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Monocytes are important cellular effectors of innate immune defense. Human monocytes are heterogeneous and can be classified into three distinct subsets based on CD14 and CD16 expression. The expansion of intermediate CD14+CD16+ monocytes has been reported in chronic inflammatory diseases including rheumatoid arthritis (RA). However, the mechanism underlying induction of CD16 and its role in monocytes remains poorly understood. Here, we demonstrate that activated platelets are important for induction of CD16 on classical CD14+CD16- monocytes by soluble factors such as cytokines. Cytokine neutralization and signaling inhibition assays reveal that sequential involvement of platelet-derived TGF-β and monocyte-derived IL-6 contribute to CD16 induction on CD14+CD16- monocytes. Activated platelet-induced CD16 on monocytes participates in antibody-dependent cellular phagocytosis (ADCP) and its level is positively correlated with phagocytic activity. CD14+CD16- monocytes treated with activated platelets preferentially differentiate into M2 macrophages, likely the M2c subset expressing CD163 and MerTK. Lastly, the amount of sCD62P, a marker of activated platelets, is significantly elevated in plasma of RA patients and positively correlates with clinical parameters of RA. Our findings suggest an important role of activated platelets in modulating phenotypical and functional features of human monocytes. This knowledge increases understanding of the immunological role of CD14+CD16+ cells in chronic inflammatory diseases.
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Introduction

Monocytes are circulating blood leukocytes typically regarded as systemic precursors of macrophages and dendritic cells (DCs) (1–3). Besides their primary role as precursors, monocytes also act as important innate effectors in the pathogenesis of various inflammatory diseases as well as in the inflammatory response against infectious pathogens through phagocytosis, production of reactive oxygen species (ROS), secretion of proinflammatory soluble factors, and the activation of adaptive immunity (4, 5). In humans, peripheral monocytes are heterogeneous and classified into three functionally distinct subsets depending on the expression of CD14, a coreceptor for LPS, and CD16 (also known as FcγRIII). These include classical CD14+CD16-, intermediate CD14+CD16+, and nonclassical CD14dimCD16+ monocytes (6–9). In vivo deuterium labeling experiments revealed that CD14+CD16- monocytes have the potential to become CD14+CD16+ monocytes before finally differentiating into CD14dimCD16+ monocytes under steady state and experimental endotoxemic conditions (10). Moreover, CD16+ monocytes are expanded in patients with inflammatory disorders including several autoimmune diseases (11–13), and platelets are a major factor contributing to the induction of CD16 expression on human monocytes (14). However, the mechanisms underlying the induction of CD16 are not fully understood.

Platelets are circulating, tiny, anucleate cells that play a prominent role in hemostasis and thrombosis (15). However, platelets are also involved in aiding and modulating inflammatory reactions and immune responses. This occurs through immune ligands and receptors on the platelet surface and through release of an abundance of secretory molecules, including inflammatory mediators and cytokines (16). Upon activation, platelets change their shape and form aggregates. In addition, P-selectin (CD62P) expressed on activated platelets mediates the formation of monocyte-platelet aggregates (MPAs), which is an essential pathophysiological mechanism that mediates the induction of inflammatory events by activated platelets (17, 18). Several studies have shown increased levels of circulating MPAs in the peripheral blood of patients with atherosclerosis, type I diabetes, and end-stage renal diseases (19–22). In several autoimmune diseases, including rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE), platelets are considered active players that produce serotonin and IL-1-containing microparticles (23–26). Further, platelets promote macrophage polarization toward the proinflammatory phenotype in response to LPS stimulation resulting in increased survival of septic mice (27), whereas platelet-lymphocyte interactions mediate anti-inflammatory events in rheumatoid arthritis (RA) (28). Together this suggests platelets play a regulatory role in innate as well as adaptive immune responses (15, 29).

In our previous study we demonstrated that CD14+CD16+ monocytes are markedly expanded in peripheral blood and synovial fluid of RA patients. Further, CD16 expression on CD14+ monocytes is induced by TGF-β without additive effects of co-treatment with IL-1β, TNF-α or IL-6, which are typical proinflammatory cytokines produced by activated monocytes (11). Given the involvement of platelets in the pathophysiology of RA and their role as a major reservoir of TGF-β (30), we sought to investigate the underlying mechanisms of CD16 induction on monocytes and the immunological role of this receptor under co-culture conditions with activated, autologous platelets.

In the present study, we demonstrate that CD16 expression is induced by exposure to the cytokine milieu generated in monocyte and ADP-activated platelet co-cultures. Exogenous cytokine treatment and neutralization assay showed that both platelet-derived TGF-β and monocyte-derived IL-6 are sequentially involved in the induction of CD16 expression on purified CD14+CD16- monocytes. Induced CD16 participates in IgG-mediated phagocytosis, as shown by the correlation between the level of CD16 expression by monocytes co-cultured with activated platelets and the CD16-dependent uptake of latex beads coated with FITC-labeled IgG. In addition, monocytes pretreated with activated platelets preferentially differentiate into M2c-like macrophages in the presence of M-CSF. Lastly, the amount of sCD62P, a marker of platelet activation, was found to be significantly elevated in plasma of RA patients compared with that of healthy controls and positively correlated with clinical parameters of RA patients. These findings underscore the important role of activated platelets in modulating phenotypical and functional features of human monocytes. Together these findings increase understanding of the immunological role of CD14+CD16+ monocytes in various inflammatory disorders.



Materials and Methods


Cell Preparation

The study protocols were approved by the institutional review board (IRB) of Seoul National University Hospital and Chungnam National University Hospital. Peripheral blood of RA patients and healthy controls (HCs) was drawn after obtaining written, informed consent. The methods were performed in accordance with the approved guidelines. The patient characteristics of RA patients enrolled in this study are summarized in Table 1. To obtain platelets, platelet-rich plasma (PRP) was prepared from whole blood by centrifugation at 190 g for 15 min at room temperature (RT). Subsequently, platelet pellet was prepared from PRP by centrifugation at 2,400 g for 5 min and was resuspended with 25mM HEPES-buffered Tyrode’s solution (Sigma-Aldrich, St. Louis, MO). Peripheral blood mononuclear cells (PBMC) were isolated from blood by density gradient centrifugation (Bicoll separating solution; BIOCHROM Inc., Cambridge, UK). To purify CD14+CD16- monocytes, CD16+ monocytes were negatively depleted from PBMC with CD16+ Monocyte Isolation Kit (Miltenyi Biotec Inc., Auburn, CA) and CD14+ monocytes were positively purified from CD16+ cell-depleted PBMC using anti-CD14 microbeads (Miltenyi Biotec Inc.).


Table 1 | The characteristics of RA patients.





Co-Culture of Monocytes and Activated Platelets

Purified CD14+CD16- monocytes were cultured in RPMI 1640 medium supplemented with 10% charcoal stripped fetal bovine serum, 1% penicillin/streptomycin, and 1% l-glutamine. Platelets were activated with ADP (10 μg/ml) for 5 min at RT. CD14+CD16- monocytes were co-cultured with activated platelets at 1:100 ratio for 18 h at 37°C in polystyrene tubes. In some experiments, CD14+CD16- monocytes and activated platelets were placed in lower- and upper-chamber of Transwell cell culture plate (0.4 μm pore size) (Corning-Costar, Lowell, MA), respectively and cultured for 18 h at 37°C. To prepare human monocyte-derived macrophage (HMDM), purified monocytes were pretreated for 18 h with or without ADP-activated platelets and were differentiated into macrophages for 6 days in the presence of recombinant human M-CSF (50 ng/ml; PeproTech, Rocky Hill, NJ) without washing platelets.



Cytokine Neutralization Assay and Signaling Inhibition Assay

Purified CD14+CD16- monocytes were pre-incubate for 30 min at 37°C with anti-IL-6, anti-TGF-β 1,2,3, or anti-IL-10 neutralizing Ab (all from R&D systems, Minneapolis, MN) to examine the effect of above cytokines on CD16 induction by activated platelets. In some experiments, CD14+CD16- monocytes were pre-incubate for 30 min at 37°C with 5,15-DPP (STAT3 inhibitor VIII), SIS3 (SMAD3 inhibitor), or SB431542 (TGF-βRI inhibitor) (all from MERCK, Burlington, MA) to examine the effect of TGF-β and IL-6-mediated signal transduction on CD16 induction by activated platelets.



Flow Cytometric Analysis

Cultured monocytes and HMDM were stained for 30 min at 4°C with following fluorochrome-conjugated Abs: PE-Cy5-anti-HLA-DR, FITC- or APC-Cy7-anti-CD14, PE-anti-CD16, APC-anti-CD62P (all from BD Bioscience, San Jose, CA), and APC-anti-CD80 (BioLegend, San Jose, CA). The stained cells were acquired using a BD LSR Fortessa (BD Bioscience) and analyzed using Flowjo software (Tree Star, Ashland, OR).



Quantitative RT-PCR

Total RNA was extracted from freshly isolated or cultured cells using TRIzol reagents (Life technologies, Grand Island, NY), and cDNA was synthesized by GoScript reverse transcription system (Promega, Madison, WI). Real-time quantitative RT-PCR was performed in triplicates on a 7500 PCR system (Applied Biosystems, Grand Island, NY) using following primers: CD16: 5′-GCTCCGGATATCTTTGGTGA-3′ and 5′- TTCCAGCTGTGACACCTCAG -3′; TGF-β: 5′- AAGTGGACATCAACGGGTTC -3′ and 5′-GTCCTTGCGGAAGTCAATGT-3′; IL-6: 5′-AGGAGACTTGCCTGGTGAAA-3′ and 5′-CAGGGGTGGTTATTGCATCT-3′; IL-10: 5′-TGCCTTCAGCAGAGTGAAGA-3′ and 5′-GGTCTTGGTTCTCAGCTTGG-3′; CD80: 5′-GGGAAAGTGTACGCCCTGTA-3′ and 5′-GCTACTTCTGTGCCCACCAT-3′; CXCL10: 5′-CAGCAGAGGAACCTCCAGTC-3′ and 5′-CAAAATTGGCTTGCAGGAAT-3′; TNF-α: 5′-AGCCCATGTTGTAGCAAACC-3′ and 5′-TGAGGTACAGGCCCTCTGAT-3′; MRC1: 5′-TGACACACTTTTGGGGATCA-3′ and 5′-AAACTTGAACGGGAATGCAC-3′; Dectin-1: 5′-GGGCTCTCAAGAACAATGGA-3′ and 5′-CCAAGCATAGGATTCCCAAA-3′; CD163: 5′-TTTGCTCAAAGGGAGCAGAT-3′ and 5′-GTTGGACATCCCAGTTGCTT-3′; MerTK: 5′-GGGTGAAGGAGAGTTTGGGTC-3′ and 5′-ACGCTGCCTCACTGAGAAAC-3′; and β-actin: 5′-GGACTTCGAGCAAGAGATGG-3′ and 5′-AGCACTGTGTTGGCGTACAG-3′. The levels of gene expression were normalized to the expression of β-actin. The comparative CT method (ΔΔCT) was used for the quantification of gene expression.



Enzyme-Linked Immunosorbent Assay

The amount of TGF-β, IL-6, and IL-10 in culture supernatant and soluble CD62P in plasma of RA patients and HCs was quantified by enzyme-linked immunosorbent assay (ELISA) kits (all from Thermo Fisher Scientific, Waltham, MA). The measurement of OD (Optical density) was performed using the infinite 200 pro multimode microplate reader (Tecan Group Ltd., Seestrasse, Switzerland).



Immunoblot Analysis

Total proteins were prepared by RIPA buffer (150 mM NaCl, 10 mM Na2HPO4, pH 7.2, 1% Nonidet P-40, and 0.5% deoxycholate) containing PMSF (phenylmethylsulfonyl fluoride) (Millipore Sigma, Burlington, MA), EDTA, and protease and phosphatase inhibitor cocktail (Thermo Fisher scientific). Cell lysates were separated on an 8–10% SDS-PAGE gel and blotted onto a PVDF membrane (Bio-Rad, Hercules, CA). The membrane was incubated overnight at 4°C with rabbit anti-human pSTAT3, anti-STAT3, anti-pSMAD3 or anti-SMAD3 polyclonal Ab (all from Cell Signaling Technology, Danvers, MA), followed by incubation with the HRP-conjugated secondary Abs for 1 hr. The membranes were developed by SuperSignal West Femto Maximum Sensitivity substrate kit (Thermo Fisher Scientific, Waltham, MA).



Phagocytosis Assay

CD16-dependent phagocytic activity of monocytes co-cultured with platelets were assessed by flow cytometry using Phagocytosis Assay Kit (Cayman Chemical Company, Ann Arbor, MI). Cultured monocytes were pre-incubated at 37°C for 30 min with anti-CD64 and anti-CD32 neutralizing Abs (all from BioLegend) in the presence or absence of anti-CD16 neutralizing Ab (BD Bioscience). After washing, Latex beads coated with FITC labeled rabbit IgG were added at 1:400 ratio into the cultured monocytes, followed by incubation at 37°C for 15 min. The phagocytic activity was evaluated using a BD LSR Fortessa (BD Bioscience).



Statistics

A paired t-test, unpaired t-test, or Pearson correlation analysis was done to analyze data using Prism 7 software (GraphPad Software Inc., La Jolla, CA) as indicated in the figure legends. P-values of less than 0.05 were considered statistically significant.




Results


Induction of CD16 on CD14+CD16- Monocytes by Activated Platelets

The expansion of CD14+CD16+ monocytes has been reported in a variety of inflammatory disorders including rheumatoid arthritis (RA) and inflammatory bowel disease (IBD) (11, 12, 31), implying an important role of these cells in disease pathogenesis. Our previous study demonstrated that TGF-β predominantly induces CD16 expression on conventional CD14+ monocytes isolated from healthy controls (11). Considering that platelets are a major reservoir of TGF-β, we first tested whether platelets induce CD16 expression on human monocytes. Highly purified CD14+CD16- monocytes were co-cultured with autologous platelets pretreated with or without adenosine diphosphate (ADP) to activate platelets. Our FACS analysis using CD62P, a marker of platelet activation, showed that around 10% of platelets were spontaneously activated before adding ADP, probably by physical stress during isolation. However, ADP treatment markedly induced the activation of platelets (Supplementary Figure 1). We found that platelets significantly increased the expression of CD16 on CD14+ monocytes as previously depicted (14). This induction was intensified by ADP-treatment of platelets (Figure 1A) in a transcription-dependent manner (Figure 1B), with markedly elevated CD16 mRNA expression 18 h after co-culture. Monocytes treated with ADP alone did not induce CD16 expression on CD14+CD16- monocytes (Supplementary Figure 2) although it has been known that P2Y12, a receptor for ADP, is expressed on THP-1 human monocyte cells (32). Activated platelets give rise to an increase of the CD14+CD16+ subset, but had no effect on the appearance of nonclassical CD14dimCD16+ monocytes (Figure 1A). Although stimulated platelets are a main source of TGF-β, the adherence of platelets to monocytes is also known to influence the production of cytokines such as IL-10 and TNF-α (33). Therefore, we extended our analysis to examine which cytokines, in addition to TGF-β, induce CD16 expression and compared these findings with the platelet-treatment group. In agreement with previous studies, CD14+ monocytes treated with exogenous TGF-β and IL-10 exhibited significantly enhanced CD16 expression (Figure 1C) (11, 14, 33, 34). However, the major pro-inflammatory cytokines produced by activated monocytes, IL-1β and TNF-α, exhibited no effect on CD16 induction. Of note, in contrast to other monocyte-derived pro-inflammatory cytokines, such as IL-1β and TNF-α, IL-6 was found to induce CD16 to a degree similar to that induced by TGF-β or platelet treatment (Figure 1C). These findings demonstrate that cytokines derived from monocyte-platelet co-cultures are responsible for induction of CD16 on conventional CD14+ human monocytes.




Figure 1 | Activated platelets induce CD16 expression on CD14+CD16- monocytes. (A) Representative contour plots of CD16 expression on monocytes co-cultured with or without activated platelets (right). Highly purified CD14+CD16- monocytes were co-cultured for 18 h with resting platelets or ADP-activated platelets. Frequencies (%) of CD14+CD16+ monocytes were analyzed using flow cytometry (left) (n = 7). (B) Quantitative RT-PCR analysis of CD16 in monocytes co-cultured with activated platelets for the indicated times. mRNA expression of CD16 was normalized to that in monocytes incubated without platelets at the same time points (n = 5 or 6). (C) Representative contour plot of CD16 expression on monocytes co-cultured with activated platelets for 18 h or treated with the indicated cytokines for 18 h (upper panel). Frequencies (%) of CD14+CD16+ monocytes under the indicated conditions were analyzed using flow cytometry (lower panel) (n = 4). Bars show the mean ± S.E.M. *p < 0.05, **p < 0.01, and ***p < 0.001 by two-tailed paired t-test.





TGF-β and IL-6 Are Involved in Activated Platelet-Mediated Induction of CD16 on Monocytes

We next investigate whether the induction of CD16 expression on monocytes by activated platelets is directly attributable to endogenously secreted TGF-β, IL-10, or IL-6 in the co-culture. The expression of IL-10 and IL-6 mRNA was significantly increased in a time-dependent manner during the co-culture, whereas the TGF-β mRNA level was not changed until 18 h after co-culture (Figure 2A). ELISA revealed that TGF-β was mainly secreted by activated platelets and was minimally produced by monocytes cultured with activated platelets and thus, a high level of TGF-β was maintained over time (Figure 2B). This finding was confirmed using a transwell system in which direct contact between monocytes and activated platelets mediated by CD62P was found to be dispensable for CD16 induction at 18 h after co-culture (Supplementary Figure 3). In stark contrast to TGF-β, platelets have no ability to produce IL-10 or IL-6 regardless of their activation state. Consistent with its mRNA expression, the amount of IL-6 in the co-culture supernatant increased greatly over time compared with the culture of monocytes alone (Figure 2B). In contrast, IL-10 was detected in the supernatant a later time-point, although at a relatively low level, and the amount of IL-1β released from the co-culture was minimal (< 10 pg/ml). Moreover, the production of IL-1β and TNF-α was comparable between co-culture of monocytes and platelets and culture of monocytes alone (data not shown). This suggests that TGF-β and IL-6, not IL-10, are the main contributors to the induction of CD16 expression on CD14+ monocytes co-cultured with activated platelets. To confirm this finding, purified CD14+ monocytes were cultured with ADP-activated platelets in the presence of neutralizing antibodies for cytokines related to induction of CD16. As expected, neutralization of TGF-β and IL-6 significantly diminished the induction of CD16 expression, whereas no inhibitory effect on CD16 expression by IL-10 was observed (Figures 2C, D). Our data suggest that endogenously secreted TGF-β and IL-6 are predominantly involved in activated platelet-mediated induction of CD16 on monocytes.




Figure 2 | TGF-β and IL-6 are responsible for activated platelet-mediated induction of CD16 on monocytes. (A) Quantitative RT-PCR analysis of TGF-β, IL-10, and IL-6 in monocytes co-cultured with activated platelets at the indicated time points. mRNA expression of each gene was normalized to that in monocytes incubated without platelets at the same time points (n = 5 or 6). (B) The amount of TGF-β, IL-10, and IL-6 in supernatants of monocytes co-cultured with or without ADP-activated platelets (n = 6 or 7) or unstimulated platelets (n = 3) were quantified (ELISA). (C, D) Representative contour plot of CD16 expression on monocytes co-cultured with activated platelets in the presence of anti-TGF-β (10 μg/ml), anti-IL-10 (10 μg/ml), or anti-IL-6 (10 μg/ml) neutralizing antibodies (left panels of C and D). Purified CD14+CD16- monocytes were incubated with each neutralizing antibody for 30 min, followed by addition of ADP-activated platelets into the culture. Frequencies (%) of CD14+CD16+ monocytes under the indicated conditions were analyzed using flow cytometry (right panels of C and D) (n = 4 or 5). Bars show the mean ± S.E.M. *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001 by two-tailed paired t-test.  NS, not significant.





Activated Platelet-Induced CD16 Expression Is Mediated by SMAD3 and STAT3

To further investigate the molecular mechanisms underlying activated platelet-mediated induction of CD16 by monocytes, we sought to investigate whether SMAD3 and STAT3, which are directly phosphorylated by receptor binding of TGF β and IL-6, respectively, were involved in CD16 induction. Due to the technical difficulty of separating monocytes and platelets during the co-culture, the phosphorylation levels of STAT3 and SMAD3 were analyzed in the co-culture samples and were compared with monocytes or platelet-alone culture groups. STAT3 phosphorylation increased in the co-culture supernatant starting at 3 h, at which time IL-6 was also increased (Figure 2B) (Figure 3A). SMAD3 was immediately phosphorylated in platelets upon stimulation with ADP, likely in an autocrine manner. When co-cultured with monocytes, activated platelets enhanced the level of SMAD3 phosphorylation over time (Figure 3A). These findings were corroborated by a signal transduction inhibitor assay. SIS3, a SMAD3 inhibitor, and 5,15-DPP, a STAT3 inhibitor, significantly suppressed activated platelet-mediated induction of CD16 by monocytes (Figure 3B). Our data illustrate that activated platelets induce TGF-β and IL-6 via the SMAD3 and STAT3 pathways, respectively, which are responsible for the induction of CD16 on monocytes.




Figure 3 | Activated platelet-induced CD16 expression is mediated by phospho-SMAD3 and phospho-STAT3. (A) Immunoblot analysis of phosphorylated and total protein expression of STAT3 and SMAD3 in cell lysates from activated platelets alone, monocytes co-cultured with ADP-activated platelets, and monocytes alone at the indicated time points (n = 3). (B) Representative contour plot of CD16 expression on monocytes co-cultured for 18 h with activated platelets in the presence of SIS3 (SMAD3 inhibitor) or 5,15-DPP (STAT3 inhibitor) (upper panel). Frequencies (%) of CD14+CD16+ monocytes treated with SIS3 or 5,15-DPP were analyzed using flow cytometry (lower panel) (n = 4). 0.1% DMSO was used as a vehicle. Bars show the mean ± S.E.M. *p < 0.05 and **p < 0.01 by two-tailed paired t-test.





Activated Platelet-Induced CD16 Expression Is Involved in CD16-Dependent Phagocytosis in Monocytes

CD16 is an Fc gamma receptor (FcγR) that binds IgG molecules through their Fc portion. FcγRs recognize IgG-coated targets, such as opsonized pathogens or immune complexes (ICs), and provoke antibody-mediated effector functions in innate immune cells. These include antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), and complement-dependent cytotoxicity (CDC) (35, 36). To assess the phagocytic activity of CD16-expresssing monocytes, we utilized a flow cytometry-based phagocytosis assay with latex beads coated with FITC-labeled rabbit IgG. To rule out CD64 and CD32-mediated phagocytosis, monocytes were pretreated with anti-CD64/32 neutralizing antibodies and their phagocytic activity was quantified following culture with platelets or ADP-treated platelets (Figure 4A and Supplementary Figure 4) with or without anti-CD16 neutralizing antibody (Figures 4A, B). Monocytes co-cultured with ADP-activated platelets showed significantly higher phagocytic activity than those incubated with resting platelets. Furthermore, blockade of CD16 with a neutralizing Ab revealed that CD16 partially contributes to the enhanced phagocytic activity of monocytes co-cultured with activated platelets. As seen in Figure 4C, the frequency of the CD14+CD16+ subset 18 h after co-culture significantly correlated with phagocytic activity (Figure 4C, p < 0.05). These data demonstrate that activated platelet-mediated induction of CD16 contributes to CD16-dependent phagocytosis by monocytes.




Figure 4 | Activated platelet-induced CD16 expression on monocytes is involved in CD16-dependent phagocytosis. Purified CD14+CD16- monocytes were co-cultured with resting platelets or APD-activated platelets for 18 h Monocytes were incubated for 15 min with latex beads coated with FITC-labeled rabbit IgG. The phagocytic activity of monocytes was analyzed using flow cytometry. (A) Representative histogram plots of latex bead-based phagocytic activity of monocytes. To evaluate CD16-dependent phagocytic activity, CD64 and CD32, both Fcγ receptors, were blocked for 30 min by anti-CD64 and anti-CD32 neutralizing antibodies (10 μg/ml of each antibody) and their phagocytic activity was quantified in monocytes co-cultured with resting platelets or ADP-activated platelets and with or without anti-CD16 neutralizing antibody (10 μg/ml). (B) Frequency (%) of monocyte phagocytosis of latex beads coated with FITC-labeled rabbit IgG under the indicated conditions. (n = 6) (C) Correlation between CD16-dependent phagocytic activity and the frequency of CD14+CD16+ monocytes after 18 h-co-culture with ADP-activated platelets (n = 7). P value was obtained using the Pearson correlation analysis. Bars show the mean ± S.E.M. *p < 0.05 and **p < 0.01 by two-tailed paired t-test.





CD14+ Monocytes Treated With Activated Platelets Preferentially Differentiate Into M2 Macrophages

Depending on the microenvironmental stimuli and signals, circulating monocytes can differentiate into macrophages with functional heterogeneity (37–39). To examine whether the cytokine milieu generated by monocyte-platelet co-culture influences macrophage differentiation, highly purified CD14+ CD16- monocytes were pre-treated with ADP-stimulated platelets for 18 h followed by stimulation with M-CSF for 6 days to allow differentiation into macrophages. On day 6, the expression of typical M1 and M2-related genes was analyzed by quantitative PCR in human monocyte-derived macrophages (HMDMs) in the presence of ADP-activated platelets (Figure 5A). The expression of M1-related genes, such as CXCL10, CD80 and TNF-α, was significantly lower in HMDMs pretreated with activated platelets than in untreated HMDMs. However, the expression of some M2-related genes, such as CD16 and CD163, was increased in HMDMs pretreated with activated platelets. Of note, MerTK, a marker of M2c macrophages, was significantly upregulated in HMDMs pretreated with activated platelets. This finding was confirmed through flow cytometric analysis and ELISA (Figures 5B, C). These data suggest that the cytokine milieu generated by monocyte-activated platelet co-cultures potentiates a polarization to M2 macrophages, and probably M2c macrophages.




Figure 5 | CD14+ monocytes treated with activated platelets preferentially differentiate into M2 macrophages. Purified CD14+ CD16- monocytes were pre-co-cultured with ADP-activated platelets for 18 h followed by stimulation with M-CSF (50 ng/ml) for 6 days to induce differentiation into macrophages. (A) Quantitative RT-PCR analysis of typical M1- (upper panel) and M2-related genes (lower panel) in human monocyte-derived macrophages (HMDMs) (n = 5 ~ 8). (B) Representative histogram plots of CD80 and CD16 expression in HMDMs differentiated under the indicated conditions (left panel). Mean fluorescent intensities (MFIs) of CD80 and CD16 expression on HMDMs pre-cultured with ADP-activated platelets compared with their expression on HMDMs cultured without platelets (right panel) (n = 6). (C) TNF-α in culture supernatants (ELISA) (n = 9). Bars show the mean ± S.E.M. *p < 0.05 and **p < 0.01 by two-tailed paired t-test.





Clinical Relevance of Enhanced Soluble CD62P, a Marker of Platelet Activation in RA Patients

Since our previous study revealed an expansion of CD16+CD14+ monocytes in peripheral blood of RA patients (11), we next asked whether activated platelets are associated with increased CD16 expression on peripheral monocytes in RA patients. The patient characteristics of RA patients enrolled in this study are summarized in Table 1. A number of soluble factors, such as platelet factor 4 (PF4), soluble CD62P (sCD62P), β-thromboglobulin, and thromboxane, are known to be released from activated platelets (40, 41). In the present study, sCD62P was quantified in plasma and compared between RA patients and age-matched healthy controls (Figure 6A). Consistent with previous reports (42, 43), RA patient plasma (mean ± S.D.: 245.7 ± 48.3 ng/ml, n = 32) had a significantly higher amount of sCD62P than did that of HCs (126.4 ± 48.3 ng/ml, n = 18) (p < 0.0001), suggesting that the presence of activated platelets is related to the expansion of CD14+CD16+ monocytes in RA patients. Lastly, we sought to examine whether elevated levels of sCD62P in plasma are associated with clinical parameters and disease activity of RA patients. The amount of sCD62P in plasma had a significant positive correlation with the Disease Activity Score-28 (DAS28) for RA based on erythrocyte sedimentation rate (DAS28-ESR) and C-reactive protein (DAS28-CRP), which represent enhanced inflammatory responses (Figure 6B, p = 0.0138 and p = 0.0476, respectively). Together, these findings demonstrate that increased activity of platelets, which is represented by higher level of sCD62P in plasma, is positively correlated with RA clinical parameters. This suggests a possible mechanism for the accumulation of CD14+CD16+ monocytes in RA patients.




Figure 6 | Clinical relevance of enhanced soluble CD62P, a marker of platelet activation, in RA patients. (A) sCD62P in plasma of HCs (n = 18) and RA patients (n = 32) was quantitated by ELISA. Scatter plots show the mean ± S.E.M. ****p < 0.0001 by two-tailed unpaired t-test. (B) Correlation between sCD62P levels in the plasma of RA patients and RA clinical parameters (n = 32). sCD62P levels were plotted against DAS28 ESR and DAS28 CRP. P value was obtained using Pearson correlation analysis.






Discussion

Monocytes are a versatile and dynamic cell population critical for the innate immune response during infections and autoimmune diseases (2, 4, 10, 44). Surface molecule expression patterns and transcriptomic profiles demonstrate that murine equivalents of classical CD14+CD16- and nonclassical CD14dimCD16+ subsets in humans are the proinflammatory Ly6ChiCX3CR1midCCR2+ and patrolling Ly6CloCX3CR1hiCCR2− populations, respectively. The CD14+CD16- subset mediates classical monocyte roles, such as initiation of the inflammatory response, recognition and phagocytosis of pathogens and production of proinflammatory cytokines, whereas nonclassical monocytes have anti-inflammatory properties and are involved in maintenance of vascular homeostasis (4, 44). In addition to the two monocyte subsets, a substantial number of intermediate CD14+CD16+ monocytes exist in human peripheral blood. CD14+CD16+ monocytes exhibit both phagocytic function and anti-inflammatory effects, as well as higher levels of intracellular IL-1β and TNF-α at steady state (45, 46). Research on the developmental trajectories of the three monocyte subsets in humans and in humanized mice suggests that intermediate monocytes exist in a transitory stage from classical to nonclassical monocytes at steady state and under experimental endotoxemic conditions (10). A number of studies have shown that CD14+CD16+ monocytes are expanded in peripheral blood and inflamed tissues during acute and chronic inflammation such as is seen with inflammatory bowel disease (IBD) and rheumatoid arthritis (RA) (11–13, 34). Since the murine analog to CD14+CD16+ monocytes has not been clearly identified, little is known about mechanism underlying expression of CD16 and the immunological role of intermediate monocytes.

CD16 expression has been shown to be upregulated on monocytes in response to a number of different factors including platelets and several cytokines (11, 14, 34). In agreement with an early report, our data show that activated platelets lead to a marked induction of CD16 expression on classical CD14+ monocytes in a transcription-dependent manner (Figures 1A, B) (14). Several studies have demonstrated that induction of CD16 expression on monocytes is mediated by activated platelet-dependent COX-2 upregulation and consequent PGE2 synthesis in monocytes. Moreover, COX-2 synthesis is modulated by adhesion and signaling in response to cytokines such as platelet-derived TGF-β1 or monocyte-derived IL-1β (47–49). Since MPAs are involved in secretion of soluble factors, including various cytokines (15, 50), we sought to determine which cytokines are capable of inducing CD16 on monocytes. Besides TGF-β1, a well-known inducer of CD16 on monocytes (11, 14), STAT3-activating cytokines IL-10 and IL-6 noticeably enhance CD16 expression, whereas IL-1β and TNF-α, major monocyte-derived pro-inflammatory cytokines, had an inhibitory effect on CD16 induction. Our previous study showed that TGF-β-induced CD16 expression on monocytes was inhibited by IL-1β and TNF-α, but not IL-6 (11). Kinetics of cytokine production by MPA reveal that TGF-β and IL-6 are involved in activated platelet-mediated induction of CD16 monocytes (Figure 2). Although exogenous IL-10 is a potent inducer of CD16 on monocytes, as described previously and in the present study (Figure 1C) (34), activated platelets have no ability to produce IL-10, nor do monocytes induce IL-10 production within 18 h after co-culture. Moreover, an IL-10 neutralization assay corroborated our findings as IL-10 blockade had no effect on CD16 induction by MPAs (Figure 2C). It has been demonstrated that CD14+CD16+ intermediate monocytes are induced by IL-10 and positively correlate with disease activity in rheumatoid arthritis (RA) (34). IL-10 is broadly produced by many types of immune cells (51), and it has been suggested that CD16 expression on monocytes is maintained by IL-10 produced by human naïve CD4+ T cells (52). Induction of CD16 by IL-10 may occur in chronic inflammatory conditions including RA or during interactions with T cells. We showed that the majority of the TGF-β was rapidly secreted from ADP-stimulated platelets in a transcription-independent manner and its production by monocytes in MPAs was minimal (Figure 2B). Thus, hindrance of direct contact in the transwell system had no effect on CD16 induction on monocytes. However, IL-6 was produced solely by activated monocytes in MPAs in a transcription-dependent manner as seen in the Figure 2B. Immunoblotting of phosphorylation of the downstream mediators, SMAD3 and STAT3, revealed an obvious difference in the pattern and kinetics of TGF-β and IL-6 production in MPA. SMAD3 in monocytes is rapidly (before 30 min) phosphorylated only when cells are co-cultured with platelets, whereas phosphorylation of STAT3 was enhanced at later time points via IL-6 autocrine signaling. The critical role of TGF-β and IL-6 for CD16 induction in MPA was clearly shown by inhibition with SB431542, SIS3, or 5, 15-DPP, which selectively inhibit TGF-βRI, SMAD3, and STAT3, respectively (Supplementary Figure 5 and Figure 3B). It should be noted that IL-6 induced expression of COX2, which is important for CD16 induction on monocytes by activated platelets, is mediated by STAT3 in monocytic THP1 cells and prostatic tumor cells (47, 53, 54).

Recent work has highlighted a cardinal role for platelets in inflammatory and immune responses by expressing and secreting many potent immunological mediators, such as FcγRIIA (CD32), CD154, TLRs, MHC class I molecules, cytokines, chemokines, and several granules including platelet factor 4 (PF4), glutamate, serotonin, and ADP (15, 18). Activated platelets shed microparticles that bud from their membranes (30) extending the reach of the activated platelet to sites distant from the cell itself (55). Besides their well-known pathogenic role in atherosclerosis, platelets have been identified as active players in the pathogenesis of RA and SLE (30, 55, 56). Anti-citrullinated protein antibodies (ACPA), which recognize a group of post-transcriptionally modified autoantigens in RA, contribute to platelet activation and activated platelets release ADP themselves, further causing platelet activation (57). Of note, serum soluble selectin levels including sCD62P are elevated in RA and systemic sclerosis. Thus, sCD62P has been suggested as a circulating biomarker in RA with thrombocytosis, indicating the presence of a continuous underlying inflammatory stimulus (42, 43). We previously reported that CD14+CD16+, but not CD14dimCD16+, monocytes were predominantly expanded in peripheral blood and synovial fluid of RA patients compared with healthy controls (11). As seen in Figure 6A, the concentration of sCD62P, a biomarker of activated platelets, was significantly increased in plasma of RA patients compared with that of healthy controls, implicating activated platelets in the induction of CD16 on classical monocytes in RA. It should be noted that the expression of CD16 on CD14+ monocytes is induced by synovial fluid in a dose-dependent manner and this upregulation is greatly inhibited by SB431542, a TGF-βRI inhibitor (11). In RA patients, the proportion of CD14+CD16+ monocytes is positively correlated with clinical parameters, such as CRP and DAS28-ESR, and is significantly decreased after a 12-week treatment with methotrexate (MTX), a gold standard, disease-modifying anti-rheumatic drug (DMARD) (34). This is supported by our findings showing sCD62P concentration is significantly and positively correlated with RA clinical parameters including DAS28-ESR and DAS28-CRP (Figure 6B).

Human CD16 exists in two different isoforms, FcγRIIIA (CD16A) and FcγRIIIB (CD16B), encoded by separate genes (58). Phillips et al. showed that CD16 expressed on platelet-activated monocytes is structurally similar to the transmembrane-anchored CD16B polypeptide expressed on NK cells but is associated with the FcϵRI-γ subunit in a manner identical to that of human basophils (14). Therefore, it has been suggested that CD16 on monocytes contributes to antibody-dependent cellular cytotoxicity (ADCC) for targeting and killing virus-infected or transformed cells coated with specific antibodies (59). ADCC by CD16+ monocytes requires cell-cell contact facilitated via β2-integrins and mediated by TNF-α (59). Besides ADCC, CD16 induced by activated platelets mediates antibody-dependent cellular phagocytosis (ADCP), showing that this phagocytic activity is comparable to that of CD64/CD32-mediated phagocytosis in monocytes (Figure 4B). Our data illustrate that the phagocytic capacity largely depends on the platelet activity and the proportion of CD16+CD14+ monocytes induced (Figures 4B, C). Given that ADCC, ADCP, and complement-dependent cytotoxicity (CDC) are FcR-mediated effector functions which contribute to removal of antibody-opsonized target cells or molecules, induction of CD16 on monocytes is likely involved in regulation of immune responses and inflammatory reactions. Although not examined in our study, expanded CD14+CD16+ monocytes in RA may result in an increased responsiveness to immune complex(IC)-stimulation (60). Given that IgG-containing immune complexes (IC) including those containing rheumatoid factors (RFs) and cyclic citrullinated peptide (CCP) autoantibodies are found abundantly in serum and synovial fluid of patients with RA, it could be one potential pathophysiological role of intermediate CD14+CD16+ monocytes in RA.

A large number of circulating monocytes migrate into an inflamed tissue and generally differentiate into inflammatory macrophages during an inflammatory reactions (6, 61). Macrophages can be phenotypically and functionally polarized into proinflammatory M1 or anti-inflammatory/pro-resolving M2 macrophages depending on the surrounding microenvironmental stimuli and signals (37, 38). It has been recently demonstrated that M2 macrophages can be further subcategorized as M2a, M2b, M2c, or M2d based on the applied stimuli, the resultant transcriptional changes, and their functions (39). Moreover, recent single-cell transcriptome sequencing (scRNA-seq) analyses have shown that synovial monocytes/macrophages of RA patients and RA mouse model are heterogeneous and these distinct subsets are closely linked to diverse homeostatic, regulatory, and inflammatory functions (62–64). Leukocyte-rich RA synovia have a greater abundance of IL1B+ monocytes but a reduced NUPR1+ monocytes, whereas MerTK+ macrophages are associated with remission and maintenance of RA (62, 63). In present study, we found that incubation with activated platelets lead to skewing of monocytes toward differentiation into macrophages with an M2 propensity (Figure 5). It is still debated whether platelet interactions with monocytes/macrophages elicit proinflammatory or anti-inflammatory responses upon various stimulations (27, 65–67). Of note, activated platelets alone induce anti-inflammatory responses of monocytes/macrophages via PGE2 and cytokines (67). In our study, ADP-activated monocytes appear to differentiate into CD16+CD163+MerTK+ M2c macrophages that are polarized by IL-10, TGF-β, or glucocorticoid and play crucial roles in the phagocytosis of apoptotic cells (68). M-CSF is capable of inducing polarization of M2 macrophages that express CD16 and CD163 on monocytes during differentiation (69). However, we found that monocytes pre-treated with ADP-platelets further increased the expression of CD16 and CD163 during differentiation in the presence of M-CSF compared to control. Furthermore, MerTK, a marker of M2c macrophages, was significantly upregulated in HMDMs pretreated with activated platelets. A recent study demonstrated that M2c-like cells are detectable among circulating CD14+CD16+, but not CD14dimCD16+, monocytes (70).

In summary, we provide evidence that activated platelets are important for induction of CD16 expression on classical CD14+CD16- monocytes through sequential involvement of platelet-derived TGF-β and monocyte-derived IL-6. Induced CD16 on monocytes participates in IgG-mediated phagocytosis. In addition, monocytes pretreated with activated platelets preferentially differentiate into M2c-like macrophages in the presence of M-CSF. In RA patients, the plasma level of sCD62P, a marker of activated platelets, was significantly elevated, which may explain the accumulation of CD14+CD16+ monocytes in RA patients. Furthermore, the sCD62P level in plasma is positively correlated with RA clinical parameters. These findings underscore a key role of activated platelets for regulating phenotypical and functional features of human monocytes and shed light on the immunological role of CD14+CD16+ cells in a variety of inflammatory disorders.



Data Availability Statement

All datasets generated in this study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by the Institutional Review Board (IRB) of Seoul National University Hospital and of Chungnam National University Hospital. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

SL: participated in the design of the study, performed most of the experiments, data collection and analysis, and drafted the manuscript. BY and HK: participated in the design of the study, performed the experiments, data collection and analysis. SK and S-JY: participated in study design and performed data analysis. W-WL: conceived of the study, participated in its design and coordination, performed data analysis and writing of manuscript, and has full access to all the data in this study and financial support. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grant (NRF-2018R1A2B2006310 to W-WL) from the National Research Foundation of Korea (NRF) funded by Ministry of Science and ICT (MSIT).



Acknowledgments

The authors thank Jiyeon Jang (Seoul National University College of Medicine) for assisting in the recruitment of human subjects and thank Core Lab, Clinical Trials Center, Seoul National University Hospital for drawing blood. 



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.611133/full#supplementary-material



References

1. Randolph, GJ, Inaba, K, Robbiani, DF, Steinman, RM, and Muller, WA. Differentiation of phagocytic monocytes into lymph node dendritic cells in vivo. Immunity (1999) 11(6):753–61. doi: 10.1016/S1074-7613(00)80149-1

2. Geissmann, F, Jung, S, and Littman, DR. Blood monocytes consist of two principal subsets with distinct migratory properties. Immunity (2003) 19(1):71–82. doi: 10.1016/S1074-7613(03)00174-2

3. Varol, C, Landsman, L, Fogg, DK, Greenshtein, L, Gildor, B, Margalit, R, et al. Monocytes give rise to mucosal, but not splenic, conventional dendritic cells. J Exp Med (2007) 204(1):171–80. doi: 10.1084/jem.20061011

4. Cros, J, Cagnard, N, Woollard, K, Patey, N, Zhang, SY, Senechal, B, et al. Human CD14dim monocytes patrol and sense nucleic acids and viruses via TLR7 and TLR8 receptors. Immunity (2010) 33(3):375–86. doi: 10.1016/j.immuni.2010.08.012

5. Auffray, C, Sieweke, MH, and Geissmann, F. Blood monocytes: development, heterogeneity, and relationship with dendritic cells. Annu Rev Immunol (2009) 27:669–92. doi: 10.1146/annurev.immunol.021908.132557

6. Shi, C, and Pamer, EG. Monocyte recruitment during infection and inflammation. Nat Rev Immunol (2011) 11(11):762–74. doi: 10.1038/nri3070

7. Geissmann, F, Auffray, C, Palframan, R, Wirrig, C, Ciocca, A, Campisi, L, et al. Blood monocytes: distinct subsets, how they relate to dendritic cells, and their possible roles in the regulation of T-cell responses. Immunol Cell Biol (2008) 86(5):398–408. doi: 10.1038/icb.2008.19

8. Ingersoll, MA, Platt, AM, Potteaux, S, and Randolph, GJ. Monocyte trafficking in acute and chronic inflammation. Trends Immunol (2011) 32(10):470–7. doi: 10.1016/j.it.2011.05.001

9. Wong, KL, Yeap, WH, Tai, JJ, Ong, SM, Dang, TM, and Wong, SC. The three human monocyte subsets: implications for health and disease. Immunol Res (2012) 53(1-3):41–57. doi: 10.1007/s12026-012-8297-3

10. Patel, AA, Zhang, Y, Fullerton, JN, Boelen, L, Rongvaux, A, Maini, AA, et al. The fate and lifespan of human monocyte subsets in steady state and systemic inflammation. J Exp Med (2017) 214(7):1913–23. doi: 10.1084/jem.20170355

11. Yoon, BR, Yoo, SJ, Choi, Y, Chung, YH, Kim, J, Yoo, IS, et al. Functional phenotype of synovial monocytes modulating inflammatory T-cell responses in rheumatoid arthritis (RA). PloS One (2014) 9(10):e109775. doi: 10.1371/journal.pone.0109775

12. Koch, S, Kucharzik, T, Heidemann, J, Nusrat, A, and Luegering, A. Investigating the role of proinflammatory CD16+ monocytes in the pathogenesis of inflammatory bowel disease. Clin Exp Immunol (2010) 161(2):332–41. doi: 10.1111/j.1365-2249.2010.04177.x

13. Rossol, M, Kraus, S, Pierer, M, Baerwald, C, and Wagner, U. The CD14(bright) CD16+ monocyte subset is expanded in rheumatoid arthritis and promotes expansion of the Th17 cell population. Arthritis Rheumatol (2012) 64(3):671–7. doi: 10.1002/art.33418

14. Phillips, JH, Chang, CW, and Lanier, LL. Platelet-induced expression of Fc gamma RIII (CD16) on human monocytes. Eur J Immunol (1991) 21(4):895–9. doi: 10.1002/eji.1830210406

15. Semple, JW, Italiano, JE Jr., and Freedman, J. Platelets and the immune continuum. Nat Rev Immunol (2011) 11(4):264–74. doi: 10.1038/nri2956

16. von Hundelshausen, P, and Weber, C. Platelets as immune cells: bridging inflammation and cardiovascular disease. Circ Res (2007) 100(1):27–40. doi: 10.1161/01.RES.0000252802.25497.b7

17. Celi, A, Pellegrini, G, Lorenzet, R, De Blasi, A, Ready, N, Furie, BC, et al. P-selectin induces the expression of tissue factor on monocytes. Proc Natl Acad Sci USA (1994) 91(19):8767–71. doi: 10.1073/pnas.91.19.8767

18. Morrell, CN, Aggrey, AA, Chapman, LM, and Modjeski, KL. Emerging roles for platelets as immune and inflammatory cells. Blood (2014) 123(18):2759–67. doi: 10.1182/blood-2013-11-462432

19. Allen, N, Barrett, TJ, Guo, Y, Nardi, M, Ramkhelawon, B, Rockman, CB, et al. Circulating monocyte-platelet aggregates are a robust marker of platelet activity in cardiovascular disease. Atherosclerosis (2019) 282:11–8. doi: 10.1016/j.atherosclerosis.2018.12.029

20. Tay, HM, Yeap, WH, Dalan, R, Wong, SC, and Hou, HW. Increased monocyte-platelet aggregates and monocyte-endothelial adhesion in healthy individuals with vitamin D deficiency. FASEB J (2020) 34(8):11133–42. doi: 10.1096/fj.202000822R

21. Zahran, AM, El-Badawy, O, Mohamad, IL, Tamer, DM, Abdel-Aziz, SM, and Elsayh, KI. Platelet Activation and Platelet-Leukocyte Aggregates in Type I Diabetes Mellitus. Clin Appl Thromb Hemost (2018) 24(9_suppl):230S–9S. doi: 10.1177/1076029618805861

22. Ashman, N, Macey, MG, Fan, SL, Azam, U, and Yaqoob, MM. Increased platelet-monocyte aggregates and cardiovascular disease in end-stage renal failure patients. Nephrol Dial Transplant (2003) 18(10):2088–96. doi: 10.1093/ndt/gfg348

23. Knijff-Dutmer, EA, Koerts, J, Nieuwland, R, Kalsbeek-Batenburg, EM, and van de Laar, MA. Elevated levels of platelet microparticles are associated with disease activity in rheumatoid arthritis. Arthritis Rheumatol (2002) 46(6):1498–503. doi: 10.1002/art.10312

24. Cloutier, N, Allaeys, I, Marcoux, G, Machlus, KR, Mailhot, B, Zufferey, A, et al. Platelets release pathogenic serotonin and return to circulation after immune complex-mediated sequestration. Proc Natl Acad Sci U S A (2018) 115(7):E1550–E9. doi: 10.1073/pnas.1720553115

25. Boilard, E, Blanco, P, and Nigrovic, PA. Platelets: active players in the pathogenesis of arthritis and SLE. Nat Rev Rheumatol (2012) 8(9):534–42. doi: 10.1038/nrrheum.2012.118

26. Burbano, C, Villar-Vesga, J, Orejuela, J, Munoz, C, Vanegas, A, Vasquez, G, et al. Potential Involvement of Platelet-Derived Microparticles and Microparticles Forming Immune Complexes during Monocyte Activation in Patients with Systemic Lupus Erythematosus. Front Immunol (2018) 9:322. doi: 10.3389/fimmu.2018.00322

27. Carestia, A, Mena, HA, Olexen, CM, Ortiz Wilczynski, JM, Negrotto, S, Errasti, AE, et al. Platelets Promote Macrophage Polarization toward Pro-inflammatory Phenotype and Increase Survival of Septic Mice. Cell Rep (2019) 28(4):896–908 e5. doi: 10.1016/j.celrep.2019.06.062

28. Zamora, C, Canto, E, Nieto, JC, Bardina, J, Diaz-Torne, C, Moya, P, et al. Binding of Platelets to Lymphocytes: A Potential Anti-Inflammatory Therapy in Rheumatoid Arthritis. J Immunol (2017) 198(8):3099–108. doi: 10.4049/jimmunol.1601708

29. Koupenova, M, Clancy, L, Corkrey, HA, and Freedman, JE. Circulating Platelets as Mediators of Immunity, Inflammation, and Thrombosis. Circ Res (2018) 122(2):337–51. doi: 10.1161/CIRCRESAHA.117.310795

30. Boilard, E, Nigrovic, PA, Larabee, K, Watts, GF, Coblyn, JS, Weinblatt, ME, et al. Platelets amplify inflammation in arthritis via collagen-dependent microparticle production. Science (2010) 327(5965):580–3. doi: 10.1126/science.1181928

31. Kapellos, TS, Bonaguro, L, Gemund, I, Reusch, N, Saglam, A, Hinkley, ER, et al. Human Monocyte Subsets and Phenotypes in Major Chronic Inflammatory Diseases. Front Immunol (2019) 10:2035. doi: 10.3389/fimmu.2019.02035

32. Micklewright, JJ, Layhadi, JA, and Fountain, SJ. P2Y12 receptor modulation of ADP-evoked intracellular Ca(2+) signalling in THP-1 human monocytic cells. Br J Pharmacol (2018) 175(12):2483–91. doi: 10.1111/bph.14218

33. Gudbrandsdottir, S, Hasselbalch, HC, and Nielsen, CH. Activated platelets enhance IL-10 secretion and reduce TNF-alpha secretion by monocytes. J Immunol (2013) 191(8):4059–67. doi: 10.4049/jimmunol.1201103

34. Tsukamoto, M, Seta, N, Yoshimoto, K, Suzuki, K, Yamaoka, K, and Takeuchi, T. CD14(bright)CD16+ intermediate monocytes are induced by interleukin-10 and positively correlate with disease activity in rheumatoid arthritis. Arthritis Res Ther (2017) 19(1):28. doi: 10.1186/s13075-016-1216-6

35. Bournazos, S, Wang, TT, Dahan, R, Maamary, J, and Ravetch, JV. Signaling by Antibodies: Recent Progress. Annu Rev Immunol (2017) 35:285–311. doi: 10.1146/annurev-immunol-051116-052433

36. Junker, F, Gordon, J, and Qureshi, O. Fc Gamma Receptors and Their Role in Antigen Uptake, Presentation, and T Cell Activation. Front Immunol (2020) 11:1393. doi: 10.3389/fimmu.2020.01393

37. Murray, PJ. Macrophage Polarization. Annu Rev Physiol (2017) 79:541–66. doi: 10.1146/annurev-physiol-022516-034339

38. Yoon, BR, Oh, YJ, Kang, SW, Lee, EB, and Lee, WW. Role of SLC7A5 in Metabolic Reprogramming of Human Monocyte/Macrophage Immune Responses. Front Immunol (2018) 9:53. doi: 10.3389/fimmu.2018.00053

39. Wang, LX, Zhang, SX, Wu, HJ, Rong, XL, and Guo, J. M2b macrophage polarization and its roles in diseases. J Leukoc Biol (2019) 106(2):345–58. doi: 10.1002/JLB.3RU1018-378RR

40. Gurney, D, Lip, GY, and Blann, AD. A reliable plasma marker of platelet activation: does it exist? Am J Hematol (2002) 70(2):139–44. doi: 10.1002/ajh.10097

41. Kannan, M, Ahmad, F, and Saxena, R. Platelet activation markers in evaluation of thrombotic risk factors in various clinical settings. Blood Rev (2019) 37:100583. doi: 10.1016/j.blre.2019.05.007

42. Ates, A, Kinikli, G, Turgay, M, and Duman, M. Serum-soluble selectin levels in patients with rheumatoid arthritis and systemic sclerosis. Scand J Immunol (2004) 59(3):315–20. doi: 10.1111/j.0300-9475.2004.01389.x

43. Ertenli, I, Kiraz, S, Arici, M, Haznedaroglu, IC, Calguneri, M, Celik, I, et al. P-selectin as a circulating molecular marker in rheumatoid arthritis with thrombocytosis. J Rheumatol (1998) 25(6):1054–8.

44. Ingersoll, MA, Spanbroek, R, Lottaz, C, Gautier, EL, Frankenberger, M, Hoffmann, R, et al. Comparison of gene expression profiles between human and mouse monocyte subsets. Blood (2010) 115(3):e10–9. doi: 10.1182/blood-2009-07-235028

45. Wong, KL, Tai, JJ, Wong, WC, Han, H, Sem, X, Yeap, WH, et al. Gene expression profiling reveals the defining features of the classical, intermediate, and nonclassical human monocyte subsets. Blood (2011) 118(5):e16–31. doi: 10.1182/blood-2010-12-326355

46. Kratofil, RM, Kubes, P, and Deniset, JF. Monocyte Conversion During Inflammation and Injury. Arterioscler Thromb Vasc Biol (2017) 37(1):35–42. doi: 10.1161/ATVBAHA.116.308198

47. Passacquale, G, Vamadevan, P, Pereira, L, Hamid, C, Corrigall, V, and Ferro, A. Monocyte-platelet interaction induces a pro-inflammatory phenotype in circulating monocytes. PloS One (2011) 6(10):e25595. doi: 10.1371/journal.pone.0025595

48. Eligini, S, Barbieri, SS, Arenaz, I, Tremoli, E, and Colli, S. Paracrine up-regulation of monocyte cyclooxygenase-2 by platelets: role of transforming growth factor-beta1. Cardiovasc Res (2007) 74(2):270–8. doi: 10.1016/j.cardiores.2006.12.013

49. Dixon, DA, Tolley, ND, Bemis-Standoli, K, Martinez, ML, Weyrich, AS, Morrow, JD, et al. Expression of COX-2 in platelet-monocyte interactions occurs via combinatorial regulation involving adhesion and cytokine signaling. J Clin Invest (2006) 116(10):2727–38. doi: 10.1172/JCI27209.

50. Lam, FW, Vijayan, KV, and Rumbaut, RE. Platelets and Their Interactions with Other Immune Cells. Compr Physiol (2015) 5(3):1265–80. doi: 10.1002/cphy.c140074

51. Saraiva, M, and O’Garra, A. The regulation of IL-10 production by immune cells. Nat Rev Immunol (2010) 10(3):170–81. doi: 10.1038/nri2711

52. Liu, Y, Yang, B, Ma, J, Wang, H, Huang, F, Zhang, J, et al. Interleukin-21 maintains the expression of CD16 on monocytes via the production of IL-10 by human naive CD4+ T cells. Cell Immunol (2011) 267(2):102–8. doi: 10.1016/j.cellimm.2010.12.003

53. Basu, A, Das, AS, Sharma, M, Pathak, MP, Chattopadhyay, P, Biswas, K, et al. STAT3 and NF-kappaB are common targets for kaempferol-mediated attenuation of COX-2 expression in IL-6-induced macrophages and carrageenan-induced mouse paw edema. Biochem Biophys Rep (2017) 12:54–61. doi: 10.1016/j.bbrep.2017.08.005

54. Liu, XH, Kirschenbaum, A, Lu, M, Yao, S, Klausner, A, Preston, C, et al. Prostaglandin E(2) stimulates prostatic intraepithelial neoplasia cell growth through activation of the interleukin-6/GP130/STAT-3 signaling pathway. Biochem Biophys Res Commun (2002) 290(1):249–55. doi: 10.1006/bbrc.2001.6188

55. Andersson, G, Axell, T, and Larsson, A. Impact of consumption factors on soft tissue changes in Swedish moist snuff users: a histologic study. J Oral Pathol Med (1990) 19(10):453–8. doi: 10.1111/j.1600-0714.1990.tb00786.x

56. Davi, G, and Patrono, C. Platelet activation and atherothrombosis. N Engl J Med (2007) 357(24):2482–94. doi: 10.1056/NEJMra071014

57. Habets, KL, Trouw, LA, Levarht, EW, Korporaal, SJ, Habets, PA, de Groot, P, et al. Anti-citrullinated protein antibodies contribute to platelet activation in rheumatoid arthritis. Arthritis Res Ther (2015) 17:209. doi: 10.1186/s13075-015-0665-7

58. Zhang, Y, Boesen, CC, Radaev, S, Brooks, AG, Fridman, WH, Sautes-Fridman, C, et al. Crystal structure of the extracellular domain of a human Fc gamma RIII. Immunity (2000) 13(3):387–95. doi: 10.1016/S1074-7613(00)00038-8

59. Yeap, WH, Wong, KL, Shimasaki, N, Teo, EC, Quek, JK, Yong, HX, et al. CD16 is indispensable for antibody-dependent cellular cytotoxicity by human monocytes. Sci Rep (2016) 6:34310. doi: 10.1038/srep34310

60. Cooper, DL, Martin, SG, Robinson, JI, Mackie, SL, Charles, CJ, Nam, J, et al. FcgammaRIIIa expression on monocytes in rheumatoid arthritis: role in immune-complex stimulated TNF production and non-response to methotrexate therapy. PloS One (2012) 7(1):e28918. doi: 10.1371/journal.pone.0028918

61. Italiani, P, and Boraschi, D. From Monocytes to M1/M2 Macrophages: Phenotypical vs. Functional Differentiation. Front Immunol (2014) 5:514. doi: 10.3389/fimmu.2014.00514

62. Alivernini, S, MacDonald, L, Elmesmari, A, Finlay, S, Tolusso, B, Gigante, MR, et al. Distinct synovial tissue macrophage subsets regulate inflammation and remission in rheumatoid arthritis. Nat Med (2020) 26(8):1295–306. doi: 10.1038/s41591-020-0939-8

63. Zhang, F, Wei, K, Slowikowski, K, Fonseka, CY, Rao, DA, Kelly, S, et al. Defining inflammatory cell states in rheumatoid arthritis joint synovial tissues by integrating single-cell transcriptomics and mass cytometry. Nat Immunol (2019) 20(7):928–42. doi: 10.1038/s41590-019-0378-1

64. Culemann, S, Gruneboom, A, Nicolas-Avila, JA, Weidner, D, Lammle, KF, Rothe, T, et al. Locally renewing resident synovial macrophages provide a protective barrier for the joint. Nature (2019) 572(7771):670–5. doi: 10.1038/s41586-019-1471-1

65. Olumuyiwa-Akeredolu, OO, Page, MJ, Soma, P, and Pretorius, E. Platelets: emerging facilitators of cellular crosstalk in rheumatoid arthritis. Nat Rev Rheumatol (2019) 15(4):237–48. doi: 10.1038/s41584-019-0187-9

66. Andia, I. Rheumatoid arthritis: The ins and outs of platelets in RA. Nat Rev Rheumatol (2017) 13(5):262–4. doi: 10.1038/nrrheum.2017.52

67. Linke, B, Schreiber, Y, Picard-Willems, B, Slattery, P, Nusing, RM, Harder, S, et al. Activated Platelets Induce an Anti-Inflammatory Response of Monocytes/Macrophages through Cross-Regulation of PGE2 and Cytokines. Mediators Inflammation (2017) 2017:1463216. doi: 10.1155/2017/1463216

68. Roszer, T. Understanding the Mysterious M2 Macrophage through Activation Markers and Effector Mechanisms. Mediators Inflammation (2015) 2015:816460. doi: 10.1155/2015/816460

69. Sierra-Filardi, E, Vega, MA, Sanchez-Mateos, P, Corbi, AL, and Puig-Kroger, A. Heme Oxygenase-1 expression in M-CSF-polarized M2 macrophages contributes to LPS-induced IL-10 release. Immunobiology (2010) 215(9-10):788–95. doi: 10.1016/j.imbio.2010.05.020

70. Zizzo, G, Hilliard, BA, Monestier, M, and Cohen, PL. Efficient clearance of early apoptotic cells by human macrophages requires M2c polarization and MerTK induction. J Immunol (2012) 189(7):3508–20. doi: 10.4049/jimmunol.1200662



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Lee, Yoon, Kim, Yoo, Kang and Lee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Activated Platelets Convert CD14+CD16- Into CD14+CD16+ Monocytes With Enhanced FcγR-Mediated Phagocytosis and Skewed M2 Polarization

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cell Preparation

          



          		

            Co-Culture of Monocytes and Activated Platelets

          



          		

            Cytokine Neutralization Assay and Signaling Inhibition Assay

          



          		

            Flow Cytometric Analysis

          



          		

            Quantitative RT-PCR

          



          		

            Enzyme-Linked Immunosorbent Assay

          



          		

            Immunoblot Analysis

          



          		

            Phagocytosis Assay

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            Induction of CD16 on CD14+CD16- Monocytes by Activated Platelets

          



          		

            TGF-β and IL-6 Are Involved in Activated Platelet-Mediated Induction of CD16 on Monocytes

          



          		

            Activated Platelet-Induced CD16 Expression Is Mediated by SMAD3 and STAT3

          



          		

            Activated Platelet-Induced CD16 Expression Is Involved in CD16-Dependent Phagocytosis in Monocytes

          



          		

            CD14+ Monocytes Treated With Activated Platelets Preferentially Differentiate Into M2 Macrophages

          



          		

            Clinical Relevance of Enhanced Soluble CD62P, a Marker of Platelet Activation in RA Patients

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-11-611133-g006.jpg
o o
SCD62p (ng/ml) SCD62p (ng/ml)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-611133-g002.jpg
Z.
H
Es o
3.
2 150 g Eom
3 i R K

: .

r S
o Pit+ ADP.






OEBPS/Images/fimmu-11-611133-g004.jpg
ANLCOBUCD2 A - . .
ani-CD16 A - = .
Isotype Control Ab .

e
. .
er
g = o
i i
I £
L o
ANt-CDB4ICD32Ab -+ + P eSS
cowconte - 3§

‘Frequency of CD14°CD16" (%)





OEBPS/Images/fimmu.2020.611133_cover.jpg
, frontiers
in Immunology

Activated Platelets Convert
CD14*CD16 Into CD14*CD16*
Monocytes With Enhanced
FcyR-Mediated Phagocytosis
and Skewed M2 Polarization





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-611133-g001.jpg
ol

F AR
£ o F
[ N . ¥ H
A0P (10 pgim) - o L 8w F2¢
T I £,
: g s
SPLL 3 33.
Y i H £
S - ) 1
co16. & ¢
Wi iee
FreRor
o :
R I R o
(oo g bl abegen
o
-
g
H






OEBPS/Images/fimmu-11-611133-g005.jpg
o

e

sotype Control

2
{

Ll
w g. g
o Ser o
&8 & &
S & &
Py
S8 8S
o o
cos0
com core - —
2 o £ 1500
S wo 8
urst sk s $ e
w198 o i £ s
& &
S Yo






OEBPS/Images/table1.jpg
Patint
Chavacteristics
Valve)

Medications.
No. (%)

Age (years), means = SD
Sox (fomalaimal), N (%)

Disease duration,
months

Rheumatoid factor - no.
of postve (%)
Rheumatoid factor tter
Um), means = SD
Anticitrlinated protein
antbody,

. of positive (%)
Anticitrlinated protein
antbody ter (UM,
means = SD

ESR (rvh), mears + SD

AP (mo/c), means + SO
DAS28 ESR, means = SD
DAS28 AP, means = SO

‘Steroid (Prednisolone)
Methorerate
Sulfasalazine
Hydtomychoroqine
Lefnomide

TNF inhibitor (infiaimab)

£SR, anythvocyte sedimentation rte.

CRP, C-reactivo protein.

DAS28, Dsease Actiy Score-28.
DAS28.ESR, DAS28 for RA based on ESR.
DAS28-CRP. DAS28 for RA based on CRP.

57.84 2881
24/8 75,00/
2500)
5482512

28132 (67.50

122902
87.70
26132 (7813

36788+
16159

2681+
2398
2002617
336162
2422129

26032 (78.13
27132 (8439
1032 (31.25)
15/32 (46.89)
1/32(3.13)
1132 3.19)





OEBPS/Images/fimmu-11-611133-g003.jpg
o

CO4CD16 manocytes . . -
Platolts + AOP .
Tme® o 05 3 8 0536 0 05 3 6

== ===
TEE-EEE TR o

L EEE S e

owso SIS @Sopgm  SISOPPIOWM)  NoPit

-
»

o R on |es o [ o
ot

Froquency of COT4'CO1E" ()





