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Introduction
Venous thromboembolism (VTE), including deep vein thrombosis (DVT), is the third-most common cause of  
death from cardiovascular disease after myocardial infarction and stroke (1). VTE is associated with a high case 
fatality rate, with 10% to 30% of patients dying within 1 month of diagnosis (2). Estimates suggest that 60,000–
100,000 Americans die of DVT/pulmonary embolism (DVT/PE), which is the most common cause of death 
after elective surgery and pregnancy as well as the leading cause of preventable hospital deaths. Among people 
who have had a DVT, up to one-half  will have long-term complications (post-thrombotic syndrome), such as 
swelling, pain, discoloration, and scaling in the affected limb (1, 2). Despite therapeutic anticoagulation, one-
third of people with DVT/PE will have a recurrence within 10 years. Based on observations in animal models 
of DVT, there is a growing understanding of the importance of monocytes, neutrophils, and platelets coop-
erating to initiate and propagate venous thrombosis in vivo (3). However, the precise molecular mechanisms 
responsible for this cross talk are incompletely defined.

To gain insight into novel regulators of  arterial inflammation and thrombosis, we leveraged platelet 
transcriptional profiling to examine platelet mRNA transcripts that are differentially expressed in patients 
with ST-segment elevation myocardial infarction (STEMI) compared with stable coronary artery disease 
(4). Myeloid-related protein-14 (MRP-14, also referred to as S100A9) was one of  the strongest predictors 
of  STEMI that arose from the transcriptional profiling analysis. MRP-14, a member of  the S100 family of  
calcium-modulated proteins as well as a member of  the alarmin or danger-associated molecular pattern 
molecules family, complexes with MRP-8 (also known as S100A8), and together, the MRP-8/14 heterodi-
mer regulates myeloid cell function by modulating calcium signaling (5) and cytoskeletal reorganization 
(6), by operating as a chemoattractant (7), and by binding to cell-surface receptors, including CD36 (8), 
TLR-4 (9), and receptor for advanced glycation end products (RAGE) (10).

Using transcriptional profiling of platelets from patients presenting with acute myocardial 
infarction, we identified myeloid-related protein-14 (MRP-14, also known as S100A9) as an acute 
myocardial infarction gene and reported that platelet MRP-14 binding to platelet CD36 regulates 
arterial thrombosis. However, whether MRP-14 plays a role in venous thrombosis is unknown. 
We subjected WT and Mrp-14–deficient (Mrp-14-/-) mice to experimental models of deep vein 
thrombosis (DVT) by stasis ligation or partial flow restriction (stenosis) of the inferior vena cava. 
Thrombus weight in response to stasis ligation or stenosis was reduced significantly in Mrp-14-/-  
mice compared with WT mice. The adoptive transfer of WT neutrophils or platelets, or the 
infusion of recombinant MRP-8/14, into Mrp-14-/- mice rescued the venous thrombosis defect in 
Mrp-14-/- mice, indicating that neutrophil- and platelet-derived MRP-14 directly regulate venous 
thrombogenesis. Stimulation of neutrophils with MRP-14 induced neutrophil extracellular trap 
(NET) formation, and NETs were reduced in venous thrombi harvested from Mrp-14-/- mice and in 
Mrp-14-/- neutrophils stimulated with ionomycin. Given prior evidence that MRP-14 also regulates 
arterial thrombosis, but not hemostasis (i.e., reduced bleeding risk), MRP-14 appears to be a 
particularly attractive molecular target for treating thrombotic cardiovascular diseases, including 
myocardial infarction, stroke, and venous thromboembolism.
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We recently reported an essential role for MRP-14 in arterial thrombosis, identifying a novel pathway 
of  thrombosis that involves platelet MRP-14 and the platelet receptor CD36, without influence on tail 
bleeding time and other hemostatic parameters (11). Whether MRP-14 plays a role in venous thrombosis is 
unknown. In this study, we provide evidence that neutrophil-derived and platelet-derived MRP-14 directly 
modulate venous thrombosis.

Results
Deep vein thrombus formation is attenuated in Mrp-14-/- mice. To investigate the role of MRP-14 in DVT, WT and 
Mrp-14-/- mice were subjected to inferior vena cava (IVC) ligation (stasis) (12) or partial flow restriction (stenosis) 
(3) on day 0. Thrombi were harvested on day 2, day 4, and day 12 after IVC ligation. In the stasis model, mean 
thrombus weight on day 2 in WT mice was 18.5 ± 3.1 mg; this was reduced significantly in Mrp-14-/- mice to 
12.3 ± 6.6 mg (P = 0.013; Figure 1A). A similar reduction in thrombus weight was observed in the partial flow 
restriction (stenosis) model (WT 17.7 ± 8.7 vs. Mrp-14-/- 8.2 ± 7.9 mg, P = 0.042; Figure 1B). Stenosis-induced 
IVC thrombi were observed in 8 of 8 WT mice, whereas 3 of 8 Mrp-14-/- mice had no detectable thrombus.

Thrombus growth was evident from day 2 to day 4 in both WT and Mrp-14-/- mice. However, while 
thrombus weight increased to 24.1 ± 6.7 mg in WT mice at day 4, it was increased to 19.4 ± 8.1 mg in 
Mrp-14-/- mice (P = 0.018; Figure 1C).

Deep vein thrombus resolution is enhanced in MRP-14-/- mice. Next, we investigated whether MRP-14 also 
plays a role in decreasing thrombus burden over time (i.e., resolution of  DVT). Mice that underwent stasis 
IVC ligation were therefore harvested on day 12. In WT mice, thrombus weight decreased from 24.1 ± 6.7 
mg at day 4 to 13.6 ± 4.7 mg. In Mrp-14-/- mice, thrombus burden decreased from 19.4 ± 8.1 mg to 7.6 ± 4.3 
mg, consistent with a significant 44% reduction in thrombus weight compared with WT mice (P = 0.032; 
Figure 1D). Remarkably, MRP-14-/- mice were protected from the development of  severe hind limb edema 
on day 12 after IVC ligation (Figure 1E).

Unimpaired recruitment and accumulation of  leukocytes in MRP-14-/- mice. Platelets, neutrophils, and mono-
cytes cooperate to initiate and propagate venous thrombosis in mice in vivo (3). MRP-14 is expressed in, 
and regulates the functions of  neutrophils, monocytes, and platelets (11, 13). An essential role for MRP-
8/14 (also known as S100A8/A9) in leukocyte recruitment in vivo is supported by evidence that Mrp-14-/-  
mice have diminished neutrophil and/or monocyte recruitment during tissue wound healing (6) and acute 
pancreatitis (14) as well as in a variety of  models of  vascular inflammation (e.g., atherosclerosis, vasculitis, 
and neointimal formation after mechanical injury) (13).

Therefore, we reasoned that the recruitment and accumulation of  neutrophils and monocytes 
may be reduced in Mrp-14-/- thrombi, thereby providing a possible mechanism for reduced venous  

Figure 1. Deep vein thrombus formation is 
attenuated in Mrp-14-/- mice. Inferior vena cava 
(IVC) thrombus weight (mg) of individual mice 
after deep vein thrombosis (DVT) induction. (A) 
Two days after IVC ligation (stasis) in WT (n = 
10) and Mrp-14-/- (n = 11) mice. Representative 
images of WT and Mrp-14-/- thrombi (n = 10–11). 
(B) Two days after IVC partial flow restriction 
(stenosis) in WT (n = 8) and Mrp-14-/- (n = 8) 
mice. (C) Four days after IVC ligation (stasis) in 
WT (n = 8) and Mrp-14-/- (n = 6) mice. (D) Twelve 
days after IVC ligation (stasis) in WT (n = 6) and 
Mrp-14-/- (n = 7) mice. (E) Representative image 
of hind limbs of WT (left) and Mrp-14-/- (right) 
mice 12 days after IVC ligation (stasis). Each dot 
represents 1 mouse. Data represent mean ± SD. 
P values were obtained by conducting unpaired, 
2-tailed t test using Excel.
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thrombogenesis. The accumulation of  
leukocytes in stasis-induced venous 
thrombi was examined on day 2, day 4, 
and day 14 after DVT induction. Immu-
nohistochemistry using the neutrophil-
specific marker 7/4 (Figure 2A) and 
the macrophage-specific marker Mac-3 
(Figure 2B) demonstrated no significant 
difference in inflammatory cell accu-
mulation at any time point. Absence 
of  MRP-14 did not affect neutrophil 
(Figure 2C, day 2: WT vs. Mrp-14-/-, P 
= 0.821; Figure 2D, day 4: P = 0.859; 
and Figure 2E, day 12: P = 0.855) or 
macrophage (Figure 2F, day 2: WT vs. 
Mrp-14-/-, P = 0.197; Figure 2G, day 4: 
P = 0.103; and Figure 2H day 12: P = 
0.596) accumulation at any time point.

In addition to immunohistochemical analysis, we also quantified inflammatory cell number using auto-
mated complete blood count analysis of  day 2 thrombi that were easily dispersible. Total white blood 
cell count and constituent neutrophils, lymphocytes, and monocytes, as well as cell counts normalized to 
thrombus weight, were similar in WT and Mrp-14-/- thrombi (Table 1).

Adoptive transfer of  WT neutrophils or platelets rescued the defect of  DVT in Mrp-14-/- mice. Although we 
provided evidence that deficiency of  Mrp-14 is associated with reduced deep venous thrombus formation, 
we utilized mice with global rather than tissue-specific deficiency of  Mrp-14, thereby limiting our ability 
to identify definitively the precise cellular source of  MRP-14 that is critical for venous thrombus forma-
tion. To address this issue, we performed adoptive transfer or transfusion experiments using WT and 
Mrp-14-/- donor neutrophils, peripheral blood mononuclear cells (PBMCs), and platelets transferred into 
Mrp-14-/- recipient mice prior to stasis-induced DVT induction. Mrp-14-/- recipient mice that received Mrp-
14-/- donor neutrophils formed venous thrombi that weighed 12.8 ± 5.1 mg (Figure 3A), similar to those 
in Mrp-14-/- mice without transfer (12.3 ± 6.6 mg; Figure 1A). Strikingly, the weight of  thrombi in Mrp-
14-/- mice receiving WT donor neutrophils increased significantly to 20.4 ± 5.1 mg (P = 0.047), restoring 
thrombi to the weight observed in WT mice (18.5 ± 3.1 mg; Figure 1A). In contrast, adoptive transfer of  
WT donor PBMCs in Mrp-14-/- mice did not significantly increase thrombus weight (WT donor PBMCs: 
16.5 ± 10.4 vs. Mrp-14-/- donor PBMCs: 10.6 ± 9.2, P = 0.222; Figure 3B). In addition, we also investigated 

Figure 2. The accumulation of inflam-
matory cells is unimpaired in Mrp-14-/- 

thrombi. Immunohistochemistry staining 
of neutrophils (7/4-positive cells) and 
monocytes/macrophages (Mac-3–positive 
cells) in thrombi harvested at day 2, day 
4, and day 12 after inferior vena cava (IVC) 
ligation. Representative photomicrographs 
of neutrophils (A) and macrophages (B) in 
WT and Mrp-14-/- thrombi harvested on day 
4 after stasis IVC ligation. Quantification of 
neutrophils (C–E) and monocytes/macro-
phages (F–H) in WT and Mrp-14-/- thrombi 
harvested on day 2 (C and F), day 4 (D and 
G), and day 12 (E and H) after stasis IVC 
ligation. Data represent mean ± SD. Scale 
bars: 200 μm (top; original magnification, 
×10); 100 μm (middle; original magnification, 
×20); 50 μm (bottom; original magnification, 
×40). P values were obtained by conducting 
unpaired, 2-tailed t test using Excel.
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the effect of  the adoptive transfer of  platelets (i.e., transfusion) on thrombus weight. Mrp-14-/- mice that 
received Mrp-14-/- donor platelets formed thrombi weighing 5.8 ± 4.6 mg (Figure 3C). Thrombus weight 
was increased significantly in Mrp-14-/- recipient mice that received WT donor platelets to 13.1 ± 8.7 mg 
(P = 0.045), although transfer of  WT platelets did not completely restore the thrombi weights to those 
observed in WT mice (18.5 ± 3.1 mg; Figure 1A). Taken together, these adoptive transfer experiments 
indicate that both neutrophil and platelet MRP-14 contribute to thrombus formation.

Role of  intracellular versus extracellular MRP-8/14 in thrombosis. In our prior report (11), we identified 
a molecular pathway of  arterial thrombosis involving platelet-secreted MRP-14 (i.e., extracellular) and 
its binding to the platelet receptor CD36. Our observations that transfusion of  WT platelets or infusion 
of  purified MRP-8/14 into Mrp-14-/- mice shortened the prolonged carotid artery occlusion time of  Mrp-
14-/- mice strongly suggested that extracellular, rather than intracellular, MRP-14 is largely responsible 
for MRP-14 action in arterial thrombosis. In the current study, adoptive transfer of  WT neutrophils cor-
rected, and platelets partially corrected, the venous thrombotic defect in Mrp-14-/- mice, indicating that 
neutrophil and/or platelet MRP-8/14 content regulates venous thrombosis. To determine whether extra-
cellular MRP-8/14 action modulates venous thrombosis, we infused purified recombinant human MRP-
8/14 (0.08 μg/g mouse) or buffer control into Mrp-14-/- mice (Figure 4). Infusion of  purified MRP-8/14 
in Mrp-14-/- mice significantly increased thrombus weight (Mrp-14-/- mice infused with buffer control: 8.0 
± 8.5 mg vs. Mrp-14-/- mice infused with purified MRP-8/14: 20.1 ± 9.3 mg, P = 0.032), restoring IVC 
thrombus weight to that observed in WT mice (18.5 ± 3.1 mg; Figure 1A). This result strongly suggests 
that extracellular MRP-14 action is required for venous thrombogenesis.

MRP-14 regulates the formation of  neutrophil extracellular traps. Having observed reduced venous thrombosis 
in Mrp-14-/- mice, we set out to determine the mechanism. We reported previously in our arterial thrombosis 
studies that platelet count, activated partial thromboplastin time, and tissue factor–induced total thrombin 
generation in plasma were similar in WT and Mrp-14-/-mice (11), indicating that neither platelet count nor 

Table 1. Cellular composition of IVC thrombi

Cells
Total no. of cells, ×103 Normalized no. of cells, ×103 per mg thrombus

WT Mrp-14-/- P value WT Mrp-14-/- P value
WBC 1,016 ± 558 1,003 ± 460 0.96 88 ± 91 133 ± 101 0.37

Neutrophils 369 ± 194 407 ± 218 0.72 33 ± 32 51 ± 30 0.26
Lymphocytes 621 ± 688 372 ± 182 0.35 48 ± 47 52 ± 45 0.85

Monocytes 81 ± 54 86 ± 47 0.85 7 ± 8 11 ± 8 0.36

The number of total and normalized (to thrombus weight) cells in WT and Mrp-14-/- thrombi.
 

Figure 3. Adoptive transfer of WT neutrophils or platelets rescues the defect of thrombus formation in Mrp-14-/- mice. Thrombus weight (mg) of indi-
vidual Mrp-14-/- mice (recipient) that received WT or Mrp-14-/- neutrophils (A), PBMCs (B), or platelets (C) before recipient mice were subjected to inferior 
vena cava (IVC) ligation (stasis). Thrombi were harvested 2 days after DVT induction. Each dot represents 1 mouse. Data represent mean ± SD. P values 
were obtained from unpaired, 2-tailed t test using Excel.
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coagulation parameters likely account for diminished DVT in Mrp-14-/- mice. However, having 
established that adoptive transfer of  WT neutrophils corrects the defective DVT formation in 
Mrp-14-/- mice, we considered the possibility that MRP-14 might influence DVT by regulating 
the formation of  neutrophil extracellular traps (NETs), which stimulate thrombus formation 
and coagulation and are abundant in thrombi in animal models of  DVT (15) and in human 
venous thrombi (16). Formation of  NETs occurs in a step-wise process characterized by nucle-
ar membrane dissolution, chromatin decondensation, and cytolysis. Histone citrullination is 
a hallmark of  chromatin decondensation in neutrophils and is considered a marker of  NET 

formation (17). Immunofluorescence of  thrombi harvested on day 2 after DVT induction showed reduced 
citrullinated histone H3–positive (H3Cit-positive) immunostaining in Mrp-14-/- thrombi compared with WT 
thrombi (Figure 5, A, B, and C), consistent with decreased NET formation in Mrp-14-/- mice. Adoptive trans-
fer of  WT neutrophils into MRP-14-/- mice restored the thrombosis defect in Mrp-14-/- mice (Figure 3A) and 
was associated with increased H3Cit-positive immunostaining in Mrp-14-/- thrombi (Figure 5D), consistent 
with increased NET formation.

Figure 4. Infusion of recombinant MRP-8/14 protein rescues the thrombosis defect in Mrp-14-/- mice. 
Thrombus weight (mg) of individual Mrp-14-/- mice (recipient) that received recombinant MRP-8/14 
protein (0.15 μg/g body weight) prior to inferior vena cava (IVC) ligation (stasis). Thrombi were harvested 2 
days after DVT induction. Each dot represents 1 mouse. Data represent mean ± SD. P value was obtained 
from unpaired, 2-tailed t test using Excel.

Figure 5. NET formation is defective in Mrp-14-/- mice. (A) Representative immunofluorescence (IF) images of staining for citrullinated histone 3 (His3Cit, 
green) and nuclei (DAPI, blue) in WT and Mrp-14-/- thrombi. (B) Representative IF images of His3Cit (green), neutrophils (7/4, red), and nuclei (DAPI, blue) 
in WT and Mrp-14-/- thrombi. (C) Sytox-Orange nuclear staining. Typical neutrophil extracellular trap (NET) fibers designated by arrows. (D) Transfer of WT 
neutrophils increases NET formation in Mrp-14-/- mice. Representative IF images of staining for His3Cit, neutrophils (7/4), and nuclei in Mrp-14-/- thrombi 
from mice that received Mrp-14-/- (top) or WT (bottom) neutrophils before induction of thrombus formation. Scale bars: 100 μm (A); 5 μm (B); 200 μm (D). 
Original magnifications for C is ×100 for left and right panels and ×370 for the middle panel.
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To further investigate the role of  MRP-14 in limiting the formation of  NETs (i.e., NETosis), we incu-
bated purified peritoneal-derived or blood-derived neutrophils harvested from WT and Mrp-14-/- mice with 
ionomycin to induce histone hypercitrullination and NETosis. The number of  H3cit+ cells stimulated by 
ionomycin was reduced significantly in Mrp-14-/- compared with WT peritoneal-derived neutrophils (Mrp-
14-/-: 8.2% ± 1.4% vs. WT: 17.6% ± 2.0%, P = 0.034, 90 minutes; Mrp-14-/-: 23.3% ± 5.8% vs. WT: 46.1% ± 
3.6%, P < 0.001, 180 minutes; Figure 6, A–C) and blood-derived neutrophils (Mrp-14-/-: 14.5% ± 5.8% vs. 
WT: 28.8% ± 4.5%, P = 0.003; Figure 6, D and E).

Given the observation that the infusion of  recombinant MRP-14 restored the venous thrombosis defect 
in Mrp-14-/- mice (Figure 4), we hypothesized that MRP-14 may stimulate NETosis. To test this possibility, we 
incubated recombinant MRP-14 with peritoneal-derived neutrophils harvested from WT and Mrp-14-/- mice. 
Strikingly, MRP-14 protein alone induced the formation of  NETs in both WT and Mrp-14-/- neutrophils (Fig-
ure 7A). Stimulation of  WT neutrophils with MRP-14 significantly increased the percentage of  H3cit+ cells 
(MRP-14 stimulated: 20.3% ± 4.4% vs. unstimulated: 5.9% ± 2.2%, P = 0.036). Interestingly, stimulation of  
Mrp-14-/- neutrophils also significantly increased the percentage of  H3cit+ cells (MRP-14 stimulated: 21.9% 
± 5.5% vs. unstimulated: 7.1% ± 1.6%, P = 0.013) (Figure 7B). The finding that stimulation with MRP-14 
restored NET formation in Mrp-14-/- neutrophils to WT levels highlights the importance of  extracellular rather 
than intracellular MRP-14. In addition, MRP-14 potentiated the effect of  ionomycin on NET formation. 
Costimulation of both WT and Mrp-14-/- neutrophils with MRP-14 and ionomycin significantly increased the 
percentage of  H3cit+ cells compared with ionomycin alone (WT neutrophils: ionomycin stimulated: 32.9% 
± 6.0% vs. MRP-14 and ionomycin costimulated: 49.0% ± 9.5%, P = 0.017; Mrp-14-/- neutrophils: ionomycin 
stimulated: 21.6% ± 1.3% vs. MRP-14 and ionomycin costimulated: 52.3% ± 5.6%, P < 0.001) (Figure 7).

Figure 6. In vitro NETosis in WT and Mrp-14-/- neutrophils. (A) Representative images of immunofluorescence (IF) staining for citrullinated histone 3 (His-
3Cit, green) and nuclei (DAPI, blue) in unstimulated and ionomycin-stimulated WT or Mrp-14-/- peritoneal neutrophils. (B) Example of linear or strand-like 
staining of His3Cit-positive cells. (C) Quantification of His3Cit-positive cells in unstimulated (0 minutes) and ionomycin-stimulated (90- or 180-minute 
stimulation) peritoneal neutrophils. (D) Ionomycin-stimulated NETosis of WT or Mrp-14-/- peripheral blood neutrophils detected by IF for His3Cit (green), 
neutrophils (mAb 7/4, red), and nuclei (DAPI, blue). (E) Quantification of His3Cit-positive cells in unstimulated and ionomycin-stimulated (120 minutes) 
blood neutrophils. Each dot represents 1 mouse from 3–5 independent experiments. Data for each mouse were obtained by averaging the quantification 
of 4–6 images of each mouse. Images were visualized by a fluorescence microscope (Leica DM 2000, LED) and captured by a Q-Imaging digital camera 
(Retiga 2000R). Scale bars: 20 μm (A); 10 μm (B); 5 μm (D). Data represent mean ± SD. P values were obtained by conducting 1-way ANOVA followed by 
post-hoc test with the Bonferroni criterion using SPSS (version 24, IBM).
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Finally, Neeli and coworkers have 
provided evidence that the leukocyte 
β2 integrin Mac-1 (αMβ2, also known 
as CD11b/CD18 or Mac-1) may be 
involved in the initiation of  changes 
in the neutrophil cytoskeleton that 
facilitate the breakdown of  nuclear 
and plasma membranes for the release 
of  NETs (18). Given the prior report 
that MRP-14 regulates the activation 
of  Mac-1 (19), we hypothesized that 
MRP-14–stimulated NETosis is Mac-1 
dependent. To test this hypothesis, we 
examined the effect of  recombinant 
MRP-14 with and without ionomy-
cin on NET formation in Mac-1–defi-
cient (Mac-1-/-) neutrophils. NETosis 
in Mac-1-/- neutrophils was reduced in 
response to stimulation with MRP-
14 alone (MRP-14 stimulated: 12.7% 
± 1.8%, P = 0.147 vs. WT) and in 
response to MRP-14 and ionomycin 
costimulation (21.1% ± 4.3% His3cit+ 
cells, P = 0.005 vs. WT) compared 

with NETosis in WT neutrophils (MRP-14 stimulated 20.3% ± 4.4%, MRP and ionomycin costimu-
lated: 49.0% ± 9.5%) (Figure 7).

Discussion
In this study, we have indicated that neutrophil-derived and platelet-derived MRP-14 regulate venous 
thrombogenesis. This conclusion is supported by the following data: (a) DVT is reduced in Mrp-14-/-

mice in IVC ligation stasis and partial flow restriction stenosis models; (b) deep vein thrombus resolu-
tion is enhanced in Mrp-14-/- mice; (c) adoptive transfer of  WT donor neutrophils into Mrp-14-/- recipient 
mice restores the thrombosis defect and adoptive transfer of  WT donor platelets into Mrp-14-/- recipient 
mice partially restores the thrombosis defect; (d) infusion of  purified MRP-8/14 corrected the venous 

Figure 7. Effect of recombinant MRP-14 on 
NETosis in WT, Mrp-14-/-, and  
Mac-1-/- neutrophils. (A) Representative 
images of NETosis in WT, Mrp-14-/-, or Mac-1-/- 
peritoneal neutrophils detected by immu-
nofluorescence (IF) staining for citrullinated 
histone 3 (His3Cit, green) and nuclei (DAPI, 
blue). Scale bars: 50 μm. (B) Quantification 
of His3Cit-positive cells in unstimulated or 
ionomycin-stimulated, recombinant MRP-14–
stimulated, or ionomycin and recombinant 
MRP-14 costimulated peritoneal neutrophils 
(120-minute stimulation). Each dot repre-
sents 1 mouse from 3 independent experi-
ments. Data for each mouse were obtained 
by averaging the quantification of 4–6 images 
of each mouse. Images were captured and 
quantified by the EVOS FL Cell Imaging Sys-
tem (Invitrogen). Data represent mean ± SD. 
Bonferroni-corrected P values were obtained 
by conducting 1-way ANOVA followed by 
post-hoc test by Bonferroni criterion using 
SPSS (version 24, IBM).
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thrombosis defect in Mrp-14-/- mice; (e) NET formation is impaired in thrombi and purified neutrophils 
from Mrp-14-/- mice; and (f) MRP-14 induces NETosis in a Mac-1–dependent manner.

The precise sequence of  events that promotes DVT remained obscure previously, but recent observa-
tions in mouse models indicate that cross talk among monocytes, neutrophils, and platelets is responsible 
for the initiation and amplification of  DVT (3). Using conditional mutants and bone marrow chimeras, the 
Massberg laboratory showed that intravascular activation of  the extrinsic pathway of  coagulation via tissue 
factor derived from myeloid leukocytes causes the extensive intraluminal fibrin formation characteristic of  
DVT. Neutrophils are indispensable for subsequent DVT propagation by binding factor XII and by support-
ing its activation through the release of  NETs. Platelets associate with innate immune cells via glycoprotein 
Ibα and contribute to DVT progression by promoting leukocyte recruitment and stimulating neutrophil-
dependent coagulation (20).

Since MRP-14 is abundantly expressed in both neutrophils (21) and platelets (11), our finding that both 
neutrophil-derived and platelet-derived MRP-14 regulate DVT provides important insights into a unifying 
molecular mechanism for deep venous thrombus formation. MRP-8/14 is known to be expressed by vari-
ous cell types, including neutrophils (21), monocytes (21), tissue macrophages under conditions of  chronic 
inflammation (22), mucosal epithelium (23), and involved epidermis of  psoriasis (24). MRP-8/14 complexes 
are also present in mouse cells, and extensive biochemical characterization has confirmed that mouse MRP-
14 is functionally equivalent to its human counterpart (25). Analyses of  mice that lack Mrp-8 and Mrp-14 have 
provided important insights into the function of  these proteins. Although the homozygous deletion of  MRP-8 
results in embryonic lethality (26), deletion of  the Mrp-14 gene does not affect viability and results in the addi-
tional loss of  MRP-8 protein (5, 27). Failure to produce mature MRP-8 protein in the presence of  normal Mrp-
8 mRNA production likely results from instability of  MRP-8 in the absence of  MRP-14. Thus, the Mrp-14-/-  
mice used in this and previous studies lack both MRP-8 and MRP-14 protein and MRP-8/14 complexes.

The established roles of  intracellular and extracellular MRP-8/14 in leukocyte and platelet function 
provide important clues into the putative action(s) of  MRP-8/14 in venous thrombosis. Experiments with 
leukocytes isolated from Mrp-14-/- mice have demonstrated aberrant calcium signaling and blunted calcium 
responses following chemokine stimulation (28). MRP-8/14 further appears to modulate calcium-coupled 
arachidonic acid signaling by binding to arachidonic acid in a calcium-dependent manner (29, 30) and 
by facilitating translocation of  arachidonic acid to the cytoskeleton (31, 32). Intracellular MRP-8/14 also 
modulates cytoskeletal reorganization by promoting polymerization of  microtubules (6).

In response to cytokines or during contact with activated endothelium, myeloid cells secrete heterodi-
meric MRP-8/14, which is the dominant extracellular form (33–35), through a tubulin-dependent “alter-
native” secretion pathway (36). Extracellular MRP-8/14 is then able to bind to receptors on target cells, 
including CD36 (8), RAGE (10), TLR-4 (9), special carboxylated N-glycans (37), and heparin-like gly-
coaminoglycans (38). Using antibody-blocking and genetic deletion experiments, we recently reported that 
MRP-14 binding to platelet CD36 induces platelet activation via a signaling cascade involving the MAP 
kinase JNK2 and src kinase Vav and is required for arterial thrombosis (11).

The adoptive transfer of  WT neutrophils or the infusion of  purified MRP-14 into Mrp-14-/- mice 
restored the reduced thrombus weight in Mrp-14-/- mice to WT levels, indicating a key role for neutro-
phil-derived (i.e., secreted) MRP-14 in venous thrombogenesis. The importance of  neutrophil MRP-14 
in DVT is particularly interesting in light of  the central role of  NETs in DVT. NETs are not just innocent 
bystanders, but rather contribute to neutrophil-driven coagulation during DVT propagation, based on anti-
body depletion of  neutrophils and disintegration of  NETs with deoxyribonuclease 1 (DNAse1) (3, 15, 39). 
NETs, produced to allow neutrophils to trap and disarm microbes in the extracellular environment, play 
an important role in innate immunity (40). Platelet-neutrophil cross talk plays an important role in this 
process, with platelet TLR4 detecting TLR4 ligands associated with sepsis in blood and inducing platelet 
binding to adherent neutrophils that leads to robust neutrophil activation and NET formation (41). The 
molecular basis of  NET generation (known as NETosis) is a complex process requiring reactive oxygen 
species production (42) and neutrophil proteases (i.e., neutrophil elastase, myeloperoxidase, and peptidylar-
ginine deiminase-4) (43). Neeli and coworkers have provided evidence that the leukocyte β2 integrin Mac-1 
may be involved in the initiation of  changes in the neutrophil cytoskeleton that facilitate the breakdown of  
nuclear and plasma membranes for the release of  NETs (18). Given the prior report that MRP-14 regulates 
the activation of  Mac-1 (19), we hypothesized that MRP-14–stimulated NETosis is Mac-1 dependent. To 
test this hypothesis, we examined the effect of  recombinant MRP-14 with and without ionomycin on NET 
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formation in Mac-1-/- neutrophils and showed that Mac-1-/- neutrophils were defective in NET formation in 
response to stimulation with MRP-14 alone and to MRP-14 and ionomycin costimulation. The neutrophil 
receptor responsible for Mac-1 activation by MRP-14, and in turn NETosis, is unknown and the focus of  
ongoing studies. As a member of  the alarmin or danger-associated molecular pattern molecules family, 
MRP-14 is now positioned as a targetable mediator linking innate immunity with thrombosis.

Limitations. We recognize that these two mouse models used may not reproduce all the features of  human 
DVT, in particular because healthy animals were used with no underlying inflammatory or procoagulant 
condition and the thrombotic insult is surgically induced. In addition, although it has been proposed (15) 
that NETs may promote endogenous fibrinolysis and thrombus resolution by binding fibrin-degrading prote-
ases, including plasminogen/plasmin, cathepsin G, and neutrophil elastase (44), we observed that thrombus 
resolution was enhanced in Mrp-14-/- mice compared with WT mice. Finally, we reported previously that 
plasma levels of  MRP-8/14 are an independent predictor of  future cardiovascular events (cardiovascular 
death, myocardial infarction, and stroke) in apparently healthy postmenopausal women (4) as well as recur-
rent cardiovascular events in patients presenting with acute coronary syndromes (45). Whether plasma levels 
of  MRP-8/14 predict future VTE is unknown and the focus of  ongoing nested case-control studies.

Clinical implications. Deficiency of  MRP-14 did not interfere with tail-bleeding time, platelet adhesion 
to and spreading on vWF or collagen, and plasma coagulation activity (i.e., aPTT and thrombin genera-
tion) (11). The identification of  a new pathway of  arterial and venous thrombosis involving MRP-14 that 
does not affect hemostatic parameters, such as bleeding time and platelet adhesion and spreading, has 
possible clinical implications. Thrombotic cardiovascular diseases, including myocardial infarction, stroke, 
and DVT, are the leading cause of  death in developed countries (46). Primary drug therapies include anti-
platelet and anticoagulant agents, and current drugs are associated with significant bleeding risk, which 
is associated with increased mortality (47–49). While new oral anticoagulant agents (NOACs, including 
dabigatran, rivaroxaban, apixaban, and edoxaban) have been approved for the prevention and/or treatment 
of  DVT/PE and represent a major advance in oral anticoagulation (50–53), there are remaining challenges 
that need to be addressed (54). Major or clinically relevant nonmajor bleeding during treatment still occurs 
in up to 10.3% of  patients (51). There are data specifying that extended anticoagulation is indicated for 
idiopathic and recurrent VTE, but some patients are too high risk for this treatment because of  bleeding 
concerns. There is emerging experimental evidence distinguishing the molecular and cellular mechanisms 
of  hemostasis and thrombosis (55). MRP-14 is now positioned as a targetable mediator of  both arterial and 
venous thrombosis but not hemostasis (i.e., reduced bleeding risk).

Methods
Materials. We used the following antibodies: anti-mouse neutrophil-specific marker (clone mAb 7/4, BIO-
RAD, MCA771B); anti-mouse macrophage-specific marker Mac-3 (catalog 550292, BD Biosciences); and 
anti-citrullinated histone 3 (Abcam). Histopaque and Percoll were purchased from Sigma-Aldrich.

Animals. Mrp-14-/- mice were generated in the laboratory of  Nancy Hogg (Leukocyte Adhesion, Lon-
don Research Institute, London, United Kingdom (5). Mac-1-/- mice were generated in the laboratory of  
Christie Ballantyne (Baylor College of  Medicine, Houston, Texas, USA) (56). All mice had a congenic 
C57BL/6 background and were maintained in animal facilities at Case Western Reserve University School 
of  Medicine. Male mice (12–15 weeks of  age) were used for all DVT experiments.

Induction of  stasis-induced DVT. Stasis venous thrombosis was induced following previously pub-
lished methods (12, 57). Briefly, once anesthetized, 12- to 15-week-old male mice underwent laparoto-
my, exteriorization of  the intestines, and exposure of  the infrarenal IVC. Intestines were kept moist by 
saline-soaked sterile gauze throughout the procedure. The IVC was then dissected away from the aorta. 
All visible side branches proximal to the iliac bifurcation were ligated with 7-0 polypropylene sutures. 
The back branches were left patent. The IVC was then ligated immediately distal to the renal veins with 
6-0 polypropylene suture. Exteriorized organs were replaced, and the peritoneum was closed using 6-0 
polypropylene in a continuous suture, followed by closure of  the skin with a 6-0 nylon suture in a simple 
interrupted pattern.

Mice were sacrificed at day 2, 4, and 12, and the abdominal IVC (infrarenal to the iliac bifurcation) was 
harvested. The thrombus was carefully removed from the IVC, rinsed in PBS, and weighed. At the time of  
resection, a white-light micrograph of  the thrombus was captured using a Nikon D70s camera mounted to 
the dissection scope. Micrographs were calibrated and used to measure thrombus length.
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Induction of  flow restriction–induced DVT. Flow restriction (i.e., stenosis) venous thrombosis was induced 
following previously published methods (3). Thirteen- to fourteen-week-old male mice were used. After 
exposing the IVC by atraumatic surgery, a space holder (30-gauge, 3-mm long needle) was positioned on 
the outside of  the vessel, and a permanent narrowing ligature (8.0 monofil polypropylene filament) was 
placed exactly below the left renal vein. Subsequently, the wire was removed to avoid complete vessel 
occlusion. Mice were sacrificed, IVC was harvested, and thrombus was excised as above.

Cell preparation for adoptive transfer. Neutrophils were isolated from the blood of  donor mice using 
Percol (P1644, Sigma-Aldrich. PBMCs were isolated using Histopaque (Histopaque-1077 (Sigma-
Aldrich) according to the manufacturer’s protocol. Gel-filtrated mouse platelets were prepared using 
buffer containing prostacyclin-E1 to minimize platelet activation as described previously (11). WT or 
Mrp-14-/- neutrophils (1 × 106), PBMCs (1 × 106), or platelets (1 × 108) in 250-μl in volume were injected 
into the recipient Mrp-14-/- mice via tail vein.

In vitro induction of  NETosis. Neutrophils from 2- to 3-month-old age- and sex-matched WT, Mrp-14-/-, or 
Mac-1-/- mice were isolated from peripheral blood or harvested from the peritoneal cavity of  mice after over-
night intraperitoneal injection of  1 ml sterile 3% thioglycolate broth (58). Coverslips were coated in 24-well 
plates with 0.5 ml polylysine (1 mg/ml) overnight at 4°C and blocked with 5% BSA for 60 minutes at room 
temperature. Cells (5 × 105 cells/ml in culture medium) were allowed to adhere to the coverslips at 37°C for 60 
minutes. After washing away nonadherent cells, the remaining cells were incubated with control buffer, iono-
mycin (4 μM, I24222, Life Technologies)), purified MRP-14 (NBP1-44500, Novus Biologicals) or ionomycin, 
and purified MRP-14 together for 90–180 minutes and then fixed with 4% formaldehyde for 10 minutes.

Immunofluorescence. Fixed cells were permeabilized for 20 minutes with 0.5% Triton X-100 and then 
blocked with 5%–10% BSA overnight. Cells were incubated with antibody against citrullinated histone 
3 (3 μg/ml, ab5103) at room temperature for 1 hour. Following the wash, biotin-conjugated secondary 
antibody was applied in the dark for 60 minutes at room temperature. Following another wash, fluoresce-
in-conjugated (DTAF-conjugated) streptavidin (2 μg/ml, catalog 016-010-084, Jackson ImmunoResearch 
Laboratories) was added to the cells. DNA was visualized with DAPI containing mounting medium (Vec-
tor Laboratories).

Histology and immunohistochemistry. Thrombosed veins or resected thrombi were carefully cut into 2 
segments and processed accordingly for frozen sections or fixation. Thrombi were embedded in optimal 
cutting temperature media and flash frozen using a dry ice/isopentane slurry. Six-μm cryosections were cut 
for all histological analyses. Thrombi were also immersed in 4% paraformaldehyde in 0.1 M phosphate buf-
fer, pH 7.3, embedded in paraffin and sectioned (5 μm). For immunohistochemistry, standard avidin-biotin 
procedures (DAKO) for mouse-specific neutrophil marker (mAb 7/4, 2.5 μg/ml) and macrophage-specific 
marker (Mac-3, 0.62 μg/ml) were used. For each antibody, controls included species-specific nonimmune 
IgG as well as omission of  the primary antibody. A histologist blinded to genotype analyzed staining using 
a microscope equipped with a charge-coupled device camera (Zeiss AxioCam MRc5 and Axiovision 4.8) 
interfaced to a computer.

Analysis of  complete blood count in thrombi. Mice (2–3 months old, both male and female) were eutha-
nized 2 days after IVC ligation. Thrombi were carefully excised and homogenized, and cells were dispersed 
in 1–2 ml of  Tyrode’s buffer. Fifty μl of  the resulting solution was applied to a CBC analyzer (HV950FS, 
Drew Scientific Inc.). The total number of  cells was quantified and also normalized by dividing the total 
number by thrombus weight.

Statistics. Data are presented as mean ± SD. Comparisons between two groups were performed by 
unpaired, 2-tailed Student’s t test using Excel. Comparisons among multiple groups were performed by 
1-way ANOVA followed by post-hoc test using Bonferroni criterion (SPSS, version 24, IBM). P values of  less 
than 0.05 were considered significant.

Study approval. Animal care and procedures for this study were reviewed and approved by the Case 
Western Reserve University School of  Medicine Institutional Animal Care and Use Committees and per-
formed in accordance with the guidelines of  the American Association for Accreditation of  Laboratory 
Animal Care and the National Institutes of  Health.
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