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Abstract

Immune evasion in the tumor microenvironment (TME) is a crucial barrier for effective cancer 

therapy and plasticity of innate immune cells may contribute to failures of targeted immuno-

therapies. Here, we show that rivaroxaban, a direct inhibitor of activated coagulation factor X (FX) 

promotes antitumor immunity by enhancing infiltration of dendritic cells and cytotoxic T cells at 

the tumor site. Profiling FX expression in the TME identifies monocytes and macrophages as 

crucial sources of extravascular FX. By generating mice with immune cells lacking the ability to 

produce FX, we show that myeloid cell-derived FX plays a pivotal role in promoting tumor 

immune evasion. In mouse models of cancer, we report that the efficacy of rivaroxaban is 

comparable to anti-PD-L1 therapy and that rivaroxaban synergizes with anti-PD-L1 in improving 

anti-tumor immunity. Mechanistically, we demonstrate that FXa promotes immune evasion by 

signaling through protease activated receptor 2 and that rivaroxaban specifically targets this cell-

autonomous signaling pathway to reprogram tumor-associated macrophages. Collectively, our 

results have uncovered the importance of coagulation factor X produced in the TME as a regulator 

of immune cell activation and suggest translational potential of direct oral anticoagulants to 
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remove persisting roadblocks for immunotherapy and provide extravascular benefits in other 

diseases.

One Sentence Summary:

Rivaroxaban, an inhibitor of coagulation Factor Xa promotes antitumor immunity in mice.

Introduction

The coagulation system is a major innate defense pathway that cooperates with the 

complement cascade to limit infections and supports immunity during restoration of tissue 

integrity after injury. Many aspects of these host protective pathways can be exploited by 

tumor cells to shape the tumor microenvironment (TME) and to promote metastasis. Cancer 

cell expression of the coagulation initiator tissue factor (TF) (1), activation of platelets and 

platelet-leukocyte interactions facilitate tumor cell survival in the blood and distant 

metastasis (2). In contrast, cancer cell TF-FVIIa activating protease activated receptor (PAR) 

2 directly promotes tumor progression independent of the intravascular blood clotting 

cascade (3). However, many of these studies were based on human xenografts in immune-

deficient mice. These models have major limitations in evaluating full responses of the 

immune system as a driver of tumor progression as well as a gatekeeper and effector of anti-

tumor immunity.

The innate immune and coagulation systems have many evolutionary ties and are connected 

in several hematopoietic and myeloid cell signaling pathways. Coagulation protease-

mediated signaling via PARs not only regulate hematopoiesis (4) and viral infection (5), but 

also converge with innate immune sensing toll like receptor (TLR) 4 signaling controlling 

dendritic cell and macrophage phenotypes (6–11). Signaling of the TF-FVIIa-FXa 

coagulation initiation complex in particular regulates TLR4-dependent interferon responses 

and tumor immune-evasive chemokine Ccl22 expression (7), but how these intrinsic wirings 

between coagulation and immunity influence the TME is unknown.

Intriguingly, tumor-associated macrophages (TAM) synthesize the TF ligands FVII and FX 

(12, 13). TAM are associated with poor prognosis in a broad variety of tumor entities (14), 

display high plasticity (15–17), and shape the TME, supporting angiogenesis, metastasis and 

immune evasion (18–20). Targeting cell-intrinsic macrophage signaling may therefore 

improve anti-tumor immunity, but the potential of targeting macrophage signaling in the 

context of relevant checkpoint inhibitor and cancer immuno-therapies has not been explored 

extensively (14, 21, 22). Here, we identify FX synthesized by monocytes and macrophages 

as the activator of PAR2 and a crucial driver of such an innate immune signaling pathway. 

FXa-PAR2 signaling impedes anti-tumor immunity in the TME and targeting this pathway 

by clinically used oral FXa inhibitors provides synergistic benefit with checkpoint inhibitor 

therapy.
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Results

Effects of direct small molecule FXa inhibitors on anti-tumor immunity

Target-specific oral FXa inhibitors are widely used for cardiovascular indications, but their 

clinical applications in the context of cancer therapy was limited prior to randomized trial 

validating their efficacy in comparison to standard of care for thrombosis prophylaxis, i.e. 

low molecular weight heparin (LMWH) (23, 24). LMWH requires antithrombin for 

inactivation of coagulation proteases, including FXa, and therefore preferentially inhibits 

coagulation in the intravascular and possibly perivascular space where antithrombin is 

detectable (25). Because small molecule FXa inhibitors have broader tissue distribution (26), 

we evaluated potential effects of these clinically relevant anticoagulants on tumor growth 

and metastasis of an aggressive preclinical tumor model in immune competent mice.

Mice injected with T241 fibrosarcoma cells were randomized after 14 days (Fig. 1A) to 

cohorts with similar tumor volumes (Fig. 1B) receiving therapy with the LMWH dalteparin, 

which has been used in prior cancer trials, or with the direct FXa inhibitor rivaroxaban. 

Both, heparin and rivaroxaban significantly reduced spontaneous metastasis (Fig. 1C) that is 

known to require intravascular coagulation. In contrast, only rivaroxaban attenuated tumor 

growth relative to the control group at the end of the experiment (Fig. 1D).

To better understand the surprising marked reduction in tumor growth seen specifically in 

rivaroxaban-treated mice, we analyzed the abundance of immune cell populations regulating 

anti-tumor immunity. Macrophage numbers were indistinguishable between treatment 

groups, but rivaroxaban markedly suppressed marker expression (Mrc1, CD204) 

characterizing TAM involved in immune evasion, angiogenesis and metastasis (Fig. 1E). 

Strikingly, treatment with rivaroxaban, but not heparin, significantly decreased immune-

suppressive regulatory FoxP3+CD4+ T cell numbers and increased tumor-killing granzyme 

B+ CD8+ T cells in the TME (Fig. 1F).

Priming of CD8+ T cell anti-tumor immunity depends on tumor antigen cross-presentation 

by CD169+ macrophages and CD8+ dendritic cells (DC) in the tumor draining lymph nodes 

(27–29). Rivaroxaban, but not heparin, remarkably caused an expansion of these immune 

cell populations in tumor-draining lymph nodes relative to control mice (Fig. 1G). Thus, 

attenuating intra- and possibly perivascular cancer-associated hypercoagulability with 

heparin was insufficient for reprogramming innate immune cells in the TME and only the 

tissue-penetrating FXa inhibitor rivaroxaban improved antitumor immunity (Fig. 1H).

Factor X expression by tumor-associated myeloid cells

These data indicated that FXa had tumor evasive functions in the TME. Although 

coagulation factors are known to be expressed by human tumor cells (30–32), syngeneic 

tumor models, including the polyoma middle T (PyMT) breast cancer model exhibiting TF-

dependent tumor development (33, 34), expressed neither FX nor its activator FVIIa (Fig. 

S1A), but other components of the TF pathway, i.e. TF pathway inhibitor (TFPI) (35) and 

the FX receptor endothelial protein C receptor (EPCR, Procr) (36). In contrast, peritoneal 

macrophages, known to express FVII (37, 38), also upregulated TF and FX upon stimulation 

with e.g. interferon γ (IFNγ) and lipopolysaccharide (LPS) (Fig. S1B). F7 and F10 mRNA 
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levels in peritoneal macrophages were also comparable to levels in liver cells, the 

physiological site of plasma coagulation factor synthesis. Stimulation of macrophages 

resulted in vitamin K-dependent generation of FXa activity measurable in the cell 

supernatant (Fig. S1C) and synthesis of FX protein detectable intracellularly (Fig. S1D). 

Thus, innate immune cells express a cell autonomous extrinsic coagulation pathway capable 

of generating FXa.

We next evaluated myeloid cell FX expression in PyMT mice with spontaneous breast 

cancer development. CD115+ blood monocytes isolated from tumor-bearing, but not tumor-

free mice expressed F10 mRNA. However, F10 mRNA was not upregulated in blood 

neutrophils (Fig. 2A). Staining for FX protein in innate immune cells isolated from the TME 

of PyMT tumor bearing mice furthermore showed that FX was not detectable in CD11b+/

F4/80− neutrophils but expressed by CD11b+/F4/80+ macrophages with heterogenous 

expression of Mrc1 and CD11c (Fig. 2B).

Gel bead-in-EMulsion (GEM) single cell sequencing of CD11c-selected TAM from two 

independent PyMT tumors further defined the expression of coagulation factors in the TME. 

The enriched 3’ sequences from 3647 viable cells of the combined data set yielded distinct 

clusters defined by the t-distributed Stochastic Neighbor Embedding (t-SNE) algorithm (Fig. 

2C). Expression of macrophage markers CD68 and F4/80 in the depicted 11 clusters (Fig. 

2D) showed that a large proportion of cells was myeloid cell-related, reflecting TAM 

heterogeneity previously demonstrated for human tumors (16), with remaining clusters 

consisting of small numbers of contaminating tumor and T cells.

No mRNA expression of Fga, Fgb, Fgg (fibrinogen), F2 (prothrombin), F5 (FV), F8 (FVIII), 

F9 (FIX), F11 (FXI), and F12 (FXII) was detected in macrophages. In contrast, F10 (FX) 

and F7 (FVII) were co-expressed predominantly in clusters 5 and 14. F10 was also more 

sparsely expressed in cells assigned to clusters 10 and 11 (Fig. 2E) which were positive for 

the TAM marker Mrc1 (Fig. 2D). Clusters 14 and 5 co-expressing F7 and F10 differed in 

their RNA profile (Fig. 2F). Expression of Spp1 (osteopontin), Apoe (apolipoprotein E) and 

Ctsb (cathepsin B) indicated that cells of cluster 14 were recruited monocytes in transition to 

macrophages, whereas cells of cluster 5 expressed higher levels of markers for alternatively 

activated macrophages, e.g. Retnla (Fizz1) (39). These data and protein expression (Fig. 2B) 

indicated that upstream coagulation protease regulate innate immune functions and/or 

phenotypic maturation of monocyte and macrophages.

We next confirmed macrophage FX expression in human tumors. Tumor transcriptome 

analysis in the Pathology Atlas showed that TF (F3), EPCR (Procr), and F10 transcript levels 

were correlated with poor prognosis in clear cell and papillary renal cell carcinoma (RCC), 

but F10 was not an independent prognostic marker in other tumor entities (40). 

Immunohistochemistry of human tumor samples demonstrated expression of FX in a subset 

of CD68+ TAM, but not in tumor or stromal cells, of both RCC types (Fig. 2G). Thus, TAM 

are the major cell type in human tumors with F10 expression being correlated with poor 

outcome in RCC (40).
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Regulation of anti-tumor immunity by monocyte/macrophage-autonomous FX synthesis

In order to directly demonstrate a role for monocyte/macrophage synthesized FX in immune 

evasion, we generated F10fl/flLysMcre mice deficient in macrophage FX synthesis and 

activation (Fig. 3A). Exposure of peritoneal macrophages to PyMT tumor cell supernatant 

supplemented with IFNγ compared to DMEM/IFNγ caused upregulation of F10 mRNA in 
vitro (Fig. 3B). In addition, this stimulation induced chemokines involved in the recruitment 

of suppressive immune cells (Ccl17, Ccl22), but the response was blunted in F10fl/flLysMcre 

macrophages and restored to WT levels upon addition of purified human FX (Fig. 3C). 

Other markers of immune-evasive macrophage polarization (Cxcl1, Arg1, Il10) (41) were 

similarly reduced in tumor supernatant-stimulated FX-deficient macrophages (Fig. 3D), 

demonstrating that endogenously synthesized FX promotes macrophage polarization.

To evaluate roles of FX in tumor growth, we crossed F10fl/flLysMcre mice with mice 

spontaneously developing PyMT breast cancer. Although TAM-expressed macrophage 

scavenger receptor 1 (Msr1, CD204) had been implicated in the regulation of FX plasma 

levels (42), macrophage FX deficiency had no effect on plasma FX levels in tumor-free or 

tumor-bearing littermate mice (Fig. 3E). Importantly, myeloid cell-specific FX ablation 

diminished tumor growth without delaying tumor initiation in the PyMT model of 

spontaneous tumor development (Fig. 3F). In line with reduced tumor growth, the balance of 

immune-suppressive regulatory CD4+FoxP3+ T cells was shifted in favor of tumor-

eliminating granzyme B+ CD8+ T cells in FX-deleted versus control mice (Fig. 3G). 

Moreover, in draining lymph nodes of PyMT tumors, macrophage FX deletion increased the 

abundance of tumor antigen-processing CD169+ macrophages (27, 28, 43) and CD8+ cross-

presenting DC (29) that appeared to be activated based on increased MHC class II 

expression (Fig. 3H). Although we did not detect FX in neutrophils (Fig. 2A, B), we 

compared transplanted fibrosarcoma growth in F10fl/flLysMcre mice, with deletion in 

myeloid lineages including neutrophils (Fig. 3I), and F10fl/flCX3CR1cre mice, with more 

specific monocyte F10 deletion (Fig. 3J). Deletion with both cre driver lines similarly 

reduced tumor growth relative to littermate F10fl/fl controls. In addition, lung metastasis was 

also reduced in mice lacking FX synthesis or PAR2 signaling in the mono-myeloid 

compartment (Fig. S2). Thus, monocyte/macrophage FX synthesis promotes tumor immune 

evasion independent of the coagulation cascade in the circulating blood.

Targeting of macrophage FXa by direct FXa inhibitors

As seen in rivaroxaban-treated mice (Fig. 1E), FX-deficiency caused phenotypic changes in 

TAM, as evidenced by diminished expression of the immune suppressor PD-L1 and the FX 

receptor EPCR (Fig. 4A). Akin to FX-deficient macrophages, therapeutic concentrations of 

the direct FXa inhibitor rivaroxaban reduced macrophage expression of immune-suppressive 

mediators following exposure to PyMT tumor supernatant in vitro (Fig. 4B). These data 

raised the question whether myeloid cell FXa was the therapeutic target for tissue 

penetrating small molecule FXa inhibitors in vivo. Oral administration of rivaroxaban to 

tumor-bearing mice achieved comparable therapeutic plasma levels irrespective of FX 

expression in myeloid cells (Fig. 4C). Importantly, the breast cancer growth difference 

between macrophage FX-deficient and FX-expressing PyMT mice (Fig. 3F) was no longer 
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seen in rivaroxaban-treated mice (Fig. 4D) and rivaroxaban inhibited spontaneous metastasis 

(Fig. S2).

Comparison of macrophage phenotypes showed that myeloid cell FX deficiency reduced the 

abundance of Mrc1+ and PD-L1+ TAM. This reduction was also seen in rivaroxaban-treated 

mice (Fig. 4E). In addition, we profiled CD11c-selected macrophages (Fig. 4F) from these 

groups and found reduced expression of immune-evasive Ccl17, Ccl22, Cxcl1, Arg1, Il10, 

pro-angiogenic Vegfa and pro-metastatic Egf (20) in FX-deficient mice and rivaroxaban-

treated mice (Fig. 4G). Importantly, there was no additional reduction in the expression of 

these markers, when macrophage FX-deficient mice were treated with rivaroxaban, 

demonstrating that the oral FXa inhibitor primarily targeted immune-evasive functions of 

macrophage-synthesized FXa.

Synergy of therapeutic FXa blockade with checkpoint inhibitor therapy

The finding that rivaroxaban inhibited expansion of immune-suppressive PD-L1+ TAM (44), 

raised the question whether therapeutic blockade of FXa could aid immuno-therapeutic 

regimens. We therefore randomized tumor-bearing mice to single or combination therapy 

with rivaroxaban and anti-PD-L1 antibody (Fig. 5A). As monotherapy, rivaroxaban was 

comparable to anti-PD-L1 in attenuating tumor growth of T241 fibrosarcoma, but the 

combination produced a synergistic effect in tumor suppression (Fig. 5B). While both agents 

similarly reduced Treg frequencies, only the TME of mice treated with rivaroxaban showed 

an increase in CD103+F4/80−CCR7+ MHC IIlo DC and GrB+ cytotoxic CD8+ T cells (Fig. 

5C). Remarkably, rivaroxaban and anti-PD-L1 synergized to increase antigen-activated 

CD137+ cytotoxic CD8+ T cells (Fig. 5C). In the colon cancer model MC38, rivaroxaban 

and anti-PD-L1 also attenuated tumor growth as single therapy, but in combination they 

were more effective (Fig. 5D). While both agents suppressed Treg abundance, rivaroxaban 

again had a predominant effect on expanding CD103+F4/80−CCR7+ MHC IIlo DC and GrB+ 

CD8+ T cells in the TME (Fig. 5E) and of cross-presenting CD8+ DC in draining lymph 

nodes (Fig. 5F), providing a mechanism for enhancing anti-tumor immunity.

Inhibition of tumor immune-evasive macrophage FXa-PAR2 signaling by FXa inhibitors

We hypothesized that extravascular coagulation primarily regulated anti-tumor immunity 

through proteolytic signaling. To pinpoint the specific signaling functions of FXa, we used 

mouse strains with point mutations in PAR2 causing resistance to cleavage by specific 

proteases (Fig. 6A). We analyzed cancer growth in PAR2-G37I mice (45) carrying a 

mutation preventing cleavage by the TF-FVIIa-FXa signaling complex, which is dependent 

on the FX receptor EPCR (Procr) (36, 46) (Fig. 6B). In addition, we used PAR2-R38E mice 

with abolished canonical proteolysis by all proteases (7, 47). As expected from cancer cell 

TF-FVIIa-PAR2 proangiogenic signaling (3) and delayed breast cancer development in 

PAR2-deficient PyMT mice (33, 34), tumors appeared later (Fig. 6C) and progressed slower 

(Fig. 6D) in completely cleavage-resistant PAR2-R38E relative to wild-type (WT) mice. In 

support of FXa-PAR2 signaling specifically causing immune evasion, PyMT tumor initiation 

in FXa-resistant PAR2-G37I mice was unaltered, but tumor growth was attenuated compared 

to WT.
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Consistent with the data obtained in myeloid cell FX-deficient and rivaroxaban-treated mice, 

CD11b+CD11c+CD68+ macrophage numbers in the TME were unchanged upon disabling 

PAR2 signaling, but TAM phenotypes differed. Specifically, TAM expressing Mrc1 (CD206) 

(16, 21, 48) and the TF-FVIIa-FXa signaling co-receptor EPCR were reduced (Fig. 6E). 

Conversely, total CD8+, but not CD4+ T cell numbers were increased in PAR2 signaling-

deficient mice (Fig. 6F). A similar reduction in the growth of syngeneic tumors transplanted 

into mutant PAR2-R38E or PAR2-G37I mice (Fig. 6G) confirmed that impaired PAR2 

signaling by non-tumor cells in the TME limited tumor expansion due to FXa cleavage 

resistance. Furthermore, reduced tumor growth of T241 fibrosarcoma transplanted into 

myeloid cell PAR2-deficient PAR2fl/flLysMcre mice (Fig. 6H) provided evidence that FXa 

induced cell autonomous PAR2 signaling in macrophages.

In the aggressive T241 model, we furthermore documented that CD8+ T cells with anti-

tumor activity were expanded following genetic or pharmacological FXa-PAR2 signaling 

blockade. ELISpot assays showed increased numbers of tumor-specific cytotoxic granzyme 

B+ CD8+ T cells in the TME of F10fl/flLysMcre mice versus littermate controls (Fig. 6I). 

Treatment with the FXa inhibitor rivaroxaban also increased CD8+ T cell anti-tumor 

responses, but rivaroxaban had no additional effect on already increased tumor-specific 

granzyme B+ CD8+ T cell levels in FXa signaling-deficient PAR2-G37I mice (Fig. 6J). 

Thus, rivaroxaban improves anti-tumor immunity specifically by targeting myeloid cell FXa-

PAR2 signaling.

Tumor stage-independent suppression of anti-tumor immunity by FXa-PAR2 signaling

TAM phenotypes are determined by a complex interplay of polarizing cytokines, 

vascularization, hypoxia and tumor cell metabolism. However, simple exposure to PyMT 

tumor cell-conditioned medium independent of complex immune cell alterations caused 

macrophage polarization, which was also prevented in PAR2-G37I relative to WT 

macrophages (Fig. 7A), in line with data obtained with FX-deficient (Fig. 3D) or 

rivaroxaban-treated (Fig. 4B) cells. In addition, CXCL1 plasma levels were already reduced 

during early stages of PyMT breast cancer development in PAR2 mutant mice (Fig. 7B), 

indicating that macrophage PAR2 signaling played an immune-modulatory role throughout 

tumor progression.

PyMT breast cancer is a multifocal disease model with sequential development of tumors in 

several mammary glands during the growth of typically one large tumor that determines 

termination of the experiment (Fig. S3A). At time of sacrifice, the early-stage tumors 

isolated from the same animals differed from late-stage tumors in TAM populations. Early-

stage tumors had reduced numbers of macrophages with a CD11blowF4/80hi phenotype and 

showed attenuated expression of PD-L1, Mrc1 and VCAM1 by F4/80+ cells, which was 

typical for TAM of late-stage tumors (49) (Fig. S3B).

In line with diminished immune evasion in the TME, infiltration of late-stage tumors with 

neutrophils, immature Ly6Glow and low-density neutrophil populations (50, 51) was reduced 

in PAR2 signaling-deficient PyMT mice (Fig. S3C); and transcript levels of genes 

implicated in immune suppression by myeloid cells (Bv8, Il4ra, PD-L1) (51) were 

diminished in isolated CD11b+CD11c− cells from PAR2-G37I relative to WT mice (Fig. 
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S3D). Neutrophil infiltration was also reduced in myeloid cell FX-deficient PyMT mice 

(Fig. S3E) and in transplanted T241 fibrosarcoma tumors of PAR2-G37I mice along with 

reduced numbers of Mrc1+PD-L1+ and EPCR+ TAM (Fig. S3F).

In contrast to late-stage tumors, early-stage PyMT tumors showed no differences in Mrc1+ 

and EPCR+ TAM between WT and PAR2 signaling-deficient mice (Fig. 7C) and neutrophil 

infiltration was overall very low (Fig. 7D). Remarkably, CD8+ T cells were already 

expanded at this stage without changes in CD4+ T cell numbers in PAR2 cleavage-resistant 

mice (Fig. 7E). These data indicated that FXa-PAR2 signaling not only regulated typical 

TAM populations in advanced tumors, but also CD11b+CD11c+F4/80+ macrophages in early 

tumor progression. We therefore compared the expression profile of CD11c+ cells isolated 

from these stages of tumor development. In CD11c+ cells isolated from late-stage tumors, 

TF and PAR2 transcript levels were similar between WT and PAR2-G37I mice, but mutant 

cells had lower expression of EPCR, immune modulatory chemokines (Ccl17, Ccl22, Ccl24, 

Cxcl1), immune-suppressive Il10 and Arg1, proangiogenic Vegfa and prometastatic Egf 
(20), and other markers of alternatively activated macrophages (Klf4, Mgl1, Ym1) (41) (Fig. 

7F).

Similarly, loss of FXa-PAR2 signaling caused reduced expression of immune-modulatory 

chemokines and immune-suppressive IL10 and Arg1 in CD11c-selected cells from early-

stage tumors (Fig. 7F). These TAM expression data are consistent with the observed lower 

plasma levels of CXCL1 in PAR2 mutant mice at early stages of PyMT tumor development 

(Fig. 7B). In line with low expression of certain TAM markers, including Mrc1 (CD206), 

FXa-PAR2 signaling-deficiency had no effect on the expression of other alternatively 

activated macrophage markers, i.e. Klf4, Mgl1, Ym1, as well as Procr, Vegfa, and Egf. Thus, 

while PAR2 signaling promoted the development of proangiogenic TAM in advanced 

tumors, remarkably, the immune-evasive phenotype of macrophages was already 

reprogrammed in FXa-PAR2 signaling-deficient mice at early stages of tumor progression.

Discussion

These experiments uncover tumor-evasive immune signaling roles of monocyte- and 

macrophage-synthesized FX that functions independently of the coagulation cascade in the 

circulating blood. Loss of this signaling pathway causes a reprogramming of TAM and a 

shift in TME immune cell composition to anti-tumor immunity already in early stages of 

tumor progression. Remarkably, macrophage FX synthesis also determines TAM phenotypes 

in late-stage tumors where vessel hyperpermeability might have provided coagulation factors 

for extravascular signaling. Limited vascular leakage of plasma coagulation inhibitors, 

which are restricted to the intravascular and perivascular space (25), or degradation of 

antithrombin in the TME (52) may contribute to the inefficient TAM reprogramming with 

LMWH, which activates antithrombin for FXa inhibition. In contrast, small molecule direct 

FXa inhibitors are highly efficacious and at clinically relevant concentrations achieve TAM 

reprogramming indistinguishable from genetic ablation of FXa-specific PAR2 signaling. 

Improving tissue penetrance of oral FXa inhibitors at the expense of intravascular 

distribution may represent a strategy to improve anti-tumor immunity while limiting 

bleeding side effects associated with inhibition of the blood clotting cascade.
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Experiments with isolated macrophages in vitro confirmed FXa-PAR2 cell autonomous 

signaling as the driver for alternative macrophage activation. Extensive studies have 

delineated diverse pathways by which the hemostatic system and tumor cell coagulation 

signaling promote tumor initiation, invasion and metastasis (1). Because these studies have 

largely relied on xenograft models in immune-deficient mice, the crucial function of 

coagulation innate immune signaling in promoting immune evasion and the potency of FXa 

inhibitors to induce antigen-specific anti-tumor immunity has so far escaped detection. 

Although signaling by PAR2 has been implicated as a stimulator of DC migration to lymph 

nodes (53) and a suppressor of CD4+ T cell priming (54), the newly developed FXa-resistant 

mutant mouse clearly defined a protease-selective PAR2 signaling pathway central for 

alternative activation of TAM. This pathway ultimately proved to be the target for oral FXa-

inhibitors to reprogram TAM phenotypes and to promote anti-tumor immunity. Targeting 

PAR2 with appropriate antagonists (55) may represent an alternative approach to prevent 

immune evasion.

The presented data indicate that FXa-PAR2 signaling is central to the synthesis of immune-

evasive chemokines and mediators at all stages of tumor development, as well as TAM 

phenotypes promoting angiogenesis and metastasis in advanced tumors. Consequently, 

immune-suppressive neutrophil and regulatory T cell recruitment to the TME is attenuated 

upon genetic deletion or pharmacological disruption of FXa-PAR2 signaling. However, in 

early-stage tumors only minimal infiltration with neutrophils is seen, but loss of FXa-PAR2 

signaling nevertheless leads to an expansion of cytotoxic T cells in the TME and activation 

of cross-presenting macrophages and dendritic cells in tumor-draining lymph nodes. Thus, 

our study indicates that intervention in the FXa-PAR2 signaling pathway primarily boosts 

anti-tumor immunity with additional benefits on immune-suppressive cell populations in the 

TME. The predicted extravascular and lymphatic accumulation of tissue-penetrating oral 

FXa inhibitors may be harnessed for modulation of immunity not only in the context of 

cancer immuno-therapy, but also cardio-metabolic diseases (10, 11).

The demonstrated FX synthesis by TAM subsets in the mouse and human TME adds to the 

expanding paradigm that the innate defense coagulation and complement pathways interact 

to regulate extravascular milieus. Coagulation proteases not only have important 

extravascular functions in wound repair, but also control internal milieus in the 

hematopoietic stem cell niche (4, 56) in conjunction with complement (57) and fibrinolytic 

(58) systems. As shown here, TAM-expressed FXa activates PAR2 for immune suppression 

in the internal TME. In addition, protein S (Pros1) which participates in the regulation of 

FXa-PAR2 signaling (6) can be derived from tumor cells to suppress TAM pro-inflammatory 

polarization through tyrosine kinase receptor MER signaling (59). The fibrinolytic system 

controls TAM phenotypes by urokinase-dependent plasmin generation that in turn activates 

complement signaling suppressing cytotoxic T cell responses under chemotherapy (60).

Our data show that pharmacological targeting of FX-PAR2 signaling with oral FXa 

inhibitors preferentially acts on professional antigen presenting cells and increases cytotoxic 

T cell activation and expansion and thereby synergizes with clinically effective check-point 

inhibitor therapy. While we demonstrate that rivaroxaban broadly attenuates the growth of 

different tumor models as mono or combination therapy, clinical trials will be required to 
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determine whether these beneficial effects are generally applicable to human cancers with 

variable immunogenic profiles. Selection of patients for such anticoagulant trials is 

challenging and needs to take into consideration comorbidities, pretreatments, drug 

interactions and anatomical location of tumors that may predispose to unwanted bleeding 

under therapy with oral anticoagulants. It will be necessary to identify biomarker profiles of 

patients who benefit from intervention in FXa-PAR2 immune-evasive pathways to improve 

anti-tumor immunity. This approach will ultimately help decide on suitable anti-thrombotic 

therapy and may also lead to potential strategies for simultaneous prevention of cancer-

associated thrombosis and immune-suppression in selective tumor types.

Materials and Methods

Study design

Adult mice of similar age (10–12 weeks) and same sex from the same breeding colony were 

used. Comparisons of PyMT tumor development involved cohorts in the same animal 

facility to avoid environmental variability. Tumor cell suspensions of transplantable tumors 

were randomly injected into different lines that originated from littermate founders or were 

cre-deleter strains of floxed alleles and littermate controls without cre-recombinase. Effects 

of host genetic mutations were independently confirmed in repeat experiments or different 

tumor models and pooled data were analyzed. For treatment experiments, groups were 

randomized by cage, assuring equal tumor volume at the beginning of treatment. Treatment 

and tumor monitoring were performed by the same investigators, but analysis of flow 

cytometry data was performed without knowledge of the treatment groups. Flow cytometry 

comparisons were based on biological replicates stained with the same fluorophore 

combinations and compensations analyzed on the same flow cytometer. Expression profiles 

were obtained from biological replicates randomly analyzed by quantitative PCR in parallel; 

technical failures were eliminated from the analysis.

Animal studies

All animal experiments had approved protocols at Scripps Research (IACUC protocol 09–

0111) or at Johannes-Gutenberg Medical Center Mainz (Landesuntersuchungsamt Koblenz, 

AZ 23 177–07/G 14–1-055 and 23 177–07/G 14–1-041). PAR2 G37I (F2rl1tm2.1Wmrf), 

PAR2 R38E (F2rl1tm1.1Wmrf), and PAR2fl/fl (F2rl1tm3.1Wmrf) mutant mice were generated by 

homologous recombination of sequence confirmed mutated F2rl1 exon 2 with flanking 

intron 1 and 2 into pBS-FRT-Neo-FRT (a gift of Dr. Uli Müller, Scripps Research) in C2 

C57BL/6N embryonic stem cells (61) at the Scripps Transgenic Core Facility. A loxP site 

was also introduced by the targeting strategy in introns 1 and 2, respectively, for potential 

tissue specific deletion of mutant and WT alleles (Fig. S4A). Targeted ES cells were 

identified by PCR screening for recombination that introduced the 5’ and 3’ LoxP sites and 

for unique restriction sites created by silent mutations in the mutated exons (Fig. S4B). After 

germ line transmission and excision of the resistance cassette by crossing with a flippase-

deleter strain, the mutants were bred to homozygosity and the entire coding sequence of the 

targeted exon confirmed by DNA sequencing (Fig. S4C–E). Mutants were crossed with 

C57BL/6N for generation of littermate progeny of mutant and WT mice. PAR2fl/fl mice 

were crossed with LysMcre mice on a C57BL/6N background and used as littermates.
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F10tm1a(EUCOMM) mice (EMMA ID EM: 06365; HEPD0602_2_G07) were obtained from 

the European Mouse Mutant Archive (EMMA) and crossed with flippase-expressing 

C57BL/6 mice to generate a conditional F10 allele for cross breeding with CX3CR1cre or 

LysMcre mice on a C57BL/6N background and subsequently with PyMT C57BL/6N mice. 

The PAR2-R38E and G37I mutant strains were also crossed with PyMT C57BL/6N mice to 

establish cohorts for monitoring spontaneous breast cancer development, as previously 

described (33). Tumor-free survival was defined by appearance of the first palpable tumor 

confirmed by continuing local tumor growth. Tumor growth was quantified by measuring 

every tumor nodule with a digital caliper and calculating the total tumor volume based on 

the formula length x width2 × 0.51. Visible metastasis was quantified by counting lungs 

stained with Bouin’s solution.

For transplanted tumor studies, we injected 5×104 melanoma B16F10 cells (ATCC 

CRL6475), fibrosarcoma T241 (62) or PyMT tumor cells established as described (33). 

Cells were confirmed mycoplasma-free and cultured in RPMI /10% FCS/1% penicillin/

streptomycin. Rivaroxaban, kindly provided by Dr. Stefan Heitmeier (Bayer Pharma AG), 

was formulated at a concentration of 0.4 mg/g of chow from SNIFF (Soest, Germany) and 

cohorts were fed the drug formulation or a control diet from the same manufacturer. 

LMWH-treated mice were injected s.c. once daily with dalteparin (200 IE/kg body weight) 

into the contra-lateral side of the tumor, control mice were received saline injections. 

Control experiments confirmed the efficacy of anticoagulation 3 hours after injection. The 

checkpoint inhibitor α-PD-L1 (10F.9G2) was given i.p. at a dose of 100 μg three times with 

three days intervals.

Cell isolation and flow cytometry

Peripheral blood monocytes and neutrophils were isolated by density gradient centrifugation 

using a 1.077/1.119 g/ml double layer. PBMC were collected from the top layer and 

neutrophils from the interface between 1.077/1.119 layers. Both fractions were washed three 

times and applied to either CD115+ bead selection for PBMCs or CD11b+ bead selection for 

neutrophil selection. Purity of cells was checked by cytospin and staining with May-

Grünwald Giemsa. Cells were used for RNA isolation and downstream cDNA.

Single cell suspensions of tumors were prepared by mincing and digesting the tumor with 2 

mg/ml collagenase A, 5 U/ml DNaseI in DMEM under gentle rotation at 200 rpm for 1–2 

hours at 37°C. Cells passed through 40 μm cell strainers were further processed on a 30%

−40%−78% or 44%−66% Percoll gradient for separation of dead cells and enrichment of 

tumor-infiltrating immune cells in layers at the interface. For endothelial cell staining, 

Percoll gradient was omitted. Single cells from draining lymph nodes were obtained by 

passing through 40 μm cell strainers. Recovered cells were washed after red blood cell lysis, 

resuspended in PBS for staining with fixable viability dye, and further processed in PBS/

0.5% BSA or directly resuspended in PBS/1% FCS/0.5 mM EDTA for staining without 

fixable viability dye for flow cytometry. Staining of F10fl/flLysMcre cells used BSA instead 

of FCS to avoid FX carryover. Antibodies listed in Supplementary Table 2 were used at 

1:200 dilution. Intracellular staining used the FoxP3 Fix/Perm Buffer Set (ThermoFischer). 

Flow cytometry analysis used LSR II flow cytometer (BD), FACS Canto II (BD) or an 
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Attune NxT acoustic focusing cytometer (ThermoFischer). Data were analyzed with FloJo 

10.

mRNA expression was analyzed in CD11c+ TAM isolated with anti-mouse CD11c 

UltraPure MicroBeads (Miltenyi) from digested tumors. The flow-through from the first 

selection was used to select CD11c−CD11b+ cells (neutrophils/monocytes) using anti-mouse 

CD11b MicroBeads (Miltenyi). Efficiency of selection was confirmed by flow cytometry 

and Cytospin (ThermoFisher) preparations stained with May-Grünwald Giemsa.

For ELISpot assays, CD8+ cells from the TME of T241 tumors were selected with anti-

mouse CD8α (Ly-2) MicroBeads (Miltenyi). Purity of the selected cells was confirmed by 

flow cytometry. Anti-mouse Granzyme B ELISpot Kit (R&D) used 2×104 T241 cells plated 

at 37°C for at least 3 hours and CD8+ T cells were added for co-culture of 20 hours, 

followed by ELISpot analysis on an Immunospot S5 Versa Analyzer.

Real-time PCR (qRT-PCR)

Total RNA was extracted with Trizol, cDNA was synthesized from 100 ng total RNA with 

VILO cDNA synthesis kit. Relative expression levels were determined by RT-PCR on a 

BioRad Real-Time System (CFX Connect Real-Time System; CFX96 Real-Time System) 

using SYBRgreen or PowerUp SYBRgreen kit and the primer sequences listed in 

Supplementary Table 3. r18s was used for normalization and standard curves for each target 

gene were generated by pooled cDNA. Data are presented at a log2 scale as normalized 

expression to mean WT expression analyzed in parallel with mutant samples or as 

normalized expression of the respective transcripts in total RNA from mouse liver.

Characterization of thioglycollate-evoked peritoneal macrophages

Peritoneal macrophages were harvested four days after i.p. injection of 3 ml thioglycollate 

(19.25 g powder/500 ml H2O) by sterile flushing the abdominal cavity. Macrophages after 

red blood cell lysis were plated in 12-well plates at 1×106/well in serum-free DMEM. After 

3 hours of adhesion and washing, cells were cultured in 0.5 ml DMEM, 1 U/ml hirudin, 80 

ng/ml konakion or serum-free tumor cell-conditioned medium 1 U/ml hirudin/80 ng/ml 

konakion with or without 100 ng/ml IFNγ, 500 ng/ml LPS, 100 nM of the vitamin K 

antagonist (VKA) acenocoumarol. FXa generated by cell autonomous activation was 

quantified in cell-free supernatants with Spectrozyme FXa (Sekisui Diagnostics) in the 

presence or absence of the FXa inhibitor NAP5 and a calibration curve with purified FXa on 

a Spectramax i3 (Molecular Devices).

For FX staining of peritoneal macrophages used stimulated cells fixed with 4% 

formaldehyde in the culture medium, fixed again after wash in 4% histofix, and blocked with 

1% BSA/0.3% glycine/0.1% Tween/10% donkey serum in PBS. Cells stained with rabbit 

anti-human FX antibody cross-reactive with mouse FX (R01915; 1:500 ) (63) in PBS/1% 

BSA over night at 4°C, were counterstained with anti-rabbit 594 and mounted with ProLong 

® Gold antifade with DAPI for imaging on a Spinning Disk CSU-W1 with dual camera port.
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FX plasma levels

Citrated plasma was collected from 19 weeks-old female controls and F10fl/flLysMcre mice 

with or without spontaneous PyMT breast cancer or from 13 weeks old female controls or 

F10fl/flLysMcre mice with or without tumors 22 days after s.c. injection of T241 cells. FX 

levels were determined using STA–deficient X plasma on a Stago STart coagulometer.

FX staining of human tumor macrophages

After heat-induced antigen retrieval using the target retrieval solution (K8005, 

DakoCytomation, Glostrup, Denmark) whole tissue slides were stained with a polyclonal 

anti-FX rabbit antibody (R01915; 1:2500) (63) or a ready-to-use monoclonal anti-CD68 

mouse antibody (IR613, DakoCytomation). An automated staining system (Autostainer 

Plus, DakoCytomation) was used in accordance with the manufacturer’s instructions. 

Protocol was modified as follows: Dako Envision Polymer/AP was replaced by Dako 

Envision Polymer/HRP and chromogen incubation was increased to 30 min for DAB and 20 

min for Green HRP, respectively.

CXCL1 plasma levels

Citrated plasma was collected from 13-week old female PyMT PAR2-WT, G37I and R38E 

mice. CXCL1 levels were determined with the mouse CXCL1/KC Quantikine ELISA Kit 

(R&D).

PAR2 cleavage assay

PAR2 cleavage was determined by transiently transfecting CHO-K1 cells expressing human 

TF and murine EPCR with amino-terminal FLAG-tagged murine PAR2 WT (mPAR2 WT) 

or mPAR2-G37I cloned into pcDNA3.1/Zeo(+) (Invitrogen), as described in previous 

publications (36, 46, 64).

Western blotting

Cell-free supernatants were precipitated with 30% trichloroacetic acid (TCA), washed with 

acetone and separated by SDS-PAGE for western blotting using rabbit anti-human FX 

antibody cross-reactive with mouse FX (R01915; 1:500 ) (63) and detection with anti-rabbit 

IgG HRP-linked (dilution 1:5000) for quantification of FX on a Fusion Fx Vilber Lourmat 

(Peqlab).

Single cell sequencing of TAM

CD11c-bead selected cells from early-stage PyMT tumors were frozen in 90%FCS/

10%DMSO until single cell library preparation. Thawed cell suspensions were adjusted to 

3000 viable cells per sample for capture in droplet emulsions using the GemCode Single-

Cell Instrument (10x Genomics), and scRNA-seq libraries were constructed using GemCode 

Single-Cell 3′ Gel Bead and Library V2 Kit. Sequences from the microfluidic droplet 

platform were de-multiplexed and aligned using CellRanger version 2.0.1, available from 

10x Genomics with default parameters.
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Two independent biological replicates of single cell libraries were sequenced on an Illumina 

sequencer. Single cell sequences were identified by detecting significant deviations from the 

expression profile of the ambient solution (65). The dataset was annotated to gene level 

information based on ENSEMBL v92. Quality control was performed on each data set 

independently to remove poor quality cells, using the scater package (v1.11.1) (66). The 

proportion of mitochondrial gene content was used as a proxy for damaged cells, using three 

median absolute deviations (MADs) as a threshold. Normalization of cell specific biases was 

performed on the remaining sets of 2285 and 1362 cells using the deconvolution method of 

Lun et al. (65). Counts were divided by size factors to obtain normalized expression values 

that were log-transformed after adding a pseudo-count of one. Highly variable genes were 

identified on the pooled set of 3647 cells, after modeling the technical noise as Poisson 

distributed. Genes with large biological components were provided as input to the 

denoisePCA function in the scran package (v1.11.1). The results of this PCA were then 

provided as initialization to the t-SNE algorithm (http://www.jmlr.org/papers/v9/

vandermaaten08a.html) to obtain a reduced dimensionality representation of the data. To 

identify clusters of cells, we grouped them with unbiased, the shared nearest neighbor graph 

method (67) was applied, and we used the Walktrap algorithm to identify clusters. We 

identified marker genes for each cluster using the function findMarkers from the scran 

package, which performs Welch t-tests on the log-expression values for every gene and 

between every pair of clusters. All visualizations were generated with the iSEE package 

(v1.3.1, Rue-Albrecht et al., 2018 - https://f1000research.com/articles/7–741/v1).

Statistics

Statistical analyses used GraphPad Prism 6.07 or 7.0 as indicated in the figures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Direct FXa inhibitors improve anti-tumor immunity.
(A) Schematic illustration of treatment scheme. WT mice injected with 5×104 T241 cells 

were randomized at day 14 to treatment with saline injection (MOCK), LMWH injection 

(dalteparin 200 mg/kg body weight), or oral anticoagulation with FXa inhibitor (rivaroxaban 

0.4 mg/g chow). (B) Tumor volumes of treatment groups (n=9) at day of randomization. (C) 
Macroscopic lung metastasis in treatment groups (day 22; n=9/8/9). (D) Tumor weights at 

the end of the experiment (day 22; n=8/7/8). (E) Quantification of total and Mrc1+CD204+ 

macrophages in the TME (n=4). (F) Regulatory and cytotoxic T cell frequencies in the TME 

(n=7). (G) Quantification of CD169+CD11c+ MHC II+ macrophages and CD8+CD11c+ 

dendritic cells in draining lymph nodes of T241 tumors (n=7); for all: one-way ANOVA, 
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mean ± SD; *p< 0.05, **p <0.005, ***p <0.001, ns: not significant. (H) Illustration of 

predicted distribution of rivaroxaban and LMWH/antithrombin in the TME.
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Figure 2: Expression of FX by tumor-associated immune cells.
(A) Peripheral blood monocytes and neutrophils from PyMT or tumor-free mice were 

isolated by density gradient centrifugation and additional CD115+ or CD11b+ bead 

selection. Shown are representative cytospins and F10 mRNA expression relative to r18s 

(n=6/5/7/5/6); one-way Anova, mean ± SEM, **p<0.005, ***p<0.001, ns: not significant. 

(B) Flow cytometric analysis of FX (intracellular), Mrc1 and CD11c expression in CD11b+/

F4/80− (neutrophils) and CD11b+/F4/80+ (TAM) of PyMT mice. (C) Clustering of Gel 

bead-in-EMulsion (GEM) single cell sequenced CD11c-selected cells from early-stage 

PyMT WT tumors by t-distributed Stochastic Neighbor Embedding (t-SNE) analysis. (D) 
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Violin and tSNE plots revealing F4/80 (Adgre1) and Mrc1 expressing myeloid cell clusters. 

(E) Expression of F7 and F10 in CD68+ and F4/80+ myeloid cells. (F) Differential transcript 

abundance in F10+ clusters 5 vs 14 (top 40 logFC). (G) FX expression by CD68+ TAM on 

serial sections from human clear cell (representative for 3/15 tumors) and papillary 

(representative for 8/10 tumors) renal cell cancer (RCC).
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Figure 3: Monocyte/macrophage-autonomous FX synthesis promotes immune evasion.
(A) FXa activity and FX protein in serum-free supernatant of F10fl/flLysMcre peritoneal 

macrophages after stimulation as indicated for 18 hours (n=3/4/8/8); mean ± SEM, two-way 

ANOVA, Sidak`s multiple comparisons test. (B) Expression of F10 mRNA of peritoneal 

macrophages exposed to DMEM + IFNγ or PyMT cell culture supernatant supplemented 

with IFNγ (n=4/5/4/5). (C) Ccl17 and Ccl22 mRNA expression of peritoneal macrophages 

exposed to PyMT cell culture supernatant with or without purified human FX (n=4); mean ± 

SEM, two-way ANOVA, Sidak`s multiple comparisons test. (D) Effect of FX deletion in 

F10fl/flLysMcre peritoneal macrophages on polarization marker expression after 18 hours 
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stimulation in PyMT tumor cell-conditioned medium with IFNγ; Z-score, individual 

replicates (n=4/5) are shown, unpaired, two-tailed t-test. (E) FX plasma levels in 19 weeks-

old female mice with or without PyMT tumors (n=12/12(6/8); mean ± SEM, two-way 

ANOVA, Sidak`s multiple comparisons test. (F) Tumor-free survival (n=30) and tumor 

growth (n=33) of PyMT F10fl/flLysMcre and PyMT F10fl/fl littermate controls (n=36; n=37) 

mice; log-rank (Mantel-Cox) test (tumor-free survival), mean ± SEM, two-way ANOVA, 

Sidak`s multiple comparisons test (tumor growth). (G) Quantification of GrB+CD8+ T cell 

(n=6/8) and FoxP3+CD4+ T cells (n=6/7) in the TME and (H) of CD169+ macrophages and 

CD8+ dendritic cells in the draining lymph nodes of late-stage tumors of 20 weeks-old 

PyMT F10fl/flLysMcre or PyMT F10fl/fl littermate control mice (n=9/9). Tumor weight at 

sacrifice (d22) of (I) F10fl/flLysMcre (n=5/6) and (J) F10fl/flCX3CR1cre (n=5/5) mice 

injected with 5×104 T241 fibrosarcoma cells; mean ± SEM, unpaired, two-tailed t-test. *p< 

0.05, **p <0.005, ***p <0.0005, ****p <0.0001, ns: not significant.
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Figure 4: Pharmacological targeting of macrophage FXa-PAR2 signaling by direct FXa 
inhibitors.
(A) PD-L1 and EPCR Expression in TAM from late-stage tumors of PyMT F10fl/flLysMcre 

mice compared to PyMT F10fl/fl littermate controls. (B) Effects of rivaroxaban on TAM 

polarization marker expression in WT peritoneal macrophages after 18 hours in PyMT 

tumor cell-conditioned medium with hirudin/vitamin K and IFNγ; heatmap (control: n=6; 

62 nM rivaroxaban: n=7; 500 nM rivaroxaban: n=7); log2 scale; values relative to mean of 

control; Z-score, unpaired, two-tailed Student’s t-test. (C) Rivaroxaban plasma levels of 

untreated tumor-free WT mice and PyMT F10fl/flLysMcre and PyMT F10fl/fl littermate 

controls receiving rivaroxaban in the diet (n=6/11/11); means ± SEM, one-way ANOVA 

with Dunnett’s multiple comparisons test. (D) Tumor growth of PyMT F10fl/flLysMcre 

(n=28) and PyMT F10fl/fl littermate control (n=36) mice with oral rivaroxaban 

administration; means ± SEM; two-way ANOVA, Sidak’s multiple comparisons test. (E) 

Quantification of CD11b+CD11c+F4/80+ TAM (n=10) and Mrc1+ (n=4/4/6/6) and PD-L1+ 

(n=8/6/6/7) subpopulations in late-stage tumor TME of 20 weeks-old PyMT mice with or 

without oral rivaroxaban therapy; means ± SEM; two-way ANOVA, Dunnett’s multiple 

comparisons test. (F) Expression profiles of CD11c-selected TAM from the TME of late-

stage tumors in 20 weeks-old PyMT mice (n=7/6/7/7); mean ± SEM, unpaired, two-tailed 

Student’s t-test. *p< 0.05, **p <0.005, ****p <0.0001, ns: not significant.
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Figure 5: FXa inhibitor synergizes with check point inhibitor therapy.
(A) Treatment scheme. (B) Tumor growth of 5×104 T241 cells injected into WT mice with 

or without treatment of rivaroxaban and/or α-PD-L1 (n=9/9/10/8); mean ± SEM, two-way 

ANOVA, Tukey’s multiple comparisons test. (C) Quantification of CD103+ CCR7+ 

MHCIIlo DCs, GrB+ CTL, activated CD137+ CD8+ T cells and Treg (n=4) in the TME at 

sacrifice 27 days after tumor cell injection (n=4); mean ± SEM, one-way ANOVA, Tukey’s 

multiple comparison test. (D) Tumor growth of 5×104 MC38 cells injected into WT mice 

with or without treatment of rivaroxaban and/or α-PD-L1 (n=9/11/11/11); mean ± SEM, 
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two-way ANOVA, Tukey’s multiple comparisons test. Quantification of (E) CD103+ CCR7+ 

MHCIIlo DCs, GrB+ CTL and Treg (n=4) in the TME and of (F) CD8+ DCs, CD103+ DCs 

and CD169+ macrophages (n=4) at sacrifice 21 days after tumor injection; *p< 0.05, **p 

<0.005, ***p <0.0005, ****p <0.0001, ns: not significant.
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Figure 6: Attenuated tumor growth in FXa-resistant PAR2 mutant mice.
(A) Mature residue numbering, coding and amino-acid sequence of PAR2-WT, G37I, and 

R38E mice and sensitivity to coagulation proteases. (B) Confirmation of FXa-resistance of 

mouse PAR2-G37I to cleavage by TF-FVIIa-FXa on CHO-cells expressing mouse EPCR 

(n=4); mean ± SEM, two-tailed, unpaired Student`s t-test. (C) Tumor-free survival (n=29, 

34, 28); log-rank (Mantel-Cox) test, and (D) total tumor volume and weights of the largest 

tumors at sacrifice (n=30, 34, 30) of PyMT mice; means ± SEM, two-way ANOVA, Tukey’s 

multiple comparisons test. (E) Quantification of CD11b+CD11c+CD68+ TAM (n=9/9/10) 

and Mrc1+ (n=7) and EPCR+ (n=6/5/4) subpopulations in late-stage TME of 20 weeks old 

PyMT PAR2-WT, G37I, or R38E mice; means ± SEM, one-way ANOVA. (F) CD3+CD8+ 

T-cell (n=14/14/13) frequencies in late-stage tumors of 20 weeks old PyMT mice; means ± 

SEM, one-way ANOVA. (G) Tumor weights 22 days after s.c. injection of B16F10 

(n=12/12/10) or T241 (n=9) cells into PAR2-WT, G37I or R38E mice; pooled data from two 

independent experiments; means ± SEM, one-way ANOVA. (H) Tumor weights 22 days 

after s.c. injection of T241 in PAR2fl/flLysMcre or littermate control mice (n=5/4); means ± 

SEM, unpaired, two tailed t test; (I) Frequencies of Granzyme B+ (GrB+) CD8+ T cells in 

TME of F10fl/flLysMcre mice (n=4) or (F) PAR2-G37I mice and controls with or without 
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rivaroxaban therapy (n=4) evaluated 21 days after T241 injection. T cells were co-cultured 

with T241 cells for quantification of anti-tumor CD8+ T cell responses by ELISpot assay 

shown by representative spots; means ± SEM, unpaired, two tailed t test; *p< 0.05, **p 

<0.005, ***p <0.0005, ****p <0.0001, ns: not significant.
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Figure 7: Tumor stage-independent reprogramming of TAM immune-evasive phenotypes in 
PAR2 FXa-resistant mice.
(A) Macrophage polarization marker expression in peritoneal macrophages after 18 hours 

culture in PyMT tumor cell-conditioned, serum-free DMEM supplemented with hirudin/

vitamin K and IFNγ (n=4); Z-score, unpaired, two-tailed t-test. (B) CXCL1 plasma levels of 

13-weeks old PyMT PAR2-WT, G37I, or R38E mice (n=6/6/5); means ± SEM, one-way 

ANOVA. (C-E) Quantification of (C) CD11b+CD11c+CD68+ TAM (n=11/10/10) and 

Mrc1+ (n=7/6/6) and EPCR+ (n=5/5/5) subpopulations, (D) of neutrophils (n=14/12/12), and 

(E) of CD8+ and CD4+ T cells in early-stage TME of 20-week old PyMT PAR2-WT, G37I, 

or R38E mice (n=13/12/14); means ± SEM, one-way ANOVA. (F) Expression profiles of 

CD11c-selected TAM from late- (n=8/8) and early-stage (n=5-9/7-10) tumors of 20 weeks-

old mice; mean ± SEM, unpaired, two-tailed t-test; *p< 0.05, **p <0.005, ***p <0.0005, 

****p <0.0001, ns: not significant.
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