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Abstract

Background—Extracorporeal membrane oxygenation (ECMO) has frequent and sometimes
lethal thrombotic complications. The role that activated platelets, leukocytes, and small (0.3-
micron to 1-micron) extracellular vesicles (EVs) play in ECMO thromboasis is not well understood.

Objectives—To test the effect of blood flow rate on the generation of activated platelets,
leukocytes, and EVs in a simulated neonatal ECMO circuit using heparinized human whole blood.

Methods—Simulated neonatal roller pump circuits circulated whole blood at low, nominal, and
high flow rates (0.3, 0.5, and 0.7 L/min) for 6 h. Coagulopathy was defined by
thromboelastography (TEG), STA®-procoagulant phospholipid clot time (STA® Procoag-PPL),
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and calibrated automated thrombogram. High-resolution flow cytometry measured the cellular
expression of prothrombotic phospholipids and proteins on platelets, leukocytes, and EV.

Results—Despite heparinization, occlusive thrombosis halted flow in two of five circuits at 0.3
L/min and three of five circuits at 0.7 L/min. None of the five circuits at 0.5 L/min exhibited
occlusive thrombosis. Phosphatidylserine (PS)-positive platelets and EVs increased at all flow
rates more than blood under static conditions (P < .0002). Tissue factor (TF)-positive leukocytes
and EVs increased only in low-flow and high-flow circuits (£ < .0001). Tissue factor pathway
inhibitor (TFPI), at 50 times more than the concentration in healthy adults, failed to suppress
thrombin initiation in low-flow and high-flow circuits.

Conclusions—This in vitro study informs ECMO specialists to avoid low and high blood flow
that increases TF expression on leukocytes and EVs, which likely initiate clot formation.
Interventions to decrease TF generated by ECMO may be an effective approach to decrease
thrombosis.
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INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) provides lifesaving care to children and
adults with organ failure and allows successful surgical repair of cardiac anatomical defects.
1.2 However, overall survival for neonates supported with ECMO has decreased, as
increasingly complex ECMO patients continue to experience high rates of morbidity from
mechanical complications.3 Over the past 60 years the components of an ECMO circuit,
which include a blood pump and an artificial lung, also known as an oxygenator, have
significantly improved.! These improvements increased the utilization of extracorporeal
circuits for a wide variety of clinical situations from short-term support, such as
cardiopulmonary bypass surgery, to long-term support such as left ventricle assist devices.
Despite these advances, device-related thrombosis continues to result in increased mortality,
neurological morbidity, and limb loss.# One-third of neonates and children develop a
thrombotic complication in the circuit, oxygenator, or patient during ECMO support.#
Current laboratory tests such as prothrombin time, partial thromboplastin time, platelet
count, fibrinogen level, activated clotting time, or heparin dose are poor predictors of circuit
thrombosis.> Moreover, systemic anticoagulation and heparin-coated polymer surfaces do
not decrease ECMO-related thrombotic events. Prolonged duration of ECMO further
increases the burden of thrombosis, resolved only with an exchange of the ECMO circuit. A
circuit exchange is a highrisk procedure exposing the patient to temporary oxygenation and
hemodynamic failure. An increase in plasma D-dimer concentration, a product of clot
degradation, is associated with the need for circuit exchange but can be unreliable as it is
heavily influenced by other contributing pathologies.® Improved understanding of the
mechanisms that lead to ECMO-related thrombosis may lead to novel interventions.

During circulation, blood pumps increase the wall shear stress within the ECMO circuit
causing circulating platelet and leukocyte activation-"=9 /n vitro and clinical studies
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document that platelets, erythrocytes, and leukocytes express prothrombotic proteins and
phospholipids and release prothrombotic EVs when exposed to abnormal or prolonged shear
stress-10 Extracellular vesicles, also known as microparticles, are small (0.3—1 micron) cell-
derived membrane vesicles!1:12 that can contribute to clot formation by the initiation and
propagation of clotting without exposure to an artificial surface.13 Our /n vitro studies
documented the release of platelet-derived EVs in a neonatal ECMO model using porcine
whole blood.1415 However, the effect of ECMO pump flow rate on the generation of
prothrombotic cells, EV, and thrombin generation in human blood remains to be established.

Multidetector computer tomography and scanning electron microscopy have documented
that a majority of ECMO thrombotic events occur in the hollow-fiber oxygenator.16:17 Qur
studies identified that ECMO can activate platelets to incorporate into clots within the
membrane oxygenator.1” Wilm et al.18 further documented an increased adhesion of
leukocytes into membranelike structures spanning multiple gas capillaries in oxygenators.
Hollow-fiber oxygenators fail in >10% of cases because of thrombotic deposits on the gas
exchange capillaries, leading to an increase in blood flow resistance and diffusion path.1® A
pump-driven ECMO system will react to increased blood flow resistance with an
augmentation of pump speed (revolutions/minute), which further raises the mechanical stress
on cellular blood components, inducing activation of the coagulation cascade.20:21
Therefore, flow rate may have a significant effect on ECMO thrombosis that is independent
of systematic heparinization or contact activation. To investigate, samples were collected
from a simulated neonatal ECMO circuit at FDA approved low (i.e., minimum), nominal,
and high (i.e., maximum) blood flow to determine changes in coagulopathy,
thrombocytopathy, prothrombotic cells and EV, thrombin generation, and clot formation.
Our overall hypothesis is that low and high ECMO blood flow rate, compared to static
control and nominal flow rate, increases prothrombotic platelets, leukocytes, EVs, clot
formation, and circuit failure.

MATERIALS AND METHODS

Simulated ECMO includes the Cobe CV model 43600 roller pump (Sorin), KIDS D100
oxygenator (Sorin), 400 mL Capiox venous reservoir (Terumo), and wire-wrapped arterial
and venous pediatric DLP catheters, 8 Fr and 12 Fr, respectively (Medtronic). Activated
clotting time (ACT) cartridges were purchased from Werfen and measured using a
Haemochron Jr 11 Signature Elite. Blood gas, chemistry, and glucose i-STAT cartridges were
purchased from Abbot Inc. Thromboelastography (TEG) kits were purchased from
Haemonetics. Silica size beads were purchased from Bangs Laboratories. Accucount
fluorescent particles were purchased from SPHERO™. Unfractionated heparin and dextrose
were purchased from Baxter Healthcare. 4-(2-Hydroxyethyl)-1-piperazineethane-sulfonic
acid buffered-saline solution with 0.05% bovine serum albumin was purchased from Sigma
Aldrich Corp. and prepared by adding 20 mmol/L 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 140 mmol/L NaCl, and 0.05% bovine serum albumin to
distilled water then changing the solution to a pH of 7.4 with sodium bicarbonate. Dade
hepzyme (Cat# 10445730) was purchased from Siemen Industry Inc. Pacific Blue (Pac Blue)
or fluorescein isothiocyanate - lactadherin antibody was purchased from Haemonetics
Technology, Inc. Fluorescent conjugated anti-CD41/APC-H7 (Cat# 561422), anti-CD45/
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FITC or APCH7 (Cat# 347463 or 560178), anti-CD14/PerCP Cy5.5 (Cat# 550787), anti-
CD142(TF)/phycoerythrin (Cat# 550312), and BD fluorescence-activated cell sorter (FACS)
Lyse wash were purchased from BD Biosciences. FcR blocking reagent was purchased from
Miltenyi Biotec. For immunohistochemistry staining, Prolong Golg antifade reagent with
DAPI and fibrinogen-Alexa488 were purchased from Thermo Fisher Scientific (# P36931
and # PA1-85429). Additional platelet reagents for immunohistochemistry (CD61-APC)
were purchased from BD Biosciences (#555752) and factor Va reagents purchased from
GeneTx (# GTX21015). Drabkins reagent and hemoglobin standard for free plasma
hemoglobin measurement were purchased from Fisher Scientific. Tumor necrosis factor
alpha assay for the Bio-Plex® multiplex immunoassay system was purchased from BIO-
RAD. For in-house EV TF activity assay the follow reagents were purchased: TF antibody
from BD Biosciences (clone: HTF-1), immunoglobulin G from Sigma Aldrich, relipidated
recombinant TF from Dade Innovin (Siemens), human factor Vlla (FVIla), factor X (FX),
and Pefachrome FXa 8595 from Enzyme Research Laboratories. Coagulation reagents, anti-
Xa, D-dimer, and STA®-Procoag-PPL assay kits, thrombin fluorogenic substrate (Z-Gly-
Gly-Arg-AMC), and calibrator (a2 macroglobulin/thrombin) reagents were purchased from
STAGO. Tissue factor pathway inhibitor (TFPI) was purchased from R&D Systems (CAT#
2974-P1-010). Various blood collection tubes were purchased from Fisher Scientific.

Blood collection

The University of Texas Health Science Center at San Antonio and the U.S. Army Medical
Research and Materiel Command Institutional Review Boards approved the study protocol
(USAISR SOP L-15-003 and UTHSCSA IRB Protocol #HSC20120097H). Blood was
collected into a blood transfer bag containing 1 U/mL of heparin. Preliminary studies
determined that heparin was preferable to standard anticoagulant (e.g., citrate phosphate
dextrose) to prevent dilution and calcium depletion. Blood samples were collected into a
syringe then dispersed to blood gas cartridges, ACT cartridges, and blood collection tubes
with either 3.2% sodium citrate tube, lithium-heparin, or ethylenediaminetetraacetic acid.
Plasma samples were prepared from the heparinized circuit by collecting in sodium citrate to
prevent clot formation after hepzyme reversal.

Simulated ECMO

A neonatal single-use ECMO circuit, modified with decreased volume and surface area, was
constructed as in previous studies.1 The roller-pump raceway used 3/8-inch tubing#22 and
was calibrated before each experimental run as previously described.23 The pump,
oxygenator, catheters, and reservoir bag were attached with sections of sterile ¥-inch x
3/32-inch’ tubing. The circuit maintained a temperature of 37 °C using a laboratory heating
bath circulator and an integrated heat exchanger within the oxygenator. Within minutes of
blood collection, the circuit was filled with care to remove bubbles. A static control sample
was then removed from the circuit, gently mixed at regular intervals, and held in the same
tubing at 37 °C for the duration of the experiment. Each single-use ECMO system circulated
for 6 h with continuous pressure measurements recorded at the inlet and outlet of the hollow
fiber oxygenator. Blood gas was measured every hour to keep the pH, pco,, and po, within
normal range by way of adjustments in a mixture of carbon dioxide and room air. Activated
clotting time and glucose were adjusted every hour to maintain circuit values within target
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ranges of 180 to 220 s and 70 to 125 mg/dL, respectively; the control received matched
amounts of heparin or dextrose. Blood samples were drawn from the circuit and from the
control at pump start (0 h), and after 1, 2, 4, and 6 h of circulation. Flow rates were selected
within the manufacturer-recommended operating range of the KIDS D100 hollow-fiber
oxygenator. A low flow rate was defined as 0.3 L/min, a typical clinical flow rate was
defined as 0.5 L/min (i.e., nominal), and a high flow rate was defined as 0.7 L/min. Using
the same protocol and sequence of use the experiment was repeated for a total of five
separate runs at 0.3, 0.5, or 0.7 L/min flow rate in a single-use neonatal ECMO system for a
total of 15.

Hemolysis, coagulation, thrombelastography, and clot formation

Activated clotting time, blood gas, complete blood count, and thromboelastography were
measured within minutes of collection of whole blood samples. The ACT and blood gas
measurements were performed following manufacturer’s directions. The TEG 5000 system
used heparinase and blood collected in sodium citrate to measure hemostatic characteristics.
Platelet-free plasma was prepared by sequential centrifugation at 2500 x g for 15 min at
room temperature x 2 and then aliquoted into 1.5-mL Nunc® Cryotubes® (Sigma) for
storage at —80 °C. Using manufacturer’s directions, the STAGO STA-R Evolution®
measured prothrombin time, activated partial thromboplastin time, fibrinogen, D-dimer,
antithrombin 111, von Willebrand antigen, anti-Xa activity, and Procoag-PPL® clot time.
International Normalized Ratio (INR) was calculated by determining the ratio of sample
prothrombin time to a reference prothrombin time from 30 healthy adults. For all assays
except anti-Xa, samples were treated prior to analysis with 1 pL of Dade hepzyme per 100
pL sample at 37 C for 1 min to reverse residual heparin from the circuit. A previously
described spectrophotometric assay?4 was used to detect free plasma hemoglobin. At
completion of the experiment, the oxygenators were flushed with 4% paraformaldehyde and
buffered saline, then frozen at =80 °C until analysis. Using a tabletop band saw, the top and
bottom of the membrane case were removed, allowing extraction of the circular hollow-fiber
bundle. Sections of the membrane were then placed in Optimal Cutting Temperature
Compound for cryosection at 10 microns. Histological cross-section slices of the membrane
oxygenator hollow fibers were then stained with antibodies to identify platelets, leukocytes,
fibrinogen, and factor Va. Preliminary images of these oxygenators were taken with a Zeiss
Axio fluorescence microscope.

Platelet and leukocyte assays

An ADVIA 120 Hematology System (Siemens Medical Solutions) used blood collected in
ethylenediaminetetraacetic acid to determine platelet and leukocyte counts. Platelet and
leukocyte expression of prothrombotic proteins were measured using an optimized whole
blood flow protocol on a BD FACS Canto using previously described fluorescence-minus-
one controls and FcR Block.2526 A 5-uL sample of heparinized whole blood was diluted
1:20 in 4-(2-hydroxy-ethyl)-1-piperazineethanesulfonic acid buffered-saline solution and
then incubated in the dark for 30 min with antibodies to CD41a, CD14, CD45, CD142, and
lactadherin. Prothrombotic platelets were identified as positive for CD41a (platelet marker)
and lactadherin, which binds to PS. Prothrombotic monocytes were identified, after
following the manufacturer directions for BD FACS Lyse Wash, as positive for CD45
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(leukocytes marker), CD14 (monocyte marker), and CD142 (tissue factor marker).
Fluorescence-activated cell sorter (FACS) data were processed using FlowJo (version 7.5.5;
Tree Star Inc). Concentration of TNF-a., a marker of monocyte activation, was measured
following the manufacturer’s directions using the Bio-Plex® Multiplex Immunoassay
system (BIO-RAD). Extracellular TF activity (pg/mL) was measured on accuSkan GO
UV/Vis microplate spectrophotometer (Fischer Scientific) using an in-house assay described
previously.2’

Extracellular vesicle quantification

To detect and quantify EVs, the International Society of Thrombosis and Haemostasis
(ISTH) guidelines were followed and our protocol procedures were submitted to the EV-
TRACK knowledgebase (EV-TRACK ID: EV170038).28 Previous studies helped to define
optimal reproducible preanalytic conditions (e.g., centrifugation and storage) for EV
analysis-29:30 Separate aliquots (25 uL) of Platelet Free Plasma (PFP) were diluted with 75
pL of phosphate buffered saline containing 1% bovine serum albumin and incubated for 15
min in the dark at 37 °C. Extracellular vesicle size (300-1000 nm) was determined by flow
cytometer using a representative gate derived from a standard curve established with a silica
size bead mixture of 150, 300, 500, 700, 1000, and 2000 nanometers on the high-resolution
forward scatter photomultiplier tube of a BD FACS Canto Il. Prothrombotic platelet EVs
(PEVs) were identified with antibodies for CD41a and PS. Leukocyte EVs (LEVS)
expressing tissue factor were identified with CD45 and CD142.

Calibrated automated thrombogram

Before measuring thrombin generation in PFP samples, residual heparin effects were
removed using hepzyme. Thrombin generation was analyzed in triplicate samples of PFP
(80 uL) with 20 pL of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffered-saline
solution/BSA (no trigger). Thrombin generation was initiated without a trigger by
automatically dispensing fluorogenic substrate (Z-Gly-Gly-Arg-AMC at 16 mmol/L) and
CaCl, (416 umol/L). Thrombin generation was calibrated against wells containing 20 UL a
-2 macroglobulin/ thrombin complex and 80 uL of PFP. A thrombogram curve was analyzed
using the Thrombinoscope software v3.0.0.29 (Thrombinoscope BV).12 Thrombin
generation in samples from control, low, nominal, and high flow rate were then repeated
with final concentrations of 200 nmol/L lactadherin or 75 nmol/l of TFPI. Lactadherin was
selected as a block for PS because it does not require calcium to bind PS.-3! Tissue factor
pathway inhibitor was selected as a block to TF because it is naturally expressed in healthy
adult plasma at a concentration of 1.6 nmol/L (68 ng/mL).32 Plasma obtained from
simulated ECMO at a nominal flow (0.5 L/min) for 6 h or whole blood stimulation with
lipopolysaccharide (at final concentration of 10 ug/mL)33 was used to determine final
inhibitory concentrations of lactadherin and TFPI. Lactadherin and TFPI concentrations that
were selected roughly decreased peak thrombin time or lag time to approximately half of
pretreated value (Data S1).

Statistical analysis

Group results were compared by mixed-effects analysis (i.e., repeated measures analysis of
variance that allows missing values) for factors of flow rate and time. If a circuit occluded,
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then its subsequent time points are missing values; no data were excluded. Comparisons
between groups and control were completed with a Tukey’s multiple comparison test.
Effects of inhibitors (e.g., lactadherin and TFPI) on thrombin initiation were compared using
the Games-Howell test between groups because the samples sizes were unequal. Simple
linear regression determined the best fit line and Pearson correlation coefficient determined
the goodness of fit. The results for low (77=5), nominal (7= 15), or high flow rate (7= 5) and
static control (7= 15) are presented as mean + standard error of the mean. A control was run
for each flow rate and then compiled for final analysis. Significance is defined as < .05.
Figures were produced and statistical analyses performed using GraphPad Prism version
8.1.2 for Macintosh, GraphPad Software, www.graphpad.com.

RESULTS

Nine men and six healthy women (aged 25-45) donated a unit (400 = 50 mL) of whole
blood. Among all groups, there were no significant differences in baseline values for age,
leukocyte count, hemoglobin, platelet count, PEV, LEV, lag time, peak thrombin, or PPL
clot time (Table 1). All circuits maintained a pH >7.3 for 6 h, whereas the pH in the gently
mixed and sealed control significantly decreased from 7.4 + 0.04 at pump start to 7.18 +
0.02 at 6 h. All circuits maintained pco, within normal range, whereas the control increased
significantly from pump start at 38 + 3.8 to 57 + 3.7 mm Hg after 6 h. Among all groups,
there were no significant changes over 6 h in the concentration of po,, sodium, potassium,
chloride, or ionized calcium. Before pump start, all the groups’ mean anti-Xa activity rose
above 0.2 U and then remained above 0.2 U for the duration of the experiment, a value
previously documented as effective anticoagulation.3* None of the nominal-flow-rate
circuits developed an occlusive thrombus compared to two of the low-flow circuits and three
of the high-flow circuits (Figure 1A). Inlet pressure of the hollow-fiber oxygenator, a marker
of shear stress, increased over time at low and high blood flow rates (Figure 1B). Platelet
count was the only significant different baseline value in circuits that developed an occlusive
thrombus at 217 + 10 cells x 103/pL (7= 5) compared to non-occlusive circuits at 264 + 20
cells x 103/uL (7= 10).

Effect of flow rate on cell count, hemolysis, and thromboelastography (TEG)

Among all groups, platelet count did not significantly change over 6 h; nor were there
significant differences between groups. In all circuits there was no difference in leukocyte
count, but samples from control had significantly decreased leukocyte count after 6 h. All
the circuits generated significant increases in free plasma hemoglobin, a sensitive marker of
hemolysis and mechanical blood damage, more than control after 6 h (Figure 1C). Clot
initiation time () significantly decreased in all groups from pump start. However, R
significantly decreased in samples from low-flow and high-flow circuits more than control
(Figure 1D) after 2 h. Clot strength (MA) did not change over 6 h for control-flow, nominal-
flow, and high-flow circuits. MA at a low flow decreased significantly more than all groups
after 6 h (n=3). Among all groups, there was no significant change in the measurements of
clot formation time (K), angle (a.), clot elasticity (G), and clot lysis at 60 min during the
experiment (Table S2).
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Effect of flow rate on platelet, leukocyte, and EV expression of PS and TF

Platelet expression of PS significantly increased in samples from low blood flow, nominal
blood flow, and high blood flow compared to control (Figure 2A). Prothrombotic platelet-
derived EV, identified by CD41a and PS expression, increased over 6 h in all groups.
However, only nominal-flow circuits increased PEV significantly greater than control after 4
h (Figure 2B). Procoagulant PPL clot time, a measurement of PS contribution to clot
formation, was significantly lower in nominal circuits compared to control and low-flow
circuits at pump start. Despite this initial difference, all flow rates significantly decreased
PPL clot time more than control after 1 h (Figure 2C). Samples from high-flow circuits
decreased PPL significantly more than low-flow circuits after 1 h and significantly more
than nominal circuits after 4 h. Using simple linear regression, PPL clot time had a strong
correlation to platelet expression of PS for all circulated samples with goodness of fit of /2
= .48 and significantly non-zero slope (y = —-0.83x + 44.9), £<.0001. Leukocyte expression
of tissue factor, a strong procoagulant protein, increased significantly in high-flow circuits
compared to control (Figure 2D). After 2 h, high-flow circuits further increased leukocyte
expression of tissue factor more than nominal-flow circuits. Prothrombotic LEV, identified
by CD45 and TF expression, significantly increased in low-flow and high-flow circuits after
4 h compared to control or nominal circuit (Figure 2E). Log mean increases in TNF-a,, a
marker of monocyte activation, significantly increased in circulated blood and static control
over 6 h (Figure 2F). In samples from low-flow and high-flow circuits, TNF-a increased
significantly more than control after 1 h and more than nominal flow rate after 2 h.

Effect of flow rate on coagulation indices and clot formation

For all coagulation assays, except anti-Xa, hepzyme was used prior to analysis to inactivate
residual heparin. After 2 h, INR significantly increased in high-flow circuits more than static
control and start of pump. After 6 h, INR significantly increased in low-flow circuits more
than control-flow rate, nominal-flow rate, or pump start (Figure 3A). Fibrinogen, a marker of
clot consumption, only changed in the low-flow circuits, decreasing more than control,
nominal-flow rate, or pump start after 6 h (Figure 3B). Factor V activity, a marker of tenase
activity, significantly decreased in low-flow and high-flow circuits after 4 h compared to
control, nominal-flow, and pump start (Figure 3C). D-dimer concentration, a clinical marker
of circuit thrombosis, increased significantly in high-flow circuits after 4 h and in low-flow
circuits after 6 h (Figure 3D). Among all groups, other coagulation indices of partial
thromboplastin time, antithrombin I11 activity, or von Willebrand factor (vWF) antigen were
not significantly different or changed over time (Table S3). Histological cross sections of
one oxygenator from a low-flow, nominal-flow, or high-flow circuit were mounted and
stained. Representative images of each of the oxygenators document an increase in platelets,
leukocytes, fibrinogen, and factor Va that developed an occlusive thrombosis (0.3 and 0.7 L/
min) (Figure 4). Representative images obtained from the nominal-flow circuit oxygenator
documented few to no cellular deposits.

Effect of flow rate on calibrated automated thrombogram

Among low-flow, nominal-flow, or high-flow circuits, CAT peak thrombin generation
increased significantly more than control after 1 h (Figure 5A). Peak thrombin had a strong

J Thromb Haemost. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meyer et al.

4|

Page 9

negative correlation to PPL for all circulated samples with goodness of fit of /2 =.31and a
significantly non-zero slope (Y= -5.741*X + 391.7), P< .0001. If we examine only the first
2 h for all circulated samples, this correlation increases with a goodness of fit of /2 = .62.
After 4 h, low-flow and high-flow circuits significantly decreased peak thrombin compared
to nominal flow rate. Extracellular vesicle tissue factor activity was significantly increased in
the low-flow and high-flow circuits compared to nominal-flow and control conditions at the
end of each pump run (Figure 5B). The CAT lag time significantly decreased in all groups.
For the first hour, lag time decreased significantly more in nominal-flow-rate and high-flow-
rate circuits than control samples. Low-flow and high-flow circuits significantly decreased
their lag time more than control and nominal-flow rate after 4 h (Figure 5C). The TFPI
treatment increased lag time for all groups. After 4 h, a nearly 50-fold increase in
physiological concentration of TFPI (final concentration 75 nmol/L) was ineffective in
preventing a significant increase in lag time in low-flow and high-flow circuits (Figure 5D).
Lactadherin significantly suppressed lag time and peak thrombin in all circulated samples
and static control (please see Figure S1).

DISCUSSION

This is the first publication to document the effect of low, nominal, and high ex vivo ECMO
flow on human platelets, leukocytes, and EVs. Previous laboratory studies documented that
ECMO increases prothrombotic cells and EVs8 but were limited to circuits without an
oxygenator, with component blood products that exclude platelets and leukocytes, or used
animal blood.15:35.36 Case series documented increased concentrations of activated platelets,
leukocytes, and EVs collected at the end of coronary bypass surgery or during support with a
left ventricular assist device.11:37 The ECMO activated platelets and PEVs are
prothrombotic through the increased surface expression of PS, a phospholipid that enhances
thrombin generation by providing a surface for the assembly of the tenase and
prothrombinase complexes. Because of their small size, PEVs increase 50-fold to 100-fold
the expression of PS per surface area compared to expression of PS per platelet surface area.
38 Circulating monocytes and LEVs under pathological conditions express TF, which is
associated with an increased incidence of clinical thrombotic complications.3® Tissue factor
is a transmembrane protein that functions as a high-affinity receptor for the TF-FVlla
complex, a potent initiator of thrombin generation. Therefore, this is the first report to
document that blood flow generated by ECMO increases the concentration of prothrombotic
phospholipids and proteins on platelet, leukocytes, and extracellular vesicles.

According to the Darcy equation of fluid dynamics, increases in fluid flow increase the
change in pressure measured at the inlet and the outlet of a fixed resistance. Gu et al.? and
others have documented that pressure drop across a hollow-fiber oxygenator correlates
closely to applied wall shear stress that activates platelets and leukocytes.”40 Our study
confirms and expands on this point, that shear stress accumulation (pressure drop x time) in
an ECMO circuit increases surface expression of PS on platelets and PEV. For 2 h of
circulation, all flow rates increase PS expression, which strongly correlates with increases in
peak thrombin. After 3 h, some of the ECMO circuits set at low-flow and high-flow rates
(e.g., 0.3 and 0.7 L/min) developed an occlusion within the hollow-fiber oxygenator that
halted blood flow. The TEG measurements, gross observation, and immunohistochemistry of
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the low-flow and high-flow circuits suggest these occlusions are due to clot formation.
Analysis of the plasma samples confirms clot formation with consumption of coagulation
components that include decreased clot strength (MA), fibrinogen, and factor V activity.
Immunofluorescent staining of thrombosis deposits in the low-flow and high-flow circuit
oxygenators documented increased concentrations of factor V, platelets, and leukocytes in
the clot. However, there was only a 20% decrease in platelet and leukocyte count during
circulation, decreasing the likelihood that primarily cellular adhesion or cell lysis was the
cause of the circuit occlusion. Furthermore, circuits that occluded began with a lower
platelet count than circuits without occlusion; this confirms our previous studies'*
suggesting platelet aggregation may not play a significant role in ECMO clot formation.
Phosphatidylserine-positive EVs are highly prothrombotic but are not known to cause
spontaneous clot formation; usually a more potent trigger is needed.* Our data support this
as the circuits that generated an occlusive thrombosis consumed their PS-positive EVs more
than the circuits that did not have an occlusive thrombosis. Therefore, we surmise that
ECMO circulation increases the expression of PS on platelets and EVs, which may enhance
thrombin generation but do not trigger circuit thrombosis.

Increased tissue factor expression on monocytes during cardiopulmonary bypass surgery or
simulated extracorporeal circulation significantly increases thrombin generation, clot
formation, and thromboembolic events.842 Moreover, studies suggest that aseptic tissue
factor expression is driven by mechanical shear stress through the induction of the tissue
factor gene.*3 This would explain the lack of tissue factor expression, thrombin generation,
and clot formation in the static control. In the low-flow and high-flow circuits, INR
increased while partil thromboplastin time did not change, suggesting that the clot initiation
was primarily a TF:FVIla-driven tenase process** instead of a contact activation process.
Larsson et al. 45 also documented a bypass of the contact activation pathway in a previous
rabbit ECMO study. Larsson et al.*> documented deposition of fibrin within the oxygenator
despite heparin anticoagulation or an antibody against FXIla (3F7), the initiator of contact
activation. This suggests that neither shear accumulation nor contact activation is the sole
driver of an occlusive circuit thrombus. Last, only the low-flow and high-flow circuits
documented a log-fold increase in a proinflammatory cytokine. Tumor necrosis factor alpha,
a specific marker of monocyte activation, is associated with a significant increase in
thrombogenicity.*® The combined generation of procoagulant and proinflammatory stimuli
likely contribute to ECMO-related morbidity and offer targets for therapeutic intervention.

Laboratory studies document that areas of low flow velocity increase thrombin generation.*’
These areas of low flow (e.g., 0.3 L/min) require significantly less tissue factor than nominal
flow to trigger clot formation.-#8 Histological studies of thrombosis formation further
confirm that fibrin clots preferentially form in low-shear zones such as tubing connections in
ECMO circuits.*9 Therefore, a low shear stress can induce the expression of tissue factor
and combined with increased PS this can promote clot formation. Shibeko et al.>0
documented that above a certain threshold flow rate, this TF-driven process is inhibited
through flow removal of activated factor Xa. This would explain the slow or absent rate of
clot formation at the nominal-flow rate (e.g., 0.5 L/min). High-shear (e.g., 0.7 L/min)
thrombosis occlusion is characterized by rapid accumulation of elongated vVWF, adherence
of platelets to VWF, release of vWF from activated platelets, and then exponential capture of
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platelets causing an occlusion.®! Surprisingly, samples from high-flow-rate circuits did not
significantly change their total von Willebrand Factor antigen, expression of GP1B, or
platelet count compared to control (data not shown). However, samples from the low-flow
and high-flow circuits did increase the concentration of activated monocytes after 1 h,
generated TF-positive monocytes after 2 h, and generated LEV expressing TF after 4 h. This
time course suggests a rapid and possible positive feedback increase in TF expression
leading to low-flow and high-flow circuit occlusion. Moreover, the concomitant generation
of TNF-a may have amplified the thrombin generation even further. This large increase in
TF overwhelms conventional heparin anticoagulation or TFPI at a concentration that is
nearly 50 times the concentration in healthy plasma from adults. Thus, while PEVs appear to
provide the “fuel” to fire thrombosis, the “spark” appears to be TF expressed on LEV and
WBCs following exposure to shear stress. Recent studies documented that tissue factor
activity can be suppressed with microRNAs,>2 which suggests increasing TF expression is
regulated by posttranscriptional modulation. As other studies support miRNAs’ ability to
modulate blood coagulation, our clinically relevant model of clot formation may provide a
testbed for future drug studies. Future studies are planned to confirm and extend that TF
expressing leukocytes and EVs have a role in initiating thrombus in ECMO.

Our paper has several limitations, including missing values from circuits that occluded
before 6 h and a low number of replicates. The simulated ECMO circuit differed from
clinical practice by priming with whole blood, to prevent dilution and change in acid-base
balance, instead of priming the circuit with a mixture of component blood products,
albumin, calcium, crystalloid, and sodium bicarbonate. The circuits contained a
polypropylene hollow-fiber oxygenator instead of a polymethylpentene hollow-fiber
oxygenator, which is more common in neonatal ECMO. However, the benefits of decreased
plasma leakage with polymethylpentene are not relevant during the short 6 h of circulation.
Despite increased utilization of centrifugal pumps within ECMO circuits in the United
States, the tested circuits contained a roller pump because that remains the most commonly
used pump for neonates.>3

Our high-fidelity neonatal model of simulated ECMO is the first to demonstrate circuit
occlusion as observed in clinical practice. Further understanding and improvement of the
simulated ECMO model will create a testbed for anticoagulation drug discovery. Our in vitro
findings suggest that operating ECMO at the low-flow-rate and high-flow-rate limits,

defined by the manufacturer, may increase the risk of occlusive thrombosis. Future clinical
and /n vitro studies are needed to define whether the blockade of tissue factor and
phosphatidylserine-positive cells and EVs will decrease ECMO-induced thrombus formation
and circuit occlusion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Essentials

. Thrombotic complications are common during extracorporeal membrane
oxygenation (ECMO).

. Simulated ECMO models may establish biological mechanisms that promote
thrombotic complications.

. Increasing blood flow amplifies phospholipids on platelets and their
extracellular vesicles.

. Low and high flow rates increase tissue factor on leukocytes and their

extracellular vesicles.
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documented as mean £ SEM. Symbol designation denoted significant difference from static
control labeled as x, o, and # for low, nominal, and high flow rates, respectively. Significant
differences between flow rates are denoted on the graph with a * and corresponding z-bar. A,
Survival plot of each flow rate over time. B, Mean pressure in circuits measured at the inlet
of the oxygenator for 0.3, 0.5, and 0.7 L/min. C, Free plasma hemoglobin (fPH)
concentration measured in circuits and static control. D, Clot initiation time (/) for circuits
and static control with a significant difference at low (0.3 L/min) and high (0.7 L/min) flow
rates. ECMO, extracorporeal membrane oxygenation; SEM, standard error of the mean
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rates are denoted on the graph with a * and corresponding zbar. A, Platelet expression of
phosphatidylserine with significant differences between samples from circuits compared to
static control. B, Platelet extracellular vesicles (PEVs) for circuits and static control. C,
STA-Procoagulant Phospholipid Clot Time® (PPL) with significant differences from static
control at 1, 2, and 4 h for all flow rates. D, Leukocyte expression of tissue factor with
significant differences from static control and the 0.3-L/min to 0.7-L/min flow rates. E,
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Leukocyte EV with significant differences between 0.5-L/min flow rate and 0.3-L/min and
0.7 L/min flow rates. F, Tumor necrosis alpha (TNF-a)) with significant differences after 2 h
in the 0.3-L/min and 0.7-L/min flow rates and the 0.5- L/min flow rate and the static control.
EV, extracellular vesicle; PS, phosphatidylserine; SEM, standard error of the mean; TF,
tissue factor
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FIGURE 3.
Coagulation indices and factor V activity: Data documented as mean = SEM. Symbol

designation denoted significant difference from static control labeled as x, 0, and # for low,
nominal, and high flow rates, respectively. Significant differences between flow rates are
denoted on the graph with a * and corresponding zbar. A, INR measured in circuits and
static control with significant differences in samples from 0.3-L/min and 0.7-L/min flow
rates. B, Fibrinogen concentration (mg/dL) in circuits and static control with a significant
difference at 6 h between 0.3 L/min and static control. C, Factor V activity (%) for circuits
and static controls with significant differences at 4 h between 0.5-L/min flow rate and 0.3-
L/min and 0.7-L/min flow rates. D, D-dimer (pg/mL) concentration for circuits and static
controls with significant differences after 4 h between 0.5-L/min flow rate and 0.3-L/min
and 0.7 L/min flow rates. INR, International Normalization Ratio; SEM, standard error of
the mean
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FIGURE 4.
Histochemistry of hollow-fiber oxygenators: Representative images from low (0.3 L/min)

and high (0.7 L/min) oxygenators with orange dotted line outlying the inside of a
representative gas fiber. A, Color micrograph of a cross section of a low-flow oxygenator
with platelets (red), fibrinogen (green), and leukocytes (blue). B, Color micrograph of a
cross section of a high-flow oxygenator with platelets (red), fibrinogen (green), and
leukocytes (blue). C, Color micrograph of a cross section of a low-flow oxygenator with
factor Va (red) and leukocytes (blue). D, Color micrograph of a cross section of a low-flow
oxygenator with factor Va (red), fibrinogen (green), and leukocytes (blue)
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FIGURE 5.

Thrombin generation and tissue factor activity: Data documented as mean = SEM. Symbol
designation denoted significant difference from static control labeled as x, 0, and # for low,
nominal, and high flow rates, respectively. Significant differences between flow rates are
denoted on the graph with a * and corresponding z-bar. A, Peak thrombin measured without
a trigger. B, Extracellular tissue factor activity measured after fours in all groups. C, Lag
time measured without a trigger. D, Effects of TFPI (final concentration 75 nmol/L) on lag
time at 4 h in control, low-flow, nominal-flow, and high-flow groups. SEM, standard error of
the mean; TFPI, tissue factor pathway inhibitor
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Demographics and baseline values of donors

Category

Sex (male:female)
Age (years)
Circulation (hours)
Leukocytes x 103/uL
Hemoglobin (mg/dL)
Platelets x 103/uL
PEV x 103/uL

LEV x 10%/uL

Lag time (min)

Peak thrombin (nmol/L)

PPL clot time (secs)

0.3 L/min 0.5 L/min

3M:2F 3M:2F
34+15 29+24
51+05 6+0
54+0.2 48+0.37

148+0.5 140+04
234+ 16 261 +28
0.74+0.24 0.75+0.33
0.04+£0.004 0.04+0.01
225+2.98 17.8+253
63.3+12.2 141.6 + 30.6
64.6 £3.5 58.3+29

TABLE 1

0.7 L/min
3M:2F
38+£26
47+06
6.2+0.6
13.8+0.5
251432
0.48 £0.26
0.03+£0.01
19.8 +2.62
64.3+17.7
71.7+41

Page 22

Note: There were no significant differences among all groups. Results represented as mean £ SEM for each group. There were 15 independent

donors, 5 for each group.

Abbreviations: LEV, leukocyte extracellular vesicles; PEV, platelet extracellular vesicles; PPL, procoagulant phospholipid clot time; SEM, standard

error of the mean.
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