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: The mechanisms that eliminate activated platelets in inflammation-induced disseminated intravascular

. coagulation (DIC) in micro-capillary circulation are poorly understood. This study explored an alternate
pathway for platelet disposal mediated by endothelial cells (ECs) through phosphatidylserine (PS) and
examined the effect of platelet clearance on procoagulant activity (PCA) in sepsis. Platelets in septic
patients demonstrated increased levels of surface activation markers and apoptotic vesicle formation,
and also formed aggregates with leukocytes. Activated platelets adhered were and ultimately digested
by ECs in vivo and in vitro. Blocking PS on platelets or av33 integrin on ECs attenuated platelet
clearance resulting in increased platelet count in a mouse model of sepsis. Furthermore, platelet
removal by ECs resulted in a corresponding decrease in platelet-leukocyte complex formation and
markedly reduced generation of factor Xa and thrombin on platelets. Pretreatment with lactadherin
significantly increased phagocytosis of platelets by approximately 2-fold, diminished PCA by 70%,
prolonged coagulation time, and attenuated fibrin formation by 50%. Our results suggest that
PS-mediated clearance of activated platelets by the endothelium results in an anti-inflammatory,
anticoagulant, and antithrombotic effect that contribute to maintaining platelet homeostasis during
acute inflammation. These results suggest a new therapeutic target forimpeding the development of
DIC.

Disorders of coagulation are common in sepsis, with disseminated intravascular coagulation (DIC) occurring in
. approximately 35% of severe cases, contributing to microvascular dysfunction and death'. Intensive platelet acti-
© vation in sepsis facilitates platelet aggregation, leading to the formation of microthrombi and platelet depletion’
. with the resultant development of DIC and sepsis-associated thrombocytopenia. Therefore, platelets must be
: cleared locally and in a timely fashion in the early phase of activation. Previous studies mainly focused on the clear-
. ance of activated cold-stored and aging platelets as well as platelets in immune-mediated thrombocytopenia**,
. however, platelet activation and their clearance in sepsis are poorly understood. Platelets can form aggregates
. with leukocytes resulting in leukocyte death, the release of extracellular traps (ETs), increased endothelial perme-
ability®, and aggravated thrombosis’. Further, platelets assist leukocytes in adhering to and passing through the
endothelium, infiltrating into the affected area®. Recently, Paris L. L. et al. have reported that porcine liver sinu-
soidal endothelial cells can phagocytose human platelets in xenotransplantation or xenoperfusion®'2. However,
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Figure 1. Activation of platelets in sepsis. (a) Flow cytometry analysis of PS and CD62P on platelets from
healthy controls (n =27) and patients (n=27). Data represents mean & SD. Morphology of platelets from
patients (n = 15) were measured by confocal and electron microscopy and some typical forms were presented
(b-f). (b) Confocal images showed PS expression on platelets of healthy subjects (left panel) and patients (right
panel) stained with Alexa 488 lactadherin. In the patients’ sample, microparticles from one platelet (*) had
formed at the margin area located between the distinct outlines. Scanning microscopy showed (c) inactivated
rounding platelets without pseudopods; (d) activated platelets with spreading pseudopods; (e) platelet apoptosis
with vesicle formation (*); (f) quiescent (arrow), activated (white arrowhead) and apoptotic (red arrowhead)
platelets in patients. Bars represent 2 pm (b-f).

little is known about the interplay between endothelial cells (ECs) and platelets in inflammatory circumstances.
Since endothelial cells are present in high numbers in micro-circulation and are in intimate contact with platelets,
we hypothesized that they might play a role in the clearance of activated platelets in sepsis.

Previous studies have shown that Fc-dependent autoantibodies target the platelet surface complexes GPIIbIIIa
and GPIb during platelet clearance'>~'°. Recent studies have also demonstrated that desialylated platelets can
be cleared through glycan-lectin binding to hepatic Ashwell Morrell receptors (AMR) or aM(32 integrins on
macrophages'®'?. Whereas, the mechanism and ligand/receptor by which apoptotic platelets are cleared has not
been identified. Phosphatidylserine (PS) is a key ‘eat me’ signal on activated or apoptotic cells for phagocytes®22.
However, if elimination of the activated or apoptotic cells is delayed, exposed PS would provide a catalytic surface
for the assembly of tenase and prothrombinase complexes?>*. In this study, we hypothesized that PS exposure is
directly related to procoagulant activity (PCA) on activated platelets and plays a critical role in platelet removal
by ECs. The ubiquity and simple structure of PS makes it impractical to synthetize specific antibodies to this
phospholipid for identification and/or antagonizing purposes. As an alternative, the milk fat protein lactadherin
binds with high affinity and specificity to PS*. Lactadherin is a globule membrane glycoprotein secreted by mac-
rophages and ECs, and contains a domain structure of EGF1-EGF2-C1-C2. It binds PS with the C-terminus and
phagocyte aV(33/5 integrins via its RGD motif in the EGF2 domain. Thus, lactadherin acts as a bridge between
target cells exposing PS and phagocytes thereby facilitating phagocytosis®. Recently, we and others have shown
that lactadherin promotes clearance of promyelocytes in acute promyelocytic leukemia and aged erythrocytes
and apoptotic cells by angiogenic endothelium?*>?. Since lactadherin is a readily available specific marker of PS
exposure, we examined the role of this molecule in the clearance of activated platelets by ECs in sepsis.

In this study, we hypothesized that platelet disposal by ECs could reduce the formation of platelet heterotypic
aggregates and decrease thrombogenicity in sepsis. To gain further insight into the effects of platelet clearance
on coagulation, we measured the clotting time, prothrombinase activity, and fibrin formation by platelets before
and after exposure to ECs, and examined the benefits of lactadherin-coordinated phagocytosis in ameliorating
coagulant abnormality in sepsis.

Results

Platelets in sepsis are activated and apoptotic. Patients'characteristics were present in Tables 1 and 2.
Platelets from septic patients showed increased level of surface activation markers identified by lactadherin and
CD62P labeling with flow cytometry as compared to control (Fig. 1a). This was further confirmed by confo-
cal imaging of patient platelets showing greater expression of PS and more apoptotic vesicle formation than in
healthy controls implying significant activation (Fig. 1b). Additionally, scanning EM (Fig. 1c—f) showed quies-
cent platelets (Fig. 1¢) and platelets were highly activated with extended pseudopodia and ballooning (Fig. 1d,f)
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Figure 2. Platelets form heterotypic aggregates with blood cells in circulation. (a) The percentage of platelet-
leukocyte aggregates (PLA) in healthy controls (n =27) and patients (n =27) were measured by flow cytometry.
Data represents mean = SD. *P < 0.05 versus control. (b,c) Blood smears (n=15) stained with Hematoxylin-
Eosin were observed using a light microscope and typical images of PLA were shown. (b) PLA (arrow) in
healthy control; and (c) several platelets were seen adhered to the neutrophil (* white), lymphocyte (* yellow),
and erythrocytes (arrows) in the patient sample. Platelet-platelet aggregation (arrowhead) was also observed.
Magnification 40x. Scanning electron microscope images (n = 15): (d,e) activated platelets (*) anchored on a
leukocyte extending pseudopods; (f) platelet-leukocyte aggregate releasing extracellular trap-like structures
from the nucleus. Single (g) and small clusters (h) of activated platelets (*) were seen with extended pseudopods
or their whole bodies on the membrane of erythrocytes. Bars represent 2 pm.

that was correlated with microparticle formation (Fig. 1e). The percentage of activated/apoptotic platelets were
counted under microscopy: healthy controls (activation 2.5% % 1.3%; apoptosis 0.6% £ 0.4%) and patients (acti-
vation 9.5% + 3.2%; apoptosis 3.2% + 1.8%).

Platelet heterotypic aggregate is a reflection of platelet activation. Formation of various
platelet-leukocyte complexes was significantly elevated in septic patients in comparison to healthy controls
(Fig. 2a). Based on blood smears, samples from septic patients (Fig. 2c) differed from healthy controls (Fig. 2b)
due to the presence of platelet-platelet aggregation as well as primary aggregates of platelets with leukocytes
(PLA) and erythrocytes. Electron microscopy further confirmed the presence of compact platelet heterotypic
complexes with other blood cells. Activated platelets were observed to adhere to lymphocyte and monocyte-like
leukocytes through the spread of their pseudopods (Fig. 2d,e). Interestingly, components similar to extracellular
traps appeared to have been released by the PLA (Fig. 2f), suggesting that the PLA may induce inflammatory
response through various modalities”. Similarly, individual and/or clusters of activated platelets adhered to the
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surface of the erythrocytes in septic patient blood samples (Fig. 2g,h). Given these results, platelets appear to
interact widely with other blood cells, forming both platelet aggregates and platelet-leukocyte/erythrocyte aggre-
gates, indicative of full-blown platelet activation in sepsis.

Phagocytosis of platelets by ECs.  In vitro experiments and scanning EM of healthy platelets co-cultured
with ECs, showed few platelets adhering to ECs and that the ECs did not extend pseudopods (Fig. 3a, left).
However, platelets of septic patients actively attached to the surface of cultured ECs either individually or in clus-
ters and were partially engulfed by endothelial pseudopods (Fig. 3a middle and right). Transmission EM also
revealed that the platelets were encircled, trapped, and ultimately endocytosed by the ECs. Platelets could then
be seen as fragments present in large vacuoles in the ECs (Fig. 3b). These phagocytic vacuoles did not appear in
EC:s cultured in the absence of platelets or in those that were incubated with control platelets derived from healthy
donors (data not shown). These findings revealed that ECs can bind and endocytose activated platelets obtained
from septic patients, but not quiescent platelets of healthy individuals (Fig. 3¢,d).

The elevated platelet PS exposure was paralleled by an increased percentage of patient platelets that were
phagocytosed compared with healthy controls (Fig. 3e, left). Blocking PS with annexin V or P-Selectin with anti
CD62P antibody attenuated phagocytosis significantly (Fig. 3e, right and the supplementary information). In
contrast, treatment with anti GPIb or anti GPIV antibodies had no effect. Addition of lactadherin, which acts as a
bridge between exposed PS on apoptotic cells and integrins on phagocytes, increased EC phagocytosis by approx-
imately 2-fold. The amount of phagocytosis was negatively correlated with the number of platelets observed in the
liver. Injection of annexin V led to increased platelets counts in the liver while promoting PS-mediated engulf-
ment with lactadherin led to a significant decrease in these platelet counts (Fig. 4e). However, while promoted
endocytosis induced an efficient clearance of activated platelets, there was no significant decrease in overall plate-
let count. Thus the main action of endocytosis was to avoid further aggregation, and thereby reduce the risk of
thrombocytopenia.

To investigate the elimination of platelets by ECs in vivo, we used our previously developed animal models®!
that show the interactions between platelets, leukocytes, and EC. Both rats and mice were injected with LPS
to mimic septic conditions. Immunohistochemistry of livers revealed that platelets adhered to EC and formed
aggregates with leukocytes on the surface of EC and in the lumen (Fig. 4a,b). Transmission EM further con-
firmed that ECs had engulfed and partially digested the platelets (distinguished by size and granules) (Fig. 4c,d).
Pretreatment with GACl; depleted the Kupffer cells as our previous study described’!. Injection of LPS induced
platelet accumulation in the liver in a time-dependent manner (Fig. 4e). Pretreatment with annexin V, which
binds PS on activated platelets, blocked platelet clearance and led to increased platelet count in the liver. However,
blocking PS with annexin V also prolonged bleeding time (BT) (Fig. 4f). Additionally, inhibition of av(33 integrin
on ECs in vivo decreased the clearance of platelets and resulted in a rise in platelet count in the liver 6-hour post
LPS injection. This delayed clearance of activated platelets and shortened BT (Fig. 4f).

Platelet clearance by ECs results in fewer PLA formation. Furthermore, platelets were pre-incubated
with ECs in vitro, and then the platelets that had not been endocytosed were detached and harvested after
treatment with EDTA. These platelets were then incubated with leukocytes from healthy individuals. Platelets
and leukocytes from healthy individuals were also incubated as control. We found that platelets from patients
pre-incubated with ECs formed markedly fewer PLA (Fig. 5), suggesting that activated platelets were cleared
and formed fewer PLA with leukocytes. It is important to remove activated platelets for diminishing aggregate
formation between surviving platelets and leukocytes that could impede circulation and cause ischemia in septic
patients. Tables 1 and 3.

Coagulation disorder in septic patients. Platelets derived from patients supported reduced coagulation
times in comparison to those from healthy controls (Fig. 6a). Notably, elevated FXa generation correlated with
a 4-fold increase in thrombin formation in patients compared to controls (Fig. 6b). Furthermore, this increase
in thrombin resulted in significantly increased fibrin production in patients (Fig. 6¢). Large amounts of micro-
thrombi filled with platelets were also observed in septic samples (Fig. 6d-f), indicating that coagulation dysfunc-
tion occurs in septic patients in addition to hypercoagulability and greater fibrin formation.

Lactadherin-enhanced phagocytosis reduces PCA and fibrin formation in septic patients. The
implication of platelet clearance by phagocytosis motivated us to explore how this effect influenced PCA and
fibrin formation. Elimination of abnormal platelets from patients by ECs in vitro increased coagulation time and
decreased intrinsic FXa and thrombin production by the remaining platelets (Fig. 7). Inhibiting av(33 integrin on
ECs led to a marked rise in coagulation complexes compared with ECs alone. Blocking PS with annexin V dimin-
ished the platelet engulfment, increasing FXa and thrombin generation and decreasing clotting time (Fig. 7b).
These results were in accordance with the reduced platelet PCA seen in patients in remission (Table 3). Compared
with use of HUVECs alone, a combination of lactadherin and ECs resulted in up to 50% inhibition in fibrin gen-
eration (Fig. 7¢), the largest decrease in coagulation complex formation, and an increase in clotting time to near
normal (Figs 6a and 7a). These findings indicate that administration of lactadherin may work in a cooperative
manner with patient ECs to significantly decrease activated platelet-induced formation of PCA and fibrin.

Discussion

Phagocytosis of activated platelets by dedicated phagocytes has been well documented. However, leukocytes
also undergo apoptosis and may be overwhelmed and unable to clear all of the activated and apoptotic plate-
lets in sepsis. In our study, we show that activated platelets are tethered, endocytosed, and degraded by ECs in
sepsis. Additionally, ECs treated with septic serum in vitro trapped more activated platelets than those treated
with healthy serum. While phagocytosis of platelets promoted EC activation, it did not impact EC survival®.
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Figure 3. Phagocytosis of platelets by ECs in vitro. Platelets of healthy controls (n=15) and patients (n=15)
were incubated with ECs (triangles) at 37 °C for 30 min and then the mixed cells were fixed for analysis (a—e).
Scanning microscopy images showing that few platelets of healthy subjects adhered to ECs, and ECs did

not extend pseudopodia (a, left); ECs extended pseudopodia to grasp the stimulated platelets from patients

(a, middle and right), a proportion of which had anchored on ECs (arrows). (b) Transmission microscopy
images showing several platelets from patients (*) being trapped, engulfed, and degraded in plasma by ECs.

(c) CMTPX-labeled ECs (red) and CMFDA-stained platelets (green) from healthy controls (left) and patient
samples (right) after co-culture for 30 min were observed using fluorescence microscopy to look for interactions
between the two cell types. (d) The number of platelets engulfed by ECs (costained yellow) was counted under
fluorescence microscopy. Data represents mean =+ SD. (e) Percentage phagocytosis of platelets from healthy
controls and patients were measured by flow cytometry (left). Alternatively, platelets from patients (right) were
incubated with ECs in the presence of anti CD62P (20 ug/ml), anti CD42b (20 ug/ml), anti CD36 (20 pg/ml), annexin
V (2nM), or lactadherin (2nM). Data represents mean + SD. Bars represent 2 pm (b), 5 um (a) and 20 pm (c).
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Figure 4. Phagocytosis of platelets by ECs in vivo. Rats were injected with LPS and the livers were taken at 6 h
after perfusion fixation (a-d). (a,b) Platelets were immunolabeled with anti-P-selectin antibody (blue) and
counterstained with nuclear fast red (red). Many platelets expressing P-selectin were found adhering on ECs in
the portal vein (red arrows) and also formed aggregates with leukocytes (white arrows) and erythrocytes (green
arrows) in the liver. (c,d) Transmission electron microscopy images further confirmed engulfment and partial
digestion (arrow) of the platelets by the ECs in vivo. Bars represent 2 pm (c,d) and 10 pm (a,b). Mice were also
injected with LPS to induce septic conditions and GdCl; to block the function of Kupffer cells in the liver (e,f).
(e) Platelet number in the liver was counted and present as number/mm? with various treatments in different
time points. Each value is expressed as mean + SD of 10 mice. *# + P < 0.05 versus control. (f) Septic mice

were pretreated with lactadherin, annexin V, or anti-av{33 antibody, and tail-bleeding time was evaluated. Each
value was expressed as mean £ SD of 10 mice. *P < 0.05 versus mice only treated with LPS and GdCl,, “P < 0.05
versus untreated mice.
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Figure 5. Platelet phagocytosis by ECs reduces PLA formation. (a) Platelets of patients (n = 15) were collected
and labeled with Alexa Fluro 647-conjugated CD41a (red). Platelets before (middle) or after (right) engulfment
by ECs were co-cultured with leukocytes (stained with DAPI, blue) from healthy subjects. Immunofluorescence
showed that PLA formation was decreased after platelet phagocytosis by ECs. Untreated leukocytes from
healthy individuals were used as control (left). Bars represent 20 pm. (b) The number of PLA was counted under
immunofluorescence before and after platelets were incubated with ECs. The number of PLA in untreated
leukocytes from healthy individuals was used as control. Data represents mean =+ SD.
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Age (years) 52+6 53411
Sex (Male/Female) 35/25 35/25
Vital signs

Temperature (C) 36+0.5 385+1.1
Respiratory Rate (bpm) 16+3 2245
Heart Rate (bpm) 74+7 82414
SBP (mm Hg) 9%6+7 115+12
DBP (mm Hg) 75+13 73+18
MAP (mm Hg) 85413 90421
Glasgow Coma Scale score 15 14+12
Laboratory results

WBC (109/L) 6.5+3.7 13.246.3*
Platelet (109/L) 225+34 196 £ 85
PO, 85+11 75412
PO,/FiO, (mm Hg) 413422 325454
Bilirubin (mg/dL) 04£0.1 0.940.3*
Creatinine (mg/dL) 0.5+0.2 1.4£0.6%
Bacteria Culture + — 39
Gram+/— — 27/12
Coagulation parameter

PT (s) 13+4.3 16.5+£11.4
APTT (s) 268+52 335414
Fibrinogen (g/L) 32407 28+17
D-dimer (g/L) 09+0.5 8.1+5.6%
DIC — 2

Table 1. Septic patients’ characteristics. Values given in mean and SD. P < 0.05 vs. control. Abbreviations: SBP,
systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; WBC, white blood cell; PT,
prothrombin time; APTT, activated partial thromboplastin time; DIC, disseminated intravascular coagulation.

Admission

Platelet (10°/L) 167 203
PT (s) 16.3 14
APTT (s) 33 29
Fibrinogen (g/L) 2.8 3.6
D-dimer (g/L) 5.5 3.8
DIC occurance

Day (after admission) 3 5
Platelet (10°/L) 9.5 12.3
PT (s) 24.3 20.8
APTT (s) 42 37
Fibrinogen (g/L) 0.4 0.7
D-dimer (g/L) 12.6 11.3

Table 2. Characteristics of Septic patients developing DIC. Abbreviations: PT, prothrombin time; APTT,
activated partial thromboplastin time; DIC, disseminated intravascular coagulation.

Phagocytosis of platelets was decreased by either blocking PS on platelets with annexin V or by blocking the av33
integrin on ECs. In contrast, lactadherin can simultaneously bind to platelet PS via its C2-terminus and to av@33
integrins on ECs via its RGD motif in the EGF2 domain® and may therefore facilitate engulfment of platelets.
Previous studies have shown that lactadherin similarly promotes removal of apoptotic erythrocytes, lymphocytes,
and microparticles by macrophages*~*¢ consistent with our hypothesis. In this study, we have shown that lac-
tadherin binding to PS significantly enhances phagocytosis of platelets by the ECs. These results suggest that PS
plays a critical role in platelet engulfment and removal. Of note, enhanced endocytosis of platelets with addition
of lactadherin doesn’t cause thrombocytopenia, suggesting that lactadherin is selective for activated platelets
rather than quiescent ones and that activated platelets are a small subset of total platelets. Our demonstration
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Figure 6. Coagulation dysfunction in septic patients. Platelets from patients (n = 15) were tested for (a)
coagulation time, (b) intrinsic FXa, extrinsic FXa, thrombin formation, and (c) fibrin clot turbidity. Platelets
from healthy individuals (n = 15) were used as controls. Scanning microscopy images of hypercoagulant
platelets from patients showed (d,e) fibrin net and (f) microthrombus formation. Data represents mean =+ SD;
* 4 P < 0.05 versus healthy controls. Bars represent 5 pm.

of phagocytosis of activated platelets not only provides additional insight into platelet-EC interaction but also
reveals a novel mechanism for platelet clearance in sepsis.

We also evaluated the roles of other receptors in platelet removal. Our results showed that inhibition of
P-selectin on platelets leads to a marked reduction in platelet clearance while blockade of GPIV (CD36) has only
a slight effect on phagocytosis of platelets by ECs. GPIb plays an important role in tethering and rolling of plate-
lets on the EC¥, and recent studies show that GPIb sialyation is involved in platelet clearance mediated by the
Ashwell Morrell receptor (AMR) or Asialoglycoprotein receptor-1 (ASGR1)®”. In this study, inhibition of GPIb
on platelets in septic patients did not significantly affect platelet clearance, which is consistent with the study
by Norma Maugeri et al.*®. However, the alterations of GPIb structure on human platelets after desialylation in
sepsis and the interactions between apoptotic and glycan-lectin mediated platelet clearance need to be further
studied. Furthermore, thrombospondins (TSP) associated with CD36 antigens promote platelet adherence to
phagocytes®. Thus the role that TSP plays in platelet clearance by ECs will be evaluated in further studies.

Platelet-leukocyte interactions play an important role in thrombo-inflammatory injury by actively con-
tributing to intravascular inflammation, leukocyte recruitment to inflamed sites, and the amplification of the
procoagulant response®. In our study, we showed that septic platelets associated with activated leukocytes, form-
ing platelet-leukocyte complexes, implying intense platelet activation and severe inflammatory response*®4!.
Furthermore, leukocytes that were bound to activated platelets release an extracellular trap-like substance that
may have procoagulant and prothrombotic effects. Interestingly, we also found many instances of platelets adher-
ing to erythrocytes, indicating activation of all blood cell types in circulation. Given the aggregates of platelets
and other blood cells in circulation designated as platelet-hemocyte complexes, we propose that such complexes
may play an important role in the induction of inflammation, coagulation, and thrombosis in sepsis and in other
conditions where such complexes would be commonly observed. Furthermore, we also demonstrate that clear-
ance of activated platelets by ECs also contributes to inhibition of PLA formation, consistent with the decline of
PLA generation when patients go into remission. Reduction of PLA may thus prevent excessive inflammatory
response and alleviate the burden of coagulation, analogous to antiplatelet treatment mediating suppression of
platelet-neutrophil aggregate formation and neutrophil activation*>*.
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Figure 7. Effect of lactadherin-mediated phagocytosis on procoagulant activity and fibrin formation. Platelets
from patients (n = 10) were collected. They were untreated, treated with lactadherin or annexin V, or incubated
with ECs for 1h in the presence or absence of lactadherin, annexin V, or anti-awv@33 antibody. The untreated

or treated platelets were for further evaluations of (a) coagulation time; (b) intrinsic and extrinsic FXa and
thrombin generation; (c) and fibrin turbidity which was measured as terminal A at half an hour. Platelets
without any treatment were used as control. *P < 0.05 versus control; “P < 0.05 versus Platelet (+) ECs

(+);+ P <0.05 versus Platelet (4 ) lactadherin (+ ). Each value represents mean =+ SD.

PS (%) 82+£26 54423"
P-selectin (%) 49.749.3 24.6+2.7"
PLA (%) 16.8+2.3 82+1.2"
Coagulation time (s) 208.8+4.7 291+16"
Thrombin (nM) 231454 10.9+£2.1"

Table 3. Platelet activation in patients during and after sepsis. Values given in mean and SD. "P < 0.05 vs.
patients onset. PS, phosphatidylserine; PLA, platelet-leukocyte aggregates.

In our study, platelet counts are in the normal range in septic patients and we suggest that in the early phase
of sepsis, the platelet counts may not change significantly and are in the normal range until the stage of platelet
consumption in DIC*-#. However, the activation of platelets in the early phase of sepsis indeed exists which
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contributes to the altered procoagulant activity of platelets. We observed significantly increased PS exposure on
platelets and higher platelet-derived microparticle count in patient blood compared to samples from healthy vol-
unteers. Microscopy analysis of blood samples further showed the presence of apoptotic platelets with micropar-
ticles, indicating that platelets are damaged during infection. As a consequence, patients showed a propensity
for thrombosis with fibrin and microthrombus formation. The PCA of activated platelets significantly decreased
when PS was specifically blocked with lactadherin. Moreover, we found that phagocytosis of PS-exposed platelets
by ECs prolongs coagulation time, and diminishes the formation of procoagulant enzyme complexes by approxi-
mately 50% (Fig. 7b), which inhibits fibrin production by one-third in comparison to values prior to phagocyto-
sis. Lactadherin enhances EC phagocytosis and further reduces PCA and fibrin formation of activated platelets,
contributing to better amelioration of coagulation abnormality than either treatment alone. Thus, we indicate
that in case of early and prompt clearance of activated platelets in sepsis, the normal platelet counts will not have
significant change and these findings have implications for treatment and prevention of DIC in sepsis.

Antiplatelet treatment has been suggested as a novel strategy in sepsis*’, and we speculate that promoting effi-
cient removal of activated and apoptotic platelets could further improve patient outcomes. A large decline in PS
exposure on platelets, associated platelet PCA, and PLA formation is seen in patients in remission, which could be
attributed to the elimination of abnormal platelets. Therefore, clearance of activated platelets earlier in the disease
process could hasten recovery of homeostasis in circulation by eliminating catalytic platforms for the coagulation
pathway, protecting blood cells from excessive activation, and restoring their normal function. Endothelium, at
least in part, contributes to platelet disposal and may further improve the hypercoagulable status in inflammation.
It is noteworthy that PS-mediated and lactadherin-strengthened platelet engulfment may modify coagulopathy,
and thus provide a new modality for treatment of septic clotting disorders.

Materials and Methods

Patients. Peripheral venous blood was obtained upon informed consent from 60 healthy subjects who had
not received any medication in the past 2 weeks, and from 60 patients diagnosed with sepsis (not including severe
sepsis and sepsis shock) between Dec. 2012 and Apr. 2017. The diagnosis of sepsis was on the basis of documented
or suspected infection, presence of systemic signs and symptoms of inflammation and potential organ dysfunction
(Sequential [Sepsis-related] Organ Failure Assessment (SOFA))*#°. Exclusion criteria were age <18 years, car-
diovascular disease, diabetes, liver or renal dysfunction, cancer, platelets and/or blood coagulation disorders and
prior treatment with anticoagulant and/or antiplatelet therapy. DIC was diagnosed as the diagnostic criteria®>>'.
Study was performed with the approval of the Ethics Committee of Harbin Medical University in accordance with
the Declaration of Helsinki.

Reagents. Endothelial cell medium was purchased from AllCells (Emeryville, CA, USA). Bovine serum
albumin (BSA), poly-d-lysine, ethylenediaminetetraacetic acid (EDTA), lipopolysaccharide (LPS), Triton X-100,
4/,6-diamidino-2-phenylindole (DAPI), 3,3-diamino-benzidine tetrahydrochloride (DAB), gadolinium chloride
(GdCl;) and annexin V were obtained from Sigma-Aldrich (St Louis, MO, USA). 0.25% Trypsin-EDTA was from
Gibco (Grand Island, NY, USA). CellTracker Green CMFDA and CellTracker Red CMTPX were from Invitrogen
(Carlsbad, CA, USA). Lactadherin was prepared in our laboratory. Human factors Va, VIIa, VIII, IXa, X, Xa,
prothrombin and thrombin were all from Haematologic Technologies (Burlington, VT, USA). The Chromogenix
substrates S-2238 and S-2765 were from DiaPharma Group (West Chester, OH, USA). Monoclonal antibod-
ies against CD42b (glycoprotein Ib, clone HIP1), CD62P (P-selectin, clone AK-4), CD41a (clone HIP8), CD45
(clone H130), CD36 (glycoprotein IV, clone CB38) were from Becton Dickinson Biosciences (San Jose, CA, USA).
Monoclonal antibody against av@33 integrin was from Abcam (ab7166), Labome (clone LM609), and polyclonal
antibody from Bioss (bs1310R). Alexa Fluro 488 or 647-conjugated CD41a and Alexa Fluro 647-labeled CD45
were prepared in our laboratory. FITC-labeled monoclonal antibody against CD62P was from Abcam (ab6632,
Cambridge, MA, USA).

Cell preparation. Peripheral venous blood was drawn with a 21-gauge needle and collected into a 5-ml
tube containing 3.8% sodium citrate. Specimens were centrifuged for 15 minutes (min) at 200 g at room temper-
ature (RT); platelet-rich plasma (PRP) was isolated and diluted with modified Tyrode’s buffer (137 mM NaCl,
2.7mM KCl, 11.9 mM NaHCOj;, 0.42 mM NaH,PO,, 1 mM MgCl,, 5.5 mM glucose, 5mM HEPES and 0.35%
BSA, pH 7.4) supplemented with 1 mM EDTA. Platelets were pelleted by centrifugation at 1000 g for 5min and
resuspended in Tyrode’s buffer. Platelet count was calculated with a blood cell counter (Cellometer, Nexcelom,
America). Leukocyte-rich layer was collected and after hypotonic lysis of erythrocytes; the suspension was centri-
fuged at 300 g at RT for 5 min. Leukocyte pellet was washed and then resuspended in 1 ml Tyrode’s buffer for use.

Human umbilical vein ECs (HUVECs) from AllCells (Emeryville, CA, USA) were cultured in endothelial
cell medium containing 10% FBS, 1% endothelial cell growth supplement and antibiotics at 37°C in a 5% CO,
humidified atmosphere. Cells from 2-6 passages were used for experiments.

Co-incubation assay. Platelets (4 x 107) were incubated with ECs (2 x 10°) in 12-well culture plates for
30 min at 37 °C in serum-free medium containing CaCl, (1 mM). In some cases, platelets were pretreated with
lactadherin (2nM) or annexin V (2nM) and ECs were pretreated with anti-ov33 (5pug/ml) at RT for 15min. After
incubation, the mixed cells were washed and treated with 0.25% trypsin-EDTA for 2 min at 37 °C to promote
detachment and remove extracellular adherent platelets®>. Alternatively, platelets (2 x 10°) with or without prior
engulfment by ECs were added to leukocyte suspension (1 x 10°) and incubated for 30 min.
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Flow cytometry. To quantify PS and P-selectin expression, platelets or HUVECs were adjusted to 1 x 10°
cells/ml and incubated with FITC-anti-P-selection (5nM) and Alexa 647-labeled lactadherin (2nM) for 15 min in
the dark at RT. Cells were analyzed on a flow cytometer (FACSA Canto II, Becton Dickinson, USA).

For in vitro EC-platelet phagocytosis and inhibition assays, platelets stained with 3 uM CMTPX (excitation
586/emission 613, red) were incubated with ECs labeled with 1 uM CMFDA (excitation 492/emission 516,
green) as described in “Coincubation assay”. The mixed cells were collected, washed and incubated with 0.25%
trypsin-EDTA for 2 min at 37 °C to promote detachment and remove any surface bound platelets®?. For inhibition
assays, platelets were preincubated with anti CD62P, anti CD42b, anti CD36, annexin V, or lactadherin followed
by co-cultured with ECs at 37 °C for 30 min. Phagocytosis was determined by the percentage of red fluorescence
(CMTPX)-positive CMFDA (green) ECs by FACS Canto II flow cytometer?’.

Analysis of PLA has been described previously with some modifications®. Percentages of platelet-conjugated
leukocytes in the total leukocyte, monocyte, lymphocyte, and neutrophil populations were obtained. Briefly,
50 ul of leukocyte suspension were added to Alexa Fluro 488-conjugated CD41a (2 ug/ml) and Alexa Fluro
647-conjugated CD45 (2 ug/ml) for 15min at RT in the dark. The cells were then washed, resuspended in Tyrode’s
buffer, and analyzed immediately by flow cytometry.

Confocal microscopy. Platelets from healthy subjects and patients were incubated with Alexa Fluro
488-labeled lactadherin (4 nM) to detect PS exposure. Cells were washed to remove unbound protein and evalu-
ated immediately. The samples were excited with the 488 nm emission line of a krypton-argon laser, and narrow
bandpass filters were utilized to restrict emission wavelength overlap. Images were captured with Zeiss LSM 510
Meta confocal microscope (Carl Zeiss Jena GmbH, Jena, Germany).

Electron microscopy. For scanning electron microscopy (EM), whole blood smear or ECs incubated with
platelets were prepared on glass coverslips. Samples were treated with 2.5% glutaraldehyde fixative and stored
at 4°C until processed. Following several rinses in 0.1 M Na-cacodylate HCI buffer, samples were then fixed
with 1% OsO, before being dehydrated in various concentrations of ethanol. A layer of platinum, approximately
10 nm thick, was sprayed on the samples. Images were examined with a S-3400N Scanning Electron Microscope
(Hitachi Ltd., Tokyo, Japan) using an ultra-high-resolution mode. The qualification of activated/apoptotic plate-
lets was measured as previously with some modifications®. Briefly, 200 cells were randomly counted and the
percentage of activated/apoptotic platelets was analyzed.

For transmission microscopy, patient whole blood, livers of septic rats, or ECs that had been previously incu-
bated with platelets were double fixed in 2.5% glutaraldehyde and 1% OsO, before washing, dehydration and
embedding. Conventional thin sections were prepared with Reichert-Jung Ultracut Ultramicrotome (Leica,
Vienna, Austria). Images were observed under a H7650 transmission electron microscope (Hitachi Ltd., Tokyo,
Japan).

Fluorescence microscopy. Platelet-leukocyte complexes was detected by modified method as previously
described?. Briefly, the mixture of platelets and leukocytes was seeded in 12-well plates coated with poly-d-lysine
for 1h at 37°C in a 5% CO, atmosphere. They were subsequently fixed in 3.7% formaldehyde for 1h at 4°C and
blocked with 10% BSA. For fluorescence staining, platelets were labeled with Alexa Fluro 647-conjugated CD41a
(2 ug/ml), followed incubation with DAPI (500 ng/ml) to detect leukocytes. Specimens were washed and identi-
fied with fluorescence microscope (Leica, DM400B, Germany). The qualification of PLA was measured as previ-
ously with some modifications®. Briefly, 200 cells were randomly counted and the percentage of PLA (costained
with red and blue) was analyzed.

Engulfment was analyzed using a previous method with some modifications?. Briefly, ECs were seeded on
glass coverslips coated poly-d-lysine in 12-well culture plates. In some cases, ECs were pretreated with 10% septic
serum for 6 h and then were washed three times with Tyrode’s buffer to remove the residual serum. ECs were
labeled with 1 uM CMTPX, and then they were co-incubated with 3 uM CMFDA-stained platelets as described
in “Coincubation assay”. The mixed cells were fixed in 3.7% formaldehyde and analyzed immediately. Platelets
phagocytosed by ECs were co-stained with both CMFDA (green) and CMTPX (red). The qualification of eng-
lufed platelet was measured as previously with some modifications®. Briefly, 200 cells were randomly counted and
the percentage of engulfed platelets (costained yellow) was analyzed.

Immunohistochemistry. To observe the distribution and phagocytosis of platelets in vivo, the following
experiments were performed as described previously with some modifications. Briefly, 7- to 9-week-old male
Wistar rats were injected with LPS (0.1 mg/kg intravenously [IV]) or sterile saline as control, and perfusion fixed
at 6 h after injection. Samples of the liver were taken for microscopic examinations. The livers of the control and
treated animals were perfused through the portal vein with a peristaltic pump at a rate of 10 ml/min. Perfusion
consisted of saline for 20 sec followed by phosphate-buffered 4% paraformaldehyde for 2 min. After perfusion,
slices of liver 3-mm thick were immersed in fixative for 6 h at 4°C, then embedded in paraffin. Selected sec-
tions (4 um) of the control and treated liver were immunostained by streptavidin- biotinperoxidase complex
method. These sections were pretreated with 0.3% H,0, in methanol to block endogenous peroxidase activity
and were then incubated with normal goat serum (1:5 dilution). The sections were then incubated overnight
with primary Abs (diluted 1:1000), rinsed in phosphate-buffered saline (PBS) containing 0.03% Triton X-100
and then incubated for 30 min with either biotinylated goat anti-mouse Ig (1:600 dilution) or biotinylated goat
anti-rabbit Ig (1:800 dilution, for anti-P-selectin). Sections were then rinsed again in PBS, and finally, incubated
for 30 min with peroxidase-conjugated streptavidin (1:300 dilution). All Abs were diluted in 0.1 mol/L PBS con-
taining 0.03% Triton X-100 and 1% bovine serum albumin (BSA), and all steps were performed at room tem-
perature. Tissue peroxidase activity was visualized after a 5-minute exposure to 0.025% 3,3-diamino-benzidine

SCIENTIFICREPORTS |7:4978|DO0I:10.1038/s41598-017-04773-8 11



www.nature.com/scientificreports/

tetrahydrochloride (DAB) in 0.05 mol/L Tris-HCl buffer (pH 7.4) containing 0.01% H,O,, or a 10-minute expo-
sure to 3,38,5,58-tetramethylbenzidine in buffer. Some sections were counterstained with hematoxylin or nuclear
fast red.

To evaluate the role of annexin V, anti-avf33, and lactadherin on a time course of platelet clearance in
LPS-induced sepsis, 7- to 9-week-old male C57BL/6 mice were injected with LPS (0.2 mg/kg intravenously [IV])
or sterile saline as control, and perfusion fixed at 0, 3, 6, 9, 12 and 24 h after injection. In order to evaluate the
organ-specific distribution and activation of platelets, gadolinium trichloride (GdCl;, 20 mg/kg, IV) was admin-
istered 6 h before the LPS injection in some animals®. Annexin V; anti-avB33, or lactadherin was injected 2 h after
GdCl; injection (4 h before LPS injection) and the liver of each animal was perfusion-fixed as above. Samples of
the liver were taken for microscopic examinations. Paraffin sections (4 um) stained using immunohistochemistry
as well as semi-thin sections (0.2 pm) stained with toluidine blue were analyzed by light microscopy. To quantify
the platelet number, we used our previous method® and the cell count is presented as cell number/mm? and each
value was expressed as mean = SD of 10 mice. This study conformed to the guidelines for the care and use of lab-
oratory animals established by the Animal Care Committee of Harvard Medical School.

Clotting times of platelets. Platelets (2 x 10°) with or without opsonization by 2nM lactadherin were
co-cultured with ECs (1 x 10*) in 12-well culture plates for 1 h. The mixed cells were then harvested and resus-
pended in 100 ul Tyrode’s buffer. Platelets (2 x 10°) that were not cultured with ECs were suspended in the same
amount of Tyrode’s and used as controls. Clotting time was determined by a one-stage recalcification time
assay in a STart4-coagulometer (Diagnostica Stago)?. Briefly, 100 pl cell suspension was incubated with 100 ul
platelet-poor plasma. After incubation for 180 seconds at 37 °C, 100 ul of warmed CaCl, (1.5 mM, final) was added
to start the reaction and the clotting time was recorded immediately. Tail bleeding time was measured as previ-
ously described with some modification®. Briefly, tail bleeding time was determined 30 min post challenge by
removing 1 mm of the distal mouse tail and immersing the tail in 37 °C PBS. A complete cessation of bleeding for
>30sec was defined as the bleeding time.

Intrinsic FXa, extrinsic FXa and prothrombinase assays. The formation of intrinsic FXa, extrinsic
FXa, and prothrombinase was detected with the method described previously with some modifications?. To
evaluate the production of intrinsic FXa, cells were incubated with 1 nM factor IXa, 5nM factor VIII, 0.2nM
thrombin, 130 nM factor X, and 1.5 mM CaCl, in factor Xa buffer (TBS with 0.2% BSA) at RT for 5 min. The reac-
tion was then stopped by the addition of EDTA to 7mM final concentration. After the addition of 10 ul S-2765
(0.8 mM, final), generation of factor Xa was quantified immediately at 405 nm on an automatic microplate reader
(Tecan Infinite M200) in kinetic mode. The activation of extrinsic FXa was performed with 130 nM factor X, 1 nM
factor VIIa, and 1.5mM CaCl, added to the samples. Measurement of extrinsic FXa was similar to that of intrinsic
FXa. Results were evaluated against the rate of substrate cleavage of a standard dilution of FXa.

To measure thrombin generation, cells were incubated with 1 nM factor Va, 0.05nM factor Xa, 1 M prothrom-
bin, and 1.5mM CaCl, in prothrombinase buffer (TBS with 0.05% BSA) for 5min at RT. Thrombin production was
measured with 10 pl S-2238 (0.8 mM, final) after the addition of EDTA at 405 nm in the kinetic microplate reader.
Fibrin clots were evaluated as previously described*’. Briefly, isolated platelets or a mixture of platelets and ECs were
added to re-calcified (1.5mM, final) pooled platelet-free plasma (86.7% plasma, final) in the absence or presence of
2nM lactadherin. Peak turbidities (A ;) of fibrin clots were quantified using the Tecan microplate reader.

Statistical analysis. Results are presented as mean + standard deviation (SD) of at least triplicate measure-
ments. Statistical analysis was performed with Student t-test or ANOVA as appropriate. P < 0.05 was considered
statistically significant.

References
1. Okamoto, K., Tamura, T. & Sawatsubashi, Y. Sepsis and disseminated intravascular coagulation. ] Intensive Care. 4, 23, d0i:10.1186/
$40560-016-0149-0 (2016).
2. Iba, T. et al. Potential diagnostic markers for disseminated intravascular coagulation of sepsis. Blood Rev. 30, 149-155 (2016).
3. Yin, H. et al. Role for platelet glycoprotein Ib-IX and effects of its inhibition in endotoxemia-induced thrombosis, thrombocytopenia,
and mortality. Arterioscler. Thromb. Vasc. Biol. 33,2529-2537 (2013).
4. Grozovsky, R., Giannini, S., Falet, H. & Hoffmeister, K. M. Novel mechanisms of platelet clearance and thrombopoietin regulation.
Curr. Opin. Hematol. 22, 445-451 (2015).
5. Grozovsky, R., Giannini, S., Falet, H. & Hoffmeister, K. M. Regulating billions of blood platelets: glycans and beyond. Blood. 126,
1877-1884 (2015).
6. Chaaban, H. et al. Inter-alpha inhibitor protein and its associated glycosaminoglycans protect against histone-induced injury. Blood.
125, 2286-2296 (2015).
7. Stakos, D. A. et al. Expression of functional tissue factor by neutrophil extracellular traps in culprit artery of acute myocardial
infarction. Eur. Heart J. 36, 1405-1414 (2015).
8. Ed Rainger, G. et al. The role of platelets in the recruitment of leukocytes during vascular disease. Platelet. 26, 507-520 (2015).
9. Paris, L. L. et al. ASGRI expressed by porcine enriched liver sinusoidal endothelial cells mediates human platelet phagocytosis in
vitro. Xenotransplantation. 18, 245-251 (2011).
10. Paris, L. L., Chihara, R. K., Sidner, R. A., Tector, A. J. & Burlak, C. Differences in human and porcine platelet oligosaccharides may
influence phagocytosis by liver sinusoidal cells in vitro. Xenotransplantation. 19, 31-39 (2012).
11. Wang, Z.Y,, Paris, L. L., Chihara, R. K,, Tector, A. J. & Burlak, C. Immortalized porcine liver sinusoidal endothelial cells: an in vitro
model of xenotransplantation-induced thrombocytopenia. Xenotransplantation. 19, 249-255 (2012).
12. Bongoni, A. K. et al. Porcine extrahepatic vascular endothelial asialoglycoprotein receptor 1 mediates xenogeneic platelet
phagocytosis in vitro and in human-to-pig ex vivo xenoperfusion. Transplantation. 99, 693-701 (2015).
13. Webster, M. L. et al. Relative efficacy of intravenous immunoglobulin G in ameliorating thrombocytopenia induced by antiplatelet
GPIIbIIIa versus GPIb antibodies. Blood. 108, 943-946 (2006).
14. McMillan, R. The pathogenesis of chronic immune thrombocytopenic purpura. Semin. Hematol. 44, S3-S11 (2007).

SCIENTIFICREPORTS | 7:4978|DO0I:10.1038/s41598-017-04773-8 12



www.nature.com/scientificreports/

15.
16.
. Grewal, P. K. et al. The Ashwell receptor mitigates the lethal coagulopathy of sepsis. Nat. Med. 14, 648-655 (2008).
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

35.
. Hanayama, R. et al. Autoimmune disease and impaired uptake of apoptotic cells in MFG-E8-deficient mice. Science. 304, 1147-1150

37.
38.
39.
40.
41.
42.
43.
44,
45.

46.

50.
51.
52.
53.
54.
55.
56.

57.

Chen, P. et al. Animal model of fetal and neonatal immune thrombocytopenia: role of neonatal Fc receptor in the pathogenesis and
therapy. Blood. 116, 3660-3668 (2010).
Hoffmeister, K. M. et al. The clearance mechanism of chilled blood platelets. Cell. 112, 87-97 (2003).

Li, J. et al. Desialylation is a mechanism of Fc-independent platelet clearance and a therapeutic target in immune thrombocytopenia.
Nat. Commun. 6,7737 (2015).

Jansen, A. ., Peng, J., Zhao, H. G., Hou, M. & Ni, H. Sialidase inhibition to increase platelet counts: A new treatment option for
thrombocytopenia. Am. J. Hematol. 90, E94-95 (2015).

Park, B. et al. Co-receptors are dispensable for tethering receptor mediated phagocytosis of apoptotic cells. Cell death Dis. 6, 1772
(2015).

van Kruchten, R. et al. Both TMEM16F-dependent and TMEM16F-independent pathways contribute to phosphatidylserine
exposure in platelet apoptosis and platelet activation. Blood. 121, 1850-1857 (2013).

Schutters, K. et al. Cell surface-expressed phosphatidylserine as therapeutic target to enhance phagocytosis of apoptotic cells. Cell
Death Differ. 20, 49-56 (2013).

Tan, X. et al. Role of erythrocytes and platelets in the prothrombotic status in polycythemia vera through phosphatidylserine
exposure and microparticle generation. Thromb. Haemost. 109, 1025-1032 (2013).

Agbani, E. O. et al. Coordinated membrane ballooning and procoagulant spreading in human platelets. Circulation. 132, 1414-1424
(2015).

Otzen, D. E., Blans, K., Wang, H., Gilbert, G. E. & Rasmussen, J. T. Lactadherin binds to phosphatidylserine-containing vesicles in a
two-step mechanism sensitive to vesicle size and composition. Biochim. Biophys. Acta. 1818, 1019-1027 (2012).

Flannagan, R. S., Canton, J., Furuya, W., Glogauer, M. & Grinstein, S. The phosphatidylserine receptor TIM4 utilizes integrins as
coreceptors to effect phagocytosis. Mol. Biol. Cell. 25, 1511-1522 (2014).

Xie, R. et al. Phagocytosis by macrophages and endothelial cells inhibits procoagulant and fibrinolytic activity of acute promyelocytic
leukemia cells. Blood. 119, 2325-2334 (2012).

Fens, M. H. et al. Angiogenic endothelium shows lactadherin-dependent phagocytosis of aged erythrocytes and apoptotic cells.
Blood. 111, 4542-4550 (2008).

Clark, S. R. et al. Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood. Nat. Med. 13, 463-469
(2007).

Shi, J., Fujieda, H., Kokubo, Y. & Wake, K. Apoptosis of neutrophils and their elimination by Kupffer cells in rat liver. Hepatology. 24,
1256-1263 (1996).

Shi, J., Kokubo, Y. & Wake, K. Expression of P-Selectin on hepatic endothelia and platelets promoting neutrophil removal by liver
macrophages. Blood. 92, 520-528 (1998).

Jiang, P. et al. Phagocytosis of platelets enhances endothelial cell survival under serum deprivation. Exp. Biol. Med. (Maywood). 240,
876-883 (2015).

Spittau, B., Rilka, J., Steinfath, E., Zoller, T. & Krieglstein, K. TGF31 increases microglia-mediated engulfment of apoptotic cells via
upregulation of the milk fat globule-EGF factor 8. Glia. 63, 142-153 (2015).

Dasgupta, S. K. et al. Role of lactadherin in the clearance of phosphatidylserine-expressing red blood cells. Transfusion. 48,
2370-2376 (2008).

Dasgupta, S. K. et al. Lactadherin and clearance of platelet-derived microvesicles. Blood. 113, 1332-1339 (2009).

(2004).

van Gils, J. M., Zwaginga, J. ]. & Hordijk, P. L. Molecular and functional interactions among monocytes, platelets, and endothelial
cells and their relevance for cardiovascular diseases. J. Leukoc. Biol. 85, 195-204 (2009).

Maugeri, N. et al. Neutrophils phagocytose activated platelets in vivo: a phosphatidylserine, P-selectin, and 32 integrin-dependent
cell clearance program. Blood. 113, 52545265 (2009).

Kourtzelis, I. et al. Developmental endothelial locus-1 modulates platelet-monocyte interactions and instant blood-mediated
inflammatory reaction in islet transplantation. Thromb. Haemost. 115, 781-788 (2016).

Yan, S. L., Russell, J. & Granger, D. N. Platelet Activation and Platelet-leukocyte Aggregation Elicited in Experimental Colitis Are
Mediated by Interleukin-6. Inflamm. Bowel Dis. 20, 353-362 (2014).

Assinger, A. et al. Apolipoprotein B100 danger-associated signal 1 (ApoBDS-1) triggers platelet activation and boosts platelet-
leukocyte proinflammatory responses. Thromb. Haemost. 112, 332-341 (2014).

Polanowska-Grabowska, R. et al. P-Selectin-Mediated Platelet-Neutrophil Aggregate Formation Activates Neutrophils in Mouse
and Human Sickle Cell Disease. Arterioscl. Throm. Vas. Biol. 30, 2392-2399 (2010).

Caudrillier, A. et al. Platelets induce neutrophil extracellular traps in transfusion-related acute lung injury. J. Clin. Invest. 122,
2661-2671 (2012).

Masoumeh, N. et al. Comparison of the Effects of Subcutaneous Versus Continuous Infusion of Heparin on Key Inflammatory
Parameters Following Sepsis. Anesth. Pain Med. 6, €33780 (2016).

Chen, Y. X., Wang, J. Y. & Guo, S. B. Use of CRB-65 and quick Sepsis-related Organ Failure Assessment to predict site of care and
mortality in pneumonia patients in the emergency department: a retrospective study. Crit. Care. 20, 167 (2016).

Wang, J. Y. et al. Predictive performance of quick Sepsis-related Organ Failure Assessment for mortality and intensive care unit
admission in patients with infection at the ED. Am. J. Emerg. Med. 34, 1788-1793 (2016).

. Leslie, M. Beyond clotting: the powers of platelets. Science. 328, 562-564 (2010).
. Mervyn, S. et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA. 315, 801-810 (2016).
. Christopher, W. S. et al. Assessment of Clinical Criteria for Sepsis For the Third International Consensus Definitions for Sepsis and

Septic Shock (Sepsis-3). JAMA. 315, 762-774 (2016).

Toh, C. H., Alhamdi, Y. & Abrams, S. T. Current Pathological and Laboratory Considerations in the Diagnosis of Disseminated
Intravascular Coagulation. Ann. Lab. Med. 36, 505-512 (2016).

Asakura, H. et al. Proposal for new diagnostic criteria for DIC from the Japanese Society on Thrombosis and Hemostasis. Thromb.
J. 14, eCollection 2016 (2016).

Norma, M. et al. Neutrophils phagocytose activated platelets in vivo: a phosphatidylserine, P-selectin, and 32 integrin-dependent
cell clearance program. Blood. 113, 5254-5265 (2009).

Li, N, Goodall, A. H. & Hjemdahl, P. Efficient flow cytometric assay for platelet-leukocyte aggregates in whole blood using
fluorescence signal triggering. Cytometry. 35, 154-161 (1999).

Chen, G. et al. Heme-induced neutrophil extracellular traps contribute to the pathogenesis of sickle cell disease. Blood. 123,
3818-3827 (2014).

Shi, J., Pipe, S. W,, Rasmussen, J. T., Heegaard, C. W. & Gilbert, G. E. Lactadherin blocks thrombosis and hemostasis in vivo:
correlation with platelet phosphatidylserine exposure. J. Thromb. Haemost. 6, 1167-1174 (2008).

Wang, Y. et al. Platelet-derived S100 family member myeloidrelated protein-14 regulates thrombosis. J. Clin. Invest. 124, 2160-2171
(2014).

Campbell, R. A., Overmyer, K. A., Selzman, C. H., Sheridan, B. C. & Wolberg, A. S. Contributions of extravascular and intravascular
cells to fibrin network formation, structure, and stability. Blood. 114, 4886-4896 (2009).

SCIENTIFICREPORTS |7:4978|DO0I:10.1038/s41598-017-04773-8 13



www.nature.com/scientificreports/

Acknowledgements

The authors thank Yang Liu, Jingdong Qu, Rui Huang, Jiajia Lu for the sample collection, and Yakun Zhang,
Yueming Chi, Lei Gao, Shouchen Zhang, Jiangtian Tian, Ji Li, Hulun Li for excellent technical assistance. This
work was supported by grants from the National Science Foundation of China (81470301, 81670128, 81400097)
and Graduate Innovation Fund of Harbin Medical University (YJSCX2014-02HYD).

Author Contributions

R.M. designed the research, performed experiments, analyzed results, made the figures and wrote the paper; J.S.
obtained funding, designed the study, performed experiments, analyzed results, made the figures, and revised the
manuscript; C.G. provided partial funding support; C.Y., S.E, Y.S., Z.Y., X. W,, H.C. performed some experiments;
B.Y,].Z,S.Y,, HS.T,, V.N. analyzed data and revised the manuscript; L.Z., R.X., Y.B., ]. K. made the figures and
analyzed data.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-04773-8

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7:4978|DO0I:10.1038/s41598-017-04773-8 14


http://dx.doi.org/10.1038/s41598-017-04773-8
http://creativecommons.org/licenses/by/4.0/

	Phosphatidylserine-mediated platelet clearance by endothelium decreases platelet aggregates and procoagulant activity in se ...
	Results

	Platelets in sepsis are activated and apoptotic. 
	Platelet heterotypic aggregate is a reflection of platelet activation. 
	Phagocytosis of platelets by ECs. 
	Platelet clearance by ECs results in fewer PLA formation. 
	Coagulation disorder in septic patients. 
	Lactadherin-enhanced phagocytosis reduces PCA and fibrin formation in septic patients. 

	Discussion

	Materials and Methods

	Patients. 
	Reagents. 
	Cell preparation. 
	Co-incubation assay. 
	Flow cytometry. 
	Confocal microscopy. 
	Electron microscopy. 
	Fluorescence microscopy. 
	Immunohistochemistry. 
	Clotting times of platelets. 
	Intrinsic FXa, extrinsic FXa and prothrombinase assays. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Activation of platelets in sepsis.
	Figure 2 Platelets form heterotypic aggregates with blood cells in circulation.
	Figure 3 Phagocytosis of platelets by ECs in vitro.
	Figure 4 Phagocytosis of platelets by ECs in vivo.
	Figure 5 Platelet phagocytosis by ECs reduces PLA formation.
	Figure 6 Coagulation dysfunction in septic patients.
	Figure 7 Effect of lactadherin-mediated phagocytosis on procoagulant activity and fibrin formation.
	Table 1 Septic patients’ characteristics.
	Table 2 Characteristics of Septic patients developing DIC.
	Table 3 Platelet activation in patients during and after sepsis.




