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PLATELETS AND THROMBOPOIESIS

Platelet amyloid precursor protein is a modulator of venous
thromboembolism in mice
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The amyloid precursor protein (APP), primarily known as the precursor of amyloid
peptides that accumulate in the brain of patients with Alzheimer disease, is abundant in

e APP is dispensable for
platelet activation and arterial
thrombosis.

¢ APP is an important novel
regulator of vein thrombosis
and controls coagulation and
neutrophil extracellular traps
formation.

platelets, but its physiological function remains unknown. In this study, we investigated
the role of APP in hemostasis and thrombosis, using APP knockout (KO) mice. Ex vivo
aggregation, secretion, and integrin «allbp3 inside-out activation induced by several
agonists were normal in APP-deficient platelets, but the number of circulating platelets
was reduced by about 20%, and their size was slightly increased. Tail bleeding time was
normal, and in vivo, the absence of APP did not alter thrombus formation in the femoral
artery. In contrast, in a model of vein thrombosis induced by flow restriction in the inferior
vena cava, APP-KO mice, as well as chimeric mice with selective deficiency of APP in
blood cells, developed much larger thrombi than control animals, and were more
sensitive to embolization. Consistent with this, in a pulmonary thromboembolism model,
larger vessels were occluded. APP-KO mice displayed a shorter APTT, but not PT, when measured in the presence of platelets.
Moreover, the activity of factor Xla (FXla), but not FXlla, was higher in APP-KO mice compared with controls. APP-KO mice presented a
higher number of circulating platelet-leukocyte aggregates, and neutrophils displayed a greater tendency to protrude extracellular
traps, which were more strongly incorporated into venous thrombi. These results indicate that platelet APP limits venous throm-

boembolism through a negative regulation of both fibrin formation and neutrophil function. (Blood. 2017;130(4):527-536)

Introduction

Amyloid precursor protein (APP) is a type | transmembrane glycoprotein
primarily known as the metabolic precursor of amyloid A3 peptides,
whose accumulation in brain parenchyma and cerebral vessel walls is
correlated with the onset of Alzheimer disease.! Membrane APP can
be proteolytically processed by 2 alternative pathways. The combined
action of B- and vy-secretases releases amyloidogenic A peptides,
whereas the alternative action of a-secretase releases a larger solu-
ble fragment, sAPPa, and prevents subsequent AP generation by
~y-secretase.” Probably because of this complex and typically very
rapid proteolytic processing, the physiological function of APP is still
poorly understood. The full-length protein possesses a number of
biologically active domains, suggesting its involvement in diverse
physiological processes, including cell adhesion and activation.>
Studies with transfected cell lines as well as knockout (KO) mice have
actually implicated APP in cell proliferation, neurite outgrowth, and
synaptogenesis.*

APP is also expressed in extraneuronal tissues and is particularly
abundant in platelets,’ with a total number of 9300 copies/platelet, as
estimated by a recent proteomic study.® Alternative splicing of the APP
gene generates multiple isoforms. The APP isoforms expressed in
platelets (APP751 and APP770), but not the shorter isoform expressed
in neurons (APP695), contain an additional domain in the extracellular
region, which is structurally and functionally related to the Kunitz-type

serine proteinase inhibitors (KPIs).” Only about 10% of the total
platelet APP is expressed as an intact glycoprotein on the plasma
membrane. The majority of APP is cleaved into proteolytic soluble
fragments that are stored in a-granules.” ' Platelets contain o, 3, and y
secretases, and therefore metabolize APP through both nonamyloido-
genic and amyloidogenic pathways.!! Platelets are considered the main
source of AB in plasma, and there is evidence that, through A
production, platelets participate in the onset and progression of
Alzheimer disease.'”> Conversely, AR peptides are capable of trig-
gering platelet activation and adhesion, thus promoting thrombotic
events.'> 1

Under physiological conditions, however, the majority of APP is
processed by the nonamyloidogenic pathway, and o-secretase is
activated by a Ca*"/calmodulin-dependent mechanism on platelet
activation.'®'® Platelet secretion and the shedding of membrane APP
from platelets release KPI-containing soluble fragments that inhibit the
activity of coagulation factors. Actually, these soluble APP fragments
were originally identified as the cell-secreted proteinase inhibitor
protease nexin-2, and were demonstrated in vitro to be effective
inhibitors of the coagulation FXa, FIXa, FXIa, and FVIla:tissue factor
complex.”'”?° In vivo studies on APP-KO mice have indicated that, as
a result, APP negatively controls cerebral thrombosis.>**> Neverthe-
less, a thorough investigation of the contribution of platelet-derived
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APP in platelet function and its implications in peripheral arterial and
vein thrombosis is still missing.

In this study, we used APP KO mice to demonstrate an important role
for platelet APP in limiting deep vein thrombosis by multiple mechanisms
involving both inhibition of the intrinsic pathway of coagulation and the
prevention of neutrophil extracellular traps (NETs) formation.

Methods

Chemicals and reagents

Fluorescein isothiocyanate-conjugated anti-CD41 and peridinin chlorophyll pro-
tein complex—conjugated anti-CD45 were from Biolegend. Antibodies against
P-selectin, GPVI, CD42b, CD41, CD49b, AlexaFluor488-conjugated anti-
GPIX (clone Xia.B4), and phycoerythrin-conjugated anti-GPIba (clone Xia.
G5) were from Emfret Analytics. Fluorescein isothiocyanate-fibrinogen was
from Molecular Probes. Monoclonal antibodies against APP (22C11) and
tubulin (DM1A) were from Chemicon and Santa Cruz Biotechnology, res-
pectively. Antibody against citrullinate histone H3 (cit-H3) was from Abcam,
and anti-cathelicidin-related antimicrobial peptide (CRAMP) antibody was
from Innovagen. Reagents for activated partial thromboplastin time (APTT),
prothrombin time (PT), fibrinogen, and coagulation factors were from
Instrumentation Laboratories. All other reagents were from Sigma Aldrich.
APP KO mice in a C57BL/6J background were generated as described
previously,”® and kindly provided by U. Muller (University Heidelberg,
Germany). All the mice used were 4 to 6 months of age (average weight, 25-30 g)
and balanced for sex distribution. Age-matched C57BL/6J wild-type (WT)
mice were used as control. All the procedures involving the use of mice were
approved by the Committees on Ethics of Animal Experiments of the
Universities of Pavia and Perugia and by the Italian Ministry of Public Health
(authorization protocol numbers 74/2007, 76/2007-B, and 561/2015-PR).

Platelet preparation and analyses

Mouse platelet isolation and platelet and white cell count in whole blood were
performed as previously described.>* Analysis of glycoprotein expression by
flow cytometry and by immunoblotting, platelet morphology by electron
microscopy, platelet secretion as P-selectin exposure, integrin alIbB33 activation
as fibrinogen binding, and agonist-induced aggregation were performed as
previously described.”

Determination of platelet life span

Platelet clearance in vivo was determined essentially as previously described.?®
Briefly, platelets were labeled in vivo by intravenous injection of 5 pg Alexa
Fluor 488-conjugated anti-GPIX antibody. Whole blood (40 pL) was drawn
every 24 hours on injection and incubated with PE-conjugated antibody to
GPIba for 10 minutes. Samples were analyzed by flow cytometry and the ratio of
Alexa Fluor 488-positive to PE-positive platelets was determined. Five mice of
each genotype were used for these experiments.

Megakaryocyte isolation

Bone marrow cells were flushed from femurs and tibias and cultured for 5 days in
the presence of 10 ng/mL thrombopoietin. Megakaryocytes were recovered by
centrifugation on 1.5% to 3% bovine serum albumin gradient. For evaluation of
proplatelet formation, 1 X 10° cells were seeded onto glass coverslips coated with
100 pg/mL fibrinogen for 6 hours at 37°C. Cells were then fixed with 2%
paraformaldehyde, permeabilized with 0.25% Triton X-100, and stained with
anti-tubulin antibody (1:500) for 1 hour at room temperature, followed by in-
cubation with AlexaFluor488-conjugated secondary antibody. Nuclear counter-
staining was performed with Hoechst 33258 (100 ng/mL). The coverslips were
mounted onto glass slides with ProLong Gold antifade reagent and images
acquired by an Olympus BX51 microscope (Olympus), using a 20X/0.5
UPlanF1 objective. Megakaryocytes protruding proplatelets were counted in 20
fields and expressed as percentage on the total number of megakaryocytes.
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Tail bleeding time and blood loss

Tail bleeding time and quantification of blood loss were measured in 8 WT and
11 APP-KO mice, essentially as previously described.?”**

Platelet pulmonary thromboembolism

Thrombin-induced pulmonary thromboembolism was carried out on groups of 8
mice for each genotype on injection of 500 U/kg thrombin into a tail veins, as
previously described.?’

Femoral artery thrombosis

Photochemical-induced femoral artery thrombosis was induced in anesthetized
mice, as previously described.*® Six WT and 6 APP-KO mice were used for these
experiments.

Inferior vena cava ligation

Inferior vena cava (IVC) ligation was obtained as previously described.?’*

Briefly, mice were anesthetized with xylazine (5 mg/kg) and ketamine (50 mg/kg)
and placed in a supine position. After laparotomy, intestines were exteriorized,
and sterile saline was applied during the whole procedure to prevent drying.
After gentle separation from the aorta, IVC was ligated by a 7.0 polypropylene
suture immediately below the renal veins (toward the tail) over a 30-gauge
needle, and then the needle was removed to obtain a partial flow restriction. The
side and back branches of IVC were not ligated. The needle was placed outside
the vessel so that piercing or any other injury to the IVC wall was completely
avoided. After surgery, peritoneum and skin were closed by monofilament
absorbable suture and 6.0 silk, respectively. Mice were killed after 24 or
48 hours, and thrombi developed in the IVC below the suture (toward the tail)
were taken for analysis. Thrombus weight and thrombus length were measured.
A total of 27 WT and 27 APP-KO mice were used for these experiments.

Bone marrow cell transplantation

Generation of chimeric mice was performed essentially as described.?’” Briefly,
bone marrow cells were harvested from the femurs and tibias of donor WT and
APP-KO mice. Then, 1 X 10 cells (in 300 L) from APP-KO bone marrows
were transplanted by intravenous injection into irradiated recipient WT animals.
Control experiments were performed by transplanting bone marrow from WT
donors into irradiated WT recipient mice. Six WI/WT and 6 WT/APP-KO
chimeric mice were generated.

Blood clotting assays

Blood was collected with 3.8% sodium citrate and centrifuged for 10 minutes at
180 X g to obtain platelet-rich plasma (PRP). PRP was centrifugated for 10
minutes at 18 000 X g at4°C to obtain platelet-poor plasma (PPP). PPP and PRP
were tested as indicated. APTT and PT were measured by standard assays in an
automatic coagulometer (ACL 300R; Instrumentation Laboratory), using the
Instrumentation Laboratory kits, according to the manufacturer’s instructions.
Plasma fibrinogen was measured by the Clauss method in a Coagulab MJ
coagulometer (Ortho Diagnostic Systems), using bovine thrombin. Plasma levels
of FXIla and FXla were assayed by I-stage clotting methods, using
commercially available human plasmas deficient in the respective coagulation
factor,””3

Neutrophil isolation and analysis of NETs formation

Neutrophils were isolated as described,34 with minor modifications. Mice were
killed, and bone marrow cells were flushed in RPMI medium supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin. The cell suspension was
filtered with 70 wm cell strainer, centrifugated (400 X g for 7 minutes), re-
suspended in hypotonic buffer for red blood cells lysis, and centrifuged again at
400 X g for 7 minutes. Finally, the cell pellet was resuspended in 1 mL Ca-Mg-
free HBSS and centrifuged on 62.5% Percoll for 30 minutes at 1000 X g at room
temperature. Typically, 1-2 X 10° bone marrow-derived neutrophils were
harvested per mouse.

20z aunr g0 uo 3senb Aq Jpd 01 69.P00IA/LLEGOY L/LZS/PIOE | /sPd-BloE/POO|qABU"SUOREDIIgNdyse//:dlY WOy papeojumog



BLOOD, 27 JULY 2017 + VOLUME 130, NUMBER 4

Neutrophils (3 X 10° cells) were left untreated or stimulated with phorbol-12-
myristate-13-acetate (PMA) (100 nM) for 3 hours or by addition of platelets
(1 X 10® platelets) for 30 minutes before plating onto glass coverslips on 12-well
plates. The plate was citospun, and adherent cells were fixed with 2%
paraformaldehyde and permeabilized with ice-cold 0.25% Triton-X-100. For
immunofluorescence labeling of NETs, cells were stained for Cit-H3 (1:500
dilution) and counterstained for DNA with Hoechst 33342 (1:1000 dilution),
essentially as described. >

Analysis of NETs inclusion into venous thrombi was performed by the
adaptation of the protocol described by Knight et al,*® using specific antibodies
against the NET-related markers CRAMP and Cit-H3, and horseradish
peroxidase-conjugated secondary antibodies combined with diaminobenzidine
tetrahydrochloride substrate reaction.

Data and statistical analysis

The reported figures are representative of at least 3 different experiments.
Statistical analysis was performed using Prism Version 4 software (GraphPad),
and data were compared by unpaired 7 test. Data are reported as mean * standard
error of the mean (SEM).

Results

The lack of APP is associated with a mild
macrothrombocytopenia in mice

APP-KO mice are viable, fertile, and in an overall good health status
and do not manifest any evident bleeding. Immunoblotting analysis
confirmed the absence of APP in platelets from KO mice (Figure 1A),
whereas flow cytometry studies demonstrated that the expression of
other major membrane glycoproteins, including integrin «llbB3
(CD41/CD61), integrin a2 (CD49b), GPIba (CD42b), GPV, GPVI,
and CD9, was comparable to that observed in control WT platelets
(Figure 1B). The number of circulating platelets was slightly but
significantly lower in APP-KO compared with WT mice (818 = 88 X
10%uL vs 1095 + 73 X 10*/uL; P < .05), whereas the number of
leukocytes was comparable in the 2 genotypes (Figure 1C). The life span
of circulating platelets was not altered in the absence of APP (Figure 1D),
indicating that the reduced platelet count in the APP-KO mice was not the
result of a faster removal. Electron microscopy showed an overall normal
platelet morphology, with a comparable number of o and & granules in
WT and APP-KO mice (Figure 1E). However, accurate measurement of
the platelet diameter revealed that platelets from APP-KO mice were
larger than those from control littermates (2.74 * 0.29 wm vs 1.84 *
0.22 pum; P < .05). These results suggest a possible alteration of platelet
formation in the absence of APP. In this regard, we found that although the
number of mature megakaryocytes differentiated from bone marrow cells
was comparable in WT and APP-KO mice, APP-deficient megakaryo-
cytes showed a greater propensity in protruding proplatelets, suggesting
that APP may regulate platelet release (Figure 1F).

Platelet activation, secretion, and aggregation are normal in
APP-KO mice

To investigate the role of APP in platelet function, we measured ex vivo
aggregation of washed platelets stimulated with different doses of the
most common soluble agonists, including TRAP4, U46619, convulxin,
and ADP. The representative traces reported in Figure 2A show that,
under all the conditions analyzed, no differences in platelet aggregation
were observed between APP-KO and WT platelets. Inside-out acti-
vation of integrin allbB3, measured as binding of labeled fibrino-
gen, was comparable in platelets from the 2 genotypes (Figure 2B).
Moreover, no differences in agonist-induced P-selectin exposure were
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observed (Figure 2C), indicating that secretion occurred normally in the
absence of APP. Thus, these results suggest that the lack of APP does
not significantly affect the major platelet responses ex vivo. The overall
hemostatic process in WT and KO mice was assessed by comparing tail
bleeding time. Figure 2D shows that the time required for bleeding
cessation, as well as the amount of blood lost (as amount of hemoglobin),
was not affected by the absence of APP.

APP negatively controls venous, but not arterial, thrombosis

We next investigated whether APP contributes to thrombus formation.
Previous studies have reported a role for APP in regulating cerebral
thrombosis.?"** Here, we performed in vivo studies to investigate the
involvement of APP in peripheral arterial and in [VC thrombosis. Femoral
artery thrombosis was analyzed using a model of photochemical-induced
lesion in mice infused with rose Bengal by measuring the blood flow in the
exposed artery with a laser Doppler probe. Figure 3A shows that the time
for complete artery occlusion and blood flow cessation was comparable in
WT and APP-KO mice, indicating peripheral artery thrombosis is not
significantly affected by the lack of APP.

Deep vein thrombosis (DVT) was evaluated in the IVC on blood
flow reduction caused by vessel narrowing through the application of a
ligalture.Sl’32 After 24 and 48 hours, animals were killed, and the formed
thrombi were isolated, measured, and weighted. Figure 3B shows that
APP-KO mice developed much larger thrombi than WT mice, with a
significant increase of both the length and the weight of venous thrombi
both after 24 and 48 hours. After 48 hours from IVC ligation, thrombi
were reduced in size in both genotypes, likely as a consequence of
embolization. In fact, staining of lung sections with phosphotungstic
acid—hematoxylin to reveal fibrin deposits showed that 48 hours after
IVC ligation, a greater percentage of vessels was occluded in APP-KO
compared with WT mice (Figure 3C). Moreover, we observed 3 cases of
death out of 14 APP-KO mice, but only 1 among the 13 WT mice analyzed.

To confirm that the protection from venous thrombosis is provided
by APP expressed in platelets, we generated chimeric mice by
transplantation of bone marrow cells from APP-KO mice into recipient
WT mice. Although the size and weight of venous thrombi were overall
reduced in the chimeric mice, Figure 3D shows that when WT mice were
transplanted with APP-deficient blood cells, the thrombi formed within
24 hours of IVC ligation were still significantly bigger than those observed
in transplanted control mice. These results outline the importance of blood
cell-derived APP in the control of venous thrombosis.

The greater tendency of APP-KO mice to develop vein thrombosis
was confirmed by the analysis of pulmonary thromboembolism.
Histological analysis of lung sections revealed that although the number
of occluded vessels was not significantly different between the 2
genotypes (Figure 4), their average diameter was significantly larger in
APP-KO mice than in WT animals (Figure 4), indicating the formation
of bigger clots in the absence of APP. Altogether, these results dem-
onstrate a role for APP in venous, but not arterial, thrombosis.

Platelet-associated APP controls fibrin formation through the
intrinsic pathway

It is known that activation of blood coagulation and neutrophil-driven
inflammatory processes are major triggers for venous thrombosis.*’
Because platelet APP contains a KPI domain, which acts as a serine
protease inhibitor capable of affecting the activity of different co-
agulation factors in vitro, we searched for alterations of clot formation in
APP-KO mice. Figure SA shows that WT and APP-KO mice possess
comparable amounts of circulating fibrinogen. Fibrin formation was
then investigated by evaluating both the intrinsic and extrinsic path-
ways through APTT and PT assays, respectively. When PPP was used,
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no significant differences in the time required for clot formation were
observed between WT and APP-KO mice (Figure 5B-C). However,
when measurements were performed in the presence of platelets (using
PRP), the APTT time was significantly shortened in the APP-KO mice
(Figure SE). In contrast, PT time still remained comparable in the 2
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Figure 1. Characterization of platelets from APP-KO
mice. In all the graphs, red bars refer to WT mice, and blue
bars refer to APP-KO mice. Data are expressed as mean +
SEM and have been obtained from 3 different experiments,
unless otherwise specified. (A) Analysis of APP and tubulin
(as control) expression in platelets from WT and APP-KO
mice by immunoblotting with specific antibodies, as indicated.
(B) Analysis of glycoprotein expression by flow cytometry. (C)
Platelets and white blood cells count in whole blood. *P < .05.
(D) Blood was withdrawn from WT and APP-KO mice at the
indicated points after injection of AlexaFluor488-labeled anti-
bodies to GPIX, and the fraction of labeled to unlabeled
platelets was determined (n = 5). (E) Electron microscopy
analysis of platelet morphology. (i) Representative images at
different magnitude (5600, upper; and 28 000X, lower).
Quantification of the mean platelet diameter and number of
internal o and dense (3) granules is reported in (ii) and (iii),
respectively. Data have been obtained from the analysis of 50
different platelets from 5 different slides. *P < .05. (F)
Analysis of megakaryocytes and proplatelets formation. (i)
Representative images of proplatelets forming megakaryo-
cytes from WT and APP-KO mice on staining with anti-tubulin
antibody (green) and with Hoechst (blue). Quantification of
total megakaryocytes (MKs) and percentage of cells pro-
truding proplatelets (PP) is reported in (i) and (iii), re-
spectively. ***P < .005.

genotypes (Figure 5D). In reconstitution experiments, we found that
addition of platelets from APP-KO mice to PPP from WT mice was able
to significantly shorten the APTT compared with samples in which WT
platelets were added to PPP from APP-KO mice (Figure SF). These results
indicate that APP expressed on the platelet surface negatively regulates

20z aunr g0 uo 3senb Aq Jpd 01 69.P00IA/LLEGOY L/LZS/PIOE | /sPd-BloE/POO|qABU"SUOREDIIgNdyse//:dlY WOy papeojumog



BLOOD, 27 JULY 2017 + VOLUME 130, NUMBER 4

APP IN HEMOSTASIS AND THROMBOSIS 531

TRAP4 U46619 Convulxin 200ug/mL Fibrinogen
0.25mM o5mM 1M, 0.2uM 1uM 25ng/mL 50ng/mL  100ng/mL +10uM ADP
wT APP-KO APP-KO wT _APP-KO
WT wT wr
~° WT
=) ~° ° APP-KO
= ° APP-KO EN B
- - - o
2 S = -
= 2 S =
< = K] ] s
= i = wr = | =
L wro 2 =) <
(=) PP-KO| = [ , =
2 3 / =) o
p/ F / > (=3
wT f . 2’
T-]u.——;APP KO‘F 1 s w -t " M
5 min 5 min 5min 5 min
T 100
=
it =
(=) -
£ k%)
=] S 75
= ©
o =
= = 50 1
= 3
= =%
I o
g N 25
£ a
= o
i 0
Resting 0.5 mM 1mM 50ng/mL 100ng/mL 5uM 5uM Resting  0.05 15ng/mL 25ng/mL 50ng/mL
U46619 U46619 umL, ——
TRAP 4 Convulxin + 5uM ADP thrombin Convulxin
0] (ii)
900 4 | 0.6 - ™
= 800 05
i‘;;/ 700 A
© 600 - 5 0.4 -
£ 500 - £
= 2 0.3 -
gs 400 - = o
g 300 A [] 0.2 [ ]
& 2] ’ o1 %
100 "'&:l!" a °® -1
0 0.0
WT APP-KO WT APP-KO

Figure 2. Analysis of platelet function. (A) Aggregation of washed platelets from WT and APP-KO mice induced by the indicated agonists. Aggregation induced by
adenosine 5’-diphosphate (ADP) was measured on addition of purified fibrinogen, as indicated. (B-C) Flow cytometry analysis of agonist-induced integrin allbg3 activation,
measured as binding of fluorescein isothiocyanate-labeled fibrinogen (B) and granule secretion as P-selectin exposure (C). Red bars, WT platelets; blue bars, APP-deficient
platelets. Results are the mean + SEM of 3 different experiments. (D) Tail bleeding time determined in groups of 10 mice for each genotype and expressed as time required
for bleeding cessation (i) and amount of blood hemoglobin lost (ii). Each symbol represents 1 animal.

fibrin formation through the intrinsic pathway. To get insights into the
possible target of APP in the coagulation cascade, we directly compared
the activity of FXIla and FXIa. FXIla was reported to play an important
role in the initiation of DVT,>? whereas FXIa is the major substrate for the
KPTI inhibitory domain of APP.'” Figure 5G shows that, when measured in
PRP, FXIa activity, but not FXIla activity, was significantly higher in the
APP-KO mice.

Enhanced NETs formation by neutrophils from APP-KO mice

It has been documented that neutrophils play arole in propagating DVT
mainly through the extrusion of procoagulant NETs.*>*® Figure 6A
shows that unstimulated neutrophils from APP-KO mice spontane-
ously protruded a much greater amount of NETs compared with
WT cells. PMA stimulation strongly triggered NETs formation by
WT neutrophils, but did not further significantly increase NETosis by

neutrophils from APP-KO mice. Interestingly, NETs formation by un-
stimulated neutrophils from APP-KO mice was comparable to that of
PMA-stimulated WT cells. Although the expression of APP in murine
neutrophils was hardly detectable by immunoblotting (data not shown),
it is known that platelets regulate NETs formation. We found that
both control and APP-deficient platelets were equally efficient
in stimulating NETs formation by neutrophils from either WT
or APP-KO mice (Figure 6B). Thus, platelets can stimulate
neutrophils to extrude NETs, independent of APP expression.
Nevertheless, we found that the number of circulating platelet—
leukocyte aggregates in APP-KO mice was significantly higher
than in WT control mice (Figure 6C), and stimulation with throm-
bin further increased the formation of these complexes in both
genotypes (Figure 6C). To support the correlation between NET's
formation and venous thrombosis, we performed histochemical
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Figure 3. Analysis of thrombus formation in vivo. (A) Photochemical-induced arterial thrombosis assessed as time required for occlusion of femoral artery measured by
laser Doppler in WT (red bars) and APP-KO (blue bars) mice. Data are the mean = SEM of measurements performed on 5 animals for both genotypes. (B) Analysis of deep
vein thrombosis. Thrombus formation in the IVC was induced by vein ligation. Thrombi were extracted 24 or 48 hours after surgery. (i) Representative image showing the
different size of thrombi from WT and APP-KO mice after 24 hours of ligation. Quantifications of thrombus length and weight at 24 and 48 hours are reported in (ii) and (i),
respectively. **P < .01; ***P < .005. (C) Analysis of thrombus embolization. (i) Staining of lung sections from WT or APP-KO with phosphotungstic acid—hematoxylin. Samples
were prepared 48 hours on IVC ligation. Fibrin-occluded vessels are indicated by the arrows. (i) Analysis of the percentage of occluded vessel observed in the 2 genotypes. Data
are presented as mean = SEM. n = 5. **P < .01. (D) Comparison of venous thrombosis in WT mice transplanted with bone marrow cells from WT animals (WT/WT) and in WT
mice transplanted with bone marrow cells from APP-KO mice (WT/APPKO). Thrombus length is reported in (i) and thrombus weight in (ii). *P < .05; **P < .001.

analysis to visualize incorporation of NETs into the formed thrombi.
Staining for 2 NETs-related markers, CRAMP and citrullinated histone
H3, revealed a significantly stronger incorporation of NETSs into venous
thrombi from APP-KO compared with WT mice (Figure 6D). Alto-
gether, these results indicate that the absence of APP leads to an in-
creased constitutive interaction of platelets with neutrophils, associated

with a stronger NET's formation.

Discussion

In the present study, we have demonstrated a novel role for APP in the
regulation of venous thromboembolism. In a model of flow restriction-
induced DVT, we demonstrated that mice lacking APP develop
significantly larger thrombi than control littermates. Moreover, in a
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Figure 5. Blood clotting assays. In all panels, red bars refer to WT mice, and blue
bars to APP-KO mice. Data are expressed as mean + SEM of 10 different deter-
minations. Quantification of the level of plasma fibrinogen in the 2 genotypes is
reported in (A). PT (B,D) and APTT (C,E) was measured in PPP (B-C) and PRP (D-E).
*P < .05. (F) Measurement of APTT in reconstituted samples obtained by mixing PPP
from 1 genotype with washed platelets from the other genotype, as indicated. *P < .05.
(G) Quantification of the activity of FXla (i) and FXIla (ii) in PRP from WT and APP-KO
mice. *P < .05.
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pulmonary thromboembolism model, vessels with a significantly larger
diameter were occluded in APP-KO mice compared with controls.

Circulating platelets contain high levels of APP. However, because
of the implications of APP-derived AP peptides in the onset and
progression of Alzheimer disease, previous studies have focused
mainly on the central nervous system. As a consequence, very little
is known about the physiological function of the membrane-associated
full-length APP as a platelet receptor and as a potential regulator of
hemostasis and thrombosis. In line with this, APP-KO mice also have
been mainly used for neurological and behavioral studies. Only a single
previous study has documented a role for platelet APP in limiting
cerebral thrombosis, evaluated in an intracerebral hemorrhage model
as well as in a carotid artery thrombosis assay.”'

In the present study, we addressed the function of APP in the
peripheral circulation, where platelets differently contribute to both
arterial and venous thrombosis, and we have demonstrated that in these
vascular districts, the implication of APP differs from that described in
the cerebral circulation. In fact, different from what was reported in the
carotid artery,>' we observed that photochemical-induced thrombosis
in the femoral artery occurred normally in the absence of APP.
Although the reason for this difference is unclear, this observation is in
line with the notion that the response to specific thrombotic injuries may
vary depending on the vascular site.>® On the contrary, we observed for
the first time that thrombosis in the IVC was significantly enhanced in
the absence of APP. Moreover, APP-KO mice were more sensitive
to developing pulmonary thromboembolism. Thus, in the peripheral
circulation, APP regulates venous, rather than arterial, thrombosis.
Importantly, formation of larger venous thrombi was also measured in
chimeric mice on transplantation of bone marrow from APP-KO mice
into WT animals, demonstrating the direct implication of APP in blood
cells for the regulation of this process.

Arterial thrombosis is more dependent on platelet function than vein
thrombosis, which mostly relies on the activation of the coagulation
cascade. The normal arterial thrombosis in APP-KO mice is consistent
with our observations that APP does not significantly regulate platelet
function. No alterations of aggregation, secretion, and integrin allbB3
inside-out activation in response to a wide panel of agonists were
observed in APP-deficient platelets. Moreover, the absence of APP did
not affect the tail bleeding time, indicating that the overall platelet-
dependent hemostatic response is well preserved. Nevertheless, we
observed a slight but significant reduction of the number of circulating
platelets and an increase of the platelet diameter in APP-KO mice.
Although the life span of APP-deficient platelets was normal, we found
a greater percentage of bone marrow-derived megakaryocytes pro-
truding proplatelets in APP-KO mice. How this can be related to the
reduced number of circulating platelets remains to be clarified. It is
possible, however, that dysregulated proplatelet formation leads to
premature release of platelets in the bone marrow, thus resulting in a
reduced number of cells reaching the circulation, a mechanism similar
to that proposed for the MYH9-related macrothrombocytopenia.*’

In our study, we documented significant alterations of clot
formation in APP-KO mice. Different from the neuronal isoform,
APP expressed in platelets carries a KPI domain, which is a potent
inhibitor of serine proteases.” Purified or recombinant KPI domains
containing APP fragments have been deeply characterized in vitro and
found to potently affect many coagulation factors, including FIXa, FXa,
FVILtissue factor complex, and particularly FXIa.'2° Because soluble
truncated forms of APP are stored into platelet granules and platelet
stimulation also promotes shedding of membrane APP,'®!® platelets
are a source of circulating KPI-containing APP fragments that are
supposed to exert a tonic inhibitory action on clot formation.*! Here, we
showed that platelet-bound APP, rather than soluble fragments, exerts
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Figure 6. Analysis of NETs formation. In all the panels, red bars refer to WT mice, and blue bars to APP-KO mice. Data are expressed as mean = SEM of at least 5 different
determinations. (A) NETs formation in purified neutrophils from WT and APP-KO mice was visualized by staining for DNA with Hoechst (blue) and for citrullinate Histone H3
(red). Representative images of resting and PMA-stimulated neutrophils are reported in (i), and quantification of the NETs formation expressed as percentage of neutrophils
extruding NETs is reported in (ii). ***P < .005. (B) Analysis of NETs formation induced by incubation of WT and APP-KO neutrophils with WT platelets, APP-deficient platelets,
or no cells (none), as indicate in the bottom. (C) Flow cytometry analysis of circulating platelet—leukocyte aggregates in blood from WT and APP-KO mice untreated (none) or
on stimulation with 0.5 U/mL thrombin, as indicated. *P < .05; **P < .01. (D) Venous thrombi were isolated from WT and APP-KO mice 24 hours on IVC ligation, and stained
for the NETs-related markers CRAMP and citrullinated histone H3 (Cit-H3), as indicated. (i) Some representative images, whereas (ii) reports the quantification of the positive
cells counted form 5 positive stained fields. Results are reported as mean = SEM. *P < .05; **P < .01.

an important inhibitory action on the coagulation cascade by targeting
the intrinsic pathway, and thus regulating DVT. However, as APP can
be rapidly metabolized on platelet activation, it cannot be ruled out that
in the course of venous thrombosis, recruited platelets release APP
fragments in the microenvironment, which may play arole as well. Even
in this case, however, the involvement of platelet APP in the process is
indispensable. We found that the intrinsic pathway of coagulation is
affected in APP-KO mice, with some evidence that FXIa, but not FXIla,
both of which are implicated in DVT,? is a major target of platelet APP.
Therefore, we propose that lack of APP in platelets accelerates clot
formation through the intrinsic pathway, and this may be responsible for
the formation of larger thrombi on vein flow restriction.

It is important to keep in mind that in addition to APP, platelets
express, albeit at a lower level, the APP-like protein 2 (APLP2), which,
as APP, contains a KPI domain.*® Previous studies have documented
that similar to APP, APLP?2 also regulates cerebral thrombosis.** It is

therefore likely that APLP2 may also contribute to the regulation of
clot formation and DVT, and that the consequence of APP deletion
described in this study may be partially mitigated by the overlapping
compensatory effect of APLP2. Further studies on APLP2-KO mice
may be useful to characterize the specific contribution of APLP2 in
hemostasis and thrombosis, but the clarification of the compensatory
role of APP and APLP2 is hampered by the fact that APP/APLP2
double-KO mice die early after birth, for unknown reasons.*

It is well-known that, in addition to platelets, circulating neutrophils
actively participate in the onset and propagation of DVT by promoting
the activation of the coagulation cascade through the release of
NETs.>*% Here we found that neutrophils from APP-KO mice released
ahigher amount of NETS than neutrophils from control animals, even in
the absence of specific stimulation, and that an increased amount of
NETs was incorporated into venous thrombi in APP-KO mice. Such a
negative regulation of NETosis by APP was unexpected. Because
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murine neutrophils express a very low amount of APP, if any, it is
possible that the absence of APP in other circulating cells may regulate
the ability of neutrophils to release NETS. In this scenario, platelets may
play a role, as they are capable of stimulating NETosis. Although we
could not detect any difference in NETs formation promoted by WT
or APP-deficient platelets, we detected a significant greater number
of platelet—leukocyte aggregates in APP-KO mice. It is possible, there-
fore, that APP negatively regulates platelet-leukocyte interaction, and
that, in APP-KO mice, neutrophils can be stimulated to release NETs by
amassive constitutive interaction with platelets. Certainly, the increased
number of platelet-leukocyte aggregates in the circulation is indicative
of a pro-inflammatory state related to the absence of APP, which, in turn,
may be responsible for stimulated NETosis and predispose APP-KO
mice to DVT. In this context, we have measured higher level of
C-reactive protein in the plasma of APP-KO mice compared with con-
trols (data not shown). It is also possible that increased NETosis in APP-
KO mice may be related to dysregulation of some still-unidentified
proteases, a possibility that deserves further investigation. Whatever
the mechanism, however, our data indicate that the stronger release of
NETs by neutrophils may represent an additional mechanism sup-
porting the greater venous thrombosis in APP-KO mice.

In conclusion, our study outlines a novel role for APP in vivo and
recognizes an important contribution in thromboembolism through
multiple mechanisms, involving both coagulation factors and neutro-
phil activity. These results shed new light in the complexity of the
mechanisms of DVT and may help understand previously uncharac-
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