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Investigating the role of receptor interacting protein kinase 3 in
venous thrombosis
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ABSTRACT

Objective: Venous thromboembolism is a disease that encompasses both deep vein thrombosis and pulmonary em-
bolism. Recent investigations have shown that receptor interacting protein kinase 3 (RIPK3), a protein known for its role in
the programmed form of cell death necroptosis, may play a role in thrombosis. Specifically, RIPK3 has been shown to
promote platelet activation in arterial thrombosis and mixed lineage kinase domain-like pseudokinase (MLKL), a protein
downstream of RIPK3 in the necroptosis pathway, has been shown to promote neutrophil extracellular trap formation in
deep vein thrombosis. This investigation sought to comprehensively investigate the role of RIPK3 in deep vein
thrombogenesis.

Methods: The inferior vena cava ligation and stenosis models of deep vein thrombosis were used in C57BL/63J, RIPK3 wild-
type (Ripk3+/+) and RIPK3-deficient (Rika_/_) mice. Downstream tissue analyses included measurement of thrombus
weight and histological and Western blot analysis of tissues for markers of necroptosis and cell death. A subset of C57BL/
6J mice were treated with a RIPK3 inhibitor to determine the effect on venous thrombosis.

Results: C57BL/6] mice showed significant increases in thrombus weight from 6 to 48 hours. During the same time
frame, RIPK3 progressively accumulated in the vein wall (a 35-fold increase from O to 48 hours). RIPK3 was present in the
thrombus; however, it decreased with time. Although present in the thrombus, MLKL was nearly undetectable in the vein
wall by Western blot at any timepoint. Immunostaining confirmed the high accumulation of RIPK3 in the vein wall,
primarily colocalized to endothelial and smooth muscle cells. Phosphorylated MLKL, the active form of MLKL and
executioner of necroptotic cell death, was detectable by immunostaining in the thrombus, but was present at low to
undetectable levels in the vein wall. Propidium iodide and terminal deoxynucleotidyl transferase dUTP nick end labeling
staining revealed a high burden of necrotic and apoptotic cells within the thrombus at 48 hours, but a relatively lower
burden within the vein wall. Despite robust accumulation of RIPK3 within the vessel wall and the thrombus, knockout
and inhibition of RIPK3 failed to impact thrombus incident or weight at 48 hours after inferior vena cava ligation.
Neutrophil extracellular trap burden did not differ between Ripk3+/+ and Ripk3’/’ mice.

Conclusions: In mice, the vein wall responded to deep vein thrombosis induction with elevation of RIPK3 without
showing markers of necroptosis and apoptosis. Studies using genetic or pharmacological inhibition of RIPK3 suggest that
this cell death mediator may not have a major role in the acute phase of venous thrombogenesis. Further investigation is
needed to determine if RIPK3 plays a potentially non-necroptotic role within the vein wall during later stages of
thrombus resolution and vein wall remodeling. (JVS—Vascular Science 2022;3:365-78.)

Clinical relevance: Venous thromboembolism, encompassing deep vein thrombosis and pulmonary embolism is a
major clinical problem, affecting approximately 1 million patients in the United States annually. Understanding the
cellular and molecular mechanisms that drive deep vein thrombosis is critical to being able to develop future targeted
therapies that not only prevent thrombus propagation, but also accelerate thrombus resolution and prevent adverse
post-thrombotic vein wall remodeling without undue bleeding risks. Necroptosis, a form of programmed cell death, has
been suggested to play a pathologic role in venous thrombus formation. This study investigates the role of the nec-
roptotic protein receptor interacting protein kinase 3 in venous thrombosis.
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Venous thromboembolism (VTE), which includes deep
vein thrombosis (DVT) and pulmonary embolism is a
common vascular disease that impacts up to 900,000
individuals in the United States annually."? The incidence
of DVT varies substantially by race, sex, and age, ranging
from an annual incidence of less than 1.49 per 1000 in
those aged less than 45 years, to 5.00 to 6.00 per 1000
in those aged more than 80 years.! VTE is associated
with substantial morbidity and mortality. An estimated
25% of patients with pulmonary embolism present
with sudden death, and 30% to 50% of those who suffer
from DVT will ultimately develop post-thrombotic syn-
drome? Post-thrombotic syndrome, caused by venous
scarring, hypertension, and insufficiency, is characterized
by swelling, pain, discoloration, and occasionally ulcera-
tions in the affected extremity.* An estimated $7 to $10
billion is spent annually in the treatment of acute VTE
and its complications® VTE is a leading cause of
disability-adjusted life-years,® and the mechanisms that
drive it must be better understood so that targeted treat-
ments and preventative strategies can be developed.

Venous thrombosis is driven by three categories of
physiologic alterations known as Virchow's triad: stasis
of blood flow, a state of hypercoagulability, and endothe-
lial damage. A number of genetic and acquired condi-
tions related to Virchow's triad increase the risk of DVT,
such as deficiencies of antithrombin, protein C, or protein
S; mutations in factor V Leiden or prothrombin; older age;
obesity; prolonged immobility; pregnancy; cancer; oral
contraceptive use; and smoking." Although many of the
clinical risk factors for DVT are well-established, the
cellular and molecular mechanisms that drive venous
thrombosis remain incompletely defined. A limited
number of recently published studies suggest a role for
receptor interacting protein kinase 3 (RIPK3) in
thrombosis.”®

Briefly, RIPK3 and its signaling partner receptor inter-
acting protein kinase 1 (RIPK1) play a critical role in nec-
roptosis, a form of regulated and inflammatory cell
death distinct from apoptosis or necrosis. In the setting
of an inflammatory stimulus, the presence of RIPK3
and RIPK1, and inhibitors of apoptosis, cells can be
shunted down an inflammatory, necroptotic cell death
pathway. This pathway culminates in the phosphoryla-
tion and oligomerization of mixed lineage domain like
pseudokinase (MLKL), which interacts with the plasma
membrane to cause a rapid loss of membrane integrity
and subsequent release of proinflammatory intracellular
contents.”'® RIPK3 is thought to play a role in cardiovas-
cular diseases, not only by driving necroptosis of vascular
cells, but also by promoting inflammation and patho-
logic coagulation.” Zhang et al® recently showed that
RIPK3 plays a critical role in regulating platelet function
in arterial thrombosis. RIPK3-deficient mice were noted
to have prolonged bleeding times compared with wild-
type littermates as well as prolonged vessel occlusion

JVS—Vascular Science
2022

ARTICLE HIGHLIGHTS

- Type of Research: Mouse model

- Key Findings: The cell-death promoting protein re-
ceptor interacting protein kinase 3 (RIPK3) accumu-
lates within the vein wall and thrombus in a mouse
model of venous thrombosis, but deficiency or inhi-
bition of RIPK3 fails to decrease thrombus size.
Take Home Message: Although the absence of
RIPK3 fails to decrease thrombus burden, further in-
vestigations are needed to determine whether or not
local RIPK3 accumulation contributes to adverse
post-thrombotic vein wall remodeling.

times in an in vivo model of arteriole thrombosis.
RIPK3-deficient platelets demonstrated defects in aggre-
gation and granule secretion in response to activating
stimuli. In the only known study of necroptotic proteins
in venous thrombosis, Nakazawa et al’ showed that
RIPK1 inhibition decreased thrombus size in the murine
inferior vena cava (IVC) ligation model of venous throm-
bosis. Moreover, the authors found that RIPK1 inhibition
and MLKL deficiency decreased the burden of procoagu-
lant neutrophils extracellular traps (NETs) within
thrombi. The role of RIPK3 in venous thrombosis has
yet to be investigated directly.

This investigation sought to characterize the role of
RIPK3 in venous thrombogenesis using murine models
of DVT. The acute timepoints (0-48 hours) were selected
because thrombus size peaks at 48 hours in the selected
murine models of DVT. We found that, despite the accu-
mulation of RIPK3 within the vessel wall and thrombus,
deficiency or inhibition of RIPK3 failed to inhibit venous
thrombogenesis at the 48-hour time point. Future inves-
tigations characterizing the role of RIPK3 in thrombus
resolution and post-thrombotic vein wall remodeling
will be of interest.

METHODS

Mice. All animal studies were performed with the
approval of the Institute Animal Care and Use Commit-
tee at the University of Wisconsin—Madison. Eight- to
12-week-old male C57BL/6]J mice (Jackson Laboratory,
Bar Harbor, ME; Stock #000664), and Rika_/_ and
Ripk3*’* mice bred on a C57BL/6 background in house
were used for all studies. Mice for individual studies were
age and sex matched. Male mice were used as the
gonadal vein anatomy of female mice increases vari-
ability in DVT models."” The Ripk3 knockout (Ripk3 ")
was a generous gift from Dr Dixit.'> A total of 97 mice
were used, 50 C57BL6, 23 Ripk3"/*, and 24 Ripk3™".

IVC ligation and stenosis surgery. Anesthesia was
induced with 5% isoflurane, and anesthesia was main-
tained using 2.5% isoflurane in 100% oxygen thereafter.
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A midline laparotomy was performed and the IVC was
exposed performing a right medial visceral rotation.

For IVC ligation, back branches draining into the IVC be-
tween the renal and iliac veins were cauterized. Side
branches were ligated with 7/0 polypropylene suture. A
small window was made between the aorta and IVC
immediately inferior to the insertion of the left renal
vein, and the IVC was ligated at this location using 7/0
polypropylene suture. The sham surgery consisted of
vessel dissection without suture placement or cautery.

For IVC stenosis, side branches were ligated with 7/0
polypropylene suture. A small window was made be-
tween the aorta and IVC immediately inferior to the inser-
tion of the left renal vein. A 30G spacer needle was placed
on the anterior aspect of the IVC, and 7/0 polypropylene
was tied down around the IVC and spacer needle at this
location. The needle was removed carefully, restoring
approximately 10% residual flow through the IVC.

The intra-abdominal contents were returned and the
abdomen was closed in a layered fashion. The mouse
recovered under direct supervision. All mice were given
a subcutaneous injection of slow-release buprenorphine
(0.5 mg/kg) immediately before surgery, providing anal-
gesia for 72 hours after surgery.

Propidium iodide injection. Two hours before eutha-
nasia, an intraperitoneal injection of propidium iodide
(PI) (P1470 Millipore Sigma, Burlington, MA) dissolved
in phosphate-buffered saline was delivered to mice at
a dose of 15 mg/kg body weight, as described by Wang
et al.” Mice were monitored for adverse reactions be-
tween administration and euthanasia. All mice toler-
ated treatment well with 0% mortality. At time of
euthanasia, mice were perfusion fixed (4% para-
formaldehyde) and IVC/thrombus samples were har-
vested and embedded in optimal cutting temperature
compound for frozen sectioning. We cut 6-pm-thick
sections, counterstained them with DAPI (E19-100; GBI
Labs, Bothell, WA) and an antibody against a-smooth
muscle actin (¢-SMA) (ab 8211, Abcam, Cambridge, UK;
1 ng/pL). Sections were visualized on a Nikon Confocal
Microscope. Pl-positive cells, as compared with total
nucleated cells, within the vein wall and thrombus
were quantified across three to six high-powered im-
ages (fewer images were used in sham sections owing
to less wall distension).

Murine GSK'074 treatment. GSK'074 (0.93 mg/kg) was
dissolved in 90:5:5 H,O:.dimethylsulfoxide:Cremophore
EL and injected intraperitoneally into mice every 24 hours
starting 24 hours before IVC ligation or sham surgery. This
dose was selected based on prior studies from our group
showing that daily intraperitoneal treatment with
0.93 mg/kg GSK'074 significantly attenuates abdominal
aortic aneurysm formation in two mouse models of
abdominal aortic aneurysm.” Control mice were

DeRoo et al 367

injected with an equal volume of 90:5:5 H,O:dime-
thylsulfoxide:Cremophore EL (referred to as solvent
hereafter).

Tissue harvest. At the time of humane killing, mice
were anesthetized with isoflurane and the IVC was
exposed to allow for collection of the IVC and any associ-
ated thrombi. In a subset of mice, the IVC was skeleton-
ized from surrounding structures, removed, and
separated from any associated thrombus. The thrombus
length was measured precisely by visualizing the
thrombus under an operating microscope. Thrombus
plus IVC weight was determined using a high precision
scale. IVC and thrombus tissue were subsequently snap
frozen in ligquid nitrogen before being stored at —80°C
until further processing. In a separate subset of mice,
IVC, thrombus, and aorta were harvested en bloc at the
level of the IVC ligature (superior boundary) and iliac
veins (inferior boundary). Tissue samples were
embedded in the optimal cutting temperature com-
pound, frozen, and stored at —80°C until further process-
ing by Western blot analysis.

Western blot. IVC and thrombus tissues were pulver-
ized while frozen on liquid nitrogen and lysed using
RIPA buffer containing protease and phosphatase inhib-
itors. Protein was quantified using the DC Protein Assay
(Bio-Rad, Hercules, CA). An equal amount of protein
was loaded per lane into a 10% bis-tris acrylamide gel.
Membranes were blocked with 5% milk in Tween-Tris
Buffered Saline before incubation with antibodies.
Membrane-bound RIPK3 was detected using RIPK3
(D4G2A) rabbit monoclonal antibodies (mAb) (95702,
Cell Signaling Technology, Danvers, MA), MLKL was
detected using MLKL (D6WIK) rabbit mAb (33705, Cell
Signaling Technology); glyceraldehyde 3-phosphate de-
hydrogenase was detected using glyceraldehyde 3-
phosphate dehydrogenase (14C10) rabbit mAb (2118,
Cell Signaling Technology). All primary antibodies were
used at a 11000 dilution. Horseradish peroxidase-
conjugated secondary antibodies against rabbit were
used at 1:22000 dilution. All primary antibodies were
diluted in Antibody Diluent (003118, ThermoFisher Sci-
entific, Waltham, MA), and all secondary antibodies were
diluted in 5% milk in Tween-Tris Buffered Saline.

Immunohistochemistry. Fresh frozen ICV/thrombus
samples were cross-sectioned at a thickness of 6 pm.
Sections were immunostained with the following pri-
mary antibodies: anti-CD31 (AF3628, R&D Systems, Min-
neapolis, MN; 1:40); anti-a-SMA (ab 8211, Abcam; 1:500);
anti-RIPK3 (95702, Cell Signaling Technology, 1:100); anti
PMLKL (phospho S345) (ab196436, Abcam, 1:100), anti-
CD41 (MA5-16875, Invitrogen, Waltham, MA; 1:1000). Tis-
sue samples were subsequently stained with AlexaFluor
488 and 594 antibodies. Sections were counterstained
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with DAPI-containing mounting media (Fluorescent
Mounting Medium with DAPI, GBI Labs, Cat No E19-100/
E19-18). Images were acquired on a Nikon Confocal Mi-
croscope. Quantification was performed using Fiji/lmage
J software: images were subject to uniform color
thresholds to identify stained regions of interest and
were subsequently processed to be binary. Total region
for analysis was mapped using the polygon selection
tool, and percent area positive for the stain of interest
was subsequently measured. Three to five high-powered
fields were analyzed per mouse.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling staining. Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining was performed
on 6-um IVC/thrombus fresh frozen sections using an In
Situ Cell Death Detection Kit (Roche Holding AG, Basel,
Switzerland; Cat No 12 156 792 910) according to manu-
facture instructions. Costaining with anti-a-SMA (ab
8211, Abcam; 1:500) was performed. Images were ac-
quired on a Nikon Confocal Microscope. TUNEL positive
cells, as compared with total nucleated cells, within the
vein wall and thrombus were quantified across three to
six high-powered images (fewer images were used in
sham sections owing to less wall distension).

Statistic analyses. Results are reported as mean =+ stan-
dard deviation if normally distributed or median * inter-
quartile range if not normally distributed. Statistical
analysis was performed in GraphPad Prism Software
Version 9 (GraphPad Software Inc, La Jolla, CA) using an
unpaired Student t-test for normally distributed contin-
uous variables, the Mann-Whitney t-test for non-
normally distributed continuous variables, and one-way
analysis of variance with Dunnett's multiple compari-
sons test. Simple linear regression was used for correla-
tive analyses. A P value of less than .05 was considered
statistically significant.

RESULTS
RIPK3 accumulates in both the vein wall and
thrombus during thrombogenesis. To determine

whether or not RIPK3 accumulates in the local throm-
botic environment during thrombogenesis, a time
course was performed analyzing vein wall and thrombus
constituents during the acute phase of DVT (0-48 hours
after IVC ligation). IVC and associated thrombus samples
were collected from mice at O, 6, 24, and 48 hours after
IVC ligation. Thrombus weight gradually increased as ex-
pected across all timepoints (Fig 1, A). Within the
thrombus, RIPK3 was detectable across all thrombus-
bearing timepoints (6, 24, and 48 hours), but seemed
be most abundant at earlier timepoints (6, >24 and
>48 hours) (Fig 1, B). A strikingly different pattern
appeared within vein wall specimens. At O hours (base-
line), RIPK3 was barely detectable in vein wall specimens.
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RIPK3 accumulation gradually increased from 6 to
48 hours (Fig 1, Cand D). A significant, positive correlation
was found between RIPK3 abundance and thrombus
weight across all samples (Fig 1, E). Although total MLKL,
a marker of necroptosis, was detectable within thrombus
samples across each timepoint (Fig 1, B), total MLKL was
nearly undetectable across all timepoints within vein
wall specimens, despite a high RIPK3 burden (Fig 1, C).

RIPK3 accumulates within smooth muscle and endo-
thelial cells within the vein wall. To determine where
RIPK3 was accumulating within the vein wall, dual
immunofluorescent staining was performed for RIPK3
and vascular and immune cell populations in tissue sec-
tions harvested 48 hours after IVC ligation or sham sur-
gery. At 48 hours after IVC ligation, the influx of
neutrophils into the vein wall is high. Given existing liter-
ature suggesting that the necroptotic and NETosis
pathways are closely linked,” we first investigated
whether or not RIPK3 localizes to invading neutrophils
(Ly6G™) within both the vein wall and thrombus. As ex-
pected, a high burden of neutrophils within the
thrombus and vein wall were appreciated
(Supplementary Fig 1). Although Ly6G-positive cells
localized to areas adjacent to RIPK3-positive tissue, both
within the thrombus and vein wall, the RIPK3 burden
within Ly6G-positive cells was low in the thrombus and
vein wall (Supplementary Fig 1).

Within the vessel wall, RIPK3 highly colocalized to
both smooth muscle cells (¢-SMA™) and endothelial
cells (CD31/PECAM™Y) (Fig 2, A-E). Although there was a
trend toward a higher density of RIPK3 staining in
smooth muscle cells compared with endothelial cells,
this failed to reach statistical significance (RIPK3-
positive area, 32.4% vs 23.4%; P = .26) (Supplementary
Fig 2). Consistent with our Western blot results, RIPK3
was detectable but in very low levels in vein wall speci-
mens from non-DVT-bearing (sham-operated) mice.
More broadly, at 48 hours after IVC ligation, RIPK3 stain-
ing was greater in the vessel wall compared with the
thrombus (Fig 2, C).

Markers of necroptosis and cell death are low in the
vein wall, despite a high RIPK3 burden. Phosphorylation
of MLKL on serine 345 by RIPK3 is a necessary signaling
step for cell necroptosis. We performed dual immunoflu-
orescent staining for phosphorylated MLKL (pMLKL) and
smooth muscle cell (6-SMA™) and endothelial markers
(CD31/PECAM) on tissue specimens from mice 48 hours
after IVC ligation or sham surgery (Fig 3, A and B). In all
specimens, pMLKL burden was greater in the thrombus
compared with the vessel wall (Fig 3, A-C). Regions of
PMLKL/a-SMA™ and pMLKL/CD31 copositivity were mini-
mal. pMLKL was nearly undetectable in sham vessel wall
specimens. Various regions within the thrombus that
stained positively for pMLKL also stained positively for
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Fig 1. Receptor interacting protein kinase 3 (RIPK3) accumulates in the vein wall during thrombogenesis.
A, Thrombus weight (thrombus plus associated inferior vena cava [IVC] weight) was measured at O, 6, 24, and
48 hours after IVC ligation (n = 15 total). B, Representative Western blot for RIPK3 and mixed lineage kinase
domain like pseudokinase (MLKL) in thrombus specimens from mice 6, 24, and 48 hours after IVC ligation.
Glyceraldehyde 3-phosphate dehydrogenase (CAPDH) was used as a loading control. C, Representative Western
blot for RIPK3 and MLKL in vein wall specimens from mice O, 6, 24, and 48 hours after IVC ligation. GAPDH was
used as a loading control. D, Quantification of RIPK3 Western blots performed on vein wall specimens O, 6, 24, and
48 hours after IVC ligation. Fold change in RIPK3 relative to GAPDH and compared with Ohr timepoint shown.
E, Correlation between fold change in RIPK3 within the vein wall (VW) (D) and thrombus weight (A). Unpaired
Student t-test was performed in (A and D). Pearson'’s correlation coefficient shown in (E). *P < .01; **P < .001.

CD31. We suspected these regions may be platelet rich,
because CD3l can also be found on the surface of
platelets. Platelet marker CD41 and pMLKL dual staining
of 48-hour thrombus specimens did reveal colocalization
of pMLKL and CD41 within the thrombus periphery
(Supplementary Fig 3).

High levels of RIPK3 can drive cell death through
necrotic (necroptosis) and non-necrotic (apoptosis)
pathways.!”” We next investigated whether or not high
RIPK3 within the vessel wall is associated with necrotic
or apoptotic vein wall cell death. PI, a DNA intercalating
agent that only enters necrotic cells, was delivered to
mice 46 hours after IVC ligation or sham operation. At

48 hours after IVC ligation, IVC/thrombus tissue was
collected, sectioned, counterstained with a-SMA and
DAPI for vein wall and nuclear localization, and imaged.
Pl-positive cells were abundant within the periphery of
48-hour thrombi, whereas Pl-positive cells within the
vein wall were sparse (Fig 4, A). Pl-positive cells were
nearly undetectable in sham-operated vein wall speci-
mens (Fig 4, A and C). TUNEL staining was performed
on tissue collected from non-Pl-treated, 48-hour DVT-
bearing or sham-operated mice to evaluate apoptotic
cell burden. Although abundant TUNEL-positive cells
were seen within the thrombus itself, relatively few
apoptotic cells were seen within the DVT-bearing vein
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Fig 2. Receptor interacting protein kinase 3 (RIPK3) localizes to the intima and media in the vein wall during
thrombogenesis. C57BL6/J mice were subjected to inferior vena cava (IVC) ligation (h = 5) or sham surgery (n = 3).
At 48 hours after surgery, the IVC and thrombus tissues were collected and cross-sectioned. A, Anti-RIPK3 (red)
and CD31/PECAM (green)were used to identify RIPK3 burden in endothelial cells in 48-hour deep vein thrombosis
(DVT) and sham sections. The white box is shown magnified in (D). B, Anti-RIPK3 (red) and anti-alpha smooth
muscle actin (a-SMA) (green) were used to identify RIPK3 burden in smooth muscle cells in 48-hour DVT and
sham sections. The white box shown magnified in (E). DAPI was used to stain nuclei in (A and B). C, Quantification
of RIPK3 positively stained area within thrombus and vein wall regions. D, Magnified view of the vein wall/
thrombus interface shown in (A). E, Magnified view of the vein wall/thrombus interface shown in (B). Scale bar,
100 wm. Data are presented as mean = standard deviation. The unpaired Student t test was performed in (C).
**P < .001. H&E, hematoxylin and eosin.
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wall, primarily localizing to the adventitia and beyond Deficiency and inhibition of RIPK3 do not alter
(Fig 4, B). TUNEL-positive cells, much like Pl-positive thrombus weight. Given the robust accumulation of
cells, were nearly undetectable in sham-operated vein RIPK3 within the vessel wall and detectable RIPK3/
wall specimens (Fig 4, Band D). MLKL within the thrombus, we hypothesized that
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Fig 3. Phosphorylated mixed lineage kinase domain like pseudokinase (pMLKL) localizes primarily to the
thrombus as opposed to vein wall during thrombogenesis. A, Anti-pMLKL (red) and CD31/PECAM (green) were
used to identify pMLKL burden in endothelial cells in 48 hour deep vein thrombosis (DVT) (n = 5) and sham (n = 3)
sections. The white box is shown magnified in (D). B, Anti-pMLKL (red) and anti-alpha smooth muscle actin
(-SMA) (green) were used to identify pMLKL burden in smooth muscle cells in 48-hour DVT and sham sections.
The white box is shown magnified in (E). DAPI was used to stain nuclei in (A and B). C, Quantification of pMLKL
positively stained area within thrombus and vein wall regions. D, Magnified view of the vein wall/thrombus
interface shown in (A). E, Magnified view of the vein wall/thrombus interface shown in (B). Scale bar, 100 pm. Data
are presented as mean = standard deviation. The unpaired Student t-test was performed in (C). ™ P < .01. H&E,
hematoxylin and eosin.

RIPK3 may play an important role in thrombogenesis. To significantly different between wild-type and RIPK3-
test this hypothesis, we performed the IVC ligation deficient mice among all mice (Fig 5, A) or only those
model in wild-type (Ripk3*/*) and RIPK3-deficient that formed thrombi (Fig 5, B). NET burden, as deter-
(F?i,okS’/’) mice and evaluated thrombus burden at mined by cocitrullinated H3 and Ly6G staining, seemed
48 hours after operation. Thrombus weight was not to be similar both within the body of the thrombus and
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Fig 4. Low cell death burden is detected in the vein wall 48 hours after inferior vena cava (IVC) ligation. C57BL6/J

mice were subjected to IVC ligation (n = 4) or sham (n = 3) surgery. At 46 hours after surgery, a subset of mice were
treated with propidium iodide (PI) by intraperitoneal injection. A separate subset of mice underwent no treat-
ment. At 48 hours after surgery, IVC and thrombus tissues were collected and cross sectioned. A, PI (red) positivity
in the vein wall and thrombus, with anti-alpha smooth muscle actin (a-SMA) (green) stained for orientation
purposes. B, Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (red) staining in the vein wall
and thrombus, with anti-a-SMA (green) stained for orientation purposes. C, Pl-positive cells, shown as a total
percentage of nucleated cells, in the vein wall and thrombus. D, TUNEL-positive cells, shown as a total percentage
of nucleated cells, in the vein wall and thrombus. Scale bar, 100 pm. Data are presented as mean = standard
deviation. One-way analysis of variance was performed in (C and D). * P < .05, * P < .01, ** P < .001. H&E,

hematoxylin and eosin; VW, vein wall.

the adjacent vein wall in wild-type and RIPK3-deficient
mice (Fig 5, C and D). No differences in cocitrullinated
H3 burden were detected in 48-hour thrombus or vein
wall specimens from wild-type and RIPK3-deficient mice
by Western blot analysis (Fig 5, E-H). To determine if our
results were specific to the IVC ligation model, we per-
formed the IVC stenosis model in wild-type and RIPK3-
deficient mice and evaluated thrombus weight/length
at 48 hours after operation. Thrombus weight and length
were not significantly different between wild-type and
RIPK3-deficient mice (Supplementary Fig 4, A and B).
Exclusion of mice that failed to form thrombi did not
reveal a significant difference in thrombus weight or
length (Fig 4, C and D).

To exclude the potential influence of embryonic gene
deletion, we investigated the effect of pharmacological
inhibition of RIPK3 in the IVC ligation model. Because
currently no targeted RIPK3 inhibitors exist with accept-
able toxicity profiles, a dual RIPKI/3 (GSK2593074A

[GSK'074])'* inhibitor was used. C57BL6/J mice were
treated with GSK'074 (0.93 mg/kg) or solvent, starting
24 hours before IVC ligation or sham surgery. Doses
were thereafter administered every 24 hours until tissue
collection (48 hours after operation). GSK'074 was well-
tolerated as compared with solvent (Fig 6, A). One of
seven mice in the solvent group failed to form a DVT after
IVC ligation as compared with two of six mice in the
GSK'074 group, a nonstatistically significant difference
(Fig 6, B). Thrombus weight and length were not signifi-
cantly different at 48 hours after IVC ligation between
GSK'074- and solvent-treated mice (Fig 6, C and D).

DISCUSSION

Although the existing literature is limited, our results
are somewhat unexpected in light of two studies
showing a role for necroptotic proteins (eg, RIPKI,
RIPK3, and MLKL) in arterial and venous thrombosis.
Briefly, Zhang et al® showed that mice deficient in



JVS—Vascular Science DeRoo etal 373
Volume 3, Number C

A ns E F 2.5+ |
S 407 l_l z
£ . Ripk3*/* Ripk37 o 20
- 30_ o
=, MI M2 M3 @ M1 M2 M3 <g 1.5
S -
z 27 £ 1707 —————— H3cit g 1.0
) | 2 E S 0.5
§" § oo | RIPK3 £
E = 0.0
0- 2 : 37kDa — — CAPDH 'bx\x “}'\’
N ¥ &
ns
oo Ripk3+/* Ripk37- .
B 5% i G P p H 25
£ ! MI M2 M3 M1 M2 M3 o
= 354 % 2.0
2 . H3cit
© 304 _ v, D  e—— et (g 1.5+
=2 i T;u 2
8 25 o 1.0
g2 g o p— RIPK3 £
£ 20 > CRXE
< KON — ——eeD <. GAPDH I 00
= 15- .0
X \‘
& oy 'b,‘\ &
& &
Thrombus Thr/VW Interface Thr/VW Interface
" : . : (magnified)
C el T OB " i Thrombus . .

Ripk3+/+

Vein Wall "-_ Thrombus

Ripk3-/-

Vei:‘Waﬂ‘ ::Thrombu

Fig 5. Receptor interacting protein kinase 3 (RIPK3) deficiency does not alter thrombus (Thr) size or neutrophils
extracellular trap (NET) burden 48 hours after inferior vena cava (IVC) ligation. Wild-type (WT) (Rika"/*) and
RIPK3-deficient (Rika’/’) mice underwent IVC ligation followed by tissue collection 48 hours after surgery (WT
n = 8, knockout [KO] n = 9). Thrombus weight (thrombus plus associated IVC weight) in total mice (A) and in only
in those mice that formed thrombi (B) were compared between the two genotypes. A separate subset of mice
underwent tissue harvest for histologic examination (WT n = 3, KO n = 3). Staining for NETs (cocitrullinated H3
[H3cit] in red, Ly6G in green) was performed on WT (C) and Ripk3 gene-deficient (D) IVC/thrombus sections
(longitudinal). Areas of exclusive thrombus tissue (left) and the thrombus/vein wall (VW) interface were examined
(center). Vein wall/thrombus interface shown with white dotted line. Region within white box is shown magnified
in the rightmost panel. (E-H) Representative Western blots and quantifications for H3cit and RIPK3 in thrombus
speciments (E and F) and the vein wall (G and H) from mice 48 hours after IVC ligration. GAPCH was used as a
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Fig 6. Perioperative receptor interacting protein kinase 3 (RIPK3)/RIPKI inhibition does not alter acute thrombus
incidence or size in the inferior vena cava (IVC) ligation model. C57BL6/]J mice were treated with GSK'074

(0.93 mg/kg, intraperitoneal injection) (n = 10) or solvent

(n = 10) starting 24 hours before surgery. Dosing was

repeated every 24 hours until time of tissue collection, 48 hours post operation. A, Body weights were monitored
daily to assess drug tolerance. B-D, The incidence of thrombus formation as well as thrombus weight and length
were compared among groups. Data are presented as mean = standard deviation. Two-way analysis of variance

was performed in (A). Fischer's exact test was performed
(C and D). DVT, Deep vein thrombosis.

RIPK3 exhibit decreased mesenteric arteriole throm-
bosis, and that RIPK3 promotes platelet activation and
subsequent arterial clot formation. In a study investi-
gating the role of MLKL in venous thrombosis, Nakazawa
et al” showed that mice deficient in MLKL or treated with
a RIPK1 inhibitor (necrostatin-1s) develop smaller thrombi
with significantly lower burdens of NETs after IVC ligation
compared with wild-type littermates or control-treated
mice respectively. Similar to Nakazawa et al, we found
that RIPK3 and pMLKL can be detected within murine
thrombi at early timepoints after IVC ligation. However,
we did not detect a difference in thrombus size between
mice lacking RIPK3 and their wild-type littermates, or be-
tween mice treated with a dual RIPKI/RIPK3 inhibitor
(GSK'074) and solvent-treated mice. Nakazawa et al
had a slightly different dosing scheme for necrostatin-

in (B). One-way analysis of variance was performed in

1s-treated mice compared with our GSK'074 treatment
(1 hour before surgery treatment, as opposed to 24 hours
before, followed by immediate postoperative and 24-
hour postoperative treatments), which may be a contrib-
uting factor to the differences observed. Although Naka-
zawa et al never directly investigated the role of RIPK3 in
venous thrombosis, instead focusing on RIPK1 and MLKL,
the codependence between RIPK1 and RIPK3 in the nec-
roptotic pathway, and fact that RIPK3 is the only known
activator of MLKL, make our findings unexpected. It is
possible that subtle differences in the execution of the
mouse models of venous thrombosis may contribute to
the differences in our findings. Nakazawa et al described
performing IVC ligation without side or back branch
interruption, a variation between the described stasis
and stenosis murine models of DVT. We performed the

loading control. Scale bar, 100 pm. Data are presented as median * interquartile range. H3cit/Ly6G copositive cells
(NETs). Mann-Whitney U t-test was performed in (A, B, F, and H). GADPH, Glyceraldehyde 3-phosphate

dehydrogenase.
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majority of our experiments using the commonly per-
formed stasis model of DVT, which involves not only
IVC ligation, but also back and side branch interruption.
We did, however, also assess thrombus formation and
size in the IVC stenosis model—a model perhaps closer
to that described by Nakazawa et al”''—and similarly
found no difference in thrombus size between wild-
type and RIPK3-deficient mice.

Multiple processes or factors in the DVT group could
contribute to the elevation of RIPK3, including the phys-
ical trauma imposed by venous ligation and the subse-
quent changes in blood flow, hypoxia, oxidative stress,
and/or inflammation. As the thrombus grows, it stretches
the vein wall and worsens hypoxia. It is also possible that
cells and factors within the blood clots such as neutro-
phils, NETs, and clotting factors stimulate the expression
of RIPK3 by endothelial and smooth muscle cells.

The accumulation of RIPK3 within the DVT-bearing
vein wall and its disassociation with markers of cell
death and NETosis are interesting, filling a knowledge
gap in the DVT literature. Of note, only thrombus, as
opposed to thrombus and vein wall samples, were
investigated in the study performed by Nakazawa
et al” Although nearly undetectable in naive and
sham-operated vein walls, RIPK3 substantially increased
in the vein wall from O to 48 hours after IVC ligation.
Compared with the adjacent thrombus, the relative
burden of RIPK3 within the vein wall was significantly
greater, primarily localizing to endothelial and smooth
muscle cells. Despite a high burden of RIPK3, and unlike
in the thrombus, pMLKL and downstream markers of
cell death were present in relatively low levels in the
vein wall. Prior studies from our group have demon-
strated that vascular smooth muscle cells are capable
of undergoing RIPK3-mediated necroptosis in vitro and
in mouse models of aortic aneurysm.”' The insignifi-
cant presence of cell death markers despite of high
expression of RIPK3 within the vein wall is intriguing. It
is possible that cell death occurs outside of the 48-
hour timepoint examined. Although we intentionally
only investigated timepoints representing the acute
thrombogenic period for this initial study, future studies
should interrogate downstream markers of necroptosis
at timepoints beyond 48 hours after IVC ligation. Alter-
natively, cells in the vein wall may be adapted to a low
oxygen environment and more resistant to necroptosis
than their arterial counterparts. The low protein abun-
dance of MLKL in the vein wall at the examined time
points may explain, in part, the lack of necroptosis.
RIPK1-mediated RIPK3 phosphorylation is critical for
the onset of necroptosis®; however, we were unable to
find an antibody that reliably detects phosphorylated
RIPK3 in mouse veins. It is possible that the primary
role of RIPK3 in the vein wall is in regulation of non-
necroptotic process, such as inflammation or fibrosis.
In support of this speculation, several studies have
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shown that RIPK3 plays an important role in kidney tis-
sue fibrosis."”'® Vascular fibrosis is an essential compo-
nent of the adverse post-thrombotic vein wall
remodeling that contributes to post-thrombotic syn-
drome.* Future studies comparing post-thrombotic
vein wall remodeling in wild-type and RIPK3-deficient
mice would be worthwhile to pursue.'

This study is not without limitations. This study primar-
ily relied on the IVC ligation (stasis) model of DVT, and
no individual mouse model of venous thrombosis cap-
tures all the elements of thrombus formation that occur
in humans affected by DVT. We did, however, validate
our primary finding that DVT size is not different in
wild-type and RIPK3-deficient mice in the IVC stenosis
(flow) model of DVT, and further investigations using
the stenosis model were not pursued given the lack of
difference between the two sets of mice. Future studies
using alternative flow-preserving models of DVT, such as
the electrolytic injury model, would be of interest to use
in studying the role of RIPK3 in DVT. Furthermore, a
select number of acute timepoints were examined up
to 48 hours after DVT induction. Studies examining the
role of RIPK3 in thrombus resolution and vein wall
remodeling across hyperacute (eg. 3-6 hours), subacute
(eg, 2-8 days), and chronic (eg, >8 days) timepoints
should be performed in the future. Given the impressive
burden of RIPK3 that accumulates within the vessel wall
during thrombogenesis, it seems unlikely that RIPK3 is
purely a bystander in this disease process.

CONCLUSIONS

In conclusion, RIPK3 accumulates within both the vein
wall and thrombus during thrombogenesis, although its
absence or inhibition fails to reduce thrombus size in
the murine IVC ligation and IVC stenosis models of
DVT. The presence of downstream markers of necropto-
sis and cell death within the thrombus, but not the vein
wall, is of great interest and worthy of further
investigation.
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Ly6G RIPK3 DAPI

Supplementary Fig 1. Receptor interacting protein kinase 3 (RIPK3) burden in neutrophils is low in acute deep
vein thrombosis (DVT). C57BL6/J mice were subjected to inferior vena cava (IVC) ligation. At 48 hours after surgery,
IVC and thrombus tissue was collected and cross-sectioned. A, Anti-Ly6G (green) and RIPK3 (red) were used to
identify RIPK3 burden in neutrophils in DVT sections (n = 5). Region encompassed by a white box is shown
magnified in (B). Vein wall (VW)/thrombus interface is indicated with white dotted line. Scale bar, 100 pm.
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Supplementary Fig 2. Receptor interacting protein ki-
nase 3 (RIPK3) abundance does not differ between
endothelial and smooth muscle cells in acute deep vein
thrombosis (DVT). RIPK3 positive area was quantified
within CD31 positive (endothelial) and alpha-smooth
muscle actin (a-SMC)-positive regions of the vessel wall
48 hours after inferior vena cava (IVC) ligation (represen-
tative images shown in Fig 2, n = 5 per group). An unpaired
Student t-test was performed.
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Supplementary Fig 3. Phosphorylated mixed lineage kinase domain like pseudokinase (pMLKL) colocalizes to
platelet rich regions of thrombi. 48 hours after surgery, IVC and thrombus tissues were collected and cross-
sectioned. A, Anti-CD41 (green) and pMLKL (red) were used to identify platelet and pMLKL-rich regions within
acute thrombus sections (n = 5). Region encompassed by the white box is shown magnified in (B). Scale bar,

100 pm.
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Supplementary Fig 4. Receptor interacting protein ki-
nase 3 (RIPK3) deficiency does not alter thrombus size
after inferior vena cava (IVC) sten05|s Wild-type (WT)
(Ripk3*/*) and RIPK3-deficient (Ripk3 ") mice underwent
IVC stenosis followed by tissue collection 48 hours after
surgery (WT n = 12, KO n = 12). Thrombus weight (A) and
length (B) in all mice, and in mice that formed thrombi (C
and D) were measured and analyzed. Data are shown as
median * interquartile range. The Mann-Whitney U ttest
was performed.
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