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Key Points

• Mouse xenograft and
allograft models of APL
have activated
coagulation and
fibrinolytic systems,
thrombocytopenia, and
increased bleeding.

• Inhibition of TF
decreased the
activation of
coagulation in both
APL models and
normalized tail
bleeding in the
xenograft model.
Acute promyelocytic leukemia (APL) is associated with a high risk of bleeding and

thrombosis. APL patients have an activated coagulation system, hyperfibrinolysis, and

thrombocytopenia. APL cells express tissue factor (TF), a receptor and cofactor for factor

VII/VIIa. This study had 2 goals. Firstly, we measured biomarkers of coagulation and

fibrinolysis activation as well as platelet counts and bleeding in both mouse xenograft and

allograft models of APL. Secondly, we determined the effect of inhibiting TF on the

activation of coagulation in these models. We observed increased levels of plasma

thrombin-antithrombin complexes (TAT), D-dimer, and plasmin-antiplasmin complexes,

reduced platelet counts, and increased tail bleeding in both mouse models of APL.

Fibrinogen levels decreased in the xenograft model but not in the allograft model. In

contrast, the red blood cell count decreased in the allograft model but not in the xenograft

model. Inhibition of APL-derived human TF with an anti-human TF monoclonal antibody

reduced the level of TAT, increased platelet count, and normalized tail bleeding in a

xenograft model. Inhibition of all sources of TF (APL cells and host cells) in the allograft

model with a rat anti-mouse TF monoclonal antibody decreased the levels of TAT but did

not affect the platelet count. Our study demonstrates that TF plays a central role in the

activation of coagulation in both the xenograft and allograft mouse models of APL. These

APL mouse models can be used to investigate the mechanisms of coagulopathy and

thrombocytopenia in APL.

Introduction

Acute promyelocytic leukemia (APL) is a subtype of acute myeloid leukemia (AML). It is caused
by translocation between chromosomes 15 and 17, which leads to the fusion of the promyelocytic
leukemia (PML) gene with the retinoic acid receptor-α (RARα) gene. Expression of the oncogenic
fusion protein PML-RARα inhibits myeloid differentiation at the promyelocytic stage of myelopoiesis and
causes leukemia via multiple mechanisms.1,2

Patients with APL have a high risk of both bleeding and thrombosis.3 A major complication in APL is
disseminated intravascular coagulation (DIC). Indeed, the rate of DIC in APL (60%-85%)4-6 is much higher
than that in other types of AML (9%-22%),7-12 which suggests that there are leukemia type–specific
mechanisms of DIC. The prognosis of APL has markedly improved with the development of differentia-
tion therapies, such as all-trans retinoic acid and arsenic trioxide.3 However, APL is still associated with early
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death that occurs within 30 days of diagnosis, with rates from 7% to
11% in clinical trials.13-17 In registry studies, the early death rates are
slightly higher (17%-26%).18-22 This difference is likely because clin-
ical trials exclude patients with severe disease.23 Importantly, most
early deaths in patients with APL are associated with severe bleeding,
particularly intracranial hemorrhage.19,20,22

The coagulopathy in APL is complex and involves the activation of
coagulation, consumption of coagulation factors and hyper-
fibrinolysis.3,24 Several studies have shown that compared with
healthy controls, patients with APL have higher levels of biomarkers of
coagulation activation, such as thrombin-antithrombin complexes
(TAT) and prothrombin activation fragment F1 + 2.24-26 Low fibrin-
ogen levels because of consumption are associated with an
increased risk of bleeding in patients with APL.27-31 APL is also
associated with hyperfibrinolysis.24,32-34 Several studies have found
that patients with APL have high levels of plasmin-antiplasmin com-
plexes (PAP), a biomarker of fibrinolysis activation, and D-dimer, a
biomarker of fibrin degradation.24,33-35 There are several possible
explanations for hyperfibrinolysis. Firstly, APL cells were found to
express annexin A2 and S100A10 receptors.36,37 Annexin A2 and
S100A10 form a heterotetrametric complex receptor that binds tissue
plasminogen activator (tPA) and plasminogen and enhances plasmin
generation.38 Secondly, the expression of urokinase (uPA) and uro-
kinase receptor (uPAR) by APL cells was proposed to enhance
plasmin generation.39 Thirdly, an acquired deficiency of α2-
antiplasmin, which is an inhibitor of plasmin, may also contribute to
bleeding in patients with APL.40 Severe thrombocytopenia is often
observed in patients with APL.35,41-44 One study proposed that a low
platelet count is potentially the most important factor in bleeding in
patients with APL.44 Another study found that high white blood cell
(WBC) count was associated with early hemorrhagic death in
patients with APL.45

Tissue factor (TF) is a transmembrane glycoprotein and receptor for
factor VII/VIIa (FVII/FVIIa).46 The TF/FVIIa complex is the major initiator
of the blood coagulation system.46 Interestingly, a study found that
peripheral blood mononuclear cells (PBMCs), which includes leuke-
mia cells, from patients with APL had higher levels of TF activity than
PBMCs from patients with AML.35 In addition, PBMC TF activity in
patients with AML is significantly associated with decompensated
DIC (fibrinogen ≤ 1 g/L).35 TF activity is also increased in bone
marrow cells from patients with APL compared with that in bone
marrow cells from controls.34 The human APL cell line called NB4
expresses the PML-RARα fusion protein and high levels of TF.47,48

Many cells, including cancer cells, release extracellular vesicles
(EVs).49 One study showed that NB4 cells released more TF+ EVs
than the AML cell line HL-60, reflecting the different levels of TF
expression in the 2 cell lines.50 Several small studies have
observed increased levels of EVTF activity in patients with APL
compared with that in controls.34,51,52 Interestingly, EVTF activity
was detected in a higher proportion of patients with AML with DIC
(67%) than in patients with AML without DIC.35 Finally, a study
found that a patient with APL and DIC (low platelet count, low
fibrinogen levels, high D-dimer, and high blast count) had higher
levels of EVTF activity than 2 patients with APL without DIC.51

Taken together, these studies suggest that TF may activate the
coagulation cascade in patients with APL.

Several mouse models of APL have been developed that either
introduce human APL cells, such as NB4 cells, into immunodeficient
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mice (xenograft) or express the PML-RARα fusion protein from a
transgene in immunocompetent mice (allograft).53,54 These models
have been used to investigate the mechanisms underlying the coa-
gulopathy, thrombocytopenia, and bleeding in APL.39,55-57 However,
there are no studies on the role of TF in the activation of coagulation
in mouse models of APL.

In this study, we measured biomarkers of coagulation activation,
fibrinolysis, platelet count, and bleeding in both mouse xenograft
and allograft models of APL. Both models exhibited activation of
coagulation and fibrinolysis, decreased platelet count, and
increased bleeding. In addition, we determined the effect of
inhibiting APL-derived human TF in a xenograft model or mouse TF
in an allograft model. Inhibition of TF in both models decreased
activation of coagulation, indicating a role of TF in the coagulopathy
in these APL models. We also found that inhibition of APL-derived
TF in the xenograft model normalized tail bleeding.

Materials and methods

APL and AML cells

Human APL NB4 cells were obtained from the DSMZ-German
Collection of Microorganisms and Cell Cultures GmbH
(Braunschweig, Germany). Luciferase-expressing NB4 cells were
generated as described previously,58 using a Cignal Lenti Positive
Control (luc) vector containing the luciferase reporter gene (Qia-
gen, Hilden, Germany). NB4 cells were cultured in RPMI 1640
medium containing 10% fetal bovine serum (FBS; Omega Scien-
tific, catalog number FB-02) and 1% antibioticantimycotic (Gibco,
catalog number 15240-062). Human AML HL-60 cells were
obtained from American Type Culture Collection (Manassas, VA).
HL-60 cells were cultured in Iscove modified Dulbecco medium
containing 10% FBS and 1% antibiotic-antimycotic.

Mouse APL cells were obtained from the spleens of APL mice. A
transgenic mouse line expressing PML-RARα from the cathepsin G
promoter and deficient in Rara (mCG-PR+/−) spontaneously
develops APL within 12 to 18 months.59 Mouse APL cells were
isolated from the spleens of mCG-PR+/− mice. Briefly, spleens were
minced into small pieces (~0.2 cm2) with a scalpel and passed
through a strainer (70 μm). Then, 10 mL of phosphate-buffered
saline (PBS) was added, and the sample was centrifuged at 600g
for 5 minutes at 4◦C. After removing the supernatant, the cell pellet
was reconstituted in 5 mL of cold 1× Ammonium-Chloride-Potassium
lysis buffer (Gibco; catalog number A1049201) to lyse red blood cells
(RBC) and incubated for 5 minutes on ice. After adding 10 mL cold
PBS, the cells were centrifuged at 600g for 5 minutes at 4◦C. After
removing the supernatant, the cell pellet was reconstituted with 10 mL
PBS and passed through a strainer (70 μm). The cells were then
centrifuged at 600g for 5 minutes at 4◦C. After removing the super-
natant, the cell pellet was reconstituted in a 95% FBS and 5%
dimethyl sulfoxide solution to a cell density of 20 × 106 cells per mL,
frozen, and stored in liquid nitrogen until use.

Mouse models of APL

All animal studies were approved by the University of North Car-
olina at the Chapel Hill Animal Care and Use Committee and
complied with the National Institutes of Health guidelines. For the
xenograft model, we used NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ male
mice (NSG mice) aged from 3 to 4 weeks, which were purchased
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from the animal service core facility at the University of North
Carolina at Chapel Hill. NSG mice have defective macrophages
and dendritic cells and lack T cells, B cells, functional natural killer
cells, and complement as well as both alleles of the interleukin-2
receptor gamma chain and, therefore, lack cytokine signaling
through multiple receptors.60,61 Luciferase-expressing NB4 cells
(5 × 106 in PBS; Corning, Corning, NY) or vehicle (control) were
injected via the tail vein when NSG mice were 6 to 9 weeks old.
NB4 cells were grown in mice for 14 to 31 days. Luciferase
expression was measured on days 14, 21, 24, and 28 with an IVIS
Lumina in vivo imaging system (Caliper Life Sciences, Waltham,
MA).

We used C57BL6/J male mice from our mouse colony for the
allograft model. One million splenocytes containing murine APL
cells from mCG-PR+/− mice or vehicle (control) were injected
intraperitoneally into C57BL6/J mice when they were 6 to
11 weeks old. Murine APL cells were grown in mice for 10 to
27 days. Cells were injected intraperitoneally rather than via the tail
vein because this would have required irradiating the mice to allow
for engraftment of the cells.

Measurement of circulating blood cells and

associated biomarkers in whole blood

The number of platelets, WBC, and RBC as well as mean platelet
volume (MPV) and hemoglobin were measured in whole blood
using an Element HT5 analyzer (Heska, Loveland, Colorado).

Measurement of plasma proteins and biomarkers

Using commercial enzyme-linked immunosorbent assays, the plasma
levels of different proteins and protein-inhibitor complexes were
measured: TAT (Siemens, Munich, Germany; catalog number
OWMG15), fibrinogen (Immunology Consultation Laboratory Inc,
Portland, OR; catalog number E-90FIB), D-dimer (Diagnostica stago,
Asnières-sur-Seine, France; catalog number 00947), PAP
(MyBioSource.com, San Diego, CA; catalog number MBS2512896),
soluble P-selectin (sP-selectin; R&D Systems Inc, Minneapolis, MN;
catalog number DY737), and soluble E-selectin (sE-selectin, R&D
Systems Inc; catalog number DY575).

Tail bleeding model

We used a tail-tip amputation model as previously described.62

Briefly, mice were anesthetized with isoflurane and placed in a
prone position. The distal 5 mm of the tail was amputated with a
razor blade. The tail was immediately immersed in 50 mL of saline
prewarmed to 37◦C in a 50 mL tube. Bleeding time was recorded
over a 20-minute period. The xenograft and allograft models were
subjected to tail bleeding on days 28 and 21, respectively.

Inhibition of TF in the xenograft and allograft models

of APL

We used a mouse anti-human TF monoclonal antibody HTF-1
(eBioscience, San Diego, CA; catalog number 550252) to inhibit
human TF in the xenograft model. This antibody does not inhibit
mouse TF.63,64 We have previously shown that this antibody
reduces TAT levels in mice bearing human pancreatic tumors.63

Mice were injected IV on day 21 with either HTF-1 (100 μg per
mouse) or control mouse immunoglobulin G (IgG; 100 μg per
mouse; Sigma-Aldrich; catalog number I5381). On day 28, blood
5460 HISADA et al
was collected from the mice and plasma was prepared by centri-
fuging the blood at 4500g for 15 minutes. Tail bleeding was per-
formed in a separate cohort of mice on day 28.

We used a rat anti-mouse TF monoclonal antibody 1H165 to
inhibit mouse TF in the allograft model. We have previously shown
that this antibody inhibits TF in mice.66,67 Mice were injected
intraperitoneally on day 17 with either 1H1 (20 mg/kg) or control
rat IgG (20 mg/kg; Sigma-Aldrich; catalog number I4131). Blood
was collected from these mice on day 24, and plasma was
prepared.

Statistics

The Shapiro-Wilk test was used for normality, and the F test was used
to compare variances. For the 2-group comparisons, the unpaired
2-tailed Student t test or Welch t test was used for data with normal
distribution, depending on the variances. For data with nonnormal
distribution, the Mann-Whitney U test was used. For multigroup
comparisons, the one-way analysis of variance with Dunnett multiple
comparisons test or the Kruskal-Wallis test with Dunn multiple com-
parisons test was used, depending on the normality of the data. Data
are shown as mean ± standard deviation (SD) for normal distribution
or median ± interquartile range for nonnormal distribution. All statis-
tical analyses were performed using GraphPad Prism version 9.5.1
(GraphPad Software, La Jolla, CA). P < .05 was considered statisti-
cally significant for all experiments.

Results

Mouse xenograft model of APL

We used NB4 cells in a mouse xenograft model of APL because they
are well characterized, have been used previously in mouse xenograft
models, and express TF.47,48,50,56,57 We found that NB4 cells had
higher levels of cellular TF activity than the human AML cell line HL-60
(supplemental Figure 1), which is consistent with results from a pre-
vious study.50 The mice were monitored for 31 days. The mice rapidly
deteriorated around day 28 with immobility and ruffled fur. One mouse
died on day 29, and another 4 mice died on day 31 (Figure 1A). In
addition, we monitored the development of leukemia by measuring the
luciferase expression in NB4 cells (Figure 1B). We first detected
luciferase expression on day 21, with increased expression on days
24 and 28 (Figure 1B). On day 28, luciferase expression in APL cells
was observed in the neck and abdomen, which was consistent with a
previous report using mCG-PR+/− mice that found APL cells in the
cervical and abdominal lymph nodes and spleen.59 The weight of
spleens of leukemic mice on day 28 was not different from the weight
of spleens of control mice (control vs xenograft [mean ± SD], 24.78 ±
2.63 vs 24.31 ± 7.74 mg [n = 5-8]; P = .90). Blast cells were
detected in whole blood smears on day 28 (Figure 2C). The blast cell
percentage on day 28 was 94.6 ± 2.7% (n = 5). Notably, we
observed very few host-derived WBCs (~5%) in the xenograft model
because of the use of NSG mice, which is consistent with that
reported in a previous study.68

Mouse allograft model of APL

Splenocytes containing APL cells from mCG-PR+/− mice were
used in the allograft model. Mice were monitored for 27 days. The
mice showed rapid deterioration, with immobility and ruffled fur, on
day 24. Two mice died on day 24, 2 on day 26, and 3 on day 27
26 SEPTEMBER 2023 • VOLUME 7, NUMBER 18
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Figure 1. Characterization of the mouse xenograft model of APL. (A) The survival of mice (n = 15) was monitored between days 0 and 31. One mouse died on day 29, and

5 mice died on day 31. (B) Luciferase expression in NB4 cells in mice was measured on days 14, 21, 24, and 28. Five representative mice are shown. (C) Leukemic cells were

identified in whole blood smears. A normal neutrophil is marked with a white arrowhead, and a leukemic cell is marked with a yellow arrowhead; scale bar, 50 μm.
(Figure 2A). The weight of spleens of leukemic mice on day 21 was
significantly increased compared with the weight of spleens of
control mice (control vs allograft [mean ± SD], 71.5 ± 8.11 vs
296.8 ± 59.86 mg [n = 4-7]; P < .0001). Blast cells were detected
in the whole blood smears on day 21 (Figure 2B). The blast cell
percentage on day 21 was 30.4 ± 4.5% (n = 5). In contrast to the
xenograft model, many host-derived WBCs (~70%) were observed
in the allograft model. In addition, we observed many burr cells in
the blood of the leukemic mice (data not shown).69
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Figure 2. Characterization of the mouse allograft model of APL. (A) The survival o

on day 26, and 3 on day 27. (B) Leukemic cells were identified in whole blood smears. A

with yellow arrowheads (scale bar, 50 μm).
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Measurement of plasma biomarkers of activation of

coagulation, fibrinolysis, endothelium, platelets,

blood cell counts, and bleeding in the xenograft

model of APL

We performed a longitudinal analysis of various biomarkers of
activation of coagulation, fibrinolysis, endothelium, platelets,
blood cell counts, and bleeding in a xenograft model of APL.
Levels of plasma TAT increased whereas levels of fibrinogen
Control Allograft

f mice (n = 9) was monitored between days 0 and 27. Two mice died on day 24, 2

normal neutrophil is marked with a white arrowhead, and leukemic cells are marked
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Figure 3. Biomarker and blood cell levels in a mouse xenograft model of APL. (A) TAT, (B) fibrinogen, (C) D-dimer, (D) PAP, (E) sE-selectin, (F) sP-selectin, (G)

platelet count, (H) MPV, (I) WBC count, (J) RBC count, and (K) hemoglobin (Hgb) levels were measured in the plasma or whole blood of control and leukemic mice on days 14,

21, 24, and 28 (n = 4-6 per group). Data are shown as mean ± SD (A-C,E,G-K) or median ± interquartile range (D,F), depending on normality. The one-way analysis of

variance with Dunnett multiple comparisons test (A-C,E,G-K) or the Kruskal-Wallis test with Dunn multiple comparisons test (D,F) was used, depending on the normality of data.

*P < .05; **P < .01; ****P < .0001.
decreased in a time-dependent manner in leukemic mice
(Figure 3A-B). D-dimer and PAP levels increased over time in
leukemic mice (Figure 3C-D). There was no change
in sE-selectin in the leukemic mice (Figure 3E). The levels of
sP-selectin increased, and platelet counts decreased in a time-
dependent manner in leukemic mice (Figure 3F-G). Notably,
platelet counts significantly decreased on day 28 in leukemic
5462 HISADA et al
mice compared with that in controls, using the 2-group com-
parison (P = .0136). The MPV was increased in leukemic mice
(Figure 3H). The WBC count transiently decreased on days 14
and 21 in leukemic mice (Figure 3I). It should be noted that the
Element HT5 analyzer cannot measure NB4 cells in mouse
whole blood. There were no significant changes in the RBC
count or hemoglobin levels in the leukemic mice (Figure 3J-K).
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Figure 4. Biomarker and blood cell levels in a mouse allograft model of APL. (A) TAT, (B) fibrinogen, (C) D-dimer, (D) PAP, (E) sE-selectin, (F) sP-selectin, (G)

platelet count, (H) MPV, (I) WBC count, (J) RBC count, and (K) hemoglobin (Hgb) were measured in the plasma or whole blood of control and leukemic mice on days 10, 17, 21,

and 24 (n = 3-7 per group). Two mice died on day 24. Data are shown as mean ± SD (A,C-F,H-K) or median ± interquartile range (B,G), depending on normality. The one-way

analysis of variance with Dunnett multiple comparisons test (A,C-F,H-K) or the Kruskal-Wallis test with Dunn multiple comparisons test (B,G) was used, depending on the

normality of data. *P < .05; **P < .01; ***P < .001.
Measurement of plasma biomarkers of activation of

coagulation, fibrinolysis, endothelium, platelets, blood

cell count, and bleeding in the allograft model of APL

We performed a longitudinal analysis of various biomarkers of
activation of coagulation, fibrinolysis, endothelium, platelets, blood
cell counts, and bleeding in an allograft model of APL. It should be
noted that 2 of the 5 mice died on day 24, which decreased the
26 SEPTEMBER 2023 • VOLUME 7, NUMBER 18
group size to 3. TAT levels increased in a time-dependent manner,
but there was no change in fibrinogen levels in leukemic mice
(Figure 4A-B). Levels of D-dimer and PAP levels increased in a
time-dependent manner (Figure 4C-D). Levels of sE-selectin did
not change, and levels of sP-selectin increased in a time-
dependent manner (Figure 4E-F). The platelet count decreased,
whereas the MPV increased in leukemic mice (Figure 4G-H). The
WBC count, including leukemia cells, significantly increased on
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Figure 5. Tail and brain bleeding in the mouse xenograft and allograft models of APL. The mice that received (A) xenograft (n = 8 per group) and (B) allograft (n = 6

per group) and the respective controls were subjected to tail bleeding on days 28 and 24, respectively. The mice that received (C) xenograft (n = 6 per group) and (D)

allograft (n = 8-9 per group) and their respective controls were subjected to intracranial bleeding on days 28 and 24, respectively. Representative images of brain slices are

shown. Data are shown as median ± interquartile range (A,D) or mean ± SD (B,C), depending on normality. The Mann-Whitney U test (A,D), unpaired 2-tailed Student t test (B),

and Welch t test (C) were used. *P < .05; ****P < .0001.
days 21 and 24 (Figure 4I). The RBC count and hemoglobin levels
decreased in leukemic mice (Figure 4J-K).

Assessment of bleeding in the xenograft and

allograft models of APL

We determined if there was an increase in bleeding in the xeno-
graft and allograft models of APL. Both models of APL exhibited
prolonged tail bleeding times compared with their respective
healthy control mice (Figure 5A-B). In addition, we observed
increased intracranial bleeding in the xenograft model but not in the
allograft model compared with their respective healthy controls
(Figure 5C-D). Interestingly, 1 of the 2 mice in the allograft model
that died on day 24 had a spontaneous intracranial hemorrhage
(supplemental Figure 2).

Effect of TF inhibition on the activation of

coagulation and bleeding in xenograft and allograft

models of APL

We used an inhibitory anti-human TF monoclonal antibody called
HTF-1 to determine the role of APL cell-derived human TF in a
5464 HISADA et al
xenograft model. HTF-1 inhibits APL cell-derived human TF but not
host-derived mouse TF.63 We administered either HTF-1 or a control
mouse IgG (2.9 mg/kg) IV to APL mice on day 21, collected the blood
on day 28, and prepared the plasma or assessed tail bleeding. HTF-1
significantly reduced TAT levels in leukemic mice compared to mice
receiving control IgG (Figure 6A). HTF-1 also significantly increased
platelet counts and decreased MPV and sP-selectin levels in leukemic
mice (Figure 6B-D). Importantly, HTF-1 significantly shortened the tail
bleeding time in leukemic mice compared with that in leukemic mice
receiving control IgG (Figure 6E).

We used an inhibitory anti-mouse TF antibody called 1H1 to
determine the role of TF in the activation of coagulation in the
allograft model. 1H1 inhibits both APL cell–and host–derived
mouse TF.66,67 We administered either 1H1 or control rat IgG
(20 mg/kg) intraperitoneally to the allograft model on day 14,
collected the blood on day 21, and prepared the plasma. 1H1
significantly reduced TAT levels in leukemic mice compared
with those in leukemic mice receiving control IgG (Figure 6F).
However, 1H1 did not change the platelet count, MPV, or sP-
selectin levels in leukemic mice (Figure 6G-I).
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Figure 6. Effect of TF inhibition in mouse xenograft and allograft models of APL. For the xenograft model, we intravenously injected 100 μg of an inhibitory mouse anti-

human TF antibody (HTF-1) or mouse control IgG per mouse on day 21. On day 28, blood was collected, and plasma was prepared or tail bleeding was performed. (A) TAT, (B)
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Discussion

It has long been speculated that TF expression by APL cells
contributes to coagulopathy in patients.27,70 PBMCs from
patients with APL express high levels of TF.35 Furthermore, the
APL cell line NB4 expresses high levels of TF and releases TF+

EVs.47,48,50 We directly examined the role of TF in the activation
of coagulation in 2 mouse models of APL, 1 of which used NB4
cells. Both models exhibited significantly elevated levels of
plasma TAT. Importantly, we demonstrated that inhibition of TF
reduced levels of plasma TAT in both models. In the xenograft
model, we specifically inhibited human TF expressed by NB4
cells using a mouse anti-human TF monoclonal antibody that
does not inhibit mouse TF. These results indicate that TF acti-
vates coagulation in APL mouse models.

Low fibrinogen levels are associated with bleeding in patients with
APL.27-31 We observed a decrease in plasma fibrinogen levels in
the xenograft model but not in the allograft model. NB4 cells
express CD44, which can bind to fibrinogen and platelets.57 A
previous study has also reported decreased fibrinogen levels in
mice bearing NB4 cells.57 Furthermore, they showed that mice
injected with NB4 cells with reduced CD44 expression did not
exhibit a decrease in fibrinogen in NB4 cells.57 This suggested that
CD44 expression by NB4 cells contributes to the decrease in
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fibrinogen levels and may explain the observed reduction in fibrin-
ogen levels in our study.

Hyperfibrinolysis has been proposed to contribute to bleeding in
patients with APL.24,32-34 Interestingly, NB4 cells were shown to
increase plasmin generation initiated by tPA 28-fold compared with
tPA alone in vitro.36 Consistent with clinical studies,24,33-35 we
observed increased levels of both PAP and D-dimer in the 2 mouse
models of APL. One study observed increased levels of plasma tPA
in human cathepsin G-PML/RARα mice compared with that in
controls.55 L-methionine supplementation was used to increase the
levels of homocysteine, which blocks the binding of tPA to annexin
A2; this resulted in decreased levels of plasma tPA in the leukemic
mice.55 In future studies, we will determine the relative contribu-
tions of the annexin A2/tPA and uPA/uPAR pathways to hyper-
fibrinolysis observed in these mouse models of APL.

Thrombocytopenia is thought to contribute to bleeding in patients
with APL.35,41-44 We observed more severe thrombocytopenia in
the allograft model than that in the xenograft model. The weight of
the spleens in the allograft model, but not in the xenograft model,
was significantly increased compared with that of their respective
controls, which is consistent with the removal of platelets from
circulation by the spleen. Interestingly, we found that inhibition of
TF increased the platelet count in the xenograft model but not in
TISSUE FACTOR AND ACUTE PROMYELOCYTIC LEUKEMIA 5465



the allograft model. Recently, Lavallee et al performed RNA
sequencing on blast cells from patients with APL and other types of
AML.39 They found that podoplanin (PDPN) messenger RNA
expression levels were higher in blast cells from patients with APL
than in those from patients with AML.39 PDPN is a transmembrane
glycoprotein that binds to its ligand, C-type lectin-like receptor 2,
which is expressed on platelets and megakaryocytes.71 Binding of
PDPN to C-type lectin-like receptor 2 results in the activation and
aggregation of platelets.71 Lavallee et al also showed that NSG
mice bearing a human AML cell line AML5 overexpressing PDPN
had lower platelet counts and increased tail bleeding than NSG
mice bearing wild-type AML5.39 These data suggested that PDPN
contributes to thrombocytopenia in this mouse model. Further
studies are needed to determine the mechanisms underlying
thrombocytopenia in xenograft and allograft models of APL.

Consistent with human APL,72-74 we observed reduced levels of
RBCs and hemoglobin in the allograft model but not in the xeno-
graft model, compared with those in healthy controls. The
decreased levels of RBC may be partly due to spontaneous
bleeding in the allograft model. Indeed, we observed intracranial
hemorrhage in 1 mouse in the allograft model that died on day 24.
We observed increased tail bleeding in both the xenograft and
allograft models. However, only the xenograft model exhibited
increased collagenase-induced intracranial bleeding. We specu-
late that different factors contribute to the increased bleeding in the
2 leukemia models. In the xenograft model, we propose that
decreased fibrinogen levels, mild thrombocytopenia, and hyper-
fibrinolysis contribute to increased bleeding. In the allograft model,
we proposed that bleeding is driven by severe thrombocytopenia
and hyperfibrinolysis. Importantly, inhibition of TF in the xenograft
model normalized tail bleeding, indicating a role of TF in enhanced
bleeding in leukemic mice.

No single mouse model of APL reproduces all the characteristics
of patients with APL. Indeed, the xenograft and allograft models
have strengths and weaknesses.75 The strengths of the xenograft
model are that it is easy to differentiate between APL-derived
human proteins and host-derived mouse proteins and it uses a
well-characterized cell line NB4. Weaknesses of the xenograft
model are that immunodeficient mice do not have a full immune
response to the tumor and it uses a cell line. A strength of the
allograft model is that it has a complete immune system. In addition,
we can analyze the role of different host proteins by injecting
leukemia cells into various knockout mice. The weaknesses of
the allograft model are that we cannot differentiate between
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APL-derived and host-derived mouse proteins, and the expression
of different genes in leukemia cells has not been characterized and
compared with that in human APL.

In summary, the xenograft and allograft models of APL mimic many
aspects of human APL in terms of the activation of coagulation,
fibrinolysis, decreased platelet count, and bleeding. These models
can be used to investigate the mechanisms of coagulopathy and
thrombocytopenia in APL. We showed that TF contributed to the
activation of coagulation in the xenograft and allograft models of
APL and bleeding in the xenograft model.

Acknowledgments

The authors acknowledge Charlene. M. Santos and Sherie Quillen
in the Animal Service Core facility at University of North Carolina.
The authors thank Alisa S. Wolberg, Steven P. Grover, and Nigel S.
Key for their helpful comments.

This work was supported by grants from the National Institutes
of Health, National Heart, Lung, and Blood Institute (N.M.;
1R35HL155657), the John C. Parker Professorship (N.M.), and
SENSHIN Medical Foundation (T.K.).

Authorship

Contribution: Y.H. and N.M. designed the study; J.S.W. provided
splenocytes from a transgenic mouse line that developed sponta-
neous APL; Y.H., T.K., and S.J.A. performed the experiments; Y.H.,
T.K., S.J.A., B.N.R., and N.M. analyzed the data; Y.H. and N.M. wrote
the manuscript; and all authors read and approved the manuscript.

Conflict-of-interest disclosure: J.S.W. is an employee of A2
Biotherapeutics. The remaining authors declare no competing
financial interests.

The current affiliation for J.S.W. is A2 Biotherapeutics, Agoura
Hills, CA.

ORCID profiles: Y.H., 0000-0001-9157-0524; T.K., 0000-
0002-6282-4991; S.J.A., 0000-0002-6052-5680; J.S.W., 0000-
0001-6656-3672; B.N.R., 0000-0002-2106-3698; N.M., 0000-
0002-9170-7700.

Correspondence: Yohei Hisada, University of North Carolina
Blood Research Center, Division of Hematology, Department of
Medicine, University of North Carolina at Chapel Hill, 8004 Mary
Ellen Jones Bldg CB#7035, 116 Manning Dr, Chapel Hill, NC
27599; email: yohei_hisada@med.unc.edu.
References

1. Grignani F, Ferrucci PF, Testa U, et al. The acute promyelocytic leukemia-specific PML-RAR alpha fusion protein inhibits differentiation and promotes
survival of myeloid precursor cells. Cell. 1993;74(3):423-431.

2. Liquori A, Ibanez M, Sargas C, Sanz MA, Barragan E, Cervera J. Acute promyelocytic leukemia: a constellation of molecular events around a single
PML-RARA fusion gene. Cancers. 2020;12(3):624.

3. Kwaan HC. The unique hemostatic dysfunction in acute promyelocytic leukemia. Semin Thromb Hemost. 2014;40(3):332-336.

4. Hoyle CF, Swirsky DM, Freedman L, Hayhoe FG. Beneficial effect of heparin in the management of patients with APL. Br J Haematol. 1988;68(3):
283-289.

5. Stone RM, Maguire M, Goldberg MA, Antin JH, Rosenthal DS, Mayer RJ. Complete remission in acute promyelocytic leukemia despite persistence of
abnormal bone marrow promyelocytes during induction therapy: experience in 34 patients. Blood. 1988;71(3):690-696.
26 SEPTEMBER 2023 • VOLUME 7, NUMBER 18

https://orcid.org/0000-0001-9157-0524
https://orcid.org/0000-0002-6282-4991
https://orcid.org/0000-0002-6282-4991
https://orcid.org/0000-0002-6052-5680
https://orcid.org/0000-0001-6656-3672
https://orcid.org/0000-0001-6656-3672
https://orcid.org/0000-0002-2106-3698
https://orcid.org/0000-0002-9170-7700
https://orcid.org/0000-0002-9170-7700
mailto:yohei_hisada@med.unc.edu
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref1
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref1
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref2
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref2
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref3
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref4
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref4
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref5
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref5


6. Chang H, Kuo MC, Shih LY, et al. Clinical bleeding events and laboratory coagulation profiles in acute promyelocytic leukemia. Eur J Haematol. 2012;
88(4):321-328.

7. Sarris AH, Kempin S, Berman E, et al. High incidence of disseminated intravascular coagulation during remission induction of adult patients with acute
lymphoblastic leukemia. Blood. 1992;79(5):1305-1310.

8. Higuchi T, Mori H, Niikura H, Omine M, Okada S, Terada H. Disseminated intravascular coagulation in acute lymphoblastic leukemia at presentation and
in early phase of remission induction therapy. Ann Hematol. 1998;76(6):263-269.

9. Higuchi T, Toyama D, Hirota Y, et al. Disseminated intravascular coagulation complicating acute lymphoblastic leukemia: a study of childhood and adult
cases. Leuk Lymphoma. 2005;46(8):1169-1176.

10. Dixit A, Chatterjee T, Mishra P, et al. Disseminated intravascular coagulation in acute leukemia at presentation and during induction therapy. Clin Appl
Thromb Hemost. 2007;13(3):292-298.

11. Uchiumi H, Matsushima T, Yamane A, et al. Prevalence and clinical characteristics of acute myeloid leukemia associated with disseminated intravascular
coagulation. Int J Hematol. 2007;86(2):137-142.

12. Libourel EJ, Klerk CPW, van Norden Y, et al. Disseminated intravascular coagulation at diagnosis is a strong predictor for thrombosis in acute myeloid
leukemia. Blood. 2016;128(14):1854-1861.

13. Fenaux P, Le Deley MC, Castaigne S, et al. Effect of all transretinoic acid in newly diagnosed acute promyelocytic leukemia. Results of a multicenter
randomized trial. European APL 91 Group. Blood. 1993;82(11):3241-3249.

14. Asou N, Adachi K, Tamura J, et al. All-trans retinoic acid therapy for newly diagnosed acute promyelocytic leukemia: comparison with intensive
chemotherapy. The Japan Adult Leukemia Study Group (JALSG). Cancer Chemother Pharmacol. 1997;40(suppl):S30-35.

15. Tallman MS, Andersen JW, Schiffer CA, et al. All-trans-retinoic acid in acute promyelocytic leukemia. N Engl J Med. 1997;337(15):1021-1028.

16. Fenaux P, Chastang C, Chevret S, et al. A randomized comparison of all transretinoic acid (ATRA) followed by chemotherapy and ATRA plus
chemotherapy and the role of maintenance therapy in newly diagnosed acute promyelocytic leukemia. The European APL Group. Blood. 1999;94(4):
1192-1200.

17. Lengfelder E, Haferlach C, Saussele S, et al. High dose ara-C in the treatment of newly diagnosed acute promyelocytic leukemia: long-term results of
the German AMLCG. Leukemia. 2009;23(12):2248-2258.

18. Park JH, Qiao B, Panageas KS, et al. Early death rate in acute promyelocytic leukemia remains high despite all-trans retinoic acid. Blood. 2011;118(5):
1248-1254.

19. McClellan JS, Kohrt HE, Coutre S, et al. Treatment advances have not improved the early death rate in acute promyelocytic leukemia. Haematologica.
2012;97(1):133-136.

20. Lehmann S, Deneberg S, Antunovic P, et al. Early death rates remain high in high-risk APL: update from the Swedish Acute Leukemia Registry 1997-
2013. Leukemia. 2017;31(6):1457-1459.

21. Xu F, Wang C, Yin C, et al. Analysis of early death in newly diagnosed acute promyelocytic leukemia patients. Medicine (Baltimore). 2017;96(51):
e9324.

22. Ho G, Li Q, Brunson A, Jonas BA, Wun T, Keegan THM. Complications and early mortality in patients with acute promyelocytic leukemia treated in
California. Am J Hematol. 2018;93(11):E370-E372.

23. Stahl M, Tallman MS. Acute promyelocytic leukemia (APL): remaining challenges towards a cure for all. Leuk Lymphoma. 2019;60(13):3107-3115.

24. Falanga A, Iacoviello L, Evangelista V, et al. Loss of blast cell procoagulant activity and improvement of hemostatic variables in patients with acute
promyelocytic leukemia administered all-trans-retinoic acid. Blood. 1995;86(3):1072-1081.

25. Bauer KA, Rosenberg RD. Thrombin generation in acute promyelocytic leukemia. Blood. 1984;64(4):791-796.

26. Asakura H, Saito M, Ito K, et al. Levels of thrombin-antithrombin III complex in plasma in cases of acute promyelocytic leukemia. Thromb Res. 1988;
50(6):895-899.

27. Barbui T, Finazzi G, Falanga A. The impact of all-trans-retinoic acid on the coagulopathy of acute promyelocytic leukemia. Blood. 1998;91(9):
3093-3102.

28. Mantha S, Tallman MS, Devlin SM, Soff GA. Predictive factors of fatal bleeding in acute promyelocytic leukemia. Thromb Res. 2018;164(suppl 1):
S98-S102.

29. McCulloch D, Brown C, Iland H. Retinoic acid and arsenic trioxide in the treatment of acute promyelocytic leukemia: current perspectives. Onco Targets
Ther. 2017;10:1585-1601.

30. Yanada M, Matsushita T, Asou N, et al. Severe hemorrhagic complications during remission induction therapy for acute promyelocytic leukemia:
incidence, risk factors, and influence on outcome. Eur J Haematol. 2007;78(3):213-219.

31. Gill H, Raghupathy R, Lee CYY, et al. Acute promyelocytic leukaemia: population-based study of epidemiology and outcome with ATRA and oral-ATO
from 1991 to 2021. BMC Cancer. 2023;23(1):141.

32. Thachil J, Falanga A, Levi M, Liebman H, Di Nisio M; Scientific and Standardization Committee of the International Society on Thrombosis and
Hemostasis. Management of cancer-associated disseminated intravascular coagulation: guidance from the SSC of the ISTH. J Thromb Haemost. 2015;
13(4):671-675.

33. Wang P, Zhang Y, Yang H, et al. Characteristics of fibrinolytic disorders in acute promyelocytic leukemia. Hematology. 2018;23(10):756-764.
26 SEPTEMBER 2023 • VOLUME 7, NUMBER 18 TISSUE FACTOR AND ACUTE PROMYELOCYTIC LEUKEMIA 5467

http://refhub.elsevier.com/S2473-9529(23)00392-0/sref6
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref6
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref7
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref7
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref8
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref8
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref9
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref9
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref10
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref10
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref11
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref11
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref12
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref12
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref13
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref13
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref14
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref14
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref15
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref16
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref16
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref16
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref17
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref17
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref18
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref18
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref19
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref19
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref20
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref20
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref21
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref21
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref22
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref22
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref23
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref24
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref24
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref25
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref26
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref26
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref27
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref27
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref28
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref28
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref29
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref29
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref30
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref30
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref31
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref31
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref32
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref32
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref32
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref33


34. Langer F, Spath B, Haubold K, et al. Tissue factor procoagulant activity of plasma microparticles in patients with cancer-associated disseminated
intravascular coagulation. Ann Hematol. 2008;87(6):451-457.

35. Dicke C, Amirkhosravi A, Spath B, et al. Tissue factor-dependent and -independent pathways of systemic coagulation activation in acute myeloid
leukemia: a single-center cohort study. Exp Hematol Oncol. 2015;4:22.

36. Menell JS, Cesarman GM, Jacovina AT, McLaughlin MA, Lev EA, Hajjar KA. Annexin II and bleeding in acute promyelocytic leukemia. N Engl J Med.
1999;340(13):994-1004.

37. O’Connell PA, Madureira PA, Berman JN, Liwski RS, Waisman DM. Regulation of S100A10 by the PML-RAR-alpha oncoprotein. Blood. 2011;117(15):
4095-4105.

38. Miller VA, Madureira PA, Kamaludin AA, et al. Mechanism of plasmin generation by S100A10. Thromb Haemost. 2017;117(6):1058-1071.

39. Lavallee VP, Chagraoui J, MacRae T, et al. Transcriptomic landscape of acute promyelocytic leukemia reveals aberrant surface expression of the platelet
aggregation agonist Podoplanin. Leukemia. 2018;32(6):1349-1357.

40. Schwartz BS, Williams EC, Conlan MG, Mosher DF. Epsilon-aminocaproic acid in the treatment of patients with acute promyelocytic leukemia and
acquired alpha-2-plasmin inhibitor deficiency. Ann Intern Med. 1986;105(6):873-877.

41. Yilmaz M, Kantarjian H, Ravandi F. Acute promyelocytic leukemia current treatment algorithms. Blood Cancer J. 2021;11(6):123.

42. Rodeghiero F, Avvisati G, Castaman G, Barbui T, Mandelli F. Early deaths and anti-hemorrhagic treatments in acute promyelocytic leukemia. A GIMEMA
retrospective study in 268 consecutive patients. Blood. 1990;75(11):2112-2117.

43. Song YH, Peng P, Qiao C, Zhang R, Li JY, Lu H. Low platelet count is potentially the most important contributor to severe bleeding in patients newly
diagnosed with acute promyelocytic leukemia. Onco Targets Ther. 2017;10:4917-4924.

44. Kim DY, Lee JH, Lee JH, et al. Significance of fibrinogen, D-dimer, and LDH levels in predicting the risk of bleeding in patients with acute promyelocytic
leukemia. Leuk Res. 2011;35(2):152-158.

45. Mantha S, Goldman DA, Devlin SM, et al. Determinants of fatal bleeding during induction therapy for acute promyelocytic leukemia in the ATRA era.
Blood. 2017;129(13):1763-1767.

46. Grover SP, Mackman N. Tissue factor: an essential mediator of hemostasis and trigger of thrombosis. Arterioscler Thromb Vasc Biol. 2018;38(4):
709-725.

47. Falanga A, Consonni R, Marchetti M, et al. Cancer procoagulant and tissue factor are differently modulated by all-trans-retinoic acid in acute
promyelocytic leukemia cells. Blood. 1998;92(1):143-151.

48. Marchetti M, Diani E, ten Cate H, Falanga A. Characterization of the thrombin generation potential of leukemic and solid tumor cells by calibrated
automated thrombography. Haematologica. 2012;97(8):1173-1180.

49. Gyorgy B, Szabo TG, Pasztoi M, et al. Membrane vesicles, current state-of-the-art: emerging role of extracellular vesicles. Cell Mol Life Sci. 2011;
68(16):2667-2688.

50. Gheldof D, Mullier F, Bailly N, et al. Microparticle bearing tissue factor: a link between promyelocytic cells and hypercoagulable state. Thromb Res.
2014;133(3):433-439.

51. Thaler J, Pabinger I, Sperr WR, Ay C. Clinical evidence for a link between microparticle-associated tissue factor activity and overt disseminated
intravascular coagulation in patients with acute myelocytic leukemia. Thromb Res. 2014;133(3):303-305.

52. Zhao H, Sun J, Yan L, et al. Tissue factor-bearing microparticles are a link between acute promyelocytic leukemia cells and coagulation activation: a
human subject study. Ann Hematol. 2021;100(6):1473-1483.

53. Zhang SY, Zhu J, Chen GQ, et al. Establishment of a human acute promyelocytic leukemia-ascites model in SCID mice. Blood. 1996;87(8):3404-3409.

54. Brown D, Kogan S, Lagasse E, et al. A PMLRARalpha transgene initiates murine acute promyelocytic leukemia. Proc Natl Acad Sci U S A. 1997;94(6):
2551-2556.

55. Jacomo RH, Santana-Lemos BA, Lima AS, et al. Methionine-induced hyperhomocysteinemia reverts fibrinolytic pathway activation in a murine model of
acute promyelocytic leukemia. Blood. 2012;120(1):207-213.

56. Wang C, Yu M, Zhou P, et al. Endothelial damage and a thin intercellular fibrin network promote haemorrhage in acute promyelocytic leukaemia.
EBioMedicine. 2020;60:102992.

57. Wang C, Wang Y, Zuo N, Fang S, Shi J. CD44-fibrinogen binding promotes bleeding in acute promyelocytic leukemia by in situ fibrin(ogen) deposition.
Blood Adv. 2022;6(15):4617-4633.

58. Hisada Y, Ay C, Auriemma AC, Cooley BC, Mackman N. Human pancreatic tumors grown in mice release tissue factor-positive microvesicles that
increase venous clot size. J Thromb Haemost. 2017;15(11):2208-2217.

59. Welch JS, Klco JM, Varghese N, Nagarajan R, Ley TJ. Rara haploinsufficiency modestly influences the phenotype of acute promyelocytic leukemia in
mice. Blood. 2011;117(8):2460-2468.

60. Maletzki C, Bock S, Fruh P, et al. NSG mice as hosts for oncological precision medicine. Lab Invest. 2020;100(1):27-37.

61. The Jackson Laboratory. Accessed 24 July 2023. https://www.jax.org

62. Kawano T, Hisada Y, Grover SP, et al. Decreased Platelet Reactivity and Function in a Mouse Model of Human Pancreatic Cancer. Thromb Haemost.
2023;123(5):501-509.
5468 HISADA et al 26 SEPTEMBER 2023 • VOLUME 7, NUMBER 18

http://refhub.elsevier.com/S2473-9529(23)00392-0/sref34
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref34
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref35
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref35
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref36
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref36
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref37
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref37
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref38
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref39
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref39
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref40
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref40
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref41
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref42
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref42
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref43
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref43
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref44
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref44
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref45
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref45
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref46
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref46
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref47
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref47
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref48
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref48
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref49
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref49
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref50
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref50
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref51
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref51
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref52
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref52
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref53
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref54
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref54
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref55
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref55
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref56
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref56
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref57
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref57
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref58
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref58
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref59
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref59
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref60
https://www.jax.org
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref61
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref61


63. Wang JG, Geddings JE, Aleman MM, et al. Tumor-derived tissue factor activates coagulation and enhances thrombosis in a mouse xenograft model of
human pancreatic cancer. Blood. 2012;119(23):5543-5552.

64. Wang JG, Manly D, Kirchhofer D, Pawlinski R, Mackman N. Levels of microparticle tissue factor activity correlate with coagulation activation in
endotoxemic mice. J Thromb Haemost. 2009;7(7):1092-1098.

65. Kirchhofer D, Moran P, Bullens S, Peale F, Bunting S. A monoclonal antibody that inhibits mouse tissue factor function. J Thromb Haemost. 2005;3(5):
1098-1099.

66. Chantrathammachart P, Mackman N, Sparkenbaugh E, et al. Tissue factor promotes activation of coagulation and inflammation in a mouse model of
sickle cell disease. Blood. 2012;120(3):636-646.

67. Owens AP 3rd, Passam FH, Antoniak S, et al. Monocyte tissue factor-dependent activation of coagulation in hypercholesterolemic mice and monkeys is
inhibited by simvastatin. J Clin Invest. 2012;122(2):558-568.

68. Layssol-Lamour CJ, Sarry JE, Braun JPD, Trumel C, Bourges-Abella NH. Reference values for hematology, plasma biochemistry, bone marrow cytology
and bone histology of NOD.Cg-Prkdc(scid) Il2rg(tm1Wjl)/ SzJ immunodeficient mice. J Am Assoc Lab Anim Sci. 2021;60(1):4-17.

69. Kho AN, Hui S, Kesterson JG, McDonald CJ. Which observations from the complete blood cell count predict mortality for hospitalized patients? J Hosp
Med. 2007;2(1):5-12.

70. Kwaan HC, Cull EH. The coagulopathy in acute promyelocytic leukaemia–what have we learned in the past twenty years. Best Pract Res Clin Haematol.
2014;27(1):11-18.

71. Suzuki-Inoue K. Platelets and cancer-associated thrombosis: focusing on the platelet activation receptor CLEC-2 and podoplanin. Blood. 2019;
2019(1):175-181.

72. Vaid T, Aggarwal M, Dass J, et al. Shifting gears to differentiation agents in acute promyelocytic leukemia with resource constraints-a cohort study. Acta
Oncol. 2022;61(9):1050-1055.

73. Li AY, Kashanian SM, Hambley BC, et al. FLT3-ITD allelic burden and acute promyelocytic leukemia risk stratification. Biology (Basel). 2021;10(3):243.

74. Cingam SR, Koshy NV. Acute Promyelocytic Leukemia. StatPearls Publishing; 2022.

75. Hisada Y, Mackman N. Mouse models of cancer-associated thrombosis. Thromb Res. 2018;164(suppl 1):S48-S53.
26 SEPTEMBER 2023 • VOLUME 7, NUMBER 18 TISSUE FACTOR AND ACUTE PROMYELOCYTIC LEUKEMIA 5469

http://refhub.elsevier.com/S2473-9529(23)00392-0/sref62
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref62
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref63
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref63
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref64
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref64
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref65
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref65
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref66
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref66
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref67
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref67
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref68
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref68
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref69
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref69
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref70
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref70
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref71
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref71
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref72
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref73
http://refhub.elsevier.com/S2473-9529(23)00392-0/sref74

	Tissue factor activates the coagulation cascade in mouse models of acute promyelocytic leukemia
	Introduction
	Materials and methods
	APL and AML cells
	Mouse models of APL
	Measurement of circulating blood cells and associated biomarkers in whole blood
	Measurement of plasma proteins and biomarkers
	Tail bleeding model
	Inhibition of TF in the xenograft and allograft models of APL
	Statistics

	Results
	Mouse xenograft model of APL
	Mouse allograft model of APL
	Measurement of plasma biomarkers of activation of coagulation, fibrinolysis, endothelium, platelets, blood cell counts, and ...
	Measurement of plasma biomarkers of activation of coagulation, fibrinolysis, endothelium, platelets, blood cell count, and  ...
	Assessment of bleeding in the xenograft and allograft models of APL
	Effect of TF inhibition on the activation of coagulation and bleeding in xenograft and allograft models of APL

	Discussion
	Authorship
	References


