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Abstract

Cancer-associated thrombocytosis and high concentrations of circulating transforming growth 

factor–β1 (TGF-β1) are frequently observed in patients with progressive cancers. Using genetic 

and pharmacological approaches, we show a direct link between thrombin catalytic activity and 

release of mature TGF-β1 from platelets. We found that thrombin cleaves glycoprotein A 

repetitions predominant (GARP), a cell surface docking receptor for latent TGF-β1 (LTGF-β1) on 
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platelets, resulting in liberation of active TGF-β1 from the GARP–LTGF-β1 complex. 

Furthermore, systemic inhibition of thrombin obliterates TGF-β1 maturation in platelet releasate 

and rewires the tumor microenvironment toward favorable antitumor immunity, which translates 

into efficient cancer control either alone or in combination with programmed cell death 1–based 

immune checkpoint blockade therapy. Last, we demonstrate that soluble GARP and GARP–

LTGF-β1 complex are present in the circulation of patients with cancer. Together, our data reveal a 

mechanism of cancer immune evasion that involves thrombin-mediated GARP cleavage and the 

subsequent TGF-β1 release from platelets. We propose that blockade of GARP cleavage is a 

valuable therapeutic strategy to overcome cancer’s resistance to immunotherapy.

INTRODUCTION

Transforming growth factor–β1 (TGF-β1) is one of the major causes for immune checkpoint 

therapy failure. This is evidenced by multiple studies, indicating that inhibition of the active 

form of TGF-β1 enhances cancer immunotherapy (1, 2). Therefore, effective targeting of 

TGF-β1 maturation or function promises to open additional avenues for cancer therapy.

TGF-β1 is an immunosuppressive cytokine that plays important roles in oncogenesis (3–5). 

Specifically, TGF-β1 modulates the tumor microenvironment by favoring the cancer cells’ 

evasion of immunosurveillance, tempering both the antitumor innate and adaptive immunity 

(6). With regard to the adaptive antitumor immunity, TGF-β1 inhibits both clonal expansion 

and cytotoxicity of CD8+ cytotoxic T cells (7) and induces the expression of Foxp3 in CD4+ 

T cells, therefore conferring a regulatory and immunosuppressive phenotype on these cells 

(8). In addition, TGF-β1 promotes immune exclusion from tumors by creating a collagen 

and fibroblast barrier that shields tumors from immune infiltration (9, 10). Consistent with 

this notion, intense TGF-β1 expression positively correlates with cancer progression and 

metastasis in several tumor types such as breast carcinoma, prostate cancer, colorectal 

cancer, and many more (11, 12).

TGF-β1 production and activation consist of multiple tightly regulated steps: First, TGF-β1 

is synthesized and targeted into the secretory pathway as inactive homodimeric pre-pro–

TGF-β1. After removal of the signal peptide and cleavage by furin-type proteases in the 

Golgi apparatus, pro–TGF-β1 assembles into the small latent TGF-β1 (LTGF-β1) complex, 

formed by disulfide bond–linked mature TGF-β1 wrapped around tightly by latency-

associated peptide (LAP) in a straitjacket fashion (13–15). Last, the release of the 

biologically active TGF-β1 requires the proteolytic or mechanical separation of the mature 

form of TGF-β1 from the LAP. Multiple mechanisms have been evoked to be at play at this 

critical step, in which cell surface proteins such as integrins and glycoprotein A repetitions 

predominant (GARP) are the main orchestrators (16–18).

GARP is a cell surface docking receptor for LTGF-β1 and is mostly expressed on induced 

regulatory T cells (Tregs), platelets, and cancer cells (19–21). A growing body of work 

indicates that GARP plays a critical role in the maturation of LTGF-β1, which results in 

cancer progression and peripheral tolerance (17, 22–24). We previously demonstrated that 

release of active TGF-β1 from platelets depends on GARP–LTGF-β1 complex and that 

platelet-derived active TGF-β1 jeopardizes the antitumor T cell function (25). However, the 
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molecular mechanism that is responsible for the release of mature TGF-β1 from the GARP–

LTGF-β1 complex remains incompletely understood. In addition, although a soluble form of 

GARP–LTGF-β1 is present in human plasma (26), it is currently unclear how it is generated 

and whether the release of GARP regulates LTGF-β1 activation.

Here, we describe a process in which the serine protease thrombin mediates the release of 

active TGF-β1 by cleaving surface GARP on platelets. Furthermore, we demonstrate that 

pharmacological inhibitors of GARP cleavage abrogate platelet LTGF-β1 activation and 

increase the therapeutic efficacy of programmed cell death 1 (PD-1) blockade against 

multiple preclinical cancer models.

RESULTS

Serine protease thrombin cleaves surface GARP and mediates the activation of TGF-β1 
from the GARP–LTGF-β1 complex

We previously demonstrated that an endoplasmic reticulum molecular chaperone 

glycoprotein 96 (gp96) is critical for cell surface expression of GARP and the membrane-

bound LTGF-β1 (27). To further investigate the role of gp96 in the maturation of GARP, we 

stably expressed GARP in wild-type (WT) and gp96 null mouse pre–B leukemic cell line 

70Z/3. Total cell lysate analysis by immune-blot revealed the presence of three mouse 

GARP bands: full-length protein (72 kDa) expressed in both WT and gp96-deficient cells 

and two smaller forms of GARP of 40.7 and 29.5 kDa in WT but not gp96 null cells (Fig. 

1A). The formation of smaller fragments of GARP only in the presence of gp96 supported 

the idea that GARP might be shed at the cell surface and released into the extracellular 

milieu. To address this possibility, we analyzed the presence of GARP in both cell lysate and 

conditioned medium of WT GARP-expressing cells. We observed that the 29.5-kDa 

fragment was abundantly present in the conditioned medium (Fig. 1B). Mass spectrometry 

analysis confirmed that this fragment belongs to part of the N+-terminal domain of GARP 

(Fig. 1C). We also expressed human GARP in human embryonic kidney (HEK) 293 cells 

and observed the presence of full-length GARP, as well as a smaller fragment of 42.7-kDa 

molecule in the cell lysate and the supernatant (Fig. 2A). We next examined GARP 

processing in primary human platelet lysates and releasates biochemically. In the total cell 

lysate of platelets, besides the expected 72-kDa band (whole protein), a GARP fragment of 

42.7 kDa was detectable. We also readily observed the presence of a 21.4-kDa fragment of 

GARP in the human platelet releasate generated by incubating platelets with thrombin (Fig. 

2B).

We next focused on defining the protease that is responsible for GARP cleavage. GARP 

amino acid sequence analysis using the ExPASy portal led us to focus on thrombin for two 

main reasons: First, there are two predicted thrombin cleavage sites in both mouse and 

human GARP. If thrombin-mediated GARP cleavage occurs, then two GARP fragments will 

be generated, corresponding to the precise sizes that we have seen (fig. S1A). Second, one of 

the predicted thrombin binding sites is phylogenetically conserved (fig. S1B).

To prove that thrombin is indeed responsible for GARP cleavage, we mutated the two 

predicted Pro-Arg (PR) thrombin binding sites of human GARP to Ala-Ala to generate two 
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single mutants and one double mutant: GARPP198A,R199A (Mut 1), GARPP266A,R267A (Mut 

2), and GARPP198A,R199A,P266A,R267A (2xMut). Both Mut 1 and Mut 2 could be expressed 

abundantly on the cell surface, but the double mutant failed to do so (fig. S1C). All 

mutations substantially reduced GARP cleavage (Fig. 2C). To further confirm our findings, 

recombinant human GARP was digested in the presence of either active thrombin or a 

variant of the same enzyme with a blocked active site. We observed a dose-dependent 

cleavage of GARP by active thrombin to generate the two GARP fragments (40 and 22 

kDa), as we have observed in the activated human platelets (Fig. 2D). A 3.1-Å resolution 

crystal structure of the GARP–LTGF-β1 complex has recently been resolved (28). In 

agreement with our data showing that GARP can be cleaved by thrombin, both thrombin 

cleavage sites on GARP are located on the opposite face of the bound LTGF-β1 and are 

surface exposed. To determine whether a ternary complex of thrombin-GARP–LTGF-β1 is 

structurally plausible, we docked an existing crystal structure of thrombin onto the GARP–

LTGF-β1 complex using the ClusPro web server (Fig. 2E) (29). Twenty-nine putative 

models of the ternary complex were generated. Twenty-two of 29 models docked thrombin 

onto the concave surface of GARP opposite LTGF-β1, supporting that thrombin is able to 

cleave the LTGF-β1–bound form of GARP. GARP expression facilitates processing of pro–

TGF-β1 and secretion of LTGF-β1 (27, 30). To study the role of GARP cleavage in LTGF-

β1 activation and/or release, we enforced TGF-β1 expression in HEK293 cells that also 

coexpress either WT or human GARP mutants or no GARP as control. We first checked 

whether mutated GARP affected TGF-β1 expression or surface GARP-LAP binding. We 

found that TGF-β1 expression was not affected by GARP mutations (fig. S2A), and the 

GARP single mutant (but not double mutant) still retained the ability to bind to LTGF-β1 

(fig. S2B). As previously described (30), we found that GARP associates with pro–TGF-β1 

to form a large 160-kDa complex (Fig. 2F). To look at the function of thrombin in releasing 

mature TGF-β1 extracellularly from the GARP–LTGF-β1 complex, we analyzed the 

conditioned media of GARP mutants by Western blot. We observed a complete reduction of 

the release of latent and active TGF-β1 when GARP cleavage was impaired, indicating that 

GARP proteolytic cleavage is a prerequisite for the release of mature TGF-β1 (Fig. 2G). 

Moreover, the release of pro–TGF-β1–GARP complex was markedly reduced when surface 

GARP was not properly cleaved by thrombin (Fig. 2, G and H). Overall, these results unveil 

a mechanism of TGF-β1 activation triggered by the interaction of GARP with the serine 

protease thrombin and the subsequent cleavage of surface GARP.

Human and mouse GARP share almost 80% homology at the amino acid level with 100% 

conservation at one of the two thrombin binding sites (fig. S1). We confirmed that thrombin 

is also responsible for cleaving mouse GARP by a series of experiments. First, mouse GARP 

stably expressed on the cell surface of pre–B cells can be cleaved by thrombin in a dose-

dependent manner to generate two predicted 44- and 29-kDa fragments (Fig. 3A). Second, 

we performed a competition assay using a 50-amino acid–long peptide from GARP named 

T250 that contains two thrombin binding sites (Fig. 3B). We found that T250 can partially 

block thrombin-mediated GA0RP cleavage (Fig. 3C). Third, similar to human GARP, a 

molecular modeling of the mouse GARP–LTGF-β1 complex demonstrated that both of the 

thrombin sites on mouse GARP are also surface exposed and therefore accessible to 

thrombin for cleavage (Fig. 3D). Last, we confirmed the importance of two thrombin 
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binding sites using site-directed mutagenesis. The three mouse GARP mutants we generated 

are: GARPP267A,R268A (Mut 1), GARPP286A,R287A (Mut 2), and 

GARPP267A,R268A,P286A,R287A (2xMut). All three mutants can be stably expressed on the 

cell surface, suggesting proper folding and trafficking of these mutants (Fig. 3E). Whereas 

mutation of each thrombin binding site alone reduced GARP cleavage, mutation of both 

sites abrogated GARP cleavage (Fig. 3F).

Proteolysis of platelet GARP mediates systemic LTGF-β1 activation and tumor progression

We previously demonstrated that platelet GARP is essential for active TGF-β1 release in 

platelet releasate (25). In addition, it is known that platelets create their own pool of 

thrombin by supporting the in situ activation of prothrombin to fully active thrombin (31, 

32). On the basis of this evidence, we hypothesized that platelet thrombin is responsible for 

cleaving surface platelet GARP to release mature TGF-β1 from the surface GARP–LTGF-

β1 complex. To test this hypothesis, we isolated platelets from WT and platelet-specific 

GARP knockout (plt-GARP KO) mice and activated them in the presence or absence of 

thrombin. We found that platelet GARP undergoes the same cleavage pattern observed in 

HEK293 cells (Fig. 4A) and, more importantly, we observed that thrombin activation 

enhanced mature TGF-β1 release only from WT but not GARP KO platelets, as detected by 

Western blot and enzyme-linked immunosorbent assay (ELISA) (Fig. 4, B and C). Given 

that TGF-β1 is the main suppressive molecule within platelet releasate for T cell 

proliferation (25), we next performed an in vitro T cell activation assay using mouse 

splenocytes in the presence of WT or GARP KO platelet releasate. We found that, unlike 

WT platelet releasate, the releasate from GARP KO platelets had reduced activity in 

blocking T cell proliferation (Fig. 4D). Furthermore, we found that T250 peptide can block 

the production of mature TGF-β1 from platelet releasate (Fig. 4E) yet without affecting 

platelets’ activation status (Fig. 4F). This work collectively demonstrated that GARP 

cleavage is a prerequisite for platelet TGF-β1 maturation.

We recently reported that platelet GARP enhances tumor growth by activating LTGF-β1 

systemically and in the tumor microenvironment (25). We next studied the role of thrombin-

mediated GARP cleavage in generating active TGF-β1 in vivo by using direct thrombin 

inhibitor dabigatran etexilate. We hypothesized that by blocking thrombin-mediated platelet 

GARP cleavage, dabigatran etexilate would be able to reduce active TGF-β1 systemically 

and thereby diminish tumor growth. First, to exclude that any effect exerted by dabigatran 

etexilate was a consequence of a general platelet dysfunction, we evaluated the platelet 

number and activation in mice treated with dabigatran etexilate. Consistent with a previous 

study (33), platelet reactivity as measured by GARP and P-selectin expression was not 

altered by dabigatran etexilate and neither was the platelet number (Fig. 5A). However, 

systemic thrombin inhibition markedly reduced the active, but not total TGF-β1 released by 

platelets during the formation of blood clots, as demonstrated by serum TGF-β1 (Fig. 5B). 

To further uncouple the systemic platelet inactivation from the specific thrombin inhibition, 

we compared serum active TGF-β1 in mice treated with dabigatran etexilate versus other 

antiplatelet agents, clopidogrel and aspirin. We observed that only by specifically blocking 

thrombin proteolytic activity was it possible to achieve a potent reduction of active TGF-β1 

released from blood clots (Fig. 5C). Next, to conclusively demonstrate that thrombin is 
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acting on the platelet GARP–LTGF-β1 axis, WT and plt-GARP KO mice were injected 

subcutaneously with MC38 colon carcinoma cells, followed by treatment with dabigatran 

etexilate. As reported previously, dabigatran etexilate alone had antitumor efficacy in this 

model (4, 34); however, this property was completely lost in plt-GARP KO mice (Fig. 5D). 

The reduction in the serum active TGF-β1 observed in WT mice was not observed in the 

absence of platelet GARP (Fig. 5E), indicating that thrombin mediates the activation of 

TGF-β1 primarily by acting on platelet GARP. We also quantified the cell surface GARP on 

the platelets in WT mice before and after treatment with dabigatran etexilate. We reasoned 

that if GARP cleavage is mediated by thrombin, then administration of thrombin inhibitors 

should result in elevation of surface GARP on platelets. We found that there was a small but 

significant increase in the cell surface GARP (P < 0.01) and LAP (P < 0.001) on platelets in 

mice that were treated with dabigatran daily for 5 days compared with untreated mice (Fig. 

5, F and G).

Cleavage of platelet GARP supports protumorigenic and immune-evasive tumor 
microenvironment

We showed that thrombin inhibition by dabigatran etexilate reduces the GARP-dependent 

production of TGF-β1 from platelets and prevents tumor progression. On the basis of these 

findings and the known roles of TGF-β1 in immune suppression and oncogenesis (35), we 

next investigated the effect of thrombin blockade on the tumor microenvironment. To this 

end, we subcutaneously injected WT C57BL/6 mice with MC38 colon carcinoma cells and 

treated them with dabigatran etexilate or left them untreated. Histological analysis of tumor 

sections revealed that dabigatran etexilate blocks TGF-β1 deposition in both the tumor bed 

and the stroma (Fig. 6A). In line with this observation, indicators of TGF-β1 signaling, 

including deposition of collagen and smooth muscle actin (SMA), were reduced in mice 

treated with dabigatran etexilate (Fig. 6A). Dabigatran etexilate did not affect platelet 

infiltration into the tumor, which was observed primarily in the proximity of blood vessels 

(Fig. 6A). To understand how and whether treatment with dabigatran etexilate affects the 

immune response at the tumor site, we performed an unbiased multiparameter analysis of 

the immune infiltrates in the draining lymph nodes and tumors by using mass cytometry. We 

found that dabigatran etexilate treatment greatly rewired the tumor microenvironment by 

increasing tumor-infiltrating CD8+ T cells and innate natural killer (NK) cells and 

neutrophils (Fig. 6, B and C). GARP expression on Tregs is an indicator of an active and 

strong immunosuppressive phenotype (36), and for this reason, we evaluated GARP 

expression on intratumoral Tregs by flow cytometry. Tregs isolated from MC38 tumors of 

mice treated with dabigatran etexilate showed less surface GARP expression, indicating that 

TGF-β1 derived from cleavage of platelet GARP enhances the suppressive ability of tumor 

Tregs (Fig. 6, D and E). The frequency of functional CD8+ T cells [interferon-γ (IFNγ) 

producing] was not significantly different (P = 0.05) in the dabigatran group (Fig. 6F). 

Coupled with the functional difference in tumor rejection and the mass cytometry data, these 

data suggested that dabigatran treatment indeed rewired the tumor microenvironment into an 

immunologically favorable one.
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Blocking platelet GARP cleavage enhances efficacy of immune checkpoint blockade 
therapy in preclinical cancer models

Intratumoral and systemic TGF-β1 constitutes a major hindrance for immune checkpoint 

inhibitors (2, 37). We hypothesized that dabigatran etexilate could overcome anti–PD-1 

resistance in cancer therapy because of its ability to reduce TGF-β1. We used two preclinical 

tumor models to test our hypothesis: MC38 colorectal cancer and EMT-6 triple-negative 

breast cancer. In both preclinical models, PD-1 and antithrombin treatment were started at 

the same time, when the tumors reached a size of about 30 mm2. Single therapies reduced 

MC38 tumor growth, but mice treated with the combination of anti–PD-1 and dabigatran 

etexilate had the strongest treatment response, with five of the seven mice showing stable 

disease control and three achieving total tumor regression (Fig. 7, A and B). In addition, 

only mice treated with dabigatran etexilate, either alone or in combination with PD-1 

antibody, experienced a marked drop in the serum active TGF-β1 (Fig. 7C). Similar effects 

were observed in the EMT-6 tumor model, where combined antithrombin therapy and PD-1 

antibody blockade showed much better tumor control and enhanced survival compared to 

either agent alone (Fig. 7, D and E). The success of the combination therapy was highlighted 

by the reduction in metastatic tumor burden observed in the lungs of EMT-6–bearing 

BALB/c mice (Fig. 7F), likely due to the improved checkpoint blockade therapy after 

reduction of active TGF-β1 (Fig. 7G).

Soluble GARP and GARP–LTGF-β1 complex are present in patients with cancer

Increased thrombin activity, thrombocytosis, and platelet activation are frequently associated 

with human malignancy (38, 39). Our present study demonstrated that thrombin cleaves 

GARP, resulting in release of soluble GARP (sGARP)–LTGF-β1 complex and liberation of 

active TGF-β1. We next examined whether sGARP is present in patients with cancer. We 

examined patients with prostate cancer because a high concentration of plasma TGF-β1 has 

been reported to be a strong indicator of poor clinical outcome in this disease (40). We 

surmised that plasma derived from patients with prostate cancer may have a high 

concentration of sGARP and sGARP–LTGF-β1 complex. We found that the concentration of 

sGARP in the plasma of patients with prostate cancer (325.6 pg/ml ± 37.88, n = 47) was 

higher than that of healthy individuals (143.2 pg/ml ± 30.82, n = 7) (Fig. 8A). Using the 

upper limit of sGARP concentration as a cutoff (150 pg/ml), we found that 71.5% of patients 

above the cutoff had concentrations of prostate-specific antigen (PSA) higher than 10 ng/ml, 

whereas less than 33.3% of patients with low sGARP had higher PSA (P < 0.0001). 

Similarly, 57% patients with high sGARP had metastasis as opposed to 33.3% with low 

sGARP (P < 0.001) (Fig. 8B).

In addition, we developed a sandwich ELISA to evaluate the concentration of sGARP in 

complex with LTGF-β1 (sGARP–LTGF-β1). We found that the concentration of the 

complex was higher in plasma collected from patients with prostate cancer compared to 

healthy controls (P = 0.0305) (Fig. 8C). Together, our findings indicate the presence of both 

sGARP and GARP–LTGF-β1 complex in the plasma of patients with cancer.
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DISCUSSION

The role of platelets in promoting cancer invasion has been previously observed (41–43). As 

a chronic unhealed wound, cancer constantly activates the coagulation pathway that 

culminates with the generation of high concentration of thrombin locally, resulting in 

chronic platelet activation (44). We previously demonstrated that TGF-β1 is the most 

abundant protumorigenic and immune suppressive cytokine released by active platelets. We 

also showed that platelet-intrinsic GARP plays a dominant role in activating LTGF-β1 (25). 

Here, we describe a thrombin-dependent mechanism of TGF-β1 maturation from the platelet 

GARP–LTGF-β1 complex that involves cleavage of GARP on the plasma membrane. This 

work suggests an intricate linkage between coagulation and platelet activation, contributing 

to subsequent immune evasion and cancer progression.

We demonstrated that thrombin is responsible for cleaving both human and mouse GARP to 

generate a soluble N-terminal fragment that is abundantly released into the extracellular 

milieu. By site-directed mutagenesis and biochemical analysis, we also showed that GARP 

cleavage regulates the formation and release of both active TGF-β1 and sGARP–LTGF-β1 

complex. Moreover, we found that the thrombin-platelet GARP–LTGF-β1 axis is a relevant 

pathway for cancer immunotherapy, because (i) direct thrombin inhibitor blunted release of 

active TGF-β1 systemically; (ii) inhibition of thrombin caused rewiring of the immune 

response in the tumor microenvironment; (iii) the antitumor effect of thrombin is dependent 

on platelet-intrinsic GARP; and (iv) direct thrombin inhibitor can enhance the preclinical 

responsiveness of cancers to PD-1 immune checkpoint blockade.

Our study does not exclude other proteases and/or integrins in LTGF-β1 activation. GARP–

LTGF-β1 complex can be expressed on many other cell types such as Tregs (19), cancer cells 

(20), and B lymphocytes (23), where thrombin might not be the key player in TGF-β1 

maturation. For example, it has been demonstrated that αVβ8 integrin regulates LTGF-β1 

maturation from the GARP–LTGF-β1 complex on Tregs (45), as well as on HEK293 cells 

(17). The association between GARP–LTGF-β1 complex and integrins does not disrupt the 

ring-like structure of LTGF-β1, suggesting that integrins interaction is necessary but not 

sufficient for secretion of mature TGF-β1 (17). This may indicate that, similar to soluble 

LTGF-β1, extra forces are required for the removal of the “straightjacket” elements of LAP 

from the GARP–LTGF-β1 complex (16).

Consistent with the genetic studies, pharmacological inhibition of thrombin was effective in 

reducing active but not total TGF-β1 in the serum. In this study, we used dabigatran 

etexilate, a competitive and reversible direct thrombin inhibitor approved for venous 

thrombolytic events (46). Dabigatran etexilate blocks thrombin-induced platelet aggregation, 

although it has no effect on platelet activation induced by other agonists such as adenosine 

5′-diphosphate and collagen (47). The antitumor properties of dabigatran etexilate in 

preclinical models of breast and pancreatic cancer were previously reported without clear 

mechanistic explanation (34, 48). Here, we report the existence of a platelet-specific 

thrombin-GARP–TGF-β1 axis, which contributes to tumor progression by enhancing the 

accumulation of platelet-derived TGF-β1 in the tumor microenvironment. By up-regulating 

collagen (49), TGF-β1 confers a selective advantage to the growing tumor by shaping a 
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protumorigenic immune landscape where the infiltration and the tumoricidal activity of NK 

cells (50), neutrophils (51), macrophages, and cytotoxic T lymphocytes (52) are restrained. 

We saw profound changes of these immune subsets in the tumors in mice receiving 

dabigatran etexilate treatment. Compared to systemic TGF-β1 inhibition, thrombin blockade 

has the advantage of neutralizing the activation of platelet-derived TGF-β1 in the blood clots 

occurring around the peritumoral area. Furthermore, specific thrombin inhibition also has 

the potential to reduce cancer cell migration and metastasis, as shown by the metastatic 

breast cancer model in the current study. Our work therefore should inspire future efforts to 

develop inhibitors to block GARP cleavage specifically for cancer immunotherapy, 

especially because the combination of immune checkpoint blockade and TGF-β1–targeted 

therapy has been shown to overcome immune resistance (2, 37, 53, 54).

Our clinical data indicate that sGARP may be a potential biomarker for prostate cancer. 

Prostate cancer is the most commonly diagnosed cancer among elderly men and the second 

leading cause of cancer death in Western countries (55). Circulating PSA is routinely 

screened as a prognostic and diagnostic tool, yet several limitations exist regarding its 

specificity and effectiveness in prediction of clinical outcomes (56, 57). Our study showed 

that higher concentrations of sGARP in the plasma are more commonly found in patients 

with advanced stage of prostate cancer and worse clinical outcome. We also found that 

sGARP is present in normal subjects, indicating perhaps other still yet to be defined 

homeostatic roles of GARP cleavage in immune tolerance and other biological processes. 

However, the human relevance of our study is limited due to lack of comorbidity 

information and missing of detailed clinical outcome of study subjects. Further studies are 

warranted to define the utility of sGARP as a marker for cancer and other diseases in 

general, as well as, more specifically, for patients undergoing immunotherapy including 

immune checkpoint blockers.

In conclusion, our study has uncovered thrombin-mediated GARP cleavage as a mechanism 

for immune tolerance and cancer progression via the activation of LTGF-β1 from platelets. 

Targeting GARP cleavage has the potential to overcome primary and secondary resistance of 

cancer to immunotherapy.

MATERIALS AND METHODS

Study design

This study investigated the mechanism of LTGF-β1 activation from the GARP–LTGF-β1 

complex on multiple cell types and the potential of blocking GARP cleavage for cancer 

immunotherapy. This was accomplished using several complementary approaches including 

molecular biology, mouse genetics, biochemistry, and immunology. In vitro experiments 

were typically carried out using >3 biological repeats and in >3 independent experiments. 

Syngeneic mouse tumor models were adopted for in vivo experiments, using >5 animals per 

condition, which were conducted in >3 independent experiments. For in vivo experiments, 

mice were randomized into each group. Tumor growth and tumor-infiltrating lymphocytes 

were measured without blinding, but pathological evaluations were performed by a board-

certified pathologist (S.S.) without knowledge of specific intervention or mouse genotypes. 

The presence of sGARP in the sera of patients and normal subjects was verified using 
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archived plasma or serum samples with the investigators blinded to patient information. 

Primary data are reported in data file S1.

Patients and clinical samples

The aim of this study was to test the diagnostic and prognostic relevance of sGARP 

concentration in plasma from patients with cancer. This study included patients with prostate 

cancer prospectively enrolled at Medical University of South Carolina, SC, USA, under an 

approved institutional review board protocol number CTO 101814. Informed consent was 

obtained from all patients. Blood samples were collected before starting treatment, and 

plasma samples were obtained at the time of diagnosis.

Cell lines

Pre–B cell line (70Z/3) was a gift from B. Seed (58). MC38 tumor cells were obtained from 

M. Rubinstein (Medical University of South Carolina). EMT-6 and HEK293FT cell lines 

were purchased from American Type Culture Collection. HEK293FT and MC38 cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum, 

100 U/ml penicillin, and streptomycin (100 μg/ml) in a humidified atmosphere of 95% air 

and 5% CO2 at 37°C. Pre–B cells were cultured in RPMI 1640 medium with 10% fetal 

bovine serum, 100 U/ml penicillin, streptomycin (100 μg/ml), and 1% β-mercaptoethanol in 

a humidified atmosphere of 95% air and 5% CO2 at 37°C. EMT-6 cells were cultured in 

Waymouth’s MB 752/1 medium with 2 mM L-glutamine, 10% fetal bovine serum, 100 U/ml 

penicillin, and streptomycin (100 μg/ml) in a humidified atmosphere of 95% air and 5% CO2 

at 37°C. Cancer cells were authenticated by gene expression analysis, in vivo growth, and 

histology. All the lines were monitored for pathogens, and we routinely performed 

mycoplasma analysis on the lines.

Mice

C57BL/6 WT and BALB/c mice were purchased from The Jackson Laboratory. Platelet-

specific GARP KO mouse was generated by crossing Lrrc32flox/flox mice (59) with Pf4-Cre 
mice (60). All animal experiments were conducted under protocols approved by the 

Institutional Animal Care and Use Committee at Medical University of South Carolina and 

The Ohio State University.

Generation of GARP-expression vectors and site-directed mutagenesis

Human and mouse GARP were amplified by polymerase chain reaction and subcloned 

between the BglII and HpaI sites in a MigR1 retroviral vector as previously described (61). 

For site-directed mutagenesis, PR at 267 to 268 and 286 to 287 amino acid positions were 

both mutated to alanine-alanine using the QuikChange II XL Site-Directed Mutagenesis Kit 

(Stratagene). For murine GARP, we used the following primers: 267–268 point mutation, 

GGCCGTGTTCGCGGCACTCATCTACC (forward) and 

GGTAGATGAGTGCCGCGAACACGGCC (reverse); 286–287 point mutation, 

GCGGGGCTGGCCGCAGGCAGTGAGG (forward) and 

CTCACTGCCTGCGGCCAGCCCCGCA (reverse).
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For human GARP, we used the following primers: 198–199 point mutation, 

CCTTCGAGGGTCTGGCAGCACTGACCCATCTC (forward) and 

GAGATGGGTCAGTGCTGCCAGACCCTCGAAGG (reverse); 266–267 point mutation, 

ACCTGGCCGCGCTCGCAGCACTCATCTACCTGAA (forward) and 

TTCAGGTAGATGAGTGCTGCGAGCGCGGCCAGGT (reverse). All constructs were 

subcloned into MigR1 retroviral vector for retrovirus production as previously reported (61). 

The efficiency of mutagenesis was assessed by DNA sequencing, Western blotting, and flow 

cytometry analysis.

Flow cytometry

For flow cytometry staining, cells were washed twice in fluorescence-activated cell sorting 

(FACS) buffer, and FcR blocking was applied 10 min at 4°C. Live/dead staining was 

performed for 10 min at 4°C with Fixable Viability Dye (Affymetrix) before staining with 

the surface antibody mix (indicated in each figure) for 30 min at 4°C in FACS buffer. For 

intracellular staining, Foxp3/Transcription Factor Staining Buffer Set (Affymetrix) was used 

according to the manufacturer’s protocol. Samples were analyzed immediately on BD 

FACSDiva, and data analysis was performed using FlowJo Software (Tree Star). Antibodies 

against human GARP (7B11 BioLegend), human LAP (eBioscience TW4–2F8), mouse 

GARP (eBioscience YGIC86), and mouse P-selectin (eBioscience Psel.KO2.3) were used.

Mass cytometry acquisition and analysis

Mass cytometry single-cell analysis was performed as previously described (24). For single-

cell preparation from tumors, tumors were minced into small pieces with a blade, 

resuspended in DMEM with 10% fetal calf serum (FCS) plus 1% collagenase D, digested in 

a water bath at 37°C for 30 min, passed through a 40-μm cell strainer, and stained following 

the published protocol (62). Briefly, to reduce intersample staining variability, minimize 

sample handling time, and reduce antibody consumption, we used live cell barcoding 

approach. Therefore, isothiocyanobenzyl-EDTA (p-SCN-EDTA; Dojindo) was loaded with 

four different palladium isotopes (104Pd, 105Pd, 106Pd, and 108Pd) and two indium isotopes 

(113I and 115I) to label anti-mouse CD45.2 (BioLegend) as barcoding reagents. Draining 

lymph node cells or tumors were labeled with metal-tagged CD45.2 antibodies for 15 min in 

cell staining medium (CSM) [phosphate-buffered saline (PBS), 2% FCS, and 1 mM EDTA] 

on ice. Samples were washed twice in CSM and combined into a single reaction vessel for 

further staining steps. After live cell barcoding, the combined sample was centrifuged, the 

supernatant was aspirated, and cells were resuspended in 300 μl of antibodies in CSM. Cells 

were stained with antibodies for 20 min at 4°C. Dead cells were excluded by adding 1 ml of 

2.5 μM cisplatin (Sigma-Aldrich) in PBS at the end of the staining period and incubating for 

2 min at room temperature. Afterward, the sample was washed once in PBS supplemented 

with 5% FCS. Last, cells were incubated overnight with 250 nM iridium intercalator 

(Fluidigm) to label cellular DNA. Subsequently, cells were washed with PBS.

Samples were acquired on a CyTOF-Helios mass cytometer (Fluidigm). Quality control and 

tuning processes were performed on a daily basis before acquisition. Before downstream 

analysis, data acquired by mass cytometry were normalized using the standalone MATLAB 

normalizer (version 2013b), and marker expression was controlled in FlowJo (version 
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10.1r5). Next, live cells were exported by manual gating on Event_length, DNA (191Ir and 
193Ir), and live cells (195Pt) using FlowJo software (Tree Star), and individual samples were 

debarcoded using Boolean gating. We combined elements of an earlier workflow (63) with 

visualizations from the CATALYST package (64) and applied the FlowSOM algorithm (65) 

for clustering cells into putative subpopulations.

Immunohistochemistry

Fixed tissue was incubated overnight in 70% ethanol before paraffin embedding and then cut 

with a cryotome for hematoxylin and eosin and immunohistochemistry staining. Antigen 

retrieval was performed in tris-EDTA buffer (pH 9). To minimize nonspecific staining, 

sections were incubated with normal goat serum for 20 min at room temperature, followed 

by incubation with primary anti–α-SMA1 antibody (Sigma A2547), anti–LTGF-β1 

(MyBioSource MBS856490), and anti-CD61 antibody (Cell Signaling 13166) overnight at 

4°C. Staining with secondary antibodies (Vectastain ABC Kit) was then performed before 

development using dabigatran substrate (Vector Laboratories SK-4100). For Masson’s 

trichrome staining of collagen, formalin-fixed paraffin-embedded sections were 

deparaffinized using xylene and hydrated with descending alcohol series (100, 90, 70, and 

60%). Thereafter, sections were stained according to the manufacturer’s protocols 

(Polysciences Inc., 25088). Scoring was performed by the study pathologist (S.S.) without 

knowledge of the sample identification: intensity scale (0 to 5: 0, no signal; 1, borderline; 2, 

weakly positive; 3, positive; 4, strongly positive; 5, the brightest signal) and distribution of 

the staining (percentage in the histology field).

Protein extraction, immunoprecipitation, and Western blot analysis

Adherent cells were harvested by trypsin-EDTA, washed in PBS, and lysed on ice in 

radioimmunoprecipitation assay lysis buffer in the presence of a protease inhibitor cocktail 

(Sigma-Aldrich). Nuclear-free protein lysate was quantified by Bradford assay (Bio-Rad), 

and an equal amount of lysate was analyzed by SDS–polyacrylamide gel electrophoresis 

(PAGE) and Western blot under reducing and nonreducing conditions using anti-mouse 

GARP (AF6229; R&D System) and anti–TGF-β1 (A75–2 555052; BD Pharmingen).

Activation of platelets and preparation of releasate from activated platelets

Platelet-specific GARP KO and control mice were anesthetized, and blood was withdrawn 

into a 5-ml tube containing another 0.5 ml of acid citrate dextrose buffer [39 mM citric acid, 

75 mM sodium citrate, 135 mM dextrose, and prostaglandin E1 (1 μg/ml) (pH 7.4)]. 

Samples were centrifuged for 10 min at 100g, with no brake, and the upper layer of platelet-

rich plasma was collected. Platelets were washed twice with citrate washing buffer [128 mM 

NaCl, 11 mM glucose, 7.5 mM Na2HPO4, 4.8 mM sodium citrate, 4.3 mM NaH2PO4, 2.4 

mM citric acid, 0.35% bovine serum albumin, and prostaglandin E1 (50 ng/ml) (pH 6.5)], 

then resuspended in RPMI 1640, enumerated by a blood cell counter, and diluted to a final 

concentration of 1 × 108/ml. Purified platelets were incubated with or without mouse 

thrombin (Enzyme Research Laboratories) for 1 hour at 37°C at 125 rpm. Stimulated 

platelets were sedimented by centrifugation for 15 min at 3200g, and the supernatant was 

collected and stored at −80°C.
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Soluble TGF-β1 ELISA

Mouse blood was collected through submandibular bleeding in Eppendorf tubes, left to 

coagulate for 1 hour at room temperature, and centrifuged at 5000 rpm for 15 min. Human 

blood (10 ml) was collected in tubes containing lithium heparin anticoagulant. The blood 

was then centrifuged at 1000g for 7 min. The plasma was then removed, aliquoted, and 

stored at −80°C. Capture ELISA for TGF-β1 was performed according to manufacturer 

instructions (BioLegend). Active TGF-β1 was measured with no additional manipulation. 

Total TGF-β1 was measured after acidic activation using 1 M HCl for 10 min at room 

temperature and neutralization with 1.2 NaOH and 1 M Hepes. Active TGF-β1 and total 

TGF-β1 were measured using TGF-β1 ELISA kits according to the manufacturer’s 

protocols (BioLegend). The same TGF-β1 ELISA procedure was adopted for platelet 

releasate.

GARP–TGF-β1 sandwich ELISA

To measure GARP–TGF-β1 complex by ELISA, 96-well plates were coated with TGF-β1 

capture antibody according to the manufacturer’s instructions (BioLegend). Samples were 

incubated for 2 hours at room temperature, followed by incubation with the anti-GARP 

detection antibody developed by our lab for 2 hours.

Thrombin digestion

A total of 1 × 106 GARP-expressing cells and 1 μg of recombinant GARP protein were 

resuspended in thrombin buffer: 50 mM tris-HCl (pH 8.0), 100 mM NaCl, 2.5 mM CaCl2, 

and 0.1% β-mercaptoethanol. Cells were digested for 1 hour at room temperature with either 

mouse or human α-thrombin (Enzyme Research) or with a thrombin mutant that has its 

active site blocked, α-thrombin–Biotinylated Phe-Pro-Arg-Chloromethylketone (BFPRCK) 

(Haematologic Technologies).

T-250 peptide

Thrombin cleavage blocking experiment was performed using the following peptide: 

DLRENKLLHFPDLAVFPRLLIYLNVSNNLIQLPAGLPRGSEDLHAPSEGWSA which 

was generated at Hangzhou Dangang Biological Technology.

Mass spectrometry

Cell lysate was loaded, and SDS-PAGE was run. Gel was stained with Coomassie blue, and 

the fragment of interest was subjected to in-gel protease digestion, chromatographic 

separation and tandem mass spectrometry (MS/MS) analysis of the resulting peptides, and 

interpretation of MS/MS data using SEQUEST software.

Tumor protection experiments

For MC38 tumor model, WT or plt-GARP KO mice were injected in the right flank with 1 × 

106 MC38 colon cancer cells. For EMT-6 tumor model, female mice were injected with 1 × 

105 triple-negative breast cancer cells in the fourth mammary fat pad. For the antithrombin 

therapy, mice were gavaged daily with 3 mg per mouse of dabigatran etexilate (Boehringer 

Ingelheim) dissolved in water. A dose of 200 μg per mouse of anti-mouse PD-1 blocking 
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antibody (BioXCell) was intraperitoneally administered every 3 days. Tumor area was 

measured every 3 days with digital vernier caliper.

Structural modeling

GARP amino acidic sequence was analyzed for potential protease cleavage sites using the 

ExPASy portal (https://web.expasy.org/peptide_cutter/). Thrombin docking onto human 

GARP–LTGF-β1 was performed using the ClusPro server (29). Thrombin [Protein Data 

Bank (PDB) ID 1A2C; chain H] was used as the ligand input, and GARP/LTGF-β1 (PDB ID 

6GFF; chains A, B, C, D, and I) was used as the receptor input. Each of the calculated 

models was inspected manually using PyMOL. The lowest energy model, in which the 

active site of thrombin was pointed toward the cleavage sites on GARP, was chosen as the 

representative model.

To analyze the locations of the thrombin cleavage sites on mouse GARP, a model of the 

mouse GARP ectodomain (residues 18 to 628) was generated using human GARP from 

PDB ID 6GFF (human GARP/LTGF-β1/MHGARP8) as a template in SWISS-MODEL 

(ExPASy) (66). Mouse GARP was then superimposed onto human GARP using PyMOL for 

analysis.

Statistical analysis

Student’s t test was used to compare categorical variables such as normal versus cancer or 

different disease stages or categories. Time to reach the end point was analyzed by Kaplan-

Meier curves. Tumor growth curve analysis was performed using two-way analysis of 

variance (ANOVA). All data are presented as means ± SD except data shown in Fig. 5C 

(means ± SEM). P < 0.05 was considered to be statistically significant. χ2 test was used to 

analyze the correlation of high and low serum GARP with percentages of patients with 

prostate cancer presenting with high PSA1 (higher than 10) and secondary tumors. Adjusted 

P value based on computational framework diffcyt was used for CyTOF data analysis. 

Original data are provided in data file S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. N-terminal fragment of mouse GARP is shed from the cell surface.
(A) Western blot analysis of GARP in the total cell lysate of WT and gp96 KO pre–B cells. 

Cell lysates were analyzed by using antibodies against mouse GARP and mouse gp96. 

Reducing condition gel was used. (B) Parallel Western blot analysis of cell lysates and 

conditioned medium of WT pre–B cells expressing GARP or control vector. Reducing 

condition gel was used. EV, empty vector. (A) and (B) are representative of more than three 

independent biological experiments. (C) Mass spectrometry analysis of the fragment present 

in the conditioned medium of pre–B cells expressing GARP. #PSMS, number of identified 

sequences (peptide spectrum matches). G3XA59 is UniProtKB for GARP.
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Fig. 2. Thrombin is responsible for cleavage of human GARP.
(A) Western blot analysis of cell lysate and conditioned medium of HEK293 cells 

expressing human GARP (hGARP) or a control (Ctrl) empty vector. Reducing condition gel 

was used. β-Actin was used as a loading control. (B) Western blot analysis of human platelet 

lysate (25, 50, and 100 μg) and the releasate obtained from increasing concentrations of 

platelets (107, 108, and 109 per ml). Reducing condition gel was used. (C) Western blot 

analysis of HEK293 cells expressing wild-type (WT) human GARP or GARP with single 

(Mut 1 or Mut 2) or both thrombin binding sites mutated (2xMut). Reducing condition gel 

was used. (D) Western blot analysis of 1 μg of recombinant human GARP digested with 

increasing concentration of human thrombin with active (left) and blocked (right) activity. 

Reducing condition gel was used. (E) Representative molecular model of a thrombin, GARP, 
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and LTGF-β1 complex showing that thrombin can bind GARP on the surface opposite of 

LTGF-β1. Western blot analysis for TGF-β1 in cell lysate (F) and the conditioned medium 

(G) of HEK293 cells expressing TGF-β1 only or TGF-β1 in combination with WT or 

mutant GARP. (H) Same samples as in (G) were immunoblotted for GARP. Nonreducing 

condition gel was used for (F) to (H). At least three independent experiments were 

performed with similar findings.

Metelli et al. Page 21

Sci Transl Med. Author manuscript; available in PMC 2021 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Molecular and biochemical mapping demonstrates mouse cell surface GARP as a 
thrombin substrate.
(A) GARP-expressing pre–B cells were digested with increasing concentrations of thrombin 

(0, 1, 2, and 4 μg in 25 μl), followed by Western blot analysis. Reducing condition gel was 

used. (B) Sequence of GARP fragments containing the two PR thrombin binding sites, 

T250. (C) Western blotting analysis of GARP-expressing pre–B cells digested with 4 μg of 

thrombin in the presence or absence of 4 μg of T250. Reducing condition gel was used. (D) 

Structural model of the mouse GARP/LTGF-β1 interaction. (E) Flow cytometry analysis of 

cell surface GARP on WT pre–B cells or pre–B cells expressing various forms of mutant 

GARP or empty vector. (F) Western blot analysis of GARP in whole-cell lysates and 
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conditioned medium of pre–B cells expressing WT or mutant GARP. Reducing condition gel 

electrophoresis was performed.
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Fig. 4. Thrombin cleavage of mouse GARP liberates mature TGF-β1.
(A) Mouse WT and GARP KO platelets were collected and stimulated with thrombin or not. 

Western blot analysis was performed on platelet lysate using anti-GARP antibody. Reducing 

condition gel was used. (B) Platelet releasate from WT and GARP KO platelets was 

obtained with and without thrombin stimulation and analyzed by Western blot under 

nonreducing and nondenaturing conditions using anti–TGF-β1 antibody. Nonreducing 

condition gel was used. (C) Platelet releasate from WT and GARP KO platelets was 

obtained with and without thrombin stimulation, and active TGF-β1 was quantified by 

ELISA. Data shown as means ± SD (n = 3). (D) Mouse splenocytes were labeled with 

carboxyfluorescein diacetate succinimidyl ester (CFSE), followed by activation with anti-

CD3ε/CD28 and interleukin-2 for 3 days in the presence of different concentrations of 

Metelli et al. Page 24

Sci Transl Med. Author manuscript; available in PMC 2021 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



platelet releasate. CD4+ lymphocytes were then analyzed by flow cytometry. (E) WT 

platelets were untreated or stimulated with the indicated conditions. Platelet releasate was 

collected, and active TGF-β1 was quantified by ELISA. Data shown as means ± SD (n = 4). 

(F) Flow cytometry analysis of P-selectin expression in mouse platelets stimulated in the 

presence of thrombin and/or T250 peptide.
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Fig. 5. Cleavage of platelet GARP mediates serum LTGF-β1 activation and tumor progression.
Female C57BL/6 mice were treated for 1 week with dabigatran etexilate, and blood was 

drawn and analyzed. (A) Platelet number and activation status. (B) Serum active TGF-β1 (as 

a measurement of active TGF-β1 release from blood clots) and total TGF-β1 quantified by 

ELISA. ns, not significant. (C) C57BL/6 female mice were treated for 1 week with 

dabigatran etexilate or clopidogrel and aspirin or left untreated. Serum active TGF-β1 was 

evaluated by ELISA. Mice with WT and GARP KO platelets were challenged with MC38 

cells and treated with dabigatran etexilate or left untreated. (D) Tumor area. (E) Serum 

active TGF-β1 from MC38-bearing mice was evaluated by ELISA. (F and G) Dabigatran 

treatment enhances GARP and LAP expression on circulating platelets. WT mice were 

treated with dabigatran (DAB; 3 mg per mouse) or sham control (UT) daily for 1 week. 
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Platelets were purified and analyzed by flow cytometry for surface expression of (F) GARP 

or (G) LAP. MFI, mean fluorescent intensity. Data presented as means ± SEM, n = 8 to 10 

mice per group. Two-tailed, paired Student’s t test was used in (B), (F), and (G); two-tailed, 

independent Student’s t test was used in (C) and (E); and repeated measurement two-way 

ANOVA was performed in (D).
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Fig. 6. Cleavage of platelet GARP supports TGF-β1–mediated immune evasion in the tumor 
microenvironment.
(A) Representative images with relative expression intensity of TGF-β1, collagen, SMA1, 

and CD61 in MC38 tumors collected from WT mice treated with dabigatran etexilate for 3 

weeks or left untreated. Each symbol represents an individual mouse. Scale bars, 100 μm 

(TGF-β1 and SMA1) and 50 μm (collagen and CD61). (B and C) Mass cytometry analysis 

of intratumoral cell populations isolated from C57BL/6 mice (n = 10 per group) 

subcutaneously injected with MC38 and treated daily with dabigatran etexilate for 3 weeks. 

(B) The combined dataset was down-sampled to 2500 cells per sample for a total of 50,000 

cells and subjected to dimensionality reduction using the t-distributed stochastic neighbor 

embedding (t-SNE) algorithm with the sample-specific composition in tumors of dabigatran 

etexilate–treated or untreated mice. Relative distribution of immune and nonimmune cells is 
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indicated in the right. CD8+ T cells, NK cells, and neutrophils are indicated by arrows. (C) 

Statistical comparison of the frequencies of immune cell populations. DC, dendritic cells; 

TILs, tumor-infiltrating lymphocytes. (D) Representative image of GARP staining in 

regulatory T cells (Tregs). (E) Flow cytometry analysis of the MFI of GARP expression on 

Tregs isolated from MC38 tumors in mice treated with dabigatran and control. (F) Tumor-

infiltrating CD8+ T cells were treated with pyridine-2-aldoxime methiodide/ionomycin for 4 

hours, followed by intracellular staining of IFNγ. Two-tailed, independent Student’s t test 

was used in (A) and (E); adjusted P value based on computational framework diffcyt (67) 

was used in (C).
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Fig. 7. Blocking platelet GARP cleavage enhances immune checkpoint blockade therapy of 
cancer.
WT C57BL/6 mice were injected with MC38 colon cancer cells and left untreated or treated 

with dabigatran etexilate alone, PD-1 blocking antibody (Ab) alone, or combination of both. 

(A) Tumor growth curves. (B) Mouse survival. (C) Serum active TGF-β1 measured by 

ELISA. BALB/c female mice were injected into the fourth left mammary fat pad with 

EMT-6 triple-negative breast cancer cells and treated with dabigatran etexilate alone, PD-1 

blocking antibody alone, or both. (D) Tumor growth curves. (E) Mouse survival. (F) 

Metastatic burden in the lungs. (G) Serum active TGF-β1 in EMT-6–bearing BALB/c 

female mice treated with indicated conditions. Repeated measurement two-way ANOVA 

was performed in (A), log-rank (Mantel-Cox) was performed in (B) and (E), and two-tailed, 

independent Student’s t test was used in (F). The experiment with MC38 tumor models was 
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performed three times, and EMT-6 was performed two times. For each experiment, six to 

eight animals per group were used. All P values reflect comparison to the combination group 

(dabigatran plus anti–PD-1).
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Fig. 8. Both sGARP and sGARP–LTGF-β1 complex are present in patients with cancer.
(A) sGARP was detected by ELISA in plasma samples collected from patients with prostate 

cancer and healthy controls. (B) Correlation analysis between GARP-positive or GARP-

negative plasma samples and PSA concentration greater or less than 10 ng/ml (left) or the 

presence of metastasis (right). (C) GARP–LTGF-β1 sandwich ELISA performed on plasma 

samples collected in heparin-coated tubes from patients with prostate cancer and healthy 

controls. OD, optical density. Two-tailed, independent Student’s t test was used in (A) and 

(C). χ2 test was used in (B).
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