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Abstract 

Stimulation of TAM (TYRO3, AXL and MERTK) Receptor Tyrosine Kinases promotes 

tumor progression through numerous cellular mechanisms. TAM cognate ligands 

GAS6 and PROS1 (for TYRO3 and MERTK) are secreted by host immune cells, an 

interaction which may support tumor progression. Here we reveal an unexpected anti-

metastatic role for myeloid-derived PROS1, directly suppressing the metastatic 

potential of lung and breast tumor models. Pros1 deletion in myeloid cells led to 

increased lung metastasis, independent of primary tumor infiltration. PROS1-cKO 

BMDMs led to elevated TNFα, IL-6, Nos2 and IL-10 via modulation of the Socs3-NFκB 

pathway. Conditioned medium from cKO BMDMs enhanced EMT, ERK, AKT and 

STAT3 activation within tumor cells, and promoted IL-10 dependent invasion and 

survival. Macrophages isolated from metastatic lungs modulated T cell proliferation 

and function, as well as expression of costimulatory molecules on dendritic cells in a 

PROS1-dependent manner. Inhibition of MERTK kinase activity blocked PROS1-

mediated suppression of TNFα and IL-6, but not of IL-10. Overall, using lung and 

breast cancer models, we identify the PROS1-MERTK axis within BMDMs as a potent 

regulator of adaptive immune responses with a potential to suppress metastatic 

seeding, and reveal IL-10 regulation by PROS1 to deviate from that of TNFα and IL-6.  



3 

 

Introduction 

Macrophages play dominant roles in tumor-microenvironment (TME) interactions 

affecting tumor growth and metastasis. By secreting various factors, macrophages can 

alter tumor cell behavior, often promoting cancer initiation and supporting metastatic 

progression (1–4). The bi-directional cross-talk between tumor cells and macrophages 

was shown to modulate tumor growth and metastasis through several mechanisms (5). 

Examples include macrophage polarization towards an M2-like immunosuppressive 

phenotype by tumor-secreted lactic acid (6) and the induction of the proinflammatory 

cytokines tumor necrosis factor-α (TNFα) and interleukin-6 (IL-6) within macrophages 

by tumor-derived Versican, leading to increased metastasis (7). Another macrophage-

mediated tumor-promoting pathway includes the secretion of molecules which activate 

proto-oncogenes expressed by tumor cells. This was shown for Growth-arrest-specific 

6 (Gas6) which is upregulated by tumor-infiltrating macrophages. GAS6 leads to 

increased tumor growth and metastasis, by stimulating its cognate receptors TYRO3, 

AXL and MERTK, constituting the TAM family of receptor tyrosine kinases (RTKs) (8) 

also identified as proto-oncogenes (9). We therefore reasoned that Protein S (PROS1), 

a TAM agonist with high homology to GAS6, also expressed by immune cells would 

likewise activate TAM receptor (TAM-R) oncogenic signaling through tumor-immune 

cell interactions. Because TME interactions modulate tumor growth and metastasis, 

identifying the factors underlying these interactions is of great importance. 

As a ligand for the proto-oncogenic TAM-Rs, we recently reported the upregulation of 

PROS1 in oral squamous cell carcinoma (OSCC), where PROS1 supported OSCC 

aggressiveness though AXL activation. Inhibition of PROS1 repressed tumor cell 

phenotypes both in-vitro and in-vivo (10), indicating its tumor-promoting capacity. In 

addition to their oncogenic capabilities, TAMs are key regulators of immune response 

and inflammation (11–14). Activation of TAM-Rs in immune cells by their agonists 

GAS6 and PROS1 alleviates the immune response and mitigates inflammation (14–
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16). Respectively, TAM inhibition is pro-inflammatory, as seen in mice following genetic 

inactivation of TAM-Rs (17–20) and ligands (15, 16). Using a zymosan-induced model 

of peritonitis, we recently identified PROS1 as a regulator of peritoneal macrophage 

polarization also mediating their phagocytic clearance of apoptotic neutrophils - both 

essential elements contributing to the resolution of inflammation (16). 

In this study, we investigate the role of PROS1 in the myeloid compartment of the 

TME. We find that myeloid-derived PROS1 inhibits tumor metastasis through 

tempering peripheral inflammation and immune modulation rather than by directly 

stimulating TAM-dependent oncogenic signaling within tumor cells. Conditional 

knockout (cKO) of Pros1 in myeloid cells results in their hyper-inflammatory profile and 

increased infiltration into metastatic lungs, as well as elevated levels of the 

extracellular degrading enzyme matrix metalloprotease 9 (MMP9). Direct effects on 

tumor cells led to epithelial-to-mesenchymal transition (EMT) and improved survival 

and invasiveness. Concomitantly, inhibition of PROS1 expression affected both 

dendritic cell (DC) maturation and T cell proliferation and activation. Together, our 

findings reveal PROS1 as a key player acting at multiple levels on both the tumor cells 

and the TME, directly impacting metastasis. Moreover, our data indicate that PROS1 

expression in myeloid cells dictates the inflammatory status of the lungs. We further 

show that PROS1 is a key molecular switch of inflammatory signaling within bone 

marrow-derived macrophages (BMDMs), modulating the NFκB pathway. Addition of 

PROS1 to Pros1-cKO BMDMs suppresses their pro-inflammatory signature, and 

reverts their pro-metastatic capacity in-vivo. Mechanistically, we reveal that inhibiting 

the MERTK kinase activity blocked PROS1-mediated suppression of TNFα and IL-6, 

but did not affect that of IL-10. Investigating the relevance of the PROS1/IL-10 axis 

revealed that IL-10 acts directly on tumor cells to increase their survival and invasive 

potential, while inhibiting T cell proliferation at the same time, which is suppressed 

upon addition of PROS1 or by IL-10 neutralization. Taken together, our data identify 

PROS1 as a novel anti-metastatic protein, acting at multiple levels. PROS1 (i) directly 
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affects EMT and cancer cell survival, (ii) modulates DC and T cell function and (iii) 

regulates inflammatory signaling in metastasis-associated macrophages, directly 

impacting the metastatic potential. 

 

 

Results 

Pros1 deficiency in host myeloid cells exacerbates tumor metastasis.  

To test whether PROS1 in host myeloid cells affects cancer progression we genetically 

deleted  Pros1 expression in the myeloid lineage by crossing Pros1fl/fl mice (21) to 

LysM-Cre+ mice (22), efficiently driving Cre expression in myeloid cells. Pros1fl/fl 

(control) and LysM-Cre+;Pros1fl/fl conditional knockout mice (hereafter Pros1-cKO) 

were challenged with a subcutaneous injection of murine Lewis Lung Carcinoma (LLC) 

cells (23). Primary tumor growth dynamics in control and Pros1-cKO mice were 

comparable for the duration of the experiment (fig 1A and fig S1A). However, 

metastatic burden was significantly increased in the lungs of Pros1-cKO mice 

compared with their littermate controls (fig 1B-E). Histopathological analysis of lung 

sections revealed larger lung metastases in Pros1-cKO mice (0.2 ± 0.02 mm2) 

compared to controls (0.09 ± 0.04 mm2; fig 1C-E). Pros1-cKO lungs also showed 

increased numbers of metastatic foci (4 ± 1.2) compared to controls (1.1 ± 0.5; fig 1E). 

We also tested the effect of Myeloid Pros1 expression on tumor growth and metastasis 

using the AT3 mammary carcinoma model (fig 1F-J). Akin to the lung cancer model, 

primary tumor growth of orthotopically-injected GFP-expressing AT3 cells was similar 

between control and Pros1-cKO mice (fig 1F and fig S1B-C). Although no significant 

differences in the number of metastatic foci (fig 1J), metastasis in Pros1-cKO mice 

were larger (0.198 ± 0.05 mm2) than in controls (0.06 ± 0.03 mm2; fig 1I). These results 

indicate that ablation of Pros1 in host myeloid cells minimally affects primary tumor 

growth, but significantly enhances metastasis of syngeneic models of mammary and 
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lung cancers, indicating an inverse association between metastasis and host myeloid 

PROS1 expression. This association reveals an unanticipated, yet decisive anti-

metastatic role for host immune cell-derived PROS1. 

 

Pros1 ablation in myeloid cells induces lung inflammation increasing their 

permissiveness for tumor cell colonization. 

As a ligand for the TAM-Rs, PROS1 takes a cell autonomous negative regulatory 

function in the immune response of DCs and in the regulation of DCs by T cells (12–

15). Inactivation of TAM-R signaling in mice results in a chronically activated immune 

system, autoimmune disease, and a pro-inflammatory cytokine signature (12, 20). 

These phenotypes notwithstanding, the inflammatory status of mice lacking PROS1 in 

the myeloid lineage, and its possible impact on cancer have not been investigated. We 

hypothesized that lack of PROS1 in the myeloid compartment may cause systemic or 

local inflammation in the lungs, previously demonstrated to promote metastasis in 

several cancer models (24–26). Indeed, lungs of Pros1-cKO mice expressed higher 

baseline levels of tumor necrosis factor alpha (Tnf) and nitric oxide synthase 2 

(Nos2), without changes in the p35 subunit of Il-12, along with decreased expression of 

the suppressor of cytokine signaling 3 (Socs3) (fig 2A). Interestingly, mRNA levels of 

the anti-inflammatory cytokine Il-10 were concomitantly elevated (fig 2A). TNFα, IL-6 

and IL-10 protein levels were also higher in cKO lungs, which became more 

pronounced after tumor challenge (fig 2B). This pro-inflammatory signature was 

restricted to the lungs, as TNF and IL-6 protein in the plasma remained at basal 

levels and were similar between control and Pros1-cKO mice (fig 2C). 

Analysis of immune cell infiltration revealed elevated ratios of total myeloid cells 

(CD11b+) and monocytes (Ly6ChiLy6G-) in Pros1-cKO lungs, with a non-significant 

increase in granulocytes (Ly6G+Ly6Clo) (fig. 2D-E). Pulmonary macrophages are 

heterogeneous, with alveolar macrophages (AM) residing in the airway lumen highly 
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expressing the integrin CD11c but not CD11b, and interstitial macrophages (IM) 

located within the lung interstitial space together with dendritic cells (DCs), another 

myeloid population expressing PROS1. IMs are distinguished from AMs due to their 

high CD11b/F4/80 and low CD11c expression (27, 28). Whereas AM and DC 

populations were comparable between control and cKO mice, IM frequencies were 

significantly elevated in lungs of cKO mice (fig. 2F, G). Originating from circulating 

monocytes (29), IMs regulate lung immune homeostasis, and provide immune-

suppressive functions through elevated secretion of IL-10 (28). By contrast to the 

metastatic site, no differences were observed in monocytes (Ly6C+Ly6G-), 

granulocytes (Ly6G+Ly6C+) or macrophage (F4/80+) frequencies in the primary tumor 

(fig. S2A-B). Taken together, these results indicate that loss of PROS1 in the myeloid 

compartment is sufficient to induce lung inflammation.  

We next tested whether inflammation in Pros1-cKO lungs provides a permissive 

environment for metastatic cells by assessing in-vivo survival and colonization 

following intravenous injecting of LLC-GFP+ cells. Dissemination and colony formation 

in Pros1-cKO lungs was enhanced 21 days later, with more superficial GFP-expressing 

metastatic foci (fig S2C). Scoring LLC-GFP+ cells by FACS revealed Pros1-cKO lungs 

had 3.6-fold more GFP+ cells compared to controls (fig S2D). Lungs from these Pros1-

cKO mice also expressed higher Tnfa, Nos2 and Il-12p35 levels (fig S2E), correlative 

with increased colonization of the lungs. We found that inflammation in Pros1-cKO 

lungs preceded metastatic seeding: elevated Tnfα, Il-6 and Nos2 production was 

recorded as early as 10 days post inoculation, prior to any visually-detected 

metastases, and remained elevated, with the addition of Il-10 at 20 days post 

inoculation (fig S2F-G). Thus, our results indicate that inflamed lungs of Pros1-cKO 

mice support enhanced colonization and metastasis formation by LLC cells. Similar 

results following intravenous injection implies metastasis is independent of any 

interactions at the primary tumor site. 
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Expression of Pros1 in lung-infiltrating bone marrow derived myeloid cells 

determines lung inflammation. 

We hypothesized the elevated frequencies of Pros1-deficient myeloid cells provoking a 

pro-tumor effect originate from the circulation, as seen in a variety of cancer models (1, 

3, 11, 30). Particularly in LLC, infiltrating macrophages exacerbate lung metastasis 

(31) whereas macrophage deficiency attenuates LLC tumor growth and metastasis in 

op/op mice lacking CSF-1 (32). Monocytes and tumor-associated macrophages also 

facilitate metastasis in a PyMT mammary tumor model (33–35). Bone marrow (BM)-

derived inflammatory monocytes, IMs and AMs all support a pre-metastatic niche (33, 

36, 37). To understand whether metastatic lungs display the same immune infiltrating 

profile as tumor-naïve mice, F4/80+ cells were sorted from tumor-harboring mice, and 

characterized both immunologically and for their cytokine expression. Similar to naive 

cKO lungs which had elevated IMs (fig 2F-G), F4/80+ cells from cKO metastatic lungs 

expressed CD11bhi but very low CD11c, resembling the IM profile (fig 3A-B). Within 

F4/80+ sorted cells from metastatic cKO mice, the fraction of Ly6Chi increased, along 

with a decrease in Ly6Clo cells (fig 3B), indicating a trend towards monocyte (Ly6Chi) 

enrichment with a higher pro-inflammatory profile (38). The expression of Tnfa, Il-6, 

Nos2 and Il-10 in F4/80+ macrophages sorted from cKO, but not control lungs 

confirmed their inflammatory nature in an in-vivo metastatic setting (fig 3C). 

We next sought to test whether BM-derived cells can modify lung inflammation in a 

Pros1-dependent manner. For this, the BM of lethally irradiated control and Pros1-cKO 

mice was reconstituted with BM from the reciprocal genotype. Pros1-exprssing BM 

control (LysM-Cre+; Pros1+/+;Ai9TdT-LSL) carried the tomato red reporter (Ai9TdT-LSL) for 

monitoring reconstitution efficiency. Under such conditions, the recipient-BM population 

is lethally irradiated, while the radio-resistant AMs are relatively unaffected (39). Eight 

weeks later, we verified efficient reconstitution by TdT expression in the circulation of 

recipient mice. Analyzing the blood of recipient cKO mice reconstituted with TdT-

labelled PROS1-expressing BM (Pros1+/+;LysM-Cre+;TdT→cKO) revealed TdT signal, 
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resembling the endogenous TdT levels in naive mice (fig S3A-D). Moreover, the lungs 

of transplanted cKO mice were infiltrated by TdT expressing donor myeloid cells, (fig 

3D). Assessing the inflammatory status of cKO→Pros1fl/fl lungs revealed elevated Tnfa 

and Nos2 transcripts with low Il-10 levels (fig 3E, blue bars). By contrast, lungs of cKO 

mice reconstituted with TdT-labeled Pros1+/+ BM (Pros1+/+;LysM-Cre+;TdT→cKO) had 

low levels of pro-inflammatory cytokines and higher Il-10 levels (fig 3E, green bars), 

even though they had expressed high Tnfa and Nos2 levels prior to BM transfer (fig 

2A). The spleens of transplanted mice were also successfully populated with donor 

cells with similar induction of Tnfa, although Nos2 levels remained unaffected (fig 

S3E), indicating a differential effect for BM-derived PROS1 on spleen and lung tissue. 

Thus, PROS1-expressing myeloid cells transplanted into inflamed cKO hosts (fig 3D-E) 

reversed their pro-inflammatory profile, and Pros1-deficient BM was reciprocally 

sufficient to elevate lung inflammation in otherwise non-inflamed control mice. To 

determine whether the inflammatory status of the lungs directly contributes to the 

metastatic burden, we challenged reciprocally transplanted mice with LLC-Luc+ cells 

and assessed metastasis. Successful reconstitution in tumor-bearing mice was verified 

by TdT expression (fig S3F). At endpoint, cKO mice transplanted with control BM had 

less metastasis, while the reciprocally transplanted mice (controls receiving cKO BM) 

had elevated occurrences of metastasis, seen superficially and evidenced by luciferin 

expression (fig 3F-G). As for tumor naïve transplanted mice, cytokine expression in 

tumor-bearing control mice transplanted with cKO BM was elevated. However, 

compared to tumor-naïve mice, the magnitude of inflammation was elevated, pointing 

to the contribution of metastatic cells to the overall inflammatory profile (fig 3H). 

Specifically, Il-10 levels significantly increased in tumor-bearing control mice which 

received cKO BM, suggesting a positive role for LLC cells in IL-10 expression within 

the tumor microenvironment. 
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Taken together, we identified IMs as a myeloid-specific BM-derived population 

affecting lung inflammation in a PROS1-dependent manner, and show that the 

inflammatory status of the lungs is a major factor contributing to lung metastasis. 

 

PROS1 reduces inflammatory cytokine production in BMDMs through regulation 

of the NFB pathway. 

The observation that PROS1-deficient BM-derived F4/80+ infiltrating cells are 

proinflammatory prompted us to investigate the mechanism by which PROS1 regulates 

inflammation in these cells. For this, we generated BMDMs from control (BMDMfl/fl) and 

Pros1-cKO (BMDMcKO) mice (fig S4). BMDMcKO exhibited higher transcript levels of 

Tnfa, Nos2, Il-6, Il-10 and lower Socs3 mRNA (fig 4A). TNFα, IL-6 and IL-10 cytokine 

secretion was also higher in BMDMcKO (fig 4B). Given the possible compensatory and 

redundant functions of GAS6 and MERTK in macrophages (20, 40–42), we measured 

expression of both genes in BMDMcKO, which were unchanged (fig 4C). 

To dissect the molecular pathway underlying PROS1-mediated regulation of 

inflammation, we monitored the activation status of NFB, a key regulator of cytokine 

production and previously shown to function downstream of TAM signaling (41), 

including in monocytes (17). Inhibition of NFB activation by GAS6 was shown in bone-

marrow-derived dendritic cells (BM-DCs) (14) and in splenic-derived DCs by PROS1 

secreted from T cells (15). However, the effect of PROS1 on NFB in macrophages is 

unknown. Under baseline conditions, pNFκB levels were significantly elevated in 

BMDMcKO (fig 4D-E), consistent with elevated TNFa, IL-6 and decreased Socs3 levels 

recorded in these cells (fig 4A-B). 

To assess the dynamics of NFκB phosphorylation, serum-starved BMDMs were 

stimulated with LPS. Contrary to control cells, where NFκB activation was transient, in 

BMDMcKO, high levels of pNFκB persisted 1 hr after stimulation (fig 4F-G). Additionally, 

levels of the NF-κB inhibitor IκBα were significantly lower in BMDMcKO (Fig 4H-I). 
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Notably, the basal levels of IκBα at steady state (time point 0) were significantly lower 

in BMDMcKO (Fig 4 H-I). In line with hyperactivation of NFκB in BMDMcKO, the 

secretion of TNF was more rapidly induced upon LPS stimulation in cKO cells. This 

effect was toned down with time as no differences in TNFα secretion were observed 8 

hours post LPS stimulation (fig 4J). These results agree with the overall inflammatory 

profile observed in the lungs of Pros1-cKO mice (Figs 2A-G, 3C), demonstrating for the 

first time that PROS1 is a negative regulator of the NFB pathway in macrophages, 

and that the loss of PROS1 in BMDMs induces a pro-inflammatory transcriptional 

program. 

 

PROS1-deletion in macrophages exacerbates lung metastasis through secreted 

factors. 

Inflammation plays a major role in tumor progression (25, 43, 44), and loss of PROS1 

in macrophages renders both BMDMs and metastasis-associated macrophages hyper-

inflamed (figs 3C and fig 4), inferring that loss of PROS1 in macrophages alone may 

exacerbate cancer progression through cytokine secretion. We therefore tested the 

ability of conditioned medium (CM) collected from tumor-naïve (NT) BMDMcKO to affect 

LLC tumor progression and metastasis. LLC cells that were educated for 24 hrs were 

sub-cutaneously (s.c.) injected into wild-type (WT) host mice expressing normal levels 

of PROS1 in all cells, to exclude host-dependent effects, and allowing any changes in 

LLC tumor characteristics to be attributed to their education during the incubation with 

CM. In this experimental setup no effect was observed on primary tumor growth, 

regardless of whether CM from control or cKO BMDMs was used for education (fig 

S5A-B). By contrast, compared to cells educated by CM-BMDMfl/fl, LLC educated by 

CM-BMDMcKO generated larger (0.27 ± 0.06 mm2 versus 0.09 ± 0.02 mm2) and more 

numerous (7.5 ± 1.4 versus 4.4 ± 1) metastases (fig 5 A-C). Thus, our results indicate 
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that BMDMcKO elicit pro-metastatic features on tumor cells through secreted factors 

defined by a pro-inflammatory profile. 

To determine whether the pro-metastatic effect of CM-BMDMcKO is influenced by the 

tumor status of the mice, we performed a similar experiment by using BMDMs from 

tumor-bearing (T) mice. As for tumor-naïve CM-BMDM, no differences were observed 

in primary tumor growth (fig S5C-D). Conversely, LLC cells educated by CM-BMDMcKO 

from tumor-bearing mice -but not BMDMfl/fl - produced significantly larger metastases 

(1.1 ± 0.15 mm2 versus 0.42 ± 0.09 mm2 (fig 5A, B). No significant effect was seen on 

metastasis numbers, although a trend towards increased mets was observed for CM- 

BMDMcKO from tumor-bearing mice (fig 5C). Noticeably, BMDMs isolated from tumor-

bearing mice (T) induced an overall higher metastatic burden (5A-C) demonstrating a 

bi-directional cross-talk between LLC and host macrophages, with PROS1 being a 

molecular switch of metastasis. 

To elucidate whether PROS1 correspondingly functions as a molecular metastatic 

switch in other cancers, GFP-AT3 cells were educated (96 hrs) and subcutaneously 

injected into WT mice. When injected, AT3 cells have poor metastatic potential, as 

confirmed by our experiment: 4/8 mice educated with CM-BMDMfl/fl developed 

metastasis, which were relatively small in area (0.03 ± 0.01 mm2). Remarkably, 7/8 

mice that were injected with cells educated by CM-BMDMcKO developed larger (0.1 ± 

0.02 mm2) and more numerous (2.5 ± 0.6 versus 0.87 ± 0.4; fig 5D-F) lung mets. This 

was also observed superficially by their GFP fluorescence and GFP protein levels in 

lung lysates (fig 5G-H). Akin to the LLC model, primary tumor growth was not affected 

in AT3 mammary breast cancer (fig S5E-F). Taken together, using two cancer models, 

we identify PROS1 as a novel modulator in host macrophages, shifting their cytokine 

secretion towards a pro-inflammatory profile, which in turn exacerbates lung and 

mammary tumor metastasis. 
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Conditioned medium of PROS1-deficient macrophages drives multiple invasive 

properties of tumor cells. 

We next characterized the specific cellular phenotypes inflicted by CM-BMDMcKO 

underlying the elevated metastatic burden observed in Pros1-cKO mice. LLC cells 

educated by CM from tumor-naive BMDMcKO had more surviving colonies after 10 days 

(fig 6A-B), and superior growth in soft agar (fig 6C-D). Increased activation of 

oncogenic and survival pathways was observed as indicated by elevated pERK and 

pAKT levels in LLC cells educated by CM-BMDMcKO (fig 6E-F). Similar effects were 

observed for AT3 cells, with the exception of unaffected pERK (fig S6A-E). 

To gain insight into the metastasis-promoting molecular changes within tumor cells 

induced by CM-BMDMcKO, we examined expression of matrix metalloproteinase 9 

(MMP9), a potent extracellular matrix (ECM) degrading enzyme known to facilitate 

metastasis of many tumors including lung cancer (45, 46). While MMP9 levels in 

metastatic lungs of fl/fl mice were barely detectable, MMP9 expression was highly 

upregulated in metastatic cKO lungs (fig 6G-H). We further examined markers 

associated with the epithelial-to-mesenchymal transition (EMT) supporting migratory 

and invasive properties. We observed downregulation of E-cadherin, and upregulation 

of N-cadherin in cells educated with CM-BMDMcKO, but not CM-BMDMfl/fl, indicating 

cells underwent EMT. No changes were recorded for vimentin (fig 6I-J). Moreover, this 

EMT-related molecular switch was reflected phenotypically, as LLC educated by CM-

BMDMcKO had superior invasive potential (fig 6K-L).   

 

PROS1 supplementation suppresses the pro-inflammatory profile of 

macrophages and restrains their pro-metastatic properties. 

Our data indicate the pro-inflammatory nature of Pros1-deficient macrophages 

supports metastatic outcome. If so, we reasoned that adding exogenous PROS1 would 

dampen the elevated inflammation of Pros1-cKO BMDMs. Indeed, addition of purified 
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PROS1 (25nM) to LPS-stimulated cKO BMDMs reduced secretion of TNF, IL-6 and 

IL-10 after 5 hrs, which persisted after 20 hrs (fig 7A-C). We next tested whether 

exogenous PROS1 would rescue the aggressive phenotype of LLC cells acquired 

during education with CM-BMDMcKO. Remarkably, addition of exogenous PROS1 to 

cKO-BMDMs attenuated phosphorylation of both ERK and AKT in educated LLC cells 

(fig 7D-F). Importantly, purified PROS1 directly added to LLC or AT3 cells did not affect 

pERK or pAKT signaling, indicating the diminished ERK and AKT phosphorylation is 

not due to a direct effect of PROS1 carried over from the CM onto cancer cells (fig 7G). 

The reversal of oncogenic signaling in LLC cells following PROS1 rescue is further 

extended in-vivo, as the potential of CM-BMDMcKO to induce metastasis was blunted by 

PROS1 addition (fig 7H-J). PROS1 addition reversed both the number and size of 

metastatic nodules (fig 7I,J). Altogether, addition of PROS1 is sufficient to inhibit 

inflammation in Pros1-cKO BMDMs, and to obliterate their pro-metastatic effect in-vivo 

through modulation of ERK and AKT oncogenic pathways. 

To gain further mechanistic insight into the factors promoting metastasis secreted by 

cKO BMDMs, we focused on IL-10, which was prominently upregulated following 

Pros1 inhibition (figs 2A-B, S2F-G, 3C, 3H and 4A-B). We first determined whether IL-

10 levels are linked with the inflamed state observed in BMDMcKO cells. IL-10 

production was measured by ELISA following TNFα stimulation. Higher TNFα levels 

induced higher IL-10 secretion by both control and cKO BMDMs, with a stronger 

response in cKO cells (fig 7K). Akin to TNFα, LPS treatment also increased IL-10 

secretion, which was inhibited in the presence of anti-TNFα neutralizing antibodies (fig 

7L). Furthermore, the dynamics of Il-10 mRNA following LPS stimulation differs 

between control and cKO BMDMs. An initial peak at 2 hrs post stimulation was 

recorded for both control and cKO cells, yet IL-10 expression was suppressed in 

control BMDMs, but continued to rise in Pros1-deficient cells, indicating the lack of a 

PROS1-dependent regulatory mechanism (fig 7M). Notably, this elevation in IL-10 

expression was reversed in the presence of purified PROS1 (fig 7N). Thus, IL-10 
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expression within BMDMs can be gauged by PROS1 levels, its upregulation in cKO 

BMDMs is TNFα-dependent, and is linked to the inflammatory status of the cells. 

The pro-metastatic potential of Pros1-cKO BMDMs is largely mediated by IL-10  

High IL-10 expression by tumor-infiltrating macrophages was shown to correlate with 

advanced stages of non-small cell lung cancer (NSCLC), and associated with poor 

prognosis (47). We therefore hypothesized the pro-metastatic nature of cKO 

macrophages may be mediated via IL-10. IL-10 neutralization during the education 

period significantly suppressed the survival and invasive potential of LLC cells (fig 8A-

D). Moreover, IL-10 blockade suppressed the phosphorylation of ERK, AKT and 

STAT3 in LLC cells educated by CM-BMDMcKO (fig 8E-F). IL-10 neutralization also 

arrested the metastatic potential of LLC cells induced by education with CM-BMDMcKO, 

without affecting CM-BMDMfl/fl educated cells. These effects were characterized by 

reduction of mets area from 0.38 ± 0.09 mm2 for IgG-treated cKO cells to 0.087 ± 0.05 

mm2 in the presence of anti-IL-10. Similarly, mets numbers were reduced from 15.2 ± 

3.1 for IgG-treated cKO cells to 4 ± 1.8 in the presence of anti-IL-10 (fig 8G-I). Taken 

together, the absence of PROS1 in macrophages leads to an elevated pro-

inflammatory cytokine profile, including high TNFα levels, which in turn stimulate IL-10 

production. IL-10 increased activation of ERK, AKT and STAT3 signaling promoting 

survival and invasion phenotypes observed both in-vitro and in-vivo. 

Secretion of TNFα and IL-6 by macrophages is regulated by PROS1 through TAM 

receptors, and diverges from that of IL-10. 

We previously showed that PROS1 is a cognate ligand for the TAM-Rs (42), and that 

PROS1 inhibits inflammation in a murine peritonitis model (16). Similarly, MERTK 

regulates inflammation by inhibiting TNFα secretion in macrophages (17, 48). We next 

tested whether the effects of PROS1 in BMDMs are mediated by MERTK. At steady 

state, phosphorylation of MERTK (pMERTK) in cKO BMDMs was only 42% of that in 

PROS1-expressing cells (fig S9A-B); indicating endogenous PROS1 is a MERTK 
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agonist. Addition of PROS1 to starved BMDMs increased pMERTK in BMDMfl/fl and 

BMDMcKO, validating PROS1 as a MERTK agonist in BMDMs (fig S9C-D). Of note, 

addition of PROS1 to BMDMfl/fl stimulated pMERTK to a greater extent than in 

BMDMcKO (fig S9C-D), supporting endogenous PROS1 is a major agonist of MERTK in 

macrophages. Next, once verified (fig S9E-F), TAM-R kinase inhibitors were added to 

BMDM cultures to identify whether PROS1 effects are mediated via TAM-Rs. Akin to 

PROS1 reversing metastasis in-vivo (fig 7H-J), the potential of CM-BMDMcKO to 

support in-vitro invasion through matrigel was abrogated in the presence of PROS1 

(Fig 9 A-B). To establish that PROS1 signal is mediated by TAM-Rs, we blocked TAM-

R function using UNC4241- a small molecule pan-TAM-R kinase inhibitor. Surprisingly, 

UNC4241 did not interfere with the capacity of PROS1 to suppress invasion (fig 9A-B). 

Given that IL-10 within CM-BMDMcKO promotes invasion (fig 8C-D), we inspected the 

regulation of IL-10, TNFα and IL-6 by TAM-Rs. Whereas both UNC4241 (pan-TAM) 

and UNC4203 (MERTK specific) inhibitors abated the capacity of PROS1 to inhibit 

TNFα and IL-6 secretion, IL-10 levels were unaffected (fig 9C). These results, suggest 

that while PROS1 suppression of TNFα and IL-6 depends on MERTK-kinase function, 

the regulation of IL-10 by PROS1 may be regulated either by a non-kinase function of 

MERTK, or in an altogether MER-independent manner. Moreover, these results agree 

with the invasive property of LLC being IL-10 dependent, and the incapacity of 

UNC4241 to interfere with PROS1 inhibition of LLC invasion (fig 9A-B). STAT1 and 

SOCS3 are known downstream effectors of MERTK in various cells (14, 49). Both 

pSTAT1 levels and Socs3 transcription increased following PROS1 stimulation, as 

expected. However, addition of UNC4203 was unable to perturb pSTAT1 or Socs3 

stimulation by PROS1 (fig 9D-F). Taken together, our data indicate that in 

macrophages TNFα and IL-6 are mainly regulated by MERTK kinase activity, and 

provide evidence for the divergence of IL-10 regulation. 
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PROS1 ablation in myeloid cells abrogates their T cell stimulatory potential. 

We next sought to identify whether deletion of PROS1 in myeloid cells has a broader 

systemic effect involving additional immune cells, as immune-based anti-tumor 

responses within the primary and metastatic sites are known to shape tumor 

progression and metastases (30, 50). IL-10 secreted by macrophages elicits immune-

suppression by inhibition of T cell anti-tumor responses (51, 52). We therefore 

reasoned that elevated secretion of IL-10 by BMDMcKO and lung macrophages might 

support metastasis through immune-suppression. We first tested the effect of 

macrophage-derived PROS1 on T cell proliferation within a metastatic context. For 

this, stimulated T cells were incubated in the presence of control or Pros1-cKO 

macrophages sorted from metastatic lungs. Compared to control macrophages, 

PROS1-deficient macrophages significantly inhibited T cell proliferation by 23%, 

revealing that cKO macrophages suppress T cell proliferation. Addition of purified 

PROS1 to the culture significantly rescued this suppressive capacity, suggesting a T 

cell stimulatory function for PROS1 (fig 10A and fig S10B). Furthermore, IL-10 

neutralizing antibodies abrogated the inhibitory effect of PROS1-deficient 

macrophages on T cell proliferation (figs S10A and S10B), pointing to an immune-

suppressive role for IL-10 following PROS1 ablation in metastatic lung macrophages.  

Examination of total (CD3+) T cells from metastatic lungs revealed a trend towards 

decreased T cell numbers in cKO lungs, but similar CD4+ and CD8+ frequencies in both 

mouse models (fig 10B, C). Nitric oxide (NO) produced by macrophages is upregulated 

by IL-10 (53) and was shown to inhibit T cell activation (54, 55). We measured 

elevated nitrite levels (the product of NO decomposition) in the medium of Pros1-cKO 

macrophages sorted from metastatic lungs, which declined upon IL-10 neutralization 

(fig 10D).We further tested the levels of the T cell receptor ζ-chain subunit (ζ-chain) 

relative to CD3 which serves as a biomarker for an immunosuppressive 

environment, directly gauging T cell function (56). Compared to PROS1-proficient 
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mice, expression of ζ-chain was significantly downregulated in T cells from cKO 

metastatic lungs, indicating their impaired function in a metastatic milieu (fig 10E, F). In 

line with reduced ζ-chain expression, CD8+ and CD4+ T cells isolated from cKO mice 

had higher levels of the immune suppressive molecules Programmed Cell Death 

Protein 1 (PD1) and Cytotoxic-T-Lymphocyte-Associated-Protein-4 (CTLA4), 

respectively (fig 10G-J), insinuating induced T cell immunosuppression in metastatic 

lungs of cKO mice. Collectively, our data reveal that PROS1 stimulates T cell 

proliferation directly and indirectly by inhibition of IL-10 production within macrophages. 

Additionally, reduced ζ-chain and elevated immune checkpoint inhibitors indicate 

effects on T cell activation following a myeloid-specific PROS1 deletion within the 

metastatic niche. 

 

Our results pointing at a possible immunosuppressive state of T cells in Pros1-cKO 

tumor-bearing mice could also be due to sub-optimal stimulation by DCs, as tumor-

infiltrating DCs expressing CD11c+MHC-II+ limit tumor progression through T cell 

activation (57). To test whether PROS1-cKO DCs possess decreased T cell stimulatory 

potential, we generated bone marrow-derived DCs (BMDCs) from control and cKO 

mice. Compared to BMDMs, LysM-Cre efficiency was reported to be less effective in 

BMDCs, reaching 31% (22). The overall knockout efficiency in our BMDC culture 

reached 47%, yet in stark contrast to BMDMs, no changes were reported for tumor-

modulating cytokines such as Tgfb, Ifng, Gmcsf, Il-12p35 or Il-10 (fig 11A). Although 

similar frequencies of CD45+CD11c+ cells were obtained, the BMDC population 

expressing MHC-IIhi was significantly reduced in cKO mice (fig 11B-C). Moreover, 

CD11c+MHC-IIhi cells expressed less of the CD40 co-stimulatory molecule (fig 11D, E), 

suggesting their impaired ability to stimulate T cells. Analyzing DCs from metastatic 

lungs (fig 11F-I), we found a trend towards a reduction in the CD11c+MHC-IIhi 

population in cKO lungs (fig 11F, G), suggesting their attenuated potential to stimulate 

T cells in situ. This is supported by their reduced expression of CD40 and CD86 co-
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stimulatory molecules (fig 11H, I), implying impaired T cell stimulatory potential in a 

metastatic environment. Taken together, our results indicate that inhibition of PROS1 

in myeloid cells leads to a broad immune suppressive phenotype involving 

macrophages, DCs and T cells, with PROS1 acting both as a regulator of inflammation 

within macrophages, and affecting T cell proliferation directly, and indirectly via 

suppression of IL-10. 

 

Discussion 

Bone marrow-derived immune cells contribute to tumor angiogenesis, invasion 

and metastasis (2, 3, 30, 58, 59), but the signaling mechanisms underlying these 

processes have not been fully elucidated. The metastasis-promoting functions of 

immune cells were shown to be driven by numerous molecules, some of which are FLT-

1 (VEGF-R1), CARD9 and MMP9 (60–63). Yet, macrophage-derived proteins 

possessing anti-metastatic qualities are sparse. Here, we identify a metastatic-inhibitory 

role for PROS1 expressed by bone marrow-derived circulating myeloid cells. Acting as 

a molecular switch of inflammation, the ablation of PROS1 from this subset of immune 

cells increases tumor metastatic efficiency in both lung and mammary cancer models. 

We further reveal that inhibiting PROS1 expression by metastasis-associated 

macrophages promotes immune evasion by modulating antitumor responses within T 

cells, and highlight a key role for IL-10 in both directly promoting tumor cell invasion and 

immune suppression.  

Our data show that primary tumor growth is unaffected by PROS1 expressed by 

circulating myeloid cells (fig 1, fig S1, fig S5). While our in-vitro analyses indicate 

education with Pros1-cKO BMDMs increased aggressiveness of both LLC and AT3 cells 

(figs 6, S6), these cells did not generate larger primary tumors (fig S5), and PROS1 

expression in myeloid cells had no effect on their tumor infiltration (fig S2A, B). Rather, 

the education by Pros1-deficient BMDMs embodied in enhanced metastasis (fig 5), 
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indicating different requirements and conditions dictate the impact of myeloid cells on 

primary tumor versus metastatic loci. In alignment with our results, inhibition of FLT1 

kinase activity in host macrophages neither affected macrophage recruitment into 

metastatic lesions nor to the primary tumor, but instead regulated expression of 

inflammatory genes in macrophages, promoting metastasis (61). Similarly, toll-like 

receptor 2 (TLR2) supports lung metastasis of LLC, without affecting primary tumor 

growth (7). Together with these studies, our data point at distinct behaviors for metastatic 

and primary tumor cells, which may stem from the increased permissiveness and/or 

synergism provided by the lungs, but not at the primary tumor site. Indeed, primary and 

metastatic sites differ both genetically (64) and immunologically (65, 66). Given that 

tumor cells are affected by interactions with immune cells, the differences in immune cell 

infiltration observed (fig 2 D-G and fig S2 A, B) generate distinct immune landscapes in 

primary and metastatic sites, which in turn may generate environments with differential 

permissiveness for cancer cell growth. This is supported by elevated MMP9 expression 

in lungs of cKO mice, but not of controls (fig 6 G, H). 

We find that PROS1 functions as a negative regulator of inflammation in 

macrophages (figs 4, 7), in a MERTK-dependent manner (figs 9 and S9), and that 

PROS1 neutralization leads to enhanced tissue inflammation and consequently 

increased metastatic seeding (figs 2, S2). Ablation of PROS1 within BMDMs led to their 

pro-inflammatory cytokine signature, mediated through NFκB (fig 4). This pathway is 

also inhibited by PROS1 in dendritic cells (DCs) (14), through activation of TAM-R 

signaling. Inactivation of TAM-Rs (TAMR) in mice led to a hyperactive immune state with 

an increased inflammatory cytokine signature (20, 67). TAMRs inhibit inflammation by 

several mechanisms (11, 13), one of which being the phagocytic uptake of apoptotic 

cells (11, 68). Apoptotic cell clearance not only eliminates further inflammation by 

secondary necrosis of uncleared dying cells (18, 69) but also actively stimulates anti-

inflammatory signaling (14, 15, 70, 71). Within macrophages, MERTK attenuates 

inflammatory signaling (17), and we recently showed that macrophage-derived PROS1 
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contributes both to their uptake of apoptotic cells and to dissipating inflammatory 

cytokine expression in a model of zymosan -induced peritonitis (16).  

Along with increased expression of pro-inflammatory cytokines, PROS1 ablation 

led to elevated expression of IL-10, a wound healing cytokine, also upregulated in 

macrophages following LPS stimulation to regulate the extent of inflammation and 

resulting tissue damage (72, 73). IL-10 is also known for its immunosuppressive 

capacities (51, 74, 75), and was recently shown to induce invasion of gastric cancer cells 

(76). We find that IL-10 secreted by Pros1-deficient BMDMs and metastasis-associated 

macrophages directly contributes to metastatic progression by inducing LLC 

invasiveness and survival (fig 8) and promoting immune-suppression by inhibiting T cell 

proliferation (fig 10). In terms of PROS1-TAMR signaling within macrophages, lack of 

TYRO3 expression in BMDMs implies MERTK as the dominant PROS1 receptor (48). 

Accordingly, MERTK phosphorylation is significantly reduced in Pros1-cKO 

macrophages (fig S9). Nevertheless, inhibition of MERTK kinase activity reveals a 

disparity between PROS1 mediated regulation of TNFα and IL-6 to that of IL-10, which 

is unchanged in the presence of MERTK kinase inhibitors (fig 9C). This deflection may 

provide a mechanistic basis for the diverse outcomes observed when different TAM 

components are inhibited, and is consistent with the inability of TAMR kinase inhibitors 

to block the effect of PROS1 on LLC invasion (fig 9A-B), which we find is driven by IL-

10 (fig 8). In vivo, this may be reflected by different TME landscapes dynamically driving 

distinct molecular pathways. We previously assessed the role of PROS1 in the resolution 

of inflammation following zymosan A-induced peritonitis (16), where secretion of IL-10 

by peritoneal resolution-phase cKO macrophages was lower than in fl/fl controls at 

baseline and after LPS stimulation. Yet, addition of PROS1 suppressed IL-10 production 

(16). Thus, we propose the effect of PROS1 on IL-10 expression is context-dependent. 

A potential factor which may modulate the IL-10 response is TNFα, necessary for IL-10 

expression in inflammatory macrophages (fig 7K-L). At the same time, TNFα is regulated 

by the PROS1-MERTK axis (fig 9C), thus multiple context-dependent factors regulate 
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IL-10 production. Moreover, while PROS1 inhibits LPS-induced IL-10 expression in 

BMDMs (this study), GAS6 upregulation was reported to enhance IL-10 production 

under similar conditions (77), in which Pros1 expression was unchanged. Taken 

together, the regulation of IL-10 by TAM signaling is likely to depend on the functional 

ligand-receptor interactions at a given physiological context. Further investigations are 

necessary to elucidate IL-10 regulation by PROS1, including non-kinase functions of 

MERTK and heterodimers with non-TAM receptors (14). 

We reveal multiple immunoregulatory roles for PROS1 secreted by metastasis-

associated macrophages. In addition to regulating the expression of the 

immunosuppressive cytokine IL-10 as mentioned above, PROS1 significantly rescued 

the inhibitory nature of cKO macrophages (fig 10A), suggesting that PROS1 stimulates 

mouse T cells. Indeed, recent studies revealed PROS1 stimulates human CD4+ (78) and 

CD8+ T cells (79). Moreover, neutralizing IL-10 experiments suggest that PROS1 

promotes T cell proliferation through IL-10 suppression (fig 10A). Next, we show that 

PROS1 constrains immune suppression in the TME, as tumor-resident T cells from cKO 

mice had downregulated -chain expression, and higher PD1 and CTLA4 expression 

(fig 10). Similarly, inhibiting PROS1 within DCs led to a reduction in maturation and 

costimulatory molecules (fig 11), suggesting impaired T cell activation by DCs and further 

contributing to an immune-suppressive environment. Using a mouse platform, this study 

is the first to show that in a tumor-related context, PROS1 supports multiple aspects of 

immune activation, a feature which may be exploited to increase antitumor immune 

responses.  

In addition to their role as negative regulators of inflammation, TAMRs are also 

active proto-oncogenes, where their overexpression stimulates proliferation, migration, 

cell survival and resistance to chemotherapy in numerous human cancers (9), pointing 

to TAMRs as attractive targets for anti-cancer treatment (80–82). As drivers of 

oncogenesis, both TAMR ligands GAS6 and PROS1 were shown to stimulate TAM 

oncogenic signaling within tumor cells (10, 83). We previously identified the upregulation 
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of GAS6 by tumor-infiltrating macrophages following education by tumor cells, which in 

turn fueled tumor growth and metastasis (8). Thus, tumor infiltrating BM-derived immune 

cells are educated by tumor cells to upregulate the TAMR agonist GAS6, facilitating 

primary and metastatic growth. Interestingly, PROS1 was not upregulated in these 

infiltrating tumor macrophages (8). Our present study surprisingly shows that unlike its 

functional homologue GAS6, PROS1 expression in host macrophages has no effect on 

LLC and AT3 primary tumor growth (figs 1, S1 and S5). Unexpectedly, we find the effect 

of PROS1 expression by host macrophages on metastasis was opposite to that of GAS6: 

metastasis was exacerbated by PROS1 ablation, but alleviated by GAS6-deficiency in 

bone-marrow derived cells. These findings reveal contending roles for the TAMR ligands 

PROS1 and GAS6 within the TME. Varying outcomes were also observed following 

ablation of different TAMRs in the various tumor models tested (11). Reduced tumor 

growth and metastasis was reported following MERTK inhibition in BM-derived cells in 

various tumor models, despite their pro-inflammatory signature (84). This can be 

explained by the fact that GAS6 upregulation was prevented in MERTK-deficient BM-

derived cells, or by the observed lack of MERTK-mediated suppression of antitumor 

immunity (84). Consistent with our observation, loss of both AXL and MERTK in intestinal 

resident macrophages led to a pro-inflammatory milieu, favoring a tumor-promoting 

environment (85). Taken together, our results show that PROS1 expression in bone 

marrow derived macrophages potently protects from lung metastasis by inhibiting 

inflammation. 

The effect of BMDM-derived PROS1 on tumor cells did not require direct contact 

between tumor infiltrating macrophages and tumor cells. This was demonstrated by 

efficient metastatic seeding when LLC cells were injected into the tail vein of Pros1-cKO 

mice, bypassing the primary tumor (fig S2 C-E). It is possible that PROS1-deficient 

macrophages preferentially migrate to the prospective metastatic sites, where they 

support and nurture the lungs as a preferred site for future metastasis. This is supported 

by our BM-transplantation experiments, which indicate that BM-derived circulating cells 
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modulate lung inflammation (fig 3D-E), and suggests that inflammation is a prerequisite 

for metastatic colonization of the lungs by LLC and AT-3 cells. Similarly, Qian et. al. 

identified a CCR2 and Gr1-positive distinct population of inflammatory monocytes which 

are preferentially recruited to metastatic sites over primary tumors, where they promote 

extravasation of tumor cells into lung parenchyma (33, 34). 

Regarding PROS1 functions in cancer, this study reveals its functional diversity, 

which may be context-dependent. We previously showed that PROS1 stimulates ERK 

and AKT phosphorylation in oral squamous cell carcinoma (OSCC), contributing to 

enhanced tumor cell proliferation and migration (10). In contrast to OSCC tumor cells, 

here we show the addition of exogenous PROS1 (25nM) does not stimulate ERK and 

AKT phosphorylation within LLC and AT-3 cells (fig 7G). Rather, when added to BMDMs, 

PROS1 dampened NFkB-mediated inflammatory cytokine production (figs 7 A-C, 9C), 

which in-turn attenuated ERK and AKT activation within LLC cells (fig 7D-F). Our results 

point to the PROS1/IL-10 axis in macrophages as a novel pathway where PROS1 

directly influences tumor cell survival and invasive potential (fig. 8). Thus, although 

BMDM-derived PROS1 may potentially stimulate oncogenic pathways in tumor cells via 

direct TAMR activation, it seems the dominant route of tumor cell activation in LLC and 

AT3 models occurs via inflammation, with IL-10 being a key mediator stimulating ERK, 

ATK and STAT3 and facilitating invasion, survival and metastasis (fig 8). 

Interestingly, tumor-derived PROS1 was recently reported to suppress the 

immune response in a melanoma model, where its expression affected immune cell 

infiltration and primary tumor growth (86). Primary tumor growth and its infiltration by 

immune cells in both lung and mammary models were not affected by PROS1 

expression within myeloid cells, suggesting PROS1-dependent TME responses may 

vary between tumors. Alternatively, altered biochemical and biological responses may 

result from different PROS1 variants expressed by tumor and immune cells. 

Within BMDMs, PROS1 is a negative regulator of the NFkB pathway, affecting 

the secretion of TNFα and IL-6 (figs 2A-C, 4 and 9C). Elevated expression of these 
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cytokines by BMDMs was previously shown to be stimulated by versican, identifying this 

proteoglycan secreted by LLC cells as a tumor-secreted factor rendering BMDMs pro-

metastatic (7). Our data suggest that loss of PROS1 expression within BMDMs may be 

sufficient to bypass this versican-dependent pro-metastatic effect.  The presence of 

exogenous PROS1 to BMDMcKO was sufficient to rescue the metastatic phenotype – 

reversing metastasis to baseline levels observed in control mice (fig 7), pointing to 

BMDM treatment with PROS1 as a putative therapeutic strategy. 

In summary, our findings suggest that PROS1 is a key regulator of macrophage 

inflammatory signaling, also affecting various aspects of immune activation, which 

together have a strong impact on metastasis. PROS1 expression within macrophages 

attenuates NFkB-mediated expression of TNFα and IL-6 in a TAM-dependent manner, 

induces antitumor immunity both directly and via IL-10, affecting metastatic outcome. 

IL-10 is revealed as a key cytokine promoting LLC survival and invasiveness as well as 

immune suppression, and its regulation by PROS1 does not require MERTK kinase 

activity. The role PROS1 takes in macrophages during inflammation dominates its 

potential role as a ligand for the proto-oncogenic TAM-Rs, in contrast to what has been 

previously described for GAS6. Finally, our data provide a strong rationale for utilizing 

PROS1 to suppress inflammation and stimulate anti-tumor immunity to restrict 

metastasis. 

Methods 

Detailed experimental methods are provided in THE ONLINE Supplement. 

Study Approval 

All animal studies were approved by the institutional animal care and use committee 

(IACUC) –approval # MD-14025-5. Veterinary care was provided to all animals by the 

Hebrew University animal care facility staff in accordance with AAALAC standard 

procedures under specific pathogen-free conditions. 
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Fig.1: Genetic ablation of Pros1 in host myeloid cells enhances metastasis. 

Analysis of LLC (A-E) and AT3-GFP mammary (F-J) primary tumors and metastasis. (A, F) End-

stage tumor weight (n=10, 15 mice/group in A; n=16 in F.  The horizontal line marks the mean 

tumor weight. (B, G) Lungs Isolated three weeks after subcutaneous inoculation of 5x105 LLC cells 

(B) or after orthotropic injection of 1x106 AT3-GFP cells into each of 2 mammary glands (G). 

Metastatic foci appear as red nodules (arrows in B, G). GFP-expressing AT3 metastatic foci 

appear green under fluorescent light (G, lower panels). Scale=2mm. (C, H) Representative 

images of Hematoxylin & Eosin (H&E) stained sections from lungs described in B and G, 

respectively. Scale=200µm. (D-J) Mean area (D, I) and number (E, J) of metastasis scored. 

P=0.006 and 0.03 for D, E and 0.019 for I and J, respectively; t-test. ns = non-significant.
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Fig.2: Characterization of lung inflammation in control and Pros1-cKO mice. 

(A-B) An elevated inflammatory signature is present in the lungs of mice following myeloid-

specific ablation of Pros1. (A) Relative mRNA expression, measured by RT-qPCR, of the 

indicated cytokines from lungs of tumor-naive Pros1fl/fl (black bars) and Pros1-cKO (red bars) 

mice. Mean ± SEM, n=5-7 mice/group; 3 independent experiments. *P≤0.02; **P≤0.01; t-test. 

(B) Cytokines measured by ELISA from tumor-naïve and tumor-bearing lung lysates. Mean ±

SEM; n=5-10 mice/group. P values for TNF, IL-6 and IL-10 are 0.002, 0.009, 0.0003 and 

P=0.0004, 0.016, 0.002 for naïve and tumor bearing lungs, respectively; t-test. (C) ELISA 

measurements of TNFα and IL-6 serum levels in control and cKO mice. Mean ± SEM; n=10-

12 mice/group. (D-G) FACS analysis of immune cell infiltration into the lungs of tumor-naïve 

control and cKO mice. Representative plots (D) and quantification (E) of CD11b+ from 

CD45+gated cells (top), further analyzed for Ly6G+/Ly6Clo (granulocytes) and Ly6G-/Ly6Chi 

(monocytes). N=7 mice/genotype; P=0.01, 0.02 for CD11b+ and Ly6G-/Ly6Chi, respectively; t-

test. (F) Representative FACS plots (F) and quantification (G) of CD45+ gated cells stained for 

F4/80 and CD11c identifying three myeloid sub-populations; IM (F4/80+), AM (F4/80+/CD11c+) 

and DC (CD11c+). Mean percent ± SEM; n=6-7 mice/group. P=0.03 for IM.; t-test. ns = non-

significant.
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Fig.3: Pros1-deficient F4/80+ bone marrow-derived cells infiltrate metastatic lungs and 

impose inflammation in-vivo.

(A-C) Analysis of lung-infiltrating immune cells in tumor-bearing mice. F4/80+ cells sorted from 

metastatic lungs were characterized immunologically (A, B) and by mRNA expression (C). (B) 

Distribution of CD11b+/CD11c+ and Ly6Chi/Ly6Clo from the indicated mice is shown as mean 

percent of F4/80+ cells ± SEM from 7-8 mice/group. (C) Inflammatory cytokine analysis by RT-

qPCR of F4/80+ cells isolated from metastatic lungs. Each dot represents a pool of 7-8 mice/group; 

3 independent experiments. Mean relative values ± SEM; P<0.0001 for Pros1 and Tnfα, P=0.014, 

0.0005 and 0.002 for Il-6, Nos2 and Il-10 respectively, t-test. (D-H) Adoptive transfer of Pros1-

deficient bone marrow induces lung inflammation and supports lung-metastasis. (D-E) TdT and 

cytokine expression in lungs 7 weeks after BM transplantation from Pros1+/+;TdT+ into TdT-

deficient cKO (green bars) and TdT+;cKO into TdT-deficient fl/fl (blue bars) in a tumor-naïve 

setting. Mean ± SEM; 4 mice/group, P<0.0001, 0.018, 0.008 and 0.003 for Tdt, Tnfα, Nos2 and Il-

10, respectively; t-test. (F-H) LLC-luc cells were subcutaneously injected 4 weeks after BM 

transplantation. Three weeks later, lungs were isolated (F) and analyzed by RT-qPCR (G-H). Mean 

± SEM; n=4-6 mice/group. P≤0.05 for Luc, Tnfα, Nos2, and 0.0 02for Il-10; t-test. ns = non-

significant.
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Fig. 4: Pros1-deficient macrophages exhibit a pro-inflammatory profile, regulated by 

the NFκB pathway. 

Cytokine transcript levels from cultured BMDMs derived from tumor-naïve control and Pros1-

cKO mice, measured by RT-qPCR. Relative mean expression ± SEM n=6-12 mice/group; P

= 0.02, 0.001, 0.03, 0.049 and 0.0003 for Tnfα, Nos2, Il-6, Il-10 and Socs3, respectively; t-

test. (B) ELISA measurements of TNFα, IL-6 and IL-10 from BMDM-CM isolated from tumor-

naïve Pros1-cKO and control mice. Average cytokine values ± SEM are shown for 8-11 mice.

P=0.0001, 0.0006 and 0.001 for TNF, IL-6, IL-10 respectively; t-test. (C) Gas6 and MerTK

expression in control and Pros1-ablated BMDMs; n = 5-6 mice/group; t-test. (D, E)

Representative western blot analysis of pNFκB and NFκB from BMDMs at steady state

(grown in 10% FBS), and band intensities (E, n=6/group; P=0.009). (F-I) Western blot

analysis of the NFκB pathway. (F) Representative blots of cell lysates showing pNFκB,

tNFκB and band intensities (G; P=0.01, 0.04 and 0.01 for 15, 30 and 60 mins, respectively) of

LPS-stimulated (100 ng/ml) serum-starved BMDMs derived from tumor-naïve control and

Pros1-cKO mice, and of IκB-α (H, I; ***P<0.0001, *P=0.05 and **P=0.001). β-actin served as

loading control. Graphs indicate the mean ± SEM; n=6; 2-way ANOVA. (J) ELISA

measurements of TNFα production by control and Pros1-cKO serum-starved and LPS-

treated (500ng/ml) BMDMs at 0, 4 and 8 hrs post LPS challenge. Average ± SEM; n=6-8

mice (*P=0.048, *** P<0.0001,); 2-way ANOVA. ns = non-significant.
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Fig.5: Enhanced metastatic potency of Pros1-deficient BMDMs.

(A-C) LLC cells were educated for 24 hrs with conditioned medium (CM) from BMDMs 

isolated from non-tumor (NT) or tumor bearing (T) control (Pros1fl/fl) and Pros1-cKO mice. 

Educated cells were injected into wild type mice. Lung metastasis were evaluated at 3 

weeks by H&E. Representative H&E-stained lung sections (A), average area (B, P=0.01 

(NT), 0.001 (T)) and number of metastases (C, P=0.05 (NT), ns=non-significant (T)) are 

plotted. N=8-10 mice/group; t-test. (D-F) GFP-labelled AT3 cells were educated for 96 hrs

with the indicated BMDM-CM and injected into host wild-type mice. Lung metastases were 

evaluated 3 weeks later. N=8 mice/group. Representative H&E lung sections (D); average 

metastatic area (E), and number (F) are shown. The horizontal line represents the mean 

value. P=0.01, and 0.02 for E, F, respectively; t-test. Scale=200 µm. (G-H) Representative 

images of freshly-isolated lungs described in (D) as observed under bright field (BF) and 

fluorescent illumination (GFP). Arrows indicate metastatic foci. Scale=2 mm. (H) 

Representative western blot for GFP content in lungs shown in G. GAPDH was used as a 

loading control. N=4/group.
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Fig. 6: Conditioned medium from Pros1-ablated BMDMs enhances LLC cancer cell 

aggressiveness.

LLC cells were educated (24 hrs) by the indicated conditioned medium and subject to a battery of 

in vitro assays. (A, B) Colony survival after 10 days. (A) Representative images (# cells 

plated/well is indicated) and (B) quantification of surviving colonies. The mean ± SEM; n= 6

mice/group; ***P<0.0001; 2-way ANOVA. (C) Representative images and (D) quantification of 

soft agar colonies (arrows) after 21 days. Bar=50µm. Average ± SEM; n=8 mice/group, P=0.002; 

t-test. (E) Representative western blots and (F) quantifications showing ERK and AKT activation 

from educated LLC cells. N=8 mice/group; 3 independent experiments. The average ratio ± SEM 

is plotted. P=0.018, 0.006 for pERK and pAKT, respectively (t-test). Representative western blot 

(G) and quantifications (H) for MMP9 protein in lungs of metastatic mice. N=7-8 mice/group in 2 

independent experiments. The average ratio ± SEM is plotted, P=0.001, t-test. A representative 

western blot (I) and quantifications (J) showing E-cadherin, N-cadherin and Vimentin in educated 

LLC cells. N=9-10 mice/group in 3 independent experiments. The average ratio ± SEM is plotted, 

P=0.009, 0.04 for E-cadherin and N-cadherin respectively, t-test. (K, L) Invasion assay: 

representative images (K) and quantifications (L) of cells that invaded through Matrigel, following 

education with the indicated CM; scale=50µm. (L) The average cell number ± SEM of invaded 

cells from 7-10 different fields, n=7 mice/group in three independent experiments. P=0.0007, t-

test. ns = non-significant.
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Fig. 7: Exogenous PROS1 dampens the inflammatory signature of Pros1-cKO BMDMs and 

mitigates metastasis in-vivo.

(A-C) Cytokine secretion by LPS-stimulated (100 ng/ml) tumor-naïve Pros1-cKO BMDMs, 

incubated with vehicle or PROS1 (25nM). ELISA measurements at 5, 20 hrs. Mean ± SEM; 

n=4/group. TNFα (A, **P=0.007; ***P=0.0001), IL-6 (B, *P=0.03 and 0.05), IL-10 (C, *P=0.02; 

***P<0.0001); t-test. (D-F) PROS1 reverses the pro-metastatic potential of cKO-BMDMs. 

Representative western blot (D), quantification of ERK (E; *P=0.03; **P=0.01) and AKT (F; 

**P=0.003; *P=0.02) activation in LLC cells educated with CM from BMDMfl/fl or cKO cells, with or 

without PROS1 (25 nM). Two mice of 6 are shown/group; 1-way ANOVA. (G) Western blot analysis 

shows no direct activation of AKT or ERK by PROS1-treated LLC cells (25nM, 24 hrs). A 

representative blot of three experiments is shown. (H-J) PROS1 suppresses the metastasis-

inducing potential of cKO-BMDMs in-vivo. (H) wild type mice (n=6-10/group) were inoculated with 

educated cells as described in D. Lungs were assessed for metastases 3 weeks later (left). H&E 

sections (right) were used to quantify the average metastatic area (I; P=0.03) and number (J; 

P=0.04); 1-way ANOVA. The horizontal line marks the mean tumor weight. Scale=200 µm. (K-L) 

TNFα regulates IL-10 secretion in cKO BMDMs. (K) ELISA measurements of IL-10 secretion by 

TNFα-stimulated (10 and 20 ng/ml; 24 hrs) control and cKO BMDMs. Mean ± SEM; n=5 

mice/group. **P=0.0014; #P=0.002, ns=non-significant. 2-way ANOVA. (L) ELISA measurements of 

IL-10 secretion from LPS-stimulated (100ng/ml; 24 hrs) BMDMfl/fl or cKO, pre-treated with IgG or 

anti-TNFα neutralizing antibody. The mean ± SEM; n=5; ***P=0.0006; #P<0.0001; 2-way ANOVA; 

(M-N) Relative Il-10 mRNA levels of LPS-simulated (100 ng/ml) BMDMs without (M; P=0.002, 0.02, 

0.004 at 1,2,6 hrs) or with PROS1 (25 nM) (N; P<0.0001, P=0.01 and 0.004 at 1,2,6 hrs). Relative 

mean ± SEM; n=5 mice/group; holm-sidak multiple t-test.
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Fig.8: Neutralization of IL-10 in Pros1-cKO CM reduced LLC aggressiveness and suppressed 

in vivo metastasis.

LLC cells were educated by the indicated CM with control (IgG) or anti IL-10 neutralizing antibodies 

(αIL-10) for 24 hrs and subject to a battery of in vitro assays. (A, B) Colony survival after 10 days. 

Representative images of educated cells (plated at different densities, as indicated, A) and 

quantification of colonies (B). The mean ± SEM; n=6-12 mice/group; 3 independent experiments. 

*P=0.02; **P=0.004; ***P<0.0001; 2-way ANOVA. (C-D) Matrigel invasion assay. Representative 

images (C) and quantification (D) of educated cells that traversed the ECM-coated membrane 

without or with IL-10 neutralization. Scale=50µm. (D) The average cell number from 7-9 different 

fields ± SEM, 4-5 mice/group, two independent experiments. P=0.0017 and 0.0014; 2-way ANOVA. 

(E) Representative western blots and quantifications (F) of ERK, AKT and STAT3 activation from 

educated LLC cell lysates. Band intensities were calculated from 5-6 mice/group, 2 independent 

experiments. The average ratio (phosphorylated/total) ± SEM is plotted. P values for control vs cKO

with IgG: P=0.04 (ERK) and 0.002 (STAT3) and for cKO with IgG vs cKO with αIL-10 are 0.001 

(ERK), 0.05 (AKT), 0.001 (STAT3); 2-way ANOVA. (G-I) Educated LLC cells described above were 

subcutaneously injected into the flank of WT mice and three weeks later lung metastasis was 

evaluated. (G) Representative images of H&E sections from lungs, Scale=200µm. (H-I) Scoring of 

lung metastases, the average metastatic area (H) and number (I) ± are shown. P=0.04 and 0.02 for 

H, and P=0.01 and 0.008 for I; 2-way ANOVA. ns = non-significant.
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Fig. 9: Distinct requirements for the MERTK kinase activity in PROS1-mediated regulation of 

TNFα and IL-6 versus IL-10.

(A-B) Matrigel invasion assay. LLC cells were educated with BMDM-CM from fl/fl or cKO BMDMs 

(mock), or supplemented with PROS1 or with PROS1 + UNC4241 (pan-TAM kinase inhibitor). 

Representative images (A, scale=50µm) and quantifications (B) of cells that invaded through 

Matrigel. Graphs present the average cell numbers from 7-10 different fields ± SEM, 4-5 mice/group, 

2 independent experiments. P≤0.0001, 1-way ANOVA. (C) ELISA measurements of secreted 

cytokines in CM of control and cKO BMDMs. Serum-starved BMDMs were treated with PROS1 (25 

nM) alone or with 500 nM UNC4241 (pan-TAM) or UNC4203 (MER-specific) inhibitors for 1 hour, 

then stimulated with LPS for 24 hrs. Average values ± SEM are shown for 4-8 mice, 2 independent 

experiments. TNFα: ***P = 0.001, **P≤0.005, *P = 0.05; IL-6: *** P≤0.0004, **P=0.005, *P≤0.05; IL-

10: ***P≤0.0004, * P≤0.05; 2-way ANOVA. (D-F) MERTK kinase activity is not essential for STAT1 

activation by PROS1. Representative western blots (D) and quantification (E) of STAT1 activation in 

LPS-stimulated BMDMs either without or with PROS1 and UNC4203 (500 nM), as indicated. GAPDH 

served as a loading control. Graphs present the average values ± SEM, 6 mice/group; 2 independent 

experiments. Each dot represents a pool of 2 mice/group. **P≤0.01 and *P≤0.012 for fl/fl and cKO, 

respectively; 1-way ANOVA. (F) Socs3 relative mRNA levels from BMDMs described in D. Mean ±

SEM; n=6-10 mice; each dot represents a pool of 2 mice. *P≤0.05; 2-way ANOVA.
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Fig. 10: PROS1 inhibition in myeloid cells modulates the T cell response.

(A) Ex-vivo T cell proliferation assay. Total CD3+ T cells were left unstimulated (grey bar) or 

stimulated with anti-CD3/CD28 antibodies and labelled with CellTrace. Stimulated T cells were left 

alone (green bar) or co-cultured with control IgG and F4/80+ macrophages (MФ) sorted from 

metastatic lungs of fl/fl (black bar) or cKO (red bar) mice, purified PROS1 (50 nM, blue bar), or IL-

10 neutralizing IgG (αIL-10; 5µg/ml, pink bar) for 72 hrs. Bars represent the average division index 

± SEM from two independent experiments. Each dot represents a pool of 7-9 mice. (B) 

Representative FACS plots and quantifications (C) of CD3+ or CD8+ populations in CD45+-gated 

cells from metastatic lungs of the indicated genotype. Mean percent ± SEM; n=9 mice/group; 3 

independent experiments; t-test. (D-J) Impaired activation of metastasis-associated T cells in 

Pros1-cKO mice. (D) Nitrite levels measured in T cell-macrophages co-culture medium, with 

control IgG or αIL-10 neutralizing antibody. ***P=0.0002; **P=0.005; 2-way ANOVA. (E-J) 

Analysis of T cells receptor (TCR) ζ chain and the immune checkpoint molecules PD-1 and CTLA-

4 in T cells from metastatic lungs. (E) Representative FACS histograms show the mean 

fluorescent intensity (MFI) for ζ chain from the indicated metastatic lungs analyzed for CD3ε and 

TCR-ζ chain. (F) Relative MFI of ζ chain/CD3ε from 5 mice/group ± SEM, in 2 independent 

experiments; P=0.026, t-test. (G-J) Representative FACS plots for CD45+CD3+-gated cells from 

the indicated metastatic lungs stained for PD-1 and CTLA-4 on CD8+ (G) and CD4+ (I) cell 

populations, and their quantifications (H, J, respectively). The mean percent ± SEM; n=8-9 

mice/group; 2 independent experiments. G; P=0.05 I; P=0.0017 for PD1 and 0.019 for CTLA-4, t-

test. ns=non-significant.
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Fig.11: Impaired maturation and incomplete expression of co-stimulatory molecules by 

dendritic cells following partial deletion of Pros1.

(A-E) Analysis of BM-DCs. (A) Relative mRNA expression of the indicated cytokines in GM-CSF 

induced BMDCs from Pros1fl/fl control and Pros1-cKO mice, measured by RT-qPCR. Mean ± SEM; 

n=4 mice/group; 2 independent experiments. *** P=0.0002, t-test. (B, C) Representative FACS plots of 

CD45+ gated cells analyzed for CD11c+ cells expressing different MHC-II intensities. The light blue 

gate indicates the MHC-IIhi cells (B) and quantification (C) of CD45+ gated cells analyzed for total 

CD11c and CD11c+MHC-IIhi (light blue gate). Mean percent ± SEM; n=4 mice/group, ***P<0.0001 and 

non-significant, t-test. (D) Representative histograms and quantification (E) of CD11c+MHC-IIhi gated 

cells (light blue gate) further analyzed for CD40 and CD86 expression. MFI ± SEM; n=5-6 mice/group, 

***P=0.0001, t-test. (F-I) Analysis of DCs from metastatic lungs. (F) Representative FACS plots and 

(G) quantification of CD45+ gated cells from fl/fl and cKO metastatic lungs analyzed for total 

CD11c+MHC-IIhi cells. Mean percent ± SEM; n=10-11 mice/group; 2 independent experiments; t-test. 

(H) Representative histograms and (I) quantification of CD11c+MHC-IIhi gated cells analyzed for CD40 

and CD86 expression. Graphs present the MFI ± SEM; n=10-11 mice/group, P=0.003 and 0.03 for 

CD40 and CD86 respectively, t-test. ns = non-significant.


	Graphical abstract
	126089 JCI Submission PDF - clean
	MS MAIN TEXT no Supl data -126089-JCI-RG-RV-4

	126089-JCI  MAIN figures R3

