels
display ventricular mural thrombi. The thrombi and associated interstitial collagen (blue)
extend into the heart wall. The middle panel shows a large mural thrombus filling the right
ventricle. (B) The thrombi in all 3 panels were fibrin and platelet rich. Tissue sections

were probed with anti-fibrinogen (green) and anti—platelet CD41 (red) with DAPI nuclear
counterstain (blue). Although platelets were stained red, they appeared yellow because they
colocalize with the green fibrinogen. Asterisks are landmarks for images in A and B (bar =
100 pm).
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FIGURE 4.
Tx-pltTFPIa™ hearts had myofibroblasts in localized areas adjacent to thrombi. Tx-

pItTFPIaP and Tx-pltTFP1a"®9 heart tissue was stained with a-smooth muscle actin
(a-SMA). (A) a-SMA staining was not present in Tx-pltTFPIaP% hearts, indicating the
absence of myofibroblasts. (B) In the upper panel, stars indicate mural thrombi, and dashed
lines delineate the tissue areas surrounding mural thrombi in Tx-pltTFP1a"9 hearts in which
myofibroblasts were present. Bar = 100 um. The insets are enlarged areas. In (B), the star
indicates the mural thrombi. The arrows point out 5 of the many myofibroblasts present
throughout the region surrounding the mural thrombi (bar = 30 pm).
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FIGURE 5.
Tx-pltTFP1a"9 hearts had periostin and collagen adjacent to mural thrombi. Sections from

3 Tx-pltTFP1a"® hearts are shown. Asterisks are landmarks within the periostin stained
thrombus in A and the same thrombus stained with picrosirius red directly below in B and
in the thrombi shown in Figure 3. (A) Immunolabeling with rabbit antiperiostin antibody
(red). In the left and right panels, periostin was adjacent to the mural ventricular thrombi
and extended into the myocardium. In the middle panel, an area with extensive periostin
penetrating the myocardium can be seen immediately adjacent to a region of the ventricular
thrombus that had many platelets at its narrow end (see Figure 3B; indicated by yellow
colocalization of CDA41 and fibrinogen). (B) Picrosirius red immunofluorescence (green)
shows collagen deposition in an outwardly radiating pattern like periostin. In the middle
panel, collagen extended from the platelet-rich area at the narrow end of the large ventricular
clot (Figure 3B) across the entire ventricular wall (bar = 100 pm).
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FIGURE 6.

Tx-pltTFPIa™¥ mice had fibrosis only in the heart. ImageJ software was used to quantify
organ fibrosis in picrosirius red—stained tissues. Data are presented as the percent area of
picrosirius red—positive pixels for each image analyzed. (A) Tx-pItTFPIa"®9 hearts had
greater collagen deposition than Tx-pItTFPIaP hearts (g = 0.0012), which separated

into low and high fibrotic groups. The low and high groups showed more fibrosis than
TX-pItTFPIaPOS hearts (low g = 0.0095 and high g = 0.0065). Collagen deposition was not
different between the hearts from TFPI7~/Par4~/~ mice that did not have radiation exposure
and the hearts from the Tx-pltTFP1aP% mice (p = .407). (B-D) There were no differences
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in fibrosis between Tx-pltTFPIaP% and Tx-pltTFPIa"® mice in other tissues analyzed.
Collagen deposition in (B) the kidney (p = .6070); (C) the liver (p=.328); and (D) the lung
(p=.8639).
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FIGURE 7.

IBA-1/Cre/DAPI

Tx-pltTFPIa™Y hearts had cardiomyocytes adjacent to mural thrombi producing

S100B and activated macrophages localized primarily within the mural thrombus.
Immunohistochemistry of Tx-pltTFP1aP° and Tx-pltTFPIa"®d hearts using anti-S100B (A
and B) and anti—-IBA-1 (C and D) antibodies. Dashed lines demarcate mural thrombi.

(A) The Tx-pltTFP1aP hearts did not show S100B expression. (B) The Tx-pltTFP1a"d
hearts had S100B expression at the periphery of the mural thrombi and within the adjacent
myocardium. (C) The Tx-pltTFPIa.P° heart did not have IBA-1 expression, indicating

the absence of activated macrophages. (D) The Tx-pltTFPIa"®9 hearts had numerous
macrophages within the mural thrombus, with some also present in the adjacent myocardium
(bar = 30 um). (E) The Tx-pltTFPIa" hearts were immunostained for macrophage

IBA-1 expression (750 nm, green) and Cre recombinase protein (647 nm, red). Abundant
macrophages and areas with Cre expression were present within the platelet-rich thrombus.
However, Cre+ macrophages that stained yellow were rare (arrows). The Cre+ cells may be
platelets or CD45* cells within thrombus (bar = 10 pm). The images shown in (B), (D,) and
(E) are sections from the same heart tissue, but the image in B is from a deeper sequential

section than D and E.
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