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Summary

Background—~Patients with Acute Myelogenous Leukemia (AML) are at risk for thrombotic
complications. Risk to develop thrombosis is closely tied to leukemia subtype, and studies have
shown an association between leukocytosis and thrombosis in AML M3.

Objective—To investigate the relative roles of cell count and the surface expression of tissue
factor (TF) and phosphatidylserine (PS) in the procoagulant phenotype of AML cell lines.

Methods and Results—We evaluated the relative roles of cell count and the surface expression
of TF and PS in the procoagulant phenotype of AML cell lines. The TF-positive AML M3 cell
lines, NB4 and HL60, and AML M2 cell line, AML14, exhibited both extrinsic tenase and
prothrombinase activity in a purified system and promoted experimental thrombus formation. In
contrast, the TF-negative AML cell line, HEL, exhibited only prothrombinase activity and did not
affect the rate of occlusive thrombus formation. In plasma, NB4, HL60 and AML14 shortened
clotting times in a cell-count, PS- and TF-dependent manner. Exposure of cultured NB4, HL60,
and AML14 cells to the chemotherapeutic agent daunorubicin increased their extrinsic tenase
activity and PS expression. Clot initiation time inversely correlated with logarithm of PS index,
defined as the product of multiplying leukocyte count with cell surface phosphatidylserine
exposure.

Conclusion—Cultured AML cell lines promote coagulation in a cell count-, TF- and PS-
dependent manner. We propose that leukemia cell PS index may serve as a biomarker for
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procoagulant activity and help identify patients with AML that may benefit from
thromboprophylaxis.
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leukocyte count

Introduction

Methods

Surface expression of tissue factor (TF) has been identified on leukemic cells from some,
but not all, patients with AML (1). TF expression has been shown to contribute to leukemic
cell procoagulant activity (2-5). Several leukemia-specific oncogenic alleles, including the
pathognomonic t(15;17) translocation in AML M3, have been shown to induce
overexpression of TF (6, 7). Co-localization of fibrin with leukemia blast cells in marrow
and peripheral vasculature suggests a causal relationship between the presence of AML cells
and aberrant, intravascular blood coagulation (8, 9). Pathological intravascular coagulation
may lead to thrombosis, however, not all patients whose leukemic cells express TF develop
clinically evident signs of thrombosis (4, 10).

TF procoagulant activity is closely tied with phosphatidylserine (PS) exposure on the outer
cell membrane of cells (11). PS is a charged constituent of a cell’s lipid membrane, and once
exposed on the cell membrane outer leaflet facilitates the assembly and activation of
coagulation factor complexes. Undifferentiated leukemic cells have been shown to express
PS and exhibit procoagulant activity, which may be due to increased rates of apoptosis of
peripheral AML blasts (12-14). The procoagulant phenotype of leukemia cells in vivo may
be a result of genetic predisposition of AML cells to express TF, combined with
physiological events that induce the exposure of PS on TF-expressing AML cells.

In this study, we characterize the prothrombotic and procoagulant phenotypes of four AML
cell lines, NB4, HL60, AML14, and HEL as a function of cell count. The NB4 and HL60
cell lines were derived from different patients each with a diagnosis of AML M3 (15, 16).
The AML14 cell line was derived from a patient with AML M2 (17). HEL cells have
erythroleukemic characteristics (3). Our results demonstrate that extrinsic tenase activity,
but not prothrombinase activity, corresponds with the ability of AML cells to drive
coagulation and promote occlusive thrombus formation. Clot initiation time was shown to
inversely correlate with the logarithm of PS index, which is the product of PS fluorescent
intensity and labeled cell count. Determining the PS index may be useful as a biomarker for
thrombophilia in AML.

Materials and Reagents

Daunorubicin hydrochloride (daunorubicin, Teva Parenteral Medicines, Inc, Irvine, CA) was
obtained from the OHSU Doernboecher’s Children’s Hospital pharmacy. Fluorescein
isothiocyanate (FITC)-conjugated bovine lactadherin, coagulation factors and immune-
depleted plasmas were from Haematologic Technologies, Inc. (Essex Junction, VT). FITC-
conjugated anti-TF antibodies were from Lifespan Biosciences (Seattle, WA). Equine
fibrillar collagen was from ChronoLog (Havertown, PA). Spectrozyme FXa® and
Spectrozyme TH® were from American Diagnostica (Stamford, CT). All other reagents
were purchased from Sigma or obtained from previously mentioned sources (18).
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Blood Collection and Preparation

Cell Culture

All blood donations for coagulation studies were collected from healthy volunteers in
accordance with Oregon Health and Science University Institutional Review Board Policy.
Blood was collected by venipunture directly into sodium citrate (3.2% w/v) at a ratio of 9:1
v/v. To prepare plasma for clotting analysis, blood was subjected to centrifugation at 230xg
for 10 min. Platelet rich plasma was pooled from 3 donors. Pooled plasma was centrifuged
at 2150xg for 10 min, and platelet poor plasma (PPP) was collected and stored at —80°C.

Plasmas immunodepleted of FVI1I, FIX or FX (<1%) were replenished with FVII, FI1X or FX
at 30% to 300% of normal concentrations, respectively. Normal (100%) levels of FVII, FIX
and FX were set at 0.5, 4.5 and 10 pg mL™1, respectively.

Cell lines were from ATCC (Manassas, VA). AML cell lines were cultured in RPMI-1640
media containing 2 mM L-Glutamine, 10% fetal bovine serum, and 1xpenicillin and
streptomycin. In selected experiments, cells were treated with daunorubicin (0.2 pg mL™1)
for two days. Cells were harvested by washing and suspending in HBSS from 107 to 3x102
mL~L.

Plasma Clotting Times

The time to clot plasma in the presence or absence of AML cells was measured as
previously described (5). In selected experiments PPP was pretreated with buffer or anti-FXI
antibodies (12.5 ug mL™1) and cells were pretreated with an anti-TF antibody (50 pg mL™1),
or the PS blocking protein bovine lactadherin (200 nM) for 10 min at RT. Plasma was then
mixed 1:1 with vehicle or cell suspensions (102 to 106 mL1, final count) for 3 min at 37°C
on a KC4 Coagulation Analyzer (Trinity Biotech, Wicklow, Bray Co., Ireland) before
recalcification (8.3 mM, final Ca2* concentration). The time for the plasma to clot (if less
than 25 min) was recorded in duplicate and repeated 3 independent times.

Ex-vivo Occlusive Thrombus Formation Assay

Occlusive thrombus formation (times to occlusion) for flowing blood in a collagen-coated
capillary tube were measured as previously described (19). In brief, glass capillary tubes
(2.0 x 0.2 x 50 mm, VitroCom, Mountain Lakes, NJ) were coated with 100 pg mL™1 fibrillar
collagen, washed and blocked with BSA prior to use.

Citrate-anticoagulated whole blood was mixed 9:1 v/v with cell suspension (10° cells mL™2,
final cell count) and recalcified (7.5 mM Ca2*/3.75 mM Mg?*) immediately before adding
to the capillary. Blood was driven at a constant pressure gradient, with an initial wall shear
rates of ~300 s~1. The time for blood to cease flowing through the tube was recorded as the
time to occlusion.

Chromogenic Measurement of Enzyme Activity

Activation of FX (tenase activity) and prothrombin (prothrombinase activity) was measured
by using the initial-rate method of chromogenic substrate hydrolysis. Washed cells (108,
final count) or buffer (0.1 M Tris, 0.1 M NaCl, 5 mM CaCly, 0.1% BSA, pH=8.40) were
incubated with factor Vlla (10 nM), or factor Va (10 nM) and factor Xa (15 nM) for 10 min
prior to mixing with factor X (150 nM) and Spectrozyme FXa (400 nM), or prothrombin
(200 nM) and Spectrozyme TH® (500 nM), respectively. Absorbance of 405 nm light was
recorded at 1 min intervals for up to 2 hrs, and the slope of absorbance versus time measured
and reported as activity (s™1).
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Clot Initiation and Growth Assay

Measurements of the initiation of fibrin clot formation and growth rate were performed by
pretreating plasma with an anti-FXI antibody (12.5 ug mL™1) for 10 min at RT prior to
mixing with cells (10° to 102 mL™1). Next, the plasma mixture was recalcified (8.3 mM
Ca?*) and the absorbance of 405 nm light was recorded at 1 min intervals for 2 hrs. The
initial departure from baseline absorbance was recorded as the initiation time, and the slope
measured and reported as the growth rate (s™1).

Flow Cytometry

Washed AML cells were incubated with vehicle, FITC-conjugated anti-TF antibody (30 g
mL~1) or FITC-conjugated bovine lactadherin (8.3 ug mL™1) for 30 min at RT. Cells were
then washed twice in HBSS before measuring fluorescence with a FACS Calibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ).

Quantification of TF antigen

Statistics

Results

One million cells were lysed (50 mM Tris-HCI, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate pH=7.5) in the presence of protease inhibitors, for 2 hrs followed by
centrifugation at 16,000xg for 10 min. TF antigen levels of the supernatant were determined
with a TF ELISA (IMUBIND, American Diagnostica, Stamford, CT).

Data is presented as mean and standard error. Flow cytometry results are presented as
representative histograms from experiments performed in duplicate and repeated. Data were
tested for normality using the Jarque-Bera test. For normally distributed data an ANOVA
analysis followed by a Tukey’s post hoc analysis was used to assess statistical significant
differences among the different experimental conditions. In the event the data was not
normally distributed, we performed a Kruskal-Wallis test to assess statistically significant
differences among the different experimental conditions. Significance required p<0.05.

NB4, HL60, AML14 cells express TF and promote experimental thrombus formation

We first confirmed that NB4, HL60 and AML14 had detectable levels of TF antigen, while
TF was not detected in HEL cells by ELISA (Fig 1A). While all cell lines demonstrated
significant degrees of prothrombinase activity, only NB4, HL60 and AML14 showed
significant extrinsic tenase activity relative to buffer (Fig 1B & C). We next measured the
ability of AML cells to promote occlusive thrombus formation in whole blood. NB4, HL60
and AML14 cells significantly shortened the time to occlusion as compared to buffer, while
HEL cells had no effect on time to occlusion (Fig 1D).

TF, PS and cell count regulate the procoagulant phenotype of NB4, HL60 and AML14 cells

Our next experiments were designed to investigate the relative roles of TF, PS in the ability
of NB4, HL60 and AML14 cells to induce clotting of plasma. We show that AML cells
shortened clotting times from >25 minutes to <6 minutes (Fig 2A). Pretreating the cells with
the PS-blocking protein, bovine lactadherin (anti-PS), prolonged clotting times of NB4 cells
to ~5.6 min, HL60 cells to ~10 min, and AML14 cells to ~25 mins, although the increase of
NB4 cells clotting time did not reach statistical significance (p<0.07). Pretreating the cells
with a TF-blocking antibody prolonged the clotting times of NB4 cells to ~21 min, HL60
cells to ~25 min, and AML14 cells to ~22 min. In contrast, pretreating the plasma with an
anti-FXI antibody failed to block the procoagulant effect of NB4, HL60 or AML14 cells.
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Taken together, our results suggest NB4, HL60 and AML14 cells are procoagulant in a TF-
and PS-dependent manner, independent of the FXII/FXI pathway.

Peripheral leukocyte counts in patients with AML range up to 108 mL™1 20). Previous
studies have shown a relationship between the peripheral AML cell count and activation of
coagulation in patients with AML (4, 21-23). Our next experiments were designed to
investigate the role of cell count in the ability of NB4, HL60 and AML14 cells to shorten
clotting times. Our data show that clotting times were inversely dependent upon cell count
(Fig 2B). Our analysis showed that clotting times decreased as a function of mean separation
distance between AML cells (spatial separation, cube root of plasma volume/cell; Fig 2C)
consistent with previous work utilizing model TF and PS coated microspheres (5).

Previous studies have shown that normal variations of coagulation factor levels and can alter
coagulation responses to distinct procoagulant stimuli (24, 25). Our next experiments were
designed to investigate whether the concentration of coagulation factors in plasma had an
effect on plasma clotting times of NB4, HL60 and AML14 cells. Varying coagulation factor
VII levels had no effect on clotting times (Fig 2D). Increasing factor 1X and factor X levels
from 30-50% (low) to 150-300% (high) of normal levels significantly shortened clotting
times by AML cells (2E,F). Our results show that the procoagulant phenotype of NB4,
HL60 and AML14 cells were sensitive to the levels of plasma coagulation factor IX and X
within the physiological range of variation.

The kinetics of fibrin formation triggered by procoagulant cells is known to proceed by a
linear growth rate following a significant time-lag (initiation time) (26). A representative
fibrin formation curve following the addition of HL60 cells to plasma is shown in Figure
3A, while a reference curve for exogenously added thrombin-induced fibrin formation is
shown in Figure 3B. Our results show that the initiation time was inversely dependent upon
cell count for NB4, HL60 and AML14 cells. Clot growth rates were independent of cell
count for HL60 and AML14 cells, while clot growth rates increased for NB4 cells above 10*
cells mL™1 Fig 3C).

Effects of daunorubicin on the procoagulant activity of NB4, HL60 and AML14 cells

Daunorubicin is a component of induction chemotherapy in AML. In vitro, exposing AML
cells to daunorubicin has been shown to increase the procoagulant activity of cultured cells
(12, 27). Our next experiments were designed to investigate whether treatment of AML cells
with daunorubicin changed their procoagulant phenotype. Our results show that TF antigen
levels for NB4 cells significantly increased by approximately 4-fold following exposure to
daunorubicin for two days, while changes in TF antigen levels of HL60 or AML14 cells
remained unchanged (Fig 4A). The tenase activity of NB4 and HL60 cell increased ~3-fold
following exposure to daunorubicin, while tenase activity of AML14 cells doubled (Fig 4B).
Prothrombinase activity remained unchanged for NB4 and AML14 cells, and significantly
decreased for HL60 cells following exposure to daunorubicin (Fig 4C). Clot initiation times
for NB4, HL60 and AML14 cells shortened in a cell count-dependent manner, and clot
growth rates increased for NB4, HL60 and AML14 cells following exposure to daunorubicin
(Fig 4D). Daunorubicin treatment caused clot growth rates for NB4 cells to increase three-
fold at cell counts of 106 mL™1, and double for cell counts from 10° to 102 mL™1. Clot
growth rates for HL60 cells increased >5-fold over untreated cells at 106 cells mL™1, and ~3-
fold at cell counts from 10° to 102 mL~1. Clot growth rates for AML14 cells increased >3-
fold over untreated cells at 10° cells mL~1 and >2-fold for cell counts from 10° to 102 mL™1
following exposure to daunorubicin.

We next characterized the effect of daunorubicin on PS expression. Untreated AML cells
were all weakly positive for TF and PS. Daunorubicin treatment resulted in a moderate
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increases in TF labeling (Fig 5A), yet dramatic increases in PS labeling (Fig 5B) for NB4,
HL60 and AML14 cells. Taken together, we observed that exposure to daunorubicin caused
an increase in TF and PS exposure, increased extrinsic tenase activity, shortened clot
initiation times in a cell count-dependent manner, and increased clot growth rates for NB4,
HL60 and AML14 cells.

Correlation of clot initiation times with cell count, TF- and PS index

We analyzed the clot initiation times for all the clotting experiments performed with NB4,
HL60 and AML14 cells in the plate reader. The logarithm of cell count alone did not
correlate with clot initiation times (R2=0.49, p = 4.4 x 107>, Fig 6A). The logarithm of TF
index, the product of TF mean fluorescent intensity and cell count, resulted in an improved,
but still weak correlation with clot initiation times (R2=0.61, p =1.0 x 1075, Fig 6B). The
logarithm of PS index, the product of PS mean fluorescent intensity and cell count,
correlated strongly with clot initiation times for NB4, HL60 and AML14 cells in untreated
and daunorubicin exposed conditions (R2=0.81, p = 2.4 x 10~ 11, Fig 6C). Taken together,
our results suggest that PS index may provide a fluorescent labeling strategy to account for
cell-type and cell count differences in procoagulant activity of TF-expressing AML cells.

Discussion

Venous and arterial thrombosis significantly contributes to the morbidity and mortality of
patients with acute myelogenous leukemia (AML) (28-32). The cumulative incidence of
thrombosis in AML has been reported from 3-12%, with variation in thrombaosis rates
between AML subtypes (30, 32, 33). Anticoagulation is effective at preventing thrombosis
in AML; however, it is not safe enough to be part of routine patient care due to
thrombocytopenia during induction therapy (30, 34). A better understanding of the
mechanism of thrombophilia in AML may help identify patients at high risk to develop
thrombosis who may benefit from prophylactic anticoagulation.

Our results support a role for extrinsic tenase activity as a driver of the procoagulant
phenotype of AML cell lines. Despite a common procoagulant mechanism, we found that
NB4 cells shortened plasma clotting times and experimental thrombus formation times more
than HL60 and AML14 cells. A prior study with HL60 cells observed that PS labeling
correlated with experimentally increased procoagulant activity when controlling for cell
count (27). Further, the majority of procoagulant activity of AML cells isolated from
different patients with AML M3 was due to PS exposure (14). Through calculation of a PS
index, we extend the potential for PS labeling to correlate with procoagulant activity across
different cell types and counts, regardless of whether the cells had been treated with
daunorubicin. As the cell lines utilized in this study were isolated from different patients
with different AML subtypes, our results suggest a broader role for TF- and PS- expression
to contribute to the coagulopathy in AML beyond AML M3. TF and PS have been shown to
contribute to the procoagulant activity of freshly isolated AML cells from some patients
across all AML subtypes, while marked leukocytosis has been associated with increased risk
of thrombosis in AML M3 (21). Conversely, when evaluating thrombosis in patients with all
AML subtypes, peripheral leukocyte count was not associated with thrombosis (30, 31). The
TF expression and procoagulant activity of AML M3 cells are consistently found to be
higher than cells from non-M3 subtypes (4). We demonstrate that the procoagulant
phenotype of TF-positive AML cells is dependent upon the cell count. Thus, we hypothesize
that the number of TF- and PS-expressing cells in the peripheral blood of patients with AML
may predict risk to develop thrombosis. Along these lines, patients whose AML cells are
TF-negative would not be expected to have an increased risk of thrombosis due to elevated
leukocyte counts. For patients with TF-positive AML cells, low to moderate counts of
peripheral AML cells, or peripheral AML cells with low PS exposure may initiate
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coagulation but fail to form sufficient fibrin or platelet activation to develop a clinically
significant thrombus. Conversely, we propose that a high peripheral cell count and increased
PS exposure of TF-positive AML cells would enhance clot formation and the risk to develop
thrombosis. Anecdotal support for the former scenario is supported by the association of
elevated leukocyte counts and thrombosis in AML M3, and the latter, by increased risk of
thrombosis following administration of cytotoxic therapies.

Our study demonstrates that the logarithm of PS index (lactadherin labeling intensity x
number of labeled cells) correlated with procoagulant activity across cell types and cell
counts, supporting a role for PS-labeling in determining TF-positive AML cell procoagulant
activity. PS is not sufficient to initiate coagulation; therefore, the role for PS-labeling to
correlate with procoagulant activity of isolated cells would likely require a determination of
TF antigen as well. Labeling of TF and PS together may increase specificity of a PS index.
We propose that PS index has potential as a biomarker for thrombophilia in AML.
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(A) NB4, HL60, AML14 and HEL cells were lysed and TF antigen levels detected with an
ELISA. (B) Cells were incubated with FVIla (10 nM) and the activation of FX (150 nM)
was measured by tracking 405 nm light absorbance in the presence of Spectrozyme Xa®.
(C) Cells were incubated with FXa (15 nM) and FVa (10 nM) and the activation of FII (200
nM) measured by tracking 405 nm light absorbance in the presence of Spectrozyme TH®.
(D) AML cells were spiked into whole blood, and the time to occlusion measured in an ex

vivo occlusive thrombus formation assay. Data are mean + SE (n = 3). * p<0.05 versus

buffer.
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Figure2.

Cells were incubated with buffer, anti-TF antibodies (50 ug mL™1) or bovine lactaderin
(anti-PS, 200 nM) prior to mixing with human pooled plasma. An anti-FXI antibody (12.5
g mL~1) was added in selected experiments. (A) Clotting times were measured following
recalcification (8.3 mM Ca?*, final concentration). (B) Final cell count added to plasma was
varied (102 to 108 mL=1, final count) and clotting times measured. (C) Clotting times were
plotted against the calculated separation distance (spatial separation) of cells in plasma. (D-
F) Purified FVII, FIX or FX were added to FVII, FIX or FX-immunodepleted plasmas,
respectively. Final coagulation factor concentrations ranged from 30% to 300% of normal
levels (30-50% low, 75-125% mid, 150-300% high). AML cells were added and clotting
times measured. Data are mean + SE (n = 3). * p<0.05 versus buffer; # p<0.05 versus mid
coagulation factor concentrations.
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AML cells were mixed with human pooled plasma (102 to 108 mL™1) prior to recalcification
(8.3 mM, final Ca2* concentration). A representative result for the clot formation assay
following the addition of either (A) AML cells or (B) thrombin is shown. Initiation times
were recorded as the time at which the absorbance of 405 nM light increased above baseline,
and the growth rate measured as the slope of absorbance versus time. (C) Clot initiation
times and clot growth rates were measured for NB4, HL60 and AML14 cells at 102 to 106
mL~1 final cell counts. Data are mean + SE (n = 3). * p<0.05; n.s.=not significant.
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NB4, HL60 and AML14 cells were treated with daunorubicin (0.2 pg mL™1) for 2 days. (A)
TF antigen levels of treated cells were measured with an ELISA. (B) Cells were incubated
with FVI1la (10 nM) and the activation of FX (150 nM) was measured by tracking 405 nm
light absorbance in the presence of Spectrozyme Xa®. (C) Cells were incubated with FXa
(15 nM) and FVa (10 nM) and the activation of prothrombin measured by tracking 405 nm
light absorbance in the presence of Spectrozyme TH®. (D) Initiation time and growth rate
were measured and shown as the fold-change relative to untreated cells. Data are mean + SE
(n = 3). ** p<0.05 versus untreated cells; ** p<0.05; n.s.=not significant.
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Figureb5.

NB4, HL60 and AML14 cells were treated with vehicle or daunorubicin (dauno, 0.2 pg
mL=1) for 2 days. Cells were stained with FITC-conjugated anti-TF (30 ug mL™1) or FITC-
conjugated bovine lactadherin (8.3 ug mL™1), washed and mean fluorescence intensity
(MFI) measured via flow cytometry. Shaded histograms represent unstained cells.
Representative histograms from 2 independent experiments performed in duplicate.
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Correlation of clot initiation times with cell count, TF- and PS index. Mean clot initiation
times were combined and plotted against the logarithm of (A) cell count, (B) TF index (anti-
TF MFI x cell count) or (C) PS index (lactadherin MFI x cell count) for plate reader clotting
experiments with untreated (blank) and daunorubicin-treated (shaded) NB4 (O), HL60 (&)
and AML14 (O) cells. Regression analysis was performed using the method of least squares
and represented by R? values.
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