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Abstract

:

The aetiology of rheumatoid arthritis (RA) is unknown, but citrullination of proteins is thought to be an initiating event. In addition, it is increasingly evident that the lung can be a potential site for the generation of autoimmune triggers before the development of joint disease. Here, we identified that serum levels of galectin-9 (Gal-9), a pleiotropic immunomodulatory protein, are elevated in RA patients, and are even further increased in patients with comorbid bronchiectasis, a lung disease caused by chronic inflammation. The serum concentrations of Gal-9 correlate with C-reactive protein levels and DAS-28 score. Gal-9 activated polymorphonuclear leukocytes (granulocytes) in vitro, which was characterized by increased cytokine secretion, migration, and survival. Further, granulocytes treated with Gal-9 upregulated expression of peptidyl arginine deiminase 4 (PAD-4), a key enzyme required for RA-associated citrullination of proteins. Correspondingly, treatment with Gal-9 triggered citrullination of intracellular granulocyte proteins that are known contributors to RA pathogenesis (i.e., myeloperoxidase, alpha-enolase, MMP-9, lactoferrin). In conclusion, this study identifies for the first time an immunomodulatory protein, Gal-9, that triggers activation of granulocytes leading to increased PAD-4 expression and generation of citrullinated autoantigens. This pathway may represent a potentially important mechanism for development of RA.
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1. Introduction


The galectin family of carbohydrate binding proteins, of which nine different members are expressed in humans, have various functions in the human body [1]. Within this family, Galectin-9 (Gal-9) has gained attention as a regulator of cell adhesion and polarity, induction of cancer cell death, and regulator of both adaptive and innate immunity [2,3,4]. In respect of its immunomodulatory functions, Gal-9 was initially predominantly described as a negative regulator of T cell immunity by inducing apoptotic cell death in CD4+ T helper 1 (Th1) and T helper 17 cells [5,6], whereas Gal-9 had a stimulatory effect on regulatory T cells (Treg) [6,7]. Autoimmune diseases are generally characterized by over activated T cell responses, showing a dominant pathogenic Th1 and Th17 phenotype and impaired Treg activity [8]. Correspondingly, treatment with Gal-9 at high doses ameliorated the severity of inflammation in various mouse models of autoimmune diseases [6,7,9,10,11]. Of note, we and others have previously demonstrated that treatment of resting mononuclear cells with lower concentrations of Gal-9 activates and expands IFN-γ producing CD4+ Th1 cells [12,13], suggesting that at physiological concentrations Gal-9 may contribute to immune-pathology.



In addition to T cell immune responses, the polymorphonuclear leukocytes (granulocytes) have also emerged as important regulators of autoimmunity [14], particularly in rheumatoid arthritis (RA) [15]. RA is a chronic inflammatory disease that mainly affects the joints of which the exact etiology is currently unknown. However, citrullination of proteins by protein-arginine deiminases (PADs) is thought to be an initiating event. Indeed, the presence of anti-citrullinated protein antibodies (ACPAs) in the serum is considered a hallmark of RA [16] and can already be detected years before clinical manifestation of the disease [17,18]. The contribution of granulocytes to the immunopathology of RA has been shown in mouse models where depletion of granulocytes completely prevented development and progression of RA [17,18,19,20]. Further, circulating granulocytes of RA patients are more primed for the production of reactive oxygen species (ROS) [21] and show enhanced NETosis [22] compared to healthy controls. Such activated granulocytes could be a source of citrullinated autoantigens. However, the mechanism by which granulocytes are activated in RA have yet to be completely elucidated.



Interestingly, Gal-9 has been described as a modulator of granulocyte activity, mainly in the context of lung inflammation. For instance, Gal-9 induced the degranulation of granulocytes and primed them for enhanced NADPHD oxidase activity, which contributed to the killing of Pseudomonas aeruginosa [23]. Similarly, Gal-9 increased in vitro ROS production by granulocytes in the context of Francisella novicida infection and infiltration of CD11b+Ly6G+ granulocytes upon infection was reduced in Gal-9 knock-out mice [24]. In line with the granulocyte stimulating activity of Gal-9, the concentration of Gal-9 in bronchoalveolar lavage fluid (BALF) and its expression in lung tissue was found to be elevated during lung infection [24,25].



It is increasingly evident that the lung can be a potential site for the generation of autoimmune triggers before the development of joint disease [26,27,28,29]. Especially, smoking [30,31,32,33] and the lung disease bronchiectasis (BR), a complex and heterogeneous chronic lung disease in which foreign material and bacteria in the airway trigger a vicious and recurrent cycle of excessive host-mediated granulocyte inflammation, is a risk factor for developing RA [34,35,36,37]. As Gal-9 can activate granulocytes, Gal-9 may possibly drive granulocyte mediated inflammation that leads to the initiation and progression of RA. Of note, galectins have been implicated as contributors to RA pathogenesis [38].



In the present study, we determined serum Gal-9 levels in RA patients with and without bronchiectasis and analyzed the in vitro effects of Gal-9 on granulocyte and PAD-4 activity. These data suggest that Gal-9 possibly plays a role in granulocyte-driven inflammation in RA and may represent a causative link between BR and RA development.




2. Results


2.1. Gal-9 Is Elevated in Serum of RA Patients and Correlates with Certain Clinical Parameters


Since we hypothesized that Gal-9 may contribute to autoimmune pathology in RA, we analyzed its serum concentration in RA patients and age/sex-matched healthy controls (HC). Gal-9 levels were significantly elevated in RA compared to HC (Figure 1A) and significantly correlated with CRP levels (Figure 1B) and DAS-28 score (Figure 1C). Of note, Gal-9 levels strongly correlated with DAS-28 scores in 36 RA patients that were ex or current smokers (Figure 1D) but did not correlate with DAS-28 in non-smokers (Figure 1E). No obvious statistically significant correlation between Gal-9 levels and DAS-28 disease activity was observed in non-smokers. This may be explained in part by reduced Gal-9 levels in both the BRRA and RA non-smoking groups compared to their matched disease smoking samples. As shown in Figure S1A, the median Gal-9 levels of BRRA and RA patients who smoked was 2286 and 1908 pg/mL, respectively, which showed a statistically significant positive correlation with DAS-28 (r2 0.5043; p = 0.0017) as shown Figure 1D.



Based on this association with smoking and the fact that Gal-9 is implicated in lung pathology, we next separately evaluated RA patients, BR patients, and patients with both BR and RA (BRRA) and compared them with subjects with no autoimmune disease. The patients and controls were well matched for age and sex (see patient characteristics in Figure 1F) and patients with BR showed typical pathological changes in the lung (Figure S2A). Interestingly, BRRA patients had significantly elevated serum Gal-9 levels compared to RA and BR patients (Figure 1G). Next, we analyzed the association of Gal-9 levels in RA and BRRA patients and antibodies to cyclical citrullinated peptide (anti-CCP), but did not observe a direct positive correlation. However, BRRA patients had higher median Gal-9 serum levels irrespective of smoking history compared to RA patients without lung disease (Supplementary Figure S1A). Moreover, a greater number of BRRA patients (36/40—90%) were positive for anti-CCP than RA patients (23/35—65.7%) and had higher levels of anti-CCP antibodies (Figure S1B). Indeed, the threshold of our anti-CCP clinical assay had an upper detection limit of 600 U/mL and 20% (8/40) BBRA patients had anti-CCP levels at the upper limit of testing. In contrast, none of the 35 RA patients had anti-CCP levels of 400 U/mL or above. Hence, high anti-CCP levels were more often found in BRRA patients, and this subpopulation of RA patients in general also has higher Gal-9 levels. Receiver operating characteristic (ROC) curves of serum Gal-9 revealed a high sensitivity and specificity of serum Gal-9 for BRRA compared to HC (Figure 1H), with ROC curves for RA and BR alone being less predictive. Moreover, the ROC curve for Gal-9 had a higher diagnostic capability to distinguish BRRA vs. RA than anti-cyclic citrullinated antibodies (anti-CCP) or rheumatoid factor titer (Figure 1I).




2.2. Gal-9 Induces CRD-Dependent Activation of Granulocytes


The above results suggest that Gal-9 is upregulated in patients with RA, BR, and particularly BRRA, yielding serum levels of up to 8000 pg/mL (~240 pM). Further, Gal-9 was previously reported to be present in bronchioalveolar lavage (BAL) fluid of BR patients at a concentration up to 1000 pg/mL (~31 pM) [39,40]. Therefore, we next evaluated potential immunomodulatory effects of Gal-9 on granulocyte. First, binding of Gal-9 to leukocytes from HC were assessed using a fluorescently-labeled recombinant form of Gal-9 [41] (Figure 2A). Gal-9 strongly bound to HC granulocytes (Figure 2A). Binding by Gal-9 was inhibited by α-lactose, but not the irrelevant sugar sucrose, and therefore carbohydrate recognition domain (CRD)-dependent (Figure 2A,B). Gal-9 also bound to other peripheral blood immune cells, although highest level of binding was found on granulocytes (Figure 2A). Of note, granulocytes in this study minimally expressed T cell immunoglobulin and mucin domain-3 (TIM-3), which is a proposed receptor for Gal-9 on some various cell types [5] (Figure S2B). This indicates that in our experiments, TIM-3 is unlikely to be the predominant receptor for Gal-9, a finding in line with recent other reports that TIM-3 is not the only receptor for Gal-9 on immune cells [6,12,42]. Binding of Gal-9 to granulocytes at 0 °C clearly showed membrane staining of granulocytes, as defined by co-localization with the cell surface-associated integrin CD11b (Figure 2C). When incubated at 37 °C, surface binding was followed by Gal-9 internalization, which was blocked by α-lactose (Figure 2C).



Interestingly, the intensity of the CD11b staining increased upon incubation with Gal-9 at 37 °C, which indicates that treatment of granulocyte with Gal-9 triggers activation (Figure 2C). Indeed, expression of CD11b increased upon Gal-9 treatment as measured by flow cytometry (Figure 3A).



In line with granulocyte activation, Gal-9 increased longevity of granulocytes with Gal-9 treatment reducing spontaneous granulocyte apoptosis after 20 h (Figure 3B). Both granulocyte activation, determined by CD11b as well as CD66acde expression, as well as granulocyte longevity dose-dependently increased upon treatment with Gal-9 (Figure 3C,D). To further evaluate the effect on granulocyte activation of Gal-9, granulocyte migration assays were performed in a trans-well system. Addition of Gal-9 to the insert induced migration of granulocytes, whereas addition of Gal-9 to the well only minimally triggered migration of granulocytes (Figure 3E). This migration data suggests that Gal-9 is a direct activator rather than a chemo-attractant for granulocytes. Activation of granulocytes, based on CD11b upregulation as well as migration, was dependent on CRD specific binding, as Gal-9 effects were inhibited by co-treatment with α-lactose (Figure 3F,G). In addition, upregulation of CD11b was also induced when supernatant of Gal-9-treated granulocytes was added to freshly isolated granulocytes (Figure 3H). Similarly, the addition of supernatant harvested from Gal-9-treated granulocytes to the insert or well of a trans-well system induced migration of granulocytes (Figure 3I). In contrast to direct addition of Gal-9 to granulocytes, the addition of supernatant to the well induced more migration of granulocytes than when added into the insert (compare Figure 3E,I). Importantly, the addition of α-lactose to the conditioned supernatant did not abrogate CD11b upregulation, nor migration of granulocytes (Figure 3H,I). Taken together, this data suggest that the effects induced by conditioned supernatant are not a direct effect of Gal-9, but rather caused by pro-inflammatory molecules, such as cytokines, induced by treatment of granulocytes with Gal-9.




2.3. Gal-9 Activates Pro-Inflammatory Cytokines Leading to Intercellular Adhesion Molecule 1 (ICAM-1) Expression


To identify the potential induction of pro-inflammatory cytokines upon Gal-9 treatment, the cytokine profile in supernatant of Gal-9 treated leukocytes (containing all white blood cells), was determined using a multi-cytokine array (Figure 4A).



Indeed, supernatant from Gal-9-treated leukocytes contained markedly elevated levels of interleukin-8 (IL-8) as well as elevated levels of interferon-gamma (IFN-γ), tumor necrosis factor (TNF), and a minor increase in granulocyte-macrophage colony-stimulating factor (GM-CSF). Further, quantitative analysis of cytokine levels demonstrated a dose-dependent induction of IL-8 from ~36 pg/mL at 2 nM Gal-9 to ~400 pg/mL at 10 nM Gal-9 (Figure 4B). Again, this induction of IL-8 secretion by Gal-9 was dependent on CRD interactions as it was blocked by α-lactose, but not sucrose (Figure 4C). Similarly, IFN-γ and TNF secretion dose-dependently increased upon treatment with Gal-9 (Figure S3A,B) and was blocked by α-lactose (Figure S3C). Of note, the level of secreted IL-8 upon treatment with Gal-9 correlated with the induction of migration of granulocytes (Figure S3D), which corresponds with the neutrophil chemotactic function of this cytokine.



To further confirm the importance of the pro-inflammatory cytokines that were secreted by leukocytes upon treatment with Gal-9, a cytokine cocktail containing the measured amounts of cytokines (400 pg/mL IL-8, 15 pg/mL TNF, 20 pg/mL IFN-γ) was added to freshly isolated granulocytes. As expected, both treatment with Gal-9 itself and treatment with the cytokine cocktail induced expression of CD11b (Figure 4D). Further, these cytokines and especially TNF are known to upregulate adhesion factors such as Intercellular adhesion molecule 1 (ICAM-1/CD54) and may thus contribute to Gal-9-induced tissue infiltration. Correspondingly, treatment of normal bronchial epithelial BEAS-2B cells with leukocytes and Gal-9, as well as conditioned supernatant of Gal-9-treated leukocytes, upregulated surface expression of ICAM-1 (Figure 4E,F). This further highlights the role of Gal-9 in neutrophil-mediated lung inflammation. In contrast, treatment of BEAS-2B with Gal-9 alone or with conditioned supernatant of untreated leukocytes did not impact on the expression of ICAM-1. Further, the addition of α-lactose did not block the effect of the conditioned supernatant, again suggesting the contribution of Gal-9-induced cytokines in this setting. Correspondingly, ICAM-1 expression was dose-dependently induced by TNF but was not further increased by the addition of IL-8 or IFNγ (Figure S3E). Such TNF-mediated induction of ICAM-1 expression on lung epithelial cells is in line with known literature [43,44].




2.4. Gal-9 Induces Anti-Microbial Inflammatory Responses In Vitro


CD11b and ICAM-1 are known interaction partners. Hence, the induction of both molecules by Gal-9 treatment may strengthen immune responses. Indeed, the treatment of leukocytes with Gal-9 in the presence of bronchial epithelial BEAS-2B cells further increased survival of granulocytes (Figure 4G), indicating that Gal-9 might regulate tissue infiltration of granulocytes. Of note, previous studies have implicated galectins in bacterial clearance. Therefore, we next assessed whether Gal-9 treatment of granulocytes could enhance uptake of bacteria. Indeed, treatment of granulocytes with Gal-9 enhanced granulocyte-mediated phagocytosis of rhodamine-labeled Gram-negative Escherichia coli (E. coli) by ~30% (Figure 5A). When performing this phagocytosis assay with fluorescently labeled Gal-9, the internalized Gal-9 did not co-localize with internalized/phagocytosed E. coli (Figure S3G). This lack of co-localization suggests that direct binding of Gal-9 to the bacteria is not the inducer of phagocytosis, but that phagocytosis is rather induced by Gal-9-mediated activation of granulocytes. Interestingly, elevated serum levels of Gal-9 also associated with a reduced percentage of Gram-negative bacterial infections in the small cohort of BR (Figure 5B) and BRRA patients (Figure 5C). Interestingly, the variety of microorganisms identified in BR and BRRA patient sputum varied with Gal-9 concentrations (Figure S4A–D). The diversity of pathogen in BBRA patients diminished in patients with Gal-9 serum levels exceeding 4000 pg/mL (Figure S4B,D).




2.5. Gal-9 Induces Autoimmune Inflammatory Responses In Vitro


From the data outlined above, it is clear that sera levels of Gal-9 are elevated in RA patients with and without lung disease and that treatment with a recombinant stabilized form of Gal-9 can activate granulocytes in vitro. To further investigate the physiological relevance of this, we analyzed whether granulocytes also express endogenous Gal-9 and potentially upregulate Gal-9 expression upon activation. Of note, Gal-9 can physiologically occur as three different isotypes that only differ in their inter-domain linker length, i.e., Gal-9(M)/short linker, Gal-9(M)/medium linker and Gal-9(L)/long linker [2]. PCR analysis identified that granulocytes of three healthy control donors predominantly express mRNA for Gal-9(S) and only weakly express Gal-9(L), whereas control colorectal cancer cells express Gal-9(M) and (L) (Figure 6A). Interestingly, the treatment of leukocytes or isolated granulocytes further increased their Gal-9 expression as shown by RTqPCR (Figure 6A). As the predominant Gal-9 isoform expressed in granulocytes is Gal-9(S), the potential immunostimulatory effect of this isoform was evaluated. Treatment of granulocytes with Gal-9(S) induced almost identical activation of granulocytes as the recombinant stabilized form of Gal-9, with even higher levels of surface expression of CD11b at a concentration of 15 nM and above (Figure 6B). Similarly, both Gal-9(0) and Gal-9(S) upregulated the expression of CD66acde in granulocytes (Figure S3F).



Interestingly, Gal-9 treatment of granulocytes also significantly increased the intracellular levels of the enzyme by protein arginine deiminase 4 (PAD-4) (Figure 6C). PAD enzyme catalyzes the citrullination of proteins, a post-translational modification that represents one of the most prominent and predictive pathogenic events for the development of RA. Corresponding to the elevated PAD-4 expression levels, there was an increase in PAD-4 activity detected in the supernatant of Gal-9 treated granulocytes (Figure 6C). In line with increased PAD-4 expression and activity, treatment of granulocytes with Gal-9 also dose-dependently increased the levels of citrullination of granulocyte intracellular proteins as determined by immunoblotting for citrullinated proteins (Figure 6D). Upon subsequent mass spectrometry analyses, two granulocyte intracellular proteins, namely matrix metalloproteinase 9 and myeloperoxidase, proved to be citrullinated upon Gal-9 treatment (Figure 6D). In line with these findings, an increase in citrullination of extracellular serum proteins was detected in BRRA patients and, most notably, in serum of BR patients that developed RA within the following 12–18 months (Figure 6E).





3. Discussion


In the current study we identified elevated levels of Gal-9 in serum of RA patients, which were even further increased in patients with BRRA. Further, we demonstrated that the in vitro treatment of human leukocytes with Gal-9 activates granulocytes, as characterized by increased cytokine secretion, migration, and survival. Importantly, Gal-9-treated granulocytes increased the expression of PAD-4, resulting in citrullination of intracellular granulocyte proteins that are known contributors to RA pathogenesis. Therefore, we propose that Gal-9 is a possible promoter of immunopathology in rheumatoid arthritis through its stimulatory effect on granulocytes (Figure 7).



The detection of elevated serum levels of Gal-9 in RA patients in this study is in line with a previous study that showed elevated levels of Gal-9 in synovial fluid samples of RA patients [45]. Here, Gal-9 induced apoptosis of synovial fibroblast in vitro and in vivo, thereby inhibiting autoimmune arthritis. Gal-9 levels may therefore be elevated to help to counteract the disease. However, the authors also state that Gal-9 may be involved in the development of RA, for which we provide evidence in our current study using an extensive set of in vitro analyses. Specifically, Gal-9 had a pro-inflammatory effect on granulocytes by reducing spontaneous apoptosis, inducing migration and triggering the secretion of the pro-inflammatory cytokines IL-8 and TNF. Furthermore, the treatment of granulocytes with Gal-9 up-regulated the expression and activity of PAD-4, a key enzyme that citrullinates proteins, which is also increased in bronchial lavage of RA patients [32]. Importantly, anti-citrullinated protein/peptide antibodies (ACPAs) are a hallmark of RA [46], and their presence can predict the development of RA even before clinical manifestation of the disease [47,48]. The precise mechanism of PAD-4 activation and increased protein citrullination by Gal-9 is unknown, but may be triggered by the reported capacity of Gal-9 to increase and mobilize cytosolic calcium concentrations [49], which in turn can activate PADs [50]. Thus, the elevated Gal-9 levels in RA patients may contribute to PAD-4 activation, protein citrullination and subsequent generation of ACPAs, leading to the break-down of tolerance and development of RA (Figure 7).



Serum Gal-9 levels were even higher in BR patients and especially in patients with RA and BR (BRRA). Similarly, a previous study showed significantly higher Gal-9 levels in BALF of BR patients compared to healthy controls [39]. In addition, Gal-9 levels have been reported to be increased in other inflammatory diseases [40], and especially in diseases involving lung infections, including pneumonia [51,52], acute lung injury caused by malaria infection [25], respiratory tularemia [24] or, dengue virus [53], and extrapulmonary tuberculosis [54]. Thus, increased Gal-9 levels in serum or lung fluid are generally found in diseases involving the infected lung. Of note, we have previously shown that chronic bacterial lung infections as seen in patients with BR can lead to the development of RA [37]. As Gal-9 levels are higher in patients with lung infections, Gal-9 may be a driving force for the conversion of BR to BRRA. Although it is currently unknown where the elevated levels of Gal-9 arise from, T cells can secrete Gal-9 upon activation [55,56]. In line with this data, we found that human leukocytes, including T cells, as well as isolated granulocytes, increased the expression of Gal-9 mRNA upon activation with Gal-9. Further, Gal-9 can be secreted by activated endothelium [57], human mesenchymal stromal cells [58], and intestinal epithelial cells [59,60]. Therefore, in the case of BR patients, Gal-9 may be secreted by activated immune cells or activated (lung) epithelium and endothelium. The increased local Gal-9 levels may further activate granulocytes, leading to the upregulation of CD11b and IL-8 secretion, as shown in our in vitro model. In addition, in our in vitro studies, bronchial epithelial BEAS-2B cells increased surface expression of the adhesion marker ICAM-1, upon treatment with Gal-9 in the presence of leukocytes. Importantly, CD11b (in the Mac-1 complex) and ICAM-1 or well-known interaction partners and Gal-9 may therefore stimulate granulocyte recruitment and infiltration to the lung [61]. When this process of Gal-9 secretion and granulocyte recruitment is continued in the lung, this results in the perpetuation of granulocyte-driven inflammation whereby Gal-9 functions as an ‘alarmin’ [23,24,62]. In line with this theory, Gal-9−/− mice have reduced infiltration of CD11b+ granulocytes upon lung infection [24]. Further, it has been previously reported that Gal-9 induces the degranulation of granulocytes and increases their potential to phagocytose bacteria [23]. The latter is in line with our results, whereby treatment of leukocytes with Gal-9 enhanced the phagocytosis of E. Coli cells. Further, elevated serum levels of Gal-9 were associated with a reduced percentage of Gram-negative bacterial infections in our small cohort of BRRA and BR patients. Thus, bacterial infections as commonly seen in BR patients may lead to increased Gal-9 serum levels, causing a continuous inflammatory response in the lung, eventually leading to break-down of tolerance (Figure 7).



In line with a potential role in autoimmunity, the elevated Gal-9 serum levels in RA patients correlated with disease activity scores (DAS-28) and CRP, particularly in current and ex-smokers. In contrast, we did not observe a correlation between Gal-9 and disease activity in non-smoking RA patients. Of note, both never and ever-smoking BRRA patients had higher Gal-9 levels as compared to never smoking RA patients. Therefore, it is possible that the combination of high Gal-9 levels with smoking influences disease activity. Indeed, smoking also increases PAD levels in the lungs [63]. In addition, Gal-9 levels did not correlate with anti-CCP serum levels, which would have strengthened our hypothesis that high serum Gal-9 levels are causing PAD-4 activity and subsequent formation of anti-CCP antibodies. However, time delay between the increase in Gal-9 levels and the actual formation of anti-CPP can impact the correlation studies. In addition, the stability and retention of Gal-9 in serum compared to anti-CCP may also influence a direct correlation between both factors. However, in ROC curve analysis, BRRA serum Gal-9 concentrations had a better diagnostic performance than anti-CCP and rheumatoid factor for predicting RA.



In conclusion, RA and BR patients had significantly higher serum levels of Gal-9 compared to HC subjects with even higher levels in patients with the overlap syndrome BRRA. Gal-9 directly promotes pro-inflammatory antibacterial immune responses and increased PAD-4 activity, which we suggest may represent a possible mechanism for breakdown of tolerance and development of RA in susceptible individuals. Based on our current data, we propose that Gal-9 is released during a normal immune response against bacteria, where it can contribute to bacterial clearance but at sustained levels in chronic infection leads to breakdown of tolerance (see Figure 7 for illustration).




4. Patients, Materials, and Methods


4.1. Patients and Control Subjects


A total of 77 RA patients, of which 40 had comorbid Bronchiectasis (BR), 40 BR patients, and 28 age-sex matched control subjects were studied (Figure 1F). Patients and controls were selected as previously described [37]. All the RA patients fulfilled the American College of Rheumatology (ACR) 2010 classification criteria for RA [64]. Recruitment was completed over 12 months using identical methodology and reviewed by the same researcher (EP) with full ethical approval Research ethics committee reference 10/H0903/66 & integrated research application number 69084; 9 July 2014. All recruited bronchiectasis patients (age > 18 years) were under respiratory specialist care, and had high-resolution computed tomography (HRCT), evidence of proven symptomatic non–cystic fibrosis bronchiectasis, and a history of two or more respiratory infections per year. There is no recognized clinical severity index for bronchiectasis, although one has recently been proposed and evaluated, which recommends monitoring FEV1, bacterial colonization, HRCT, and quality of life [65]. In our study, we measured CRP, rheumatoid factor, FEV1, FEV1 % Pred or breathlessness score in our BR cohorts (BR and BRRA), as a means of monitoring disease severity.



The gender and age distributions were similar between patient groups and healthy controls. All RA patients were chosen based on having no clinical or radiological evidence of any lung disease. Chest X-ray and lung function results were also reviewed for all RA patients and when they were performed, were within normal limits. Chest radiologists who performed HRCT were not involved in the study. Patients in the BR cohorts were receiving follow up care from a respiratory consultant. Patients with any other form of lung disease in addition to BR were excluded from the study. This included all those with established interstitial lung disease, asthma, or advanced emphysema. All BR patients underwent a musculoskeletal examination by a rheumatologist and were excluded if they had a history of inflammatory joint pain, inflammatory arthritis, or any synovitis. Rheumatoid factor (RF) was present in significantly greater numbers of BR/RA patients compared with patients with RA alone.



Demographic details, together with the date of onset of symptoms and date of diagnosis for RA and BR by face-to-face assessment undertaken by one of us (EP). Current RA therapy and a detailed smoking history were also recorded. There was no significant difference in the proportion of ex/current smokers in the BRRA and RA cohorts selected (15 vs. 20) or never smokers in the BRRA and RA cohorts (25 vs. 15). A low mean number of pack years in the ex-smokers was observed for both groups.



RA disease activity and severity measures were recorded for both groups including the Disease Activity Score in 28 joints (DAS-28) performed by a single rheumatologist (EP), C-reactive protein (CRP) levels, radiological evidence of erosive disease, and RA autoantibody status. RA remission was defined by a DAS-28-CRP score < 2.6. Anti-CCP was measured in serum by enzyme linked immunosorbent assay (ELISA) using the Phadia EliaTM (Phadia AB, Sweden—second generation assay). We classified levels of <7 U/mL as negative, levels of 7–10 U/mL as equivocal, and levels >10 U/mL as positive. Results greater than 30 U/mL (three-fold the laboratory upper limit of normal) were considered high positive.



The percentage of BRRA and RA patients on DMARD alone was 45% and 50% respectively. The percentage of BRRA and RA patients on no DMARD/biological therapy was 13% and 5%, while 21% and 37% of BRRA and RA patients were on combined DMARD/biological medication. While 21% and 8% of BRRA and RA patients were on a biologic alone therapy. In addition, 10% of BRRA and 3% of RA patients were also prescribed oral prednisolone.




4.2. Serology


Serum anti-CCP and rheumatoid factor was measured as described [36]. Anti-CCP levels of <7 U/mL were classified as negative, levels of 7–10 U/mL as equivocal, and levels >10 U/mL as positive. Rheumatoid factor levels <14 U/mL were classified as negative, levels >14 U/mL as positive. Galectin-9 serum concentration was measured using ‘Quantikine’ ELISA (R&D Systems, Abingdon, UK). Demographic parameters including RA therapy, detailed smoking history, date of onset of symptoms, date of diagnosis for RA and/or BR by face-to-face assessment, Disease Activity Score in 28 joints (DAS-28), C-reactive protein (CRP) levels, radiological evidence of erosive disease, and RA autoantibody status was recorded/collected by a single rheumatologist (EP).




4.3. Isolation of Human Leukocytes


Total leukocytes/white blood cell (WBC) populations were isolated from peripheral blood of consenting healthy subjects by ammonium chloride lysis. Granulocytes were isolated from peripheral blood by performing lymphoprep before ammonium chloride lysis or via a previously described protocol [66]. Granulocyte purity was confirmed using a hematology automated analyzer (Sysmex, Etten-Leur, The Netherlands) and Diff Quick staining [67].




4.4. Galectin-9 (Gal-9)


Recombinant Gal-9 with a 2 amino acid inter-domain linker (termed Gal-9 throughout the manuscript) and the physiological short isoform of Gal-9 (Gal-9(S)) were produced as described previously [41].




4.5. Gal-9 Binding Assays


WBCs (3 × 105 cells) were stained with Gal-9 conjugated to DyLight® 594 (Gal-9-594) NHS (Piercenet, Thermo scientific, Breda, The Netherlands) for 1 h at 4 °C and washed with PBS to remove excess of Gal-9-594. Subsequently, Gal-9-594 labelled cells were divided over six different tubes and stained for 1 h at 4 °C with anti-CD16-PE, anti-CD14-PE, anti-CD3-PE, anti-CD20-PE, or anti-CD56-PE (Immunotools, Friesoythe, Germany) or non-marker control to identify cell populations. After washing with PBS, staining was analyzed using an Accuri C6 flow cytometer (BD Biosciences, Vianen, The Netherlands) and accessory CFlowPlus software.




4.6. Granulocyte Activation and Viability Assays


Total WBCs or isolated granulocytes (3 × 104 cells) were incubated at 37 °C in 200 μL RPMI + 10% FCS for the indicated time points with/without of Gal-9 or Gal-9(S). After incubation, cells were stained by flow cytometry using CD11b-FITC, CD66acde-PE, or Annexin-V-FITC (Immunotools). In assays with conditioned supernatant, supernatants of treated WBCs were harvested and added to freshly isolated granulocytes with/without α-lactose or sucrose (40 mM, Sigma Aldrich, Zwijndrecht, The Netherlands) for 16 h at 37 °C.




4.7. ICAM-1 Expression Assays


BEAS-2B cells (human normal bronchial epithelium) were cultured on collagen coated plates in RPMI + 10% FCS for 72 h until a complete monolayer was formed. Subsequently, WBCs were added (3 × 104 cells/condition) with/without 10 nM Gal-9 and lactose or sucrose (40 mM) and incubated for 16 h at 37 °C. Non-adherent WBCs were removed by three HBSS washes, after which ICAM-1 expression was visualized by fluorescent microscopy (Leica DMI6000B microscope and FDC365 FX camera, Newcastle, UK) after staining with anti-ICAM-1 (Immunotools) and secondary Goat-anti-mouse-Alexa-488.




4.8. Cell Migration Assays


WBCs (1 × 105 cells/condition) were placed in the upper chamber of a 24 trans-well system (3 µm pore size, ThinCertsTM Greiner Bio-one). Gal-9 (10 nM) or FMLP (100 nM; Sigma Aldrich) were added to the lower or upper chamber in RPMI + 10% FCS. For conditioned WBC supernatant, supernatant with α-lactose (to inhibit residual direct Gal-9 effects) was added to the lower chamber or fresh WBCs were resuspended in supernatant in the upper chamber. After 24 h, cell migration was determined by quantifying the number of cells in the lower chamber. Granulocyte migration was depicted as percentage of maximum migration as induced by FMLP added to the lower chamber.




4.9. Phagocytosis Assays


WBCs (3 × 104 in 200 μL) were incubated for 16 h at 37 °C with or without 10 nM Gal-9. Subsequently, 5 μL of pHrodo® Red E. coli BioParticles® (Life technologies, Bleiswijk, The Netherlands) were added. Phagocytosis was analyzed at indicated time points by flow cytometry or using fluorescent microscopy (40× magnification).




4.10. ELISAs on Granulocyte Supernatants


Supernatants were obtained following as described for granulocyte activation assays and analyzed using the Human Inflammatory Cytokines Multi-Analyte ELISArray™ Kit (Qiagen, MEH004A, Venlo, The Netherlands) and additionally with human IFNγ and TNF-α ready-SET-Go ELISAs (Ebioscience, 88-7316-86, 88-7346-86, Vienna, Austria) and CXCL8/IL-8 DuoSet ELISA (R&D Systems, DY208, Abingdon, UK).




4.11. RTqPCR, PCR, and Gel Electrophoresis


Granulocytes (6 × 106) in RPMI + 10%FCS were treated with 10 nM Gal-9 for 6 h at 37 °C. RNA was isolated using Trizol® isolation protocol (Invitrogen, Bleiswijk, The Netherlands) and quantified by Nanodrop-1000 (Nanodrop Technologies, Breda, The Netherlands). Subsequently, cDNA was obtained using Iscript cDNA synthesis kit (Bio-Rad, Lunteren, The Netherlands). cDNA targets were quantified with TaqMan gene expression assay using iTaq Universal SYBR Green Supermix (Bio-Rad) and commercial primer/probe sets for Gal-9 (Hs01088492m1; Invitrogen Life Technologies, Bleiswijk, The Netherlands) and the Taqman ABI 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA). All samples were run in duplicate (CT-value, SD < 1) and values were corrected for the expression of housekeeping genes B2M (Hs00984230_m1) and PPIA (Hs04194521_s1). To determine the expression of different Gal-9 isoforms, Gal-9 cDNA was amplified by 35 amplification cycles (1 min 95 °C, 1 min 60 °C, 30 sec 72 °C) using previously published primers [55]. Isoforms were visualized by UV-pictures of PCR products run on a 2% agarose gel + SYBR-SAVE (90 min, 200 V).




4.12. PAD-4 and Citrulline Western Blots and Mass Spectrometry


Granulocytes (1 × 106) were treated with Gal-9 (0–64.5nM final concentration) for 16 h. Granulocytes were pelted and resuspended in 100 µL lysis buffer (150 mM NaCl/1.0% NP-40/50 mM Tris, pH 8.0). Protein concentrations were determined by nanodrop spectroscopy and samples were adjusted to the same protein concentration. Then, 15 µL aliquots were run on Mini-PROTEAN® 8–16% SDS-PAGE TGX 15-well gels (Bio-Rad). Gels were transferred onto nitrocellulose in a turboblotter (Bio-Rad). Blots were probed with 1 µg/mL rabbit anti-human-PAD-4 (Abnova PAB5507, Aachen, Germany), or 1 µg/mL rabbit anti-human citrulline (Abcam 100932, Cambridge, UK) washed three times in PBS-0.2% Tween-20 and once in PBS then incubated at RT for 1 h with a 1:15,000 dilution of IRDye 800CW goat anti-rabbit IgG (Li-Cor Biosciences 926-32211, Cambridge, UK). Blots were washed twice in PBS-0.2% Tween-20 and once in PBS alone and were analyzed on an Odyssey CLx Imager. Citrullinated protein bands from the gels were digested, fractionated, and analyzed using an LTQ-Orbitrap Velos mass spectrometer.




4.13. PAD-4 Activity Assay


Granulocytes (1 × 106 cells/mL) were incubated for 4–16 h at 37 °C in the presence of PMA (25 nM) or Gal-9 (27 nM). Supernatants were harvested and diluted 1:1 in deimination buffer enriched with additional CaCl2 (5 mM) and DTT (1 mM) to obtain a final concentration of 40 mM Tris-Hcl (pH 7.5), 5 mM CaCl2, and 1 mM DTT. PAD-4 activity was determined using the Modiquest PAD-4 enzyme assay (Modiquest Research, Oss, The Netherlands).




4.14. Statistical Analysis


The Mann–Whitney nonparametric test (for unmatched groups) was used to compare differences between antibody responses in the cohorts of serum samples. Spearman’s nonparametric correlations between data sets were assessed. ROC calculations were performed using GraphPad 6 software. All cell biology experiments were performed on at least three separate occasions.









Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/20/16/4046/s1.





Author Contributions


The authors cited each made a number of contributions in the preparation of this research article. Conceptualization, E.P., D.H., P.E. and E.B.; Data curation, E.P., C.K., A.D.S., and D.H.; Formal analysis, V.R.W., A.C., S.D.P., and E.B.; Funding acquisition, E.P., and E.B.; Investigation, V.R.W., A.C., T.M.A., and E.B.; Methodology, P.E., and E.B.; Project administration, P.E.; Resources, E.B.; Supervision, C.K., P.E., and E.B.; Validation, V.R.W.; Visualization, D.H.; Writing—original draft, P.E. and E.B.; Writing—review and editing, P.E., E.B., V.R.W., D.H., and A.D.S.




Funding


This research was supported in part by grants from Arthritis Research UK to EP (Grant 19894), Dutch Cancer Society to VRW (Grant 10709) and a Higher Education Funding Council for England (HEFCE) Senior Lectureship to ADS. TMA is funded by a PhD studentship (HCED) IRAQ—MB/640013277. PE and DH wish to acknowledge support by Cornwall Arthritis Trust (50517) and Northcott Devon Medical Foundation (50499).




Acknowledgments


We would like to acknowledge the help of all the patients and volunteers who provided blood samples and health care workers who participated and coordinated the collection of samples for this study.




Conflicts of Interest


All the authors declare no conflict of interest.




References


	



Rabinovich, G.A.; Toscano, M.A. Turning ‘sweet’ on immunity: Galectin-glycan interactions in immune tolerance and inflammation. Nat. Rev. Immunol. 2009, 9, 338–352. [Google Scholar] [CrossRef] [PubMed]

	



Wiersma, V.R.; de Bruyn, M.; Helfrich, W.; Bremer, E. Therapeutic potential of galectin-9 in human disease. Med. Res. Rev. 2013, 33, E102–E126. [Google Scholar] [CrossRef] [PubMed]

	



Wiersma, V.R.; de Bruyn, M.; van Ginkel, R.J.; Sigar, E.; Hirashima, M.; Niki, T.; Nishi, N.; Samplonius, D.F.; Helfrich, W.; Bremer, E. The glycan-binding protein galectin-9 has direct apoptotic activity toward melanoma cells. J. Investig. Dermatol. 2012, 132, 2302–2305. [Google Scholar] [CrossRef] [PubMed]

	



Wiersma, V.R.; de Bruyn, M.; Wei, Y.; van Ginkel, R.J.; Hirashima, M.; Niki, T.; Nishi, N.; Zhou, J.; Pouwels, S.D.; Samplonius, D.F.; et al. The epithelial polarity regulator lgals9/galectin-9 induces fatal frustrated autophagy in kras mutant colon carcinoma that depends on elevated basal autophagic flux. Autophagy 2015, 11, 1373–1388. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, C.; Anderson, A.C.; Schubart, A.; Xiong, H.; Imitola, J.; Khoury, S.J.; Zheng, X.X.; Strom, T.B.; Kuchroo, V.K. The tim-3 ligand galectin-9 negatively regulates T helper type 1 immunity. Nat. Immunol. 2005, 6, 1245–1252. [Google Scholar] [CrossRef] [PubMed]

	



Oomizu, S.; Arikawa, T.; Niki, T.; Kadowaki, T.; Ueno, M.; Nishi, N.; Yamauchi, A.; Hirashima, M. Galectin-9 suppresses Th17 cell development in an il-2-dependent but tim-3-independent manner. Clin. Immunol. 2012, 143, 51–58. [Google Scholar] [CrossRef] [PubMed]

	



Seki, M.; Oomizu, S.; Sakata, K.-M.; Sakata, A.; Arikawa, T.; Watanabe, K.; Ito, K.; Takeshita, K.; Niki, T.; Saita, N.; et al. Galectin-9 suppresses the generation of Th17, promotes the induction of regulatory t cells, and regulates experimental autoimmune arthritis. Clin. Immunol. 2008, 127, 78–88. [Google Scholar] [CrossRef]

	



Skapenko, A.; Leipe, J.; Lipsky, P.E.; Schulze-Koops, H. The role of the T-cell in autoimmune inflammation. Arthritis Res. Ther. 2005, S4–S14. [Google Scholar] [CrossRef]

	



Chou, F.-C.; Shieh, S.-J.; Sytwu, H.-K. Attenuation of th1 response through galectin-9 and T-cell Ig mucin 3 interaction inhibits autoimmune diabetes in nod mice. Eur. J. Immunol. 2009, 39, 2403–2411. [Google Scholar] [CrossRef]

	



Kanzaki, M.; Wada, J.; Sugiyama, K.; Nakatsuka, A.; Teshigawara, S.; Murakami, K.; Inoue, K.; Terami, T.; Katayama, A.; Eguchi, J.; et al. Galectin-9 and T-cell immunoglobulin mucin-3 pathway is a therapeutic target for type 1 diabetes. Endocrinology 2012, 153, 612–620. [Google Scholar] [CrossRef]

	



Zhang, Q.; Luan, H.; Wang, L.; He, F.; Zhou, H.; Xu, X.; Li, X.; Xu, Q.; Niki, T.; Hirashima, M.; et al. Galectin-9 ameliorates anti-gbm glomerulonephritis by inhibiting Th1 and Th17 immune responses in mice. Am. J. Physiol. Ren. Physiol. 2014, 306, F822–F832. [Google Scholar] [CrossRef] [PubMed]

	



Gooden, M.J.M.; Wiersma, V.R.; Samplonius, D.F.; Gerssen, J.; van Ginkel, R.J.; Nijman, H.W.; Hirashima, M.; Niki, T.; Eggleton, P.; Helfrich, W.; et al. Galectin-9 activates and expands human T-helper 1 cells. PLoS ONE 2013, 8, e65616. [Google Scholar] [CrossRef] [PubMed]

	



Lhuillier, C.; Barjon, C.; Niki, T.; Gelin, A.; Praz, F.; Morales, O.; Souquere, S.; Hirashima, M.; Wei, M.; Dellis, O.; et al. Impact of exogenous galectin-9 on human T-cells: Contribution of the t cell receptor complex to antigen-independent activation but not to apoptosis induction. J. Biol. Chem. 2015, 290, 16797–16811. [Google Scholar] [CrossRef] [PubMed]

	



Németh, T.; Mócsai, A. The role of neutrophils in autoimmune diseases. Immunol. Lett. 2012, 143, 9–19. [Google Scholar] [CrossRef] [PubMed]

	



Wright, H.L.; Moots, R.J.; Edwards, S.W. The multifactorial role of neutrophils in rheumatoid arthritis. Nat. Rev. Rheumatol. 2014, 10, 593–601. [Google Scholar] [CrossRef] [PubMed]

	



Willemze, A.; Trouw, L.A.; Toes, R.E.M.; Huizinga, T.W.J. The influence of ACPA status and characteristics on the course of ra. Nat. Rev. Heumatol. 2012, 8, 144–152. [Google Scholar] [CrossRef] [PubMed]

	



Feitsma, A.L.; Toes, R.E.M.; Begovich, A.B.; Chokkalingam, A.P.; de Vries, R.R.P.; Huizinga, T.W.J.; van der Helm-van Mil, A.H.M. Risk of progression from undifferentiated arthritis to rheumatoid arthritis: The effect of the ptpn22 1858t-allele in anti-citrullinated peptide antibody positive patients. Rheumatology 2007, 46, 1092–1095. [Google Scholar] [CrossRef] [PubMed]

	



Kolfenbach, J.R.; Deane, K.D.; Derber, L.A.; O’Donnell, C.I.; Gilliland, W.R.; Edison, J.D.; Rosen, A.; Darrah, E.; Norris, J.M.; Holers, V.M. Autoimmunity to peptidyl arginine deiminase type 4 precedes clinical onset of rheumatoid arthritis. Arthritis Rheum. 2010, 62, 2633–2639. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, D.; Kagari, T.; Doi, H.; Shimozato, T. Essential role of neutrophils in anti-type II collagen antibody and lipopolysaccharide-induced arthritis. Immunology 2006, 119, 195–202. [Google Scholar] [CrossRef]

	



Wipke, B.T.; Allen, P.M. Essential role of neutrophils in the initiation and progression of a murine model of rheumatoid arthritis. J. Immunol. 2001, 167, 1601–1608. [Google Scholar] [CrossRef]

	



Eggleton, P.; Wang, L.; Penhallow, J.; Crawford, N.; Brown, K.A. Differences in oxidative response of subpopulations of neutrophils from healthy subjects and patients with rheumatoid arthritis. Ann. Rheum. Dis. 1995, 54, 916–923. [Google Scholar] [CrossRef] [PubMed]

	



Khandpur, R.; Carmona-Rivera, C.; Vivekanandan-Giri, A.; Gizinski, A.; Yalavarthi, S.; Knight, J.S.; Friday, S.; Li, S.; Patel, R.M.; Subramanian, V.; et al. Nets are a source of citrullinated autoantigens and stimulate inflammatory responses in rheumatoid arthritis. Sci. Transl. Med. 2013, 5, ra140–ra178. [Google Scholar] [CrossRef] [PubMed]

	



Vega-Carrascal, I.; Bergin, D.A.; McElvaney, O.J.; McCarthy, C.; Banville, N.; Pohl, K.; Hirashima, M.; Kuchroo, V.K.; Reeves, E.P.; McElvaney, N.G. Galectin-9 signaling through tim-3 is involved in neutrophil-mediated gram-negative bacterial killing: An effect abrogated within the cystic fibrosis lung. J. Immunol. 2014, 192, 2418–2431. [Google Scholar] [CrossRef] [PubMed]

	



Steichen, A.L.; Simonson, T.J.; Salmon, S.L.; Metzger, D.W.; Mishra, B.B.; Sharma, J. Alarmin function of galectin-9 in murine respiratory tularemia. PLoS ONE 2015, 10, e0123573. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Xiao, S.; Huang, S.; Pei, F.; Lu, F. Upregulated tim-3/galectin-9 expressions in acute lung injury in a murine malarial model. Parasitol. Res. 2016, 115, 587–595. [Google Scholar] [CrossRef] [PubMed]

	



Catrina, A.I.; Ytterberg, A.J.; Reynisdottir, G.; Malmström, V.; Klareskog, L. Lungs, joints and immunity against citrullinated proteins in rheumatoid arthritis. Nat. Rev. Rheumatol. 2014, 10, 645–653. [Google Scholar] [CrossRef] [PubMed]

	



Kelly, C.; Iqbal, K.; Iman-Gutierrez, L.; Evans, P.; Manchegowda, K. Lung involvement in inflammatory rheumatic diseases. Best Pract. Res. Clin. Rheumatol. 2016, 30, 870–888. [Google Scholar] [CrossRef]

	



Perry, E.; Kelly, C.; Eggleton, P.; De Soyza, A.; Hutchinson, D. The lung in ACPA-positive rheumatoid arthritis: An initiating site of injury? Rheumatology 2014, 53, 1940–1950. [Google Scholar] [CrossRef]

	



Reynisdottir, G.; Karimi, R.; Joshua, V.; Olsen, H.; Hensvold, A.H.; Harju, A.; Engström, M.; Grunewald, J.; Nyren, S.; Eklund, A.; et al. Structural changes and antibody enrichment in the lungs are early features of anti-citrullinated protein antibody-positive rheumatoid arthritis. Arthritis Rheumatol. 2014, 66, 31–39. [Google Scholar] [CrossRef]

	



Hutchinson, D.; Shepstone, L.; Moots, R.; Lear, J.T.; Lynch, M.P. Heavy cigarette smoking is strongly associated with rheumatoid arthritis (RA), particularly in patients without a family history of RA. Ann. Rheum. Dis. 2001, 60, 223–227. [Google Scholar] [CrossRef]

	



Lugli, E.B.; Correia, R.E.S.M.; Fischer, R.; Lundberg, K.; Bracke, K.R.; Montgomery, A.B.; Kessler, B.M.; Brusselle, G.G.; Venables, P.J. Expression of citrulline and homocitrulline residues in the lungs of non-smokers and smokers: Implications for autoimmunity in rheumatoid arthritis. Arthritis Res. Ther. 2015, 17, 9. [Google Scholar] [CrossRef] [PubMed]

	



Makrygiannakis, D.; Hermansson, M.; Ulfgren, A.K.; Nicholas, A.P.; Zendman, A.J.W.; Eklund, A.; Grunewald, J.; Skold, C.M.; Klareskog, L.; Catrina, A.I. Smoking increases peptidylarginine deiminase 2 enzyme expression in human lungs and increases citrullination in bal cells. Ann. Rheum. Dis. 2008, 67, 1488–1492. [Google Scholar] [CrossRef] [PubMed]

	



Perricone, C.; Versini, M.; Ben-Ami, D.; Gertel, S.; Watad, A.; Segel, M.J.; Ceccarelli, F.; Conti, F.; Cantarini, L.; Bogdanos, D.P.; et al. Smoke and autoimmunity: The fire behind the disease. Autoimmun. Rev. 2016, 15, 354–374. [Google Scholar] [CrossRef] [PubMed]

	



Kelly, C.; Gardiner, P. The relationship between rheumatoid arthritis and bronchiectasis. Ann. Rheum. Dis. 1994, 53, 482–483. [Google Scholar] [CrossRef] [PubMed]

	



Perry, E.; Eggleton, P.; De Soyza, A.; Hutchinson, D.; Kelly, C. Increased disease activity, severity and autoantibody positivity in rheumatoid arthritis patients with co-existent bronchiectasis. Int. J. Rheum. Dis. 2017, 20, 2003–2011. [Google Scholar] [CrossRef] [PubMed]

	



Perry, E.; Stenton, C.; Kelly, C.; Eggleton, P.; Hutchinson, D.; De Soyza, A. RA autoantibodies as predictors of rheumatoid arthritis in non-cystic fibrosis bronchiectasis patients. Eur. Respir. J. 2014, 44, 1082–1085. [Google Scholar] [CrossRef] [PubMed]

	



Quirke, A.-M.; Perry, E.; Cartwright, A.; Kelly, C.; De Soyza, A.; Eggleton, P.; Hutchinson, D.; Venables, P.J. Bronchiectasis is a model for chronic bacterial infection inducing autoimmunity in rheumatoid arthritis. Arthritis Rheumatol. 2015, 67, 2335–2342. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Yu, Y.; Koehn, C.D.; Zhang, Z.; Su, K. Galectins in the pathogenesis of rheumatoid arthritis. J. Clin. Cell. Immunol. 2013, 4, 1000164. [Google Scholar]

	



Vega-Carrascal, I.; Reeves, E.P.; Niki, T.; Arikawa, T.; McNally, P.; O’Neill, S.J.; Hirashima, M.; McElvaney, N.G. Dysregulation of tim-3-galectin-9 pathway in the cystic fibrosis airways. J. Immunol. 2011, 186, 2897–2909. [Google Scholar] [CrossRef]

	



Niki, T.; Fujita, K.; Rosen, H.; Hirashima, M.; Masaki, T.; Hattori, T.; Hoshino, K. Plasma galectin-9 concentrations in normal and diseased condition. Cell. Physiol. Biochem. 2018, 50, 1856–1868. [Google Scholar] [CrossRef]

	



Nishi, N.; Itoh, A.; Fujiyama, A.; Yoshida, N.; Araya, S.-i.; Hirashima, M.; Shoji, H.; Nakamura, T. Development of highly stable galectins: Truncation of the linker peptide confers protease-resistance on tandem-repeat type galectins. FEBS Lett. 2005, 579, 2058–2064. [Google Scholar] [CrossRef]

	



Su, E.W.; Bi, S.; Kane, L.P. Galectin-9 regulates T helper cell function independently of tim-3. Glycobiology 2011, 21, 1258–1265. [Google Scholar] [CrossRef]

	



Burke-Gaffney, A.; Hellewell, P.G. Tumour necrosis factor-alpha-induced icam-1 expression in human vascular endothelial and lung epithelial cells: Modulation by tyrosine kinase inhibitors. Br. J. Pharmacol. 1996, 119, 1149–1158. [Google Scholar] [CrossRef]

	



Krunkosky, T.M.; Fischer, B.M.; Martin, L.D.; Jones, N.; Akley, N.J.; Adler, K.B. Effects of tnf-alpha on expression of icam-1 in human airway epithelial cells in vitro. Signaling pathways controlling surface and gene expression. Am. J. Respir. Cell Mol. Biol. 2000, 22, 685–692. [Google Scholar] [CrossRef]

	



Seki, M.; Sakata, K.-m.; Oomizu, S.; Arikawa, T.; Sakata, A.; Ueno, M.; Nobumoto, A.; Niki, T.; Saita, N.; Ito, K.; et al. Beneficial effect of galectin 9 on rheumatoid arthritis by induction of apoptosis of synovial fibroblasts. Arthritis Rheum. 2007, 56, 3968–3976. [Google Scholar] [CrossRef]

	



Schellekens, G.A.; Visser, H.; de Jong, B.A.; van den Hoogen, F.H.; Hazes, J.M.; Breedveld, F.C.; van Venrooij, W.J. The diagnostic properties of rheumatoid arthritis antibodies recognizing a cyclic citrullinated peptide. Arthritis Rheum. 2000, 43, 155–163. [Google Scholar] [CrossRef]

	



Hutchinson, D.; Clarke, A.; Heesom, K.; Murphy, D.; Eggleton, P. Carbamylation/citrullination of IgG Fc in bronchiectasis, established RA with bronchiectasis and RA smokers: A potential risk factor for disease. ERJ Open Res. 2017, 3, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Baka, Z.; Barta, P.; Losonczy, G.; Krenacs, T.; Papay, J.; Szarka, E.; Sarmay, G.; Babos, F.; Magyar, A.; Geher, P.; et al. Specific expression of pad-4 and citrullinated proteins in lung cancer is not associated with anti-ccp antibody production. Int. Immunol. 2011, 23, 405–414. [Google Scholar] [CrossRef]

	



Kashio, Y.; Nakamura, K.; Abedin, M.J.; Seki, M.; Nishi, N.; Yoshida, N.; Nakamura, T.; Hirashima, M. Galectin-9 induces apoptosis through the calcium-calpain-caspase-1 pathway. J. Immunol. 2003, 170, 3631–3636. [Google Scholar] [CrossRef]

	



Zhou, Y.; Di Pucchio, T.; Sims, G.P.; Mittereder, N.; Mustelin, T. Characterization of the hypercitrullination reaction in human neutrophils and other leukocytes. Mediat. Inflamm. 2015, 2015, 236451. [Google Scholar] [CrossRef]

	



Katoh, S.; Nobumoto, A.; Matsumoto, N.; Matsumoto, K.; Ehara, N.; Niki, T.; Inada, H.; Nishi, N.; Yamauchi, A.; Fukushima, K.; et al. Involvement of galectin-9 in lung eosinophilia in patients with eosinophilic pneumonia. Int. Arch. Allergy Immunol. 2010, 153, 294–302. [Google Scholar] [CrossRef]

	



Matsumoto, N.; Katoh, S.; Yanagi, S.; Arimura, Y.; Tokojima, M.; Ueno, M.; Hirashima, M.; Nakazato, M. A possible role of galectin-9 in the pulmonary fibrosis of patients with interstitial pneumonia. Lung 2013, 191, 191–198. [Google Scholar] [CrossRef] [PubMed]

	



Chagan-Yasutan, H.; Ndhlovu, L.C.; Lacuesta, T.L.; Kubo, T.; Leano, P.S.A.; Niki, T.; Oguma, S.; Morita, K.; Chew, G.M.; Barbour, J.D.; et al. Galectin-9 plasma levels reflect adverse hematological and immunological features in acute dengue virus infection. J. Clin. Virol. Off. Publ. Pan Am. Soc. Clin. Virol. 2013, 58, 635–640. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Shiratori, B.; Chagan-Yasutan, H.; Matsumoto, M.; Niki, T.; Tanaka, M.; Takahashi, Y.; Usami, O.; Ashino, Y.; Hattori, T. Secretion of ifn-γ associated with galectin-9 production by pleural fluid cells from a patient with extrapulmonary tuberculosis. Int. J. Mol. Sci. 2017, 18, 1382. [Google Scholar] [CrossRef] [PubMed]

	



Chabot, S.; Kashio, Y.; Seki, M.; Shirato, Y.; Nakamura, K.; Nishi, N.; Nakamura, T.; Matsumoto, R.; Hirashima, M. Regulation of galectin-9 expression and release in jurkat T cell line cells. Glycobiology 2002, 12, 111–118. [Google Scholar] [CrossRef]

	



Oomizu, S.; Arikawa, T.; Niki, T.; Kadowaki, T.; Ueno, M.; Nishi, N.; Yamauchi, A.; Hattori, T.; Masaki, T.; Hirashima, M. Cell surface galectin-9 expressing th cells regulate Th17 and FOXP3+ treg development by galectin-9 secretion. PLoS ONE 2012, 7, e48574. [Google Scholar] [CrossRef]

	



Imaizumi, T.; Kumagai, M.; Sasaki, N.; Kurotaki, H.; Mori, F.; Seki, M.; Nishi, N.; Fujimoto, K.; Tanji, K.; Shibata, T.; et al. Interferon-gamma stimulates the expression of galectin-9 in cultured human endothelial cells. J. Leukoc. Biol. 2002, 72, 486–491. [Google Scholar] [PubMed]

	



Gieseke, F.; Kruchen, A.; Tzaribachev, N.; Bentzien, F.; Dominici, M.; Müller, I. Proinflammatory stimuli induce galectin-9 in human mesenchymal stromal cells to suppress T-cell proliferation. Eur. J. Immunol. 2013, 43, 2741–2749. [Google Scholar] [CrossRef]

	



De Kivit, S.; Kostadinova, A.I.; Kerperien, J.; Ayechu Muruzabal, V.; Morgan, M.E.; Knippels, L.M.J.; Kraneveld, A.D.; Garssen, J.; Willemsen, L.E.M. Galectin-9 produced by intestinal epithelial cells enhances aldehyde dehydrogenase activity in dendritic cells in a pi3k- and p38-dependent manner. J. Innate Immun. 2017, 9, 609–620. [Google Scholar] [CrossRef] [PubMed]

	



De Kivit, S.; Kraneveld, A.D.; Knippels, L.M.J.; van Kooyk, Y.; Garssen, J.; Willemsen, L.E.M. Intestinal epithelium-derived galectin-9 is involved in the immunomodulating effects of nondigestible oligosaccharides. J. Innate Immun. 2013, 5, 625–638. [Google Scholar] [CrossRef]

	



Diamond, M.S.; Staunton, D.E.; de Fougerolles, A.R.; Stacker, S.A.; Garcia-Aguilar, J.; Hibbs, M.L.; Springer, T.A. Icam-1 (cd54): A counter-receptor for mac-1 (CD11b/CD18). J. Cell Biol. 1990, 111, 3129–3139. [Google Scholar] [CrossRef] [PubMed]

	



Dapat, I.C.; Pascapurnama, D.N.; Iwasaki, H.; Labayo, H.K.; Chagan-Yasutan, H.; Egawa, S.; Hattori, T. Secretion of galectin-9 as a damp during dengue virus infection in thp-1 cells. Int. J. Mol. Sci. 2017, 18, 1644. [Google Scholar] [CrossRef] [PubMed]

	



Foulquier, C.; Sebbag, M.; Clavel, C.; Chapuy-Regaud, S.; Al Badine, R.; Méchin, M.-C.; Vincent, C.; Nachat, R.; Yamada, M.; Takahara, H.; et al. Peptidyl arginine deiminase type 2 (pad-2) and pad-4 but not pad-1, pad-3, and pad-6 are expressed in rheumatoid arthritis synovium in close association with tissue inflammation. Arthritis Rheum. 2007, 56, 3541–3553. [Google Scholar] [CrossRef]

	



Aletaha, D.; Neogi, T.; Silman, A.J.; Funovits, J.; Felson, D.T.; Bingham, C.O., 3rd; Birnbaum, N.S.; Burmester, G.R.; Bykerk, V.P.; Cohen, M.D.; et al. 2010 rheumatoid arthritis classification criteria: An american college of rheumatology/european league against rheumatism collaborative initiative. Ann. Rheum. Dis. 2010, 69, 1580–1588. [Google Scholar] [CrossRef]

	



Chalmers, J.D.; Goeminne, P.; Aliberti, S.; McDonnell, M.J.; Lonni, S.; Davidson, J.; Poppelwell, L.; Salih, W.; Pesci, A.; Dupont, L.J.; et al. The bronchiectasis severity index. An international derivation and validation study. Am. J. Respir. Crit. Care Med. 2014, 189, 576–585. [Google Scholar] [CrossRef]

	



Donnelly, S.; Roake, W.; Brown, S.; Young, P.; Naik, H.; Wordsworth, P.; Isenberg, D.A.; Reid, K.B.M.; Eggleton, P. Impaired recognition of apoptotic neutrophils by the c1q/calreticulin and CD91 pathway in systemic lupus erythematosus. Arthritis Rheum. 2006, 54, 1543–1556. [Google Scholar] [CrossRef] [PubMed]

	



Eggleton, P.; Gargan, R.; Fisher, D. Rapid method for the isolation of neutrophils in high yield without the use of dextran or density gradient polymers. J. Immunol. Methods 1989, 121, 105–113. [Google Scholar] [CrossRef]








[image: Ijms 20 04046 g001 550]





Figure 1. Galectin-9 serum levels in rheumatoid arthritis (RA), bronchiectasis (BR), and BRRA patients with and without BR and association with disease activity. Galectin-9 (Gal-9) concentrations were measured by enzyme linked immunosorbent assay (ELISA) in serum from (A) healthy controls (HC) subjects (n = 28) and unselected RA (n = 77), showing median ± IQR of 1437 ± 1007 vs. 2012 ± 621 pg/mL (p < 0.0001). (B) Correlation of Gal-9 in unselected RA patients (n = 77) with CRP levels. (C) Correlation of Gal-9 in unselected RA patients (n = 77) with DAS-28 scores. (D) Correlation of Gal-9 levels and DAS-28 in RA ex/current smokers. (E) Correlation of Gal-9 levels and DAS-28 in RA non-smokers. (F) Demographics of patients and control groups used in this study. (G) Gal-9 levels in HC (n = 28; median ± IQR 1437 ± 1007) compared with RA (n = 37; 1762 ± 707), BRRA (n = 40; 2213 ± 779), and BR alone (n = 40; 1847 ± 1065). (H) Receiver operating characteristic (ROC) curves of Gal-9 diagnostic utility in BRRA (AUC = 0.89; p < 0.0001; 95% CI 0.82–0.97), RA (AUC = 0.69; p = 0.0102; 95% CI 0.56–0.82) and BR patients (AUC = 0.69; p = 0.0083; 95% CI 0.56–0.81). (I) ROC curves for the diagnostic utility of Gal-9, antibodies to cyclical citrullinated peptide (anti-CCP), and rheumatoid factor (RF) in BRRA vs. RA patients. The area under the curve for Gal-9 in the ROC curve was 0.77 (p < 0.0001), for anti-CCP 0.70 (p < 0.0021; 95% CI 0.59–0.82), and RF 0.67 (p < 0.0121; 95% CI 0.54–0.79). p values * = 0.05; ** = 0.01; **** = 0.0001. 
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Figure 2. Gal-9 binds to granulocytes and other leukocytes in a lectin-dependent manner. (A) Binding of Gal-9-594 to peripheral blood leukocyte populations (n = 2). Different populations were distinguished based on FSC/SCC and additional surface markers: CD16 (granulocytes), CD14 (monocytes), CD3 (T cells), CD20 (B cells), CD56 (NK cells). (B) Binding of Alexa-594-labelled Gal-9 (Gal-9-594) to granulocytes as determined by fluorescent microscopy (with CD11b-FITC co-staining) and flow cytometry in the presence or absence of competitive inhibitor α-lactose (40 mM) or the irrelevant carbohydrate sucrose. (C) Binding and internalization of Gal-9-594 (+/− α-lactose, 40 mM) to granulocytes (counterstained with CD11b-FITC) at 0 and 37 °C visualized by fluorescent microscopy (representative picture of two independent experiments). Mag. ×100; cell diameter ~12 μm. 
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Figure 3. Gal-9 activates inflammatory functions in granulocytes. (A) Expression of CD11b on granulocytes after 16 h treatment with 15 nM Gal-9, determined by flow cytometry. (B) Granulocytes were treated with 15 nM Gal-9 for 16 h and analyzed for spontaneous apoptosis by measuring PS-exposure using Annexin-V-FITC. (C) Expression of CD11b and CD66acde on granulocytes after 16 h treatment with increasing concentrations of Gal-9, determined by flow cytometry. (D) Granulocytes were treated with increasing concentrations of Gal-9 for 16 h and analyzed for spontaneous apoptosis by measuring PS-exposure using Annexin-V-FITC. (E) Granulocyte cell migration after 16 h of incubation with Gal-9 using a trans-well system. (F) Gal-9-induced CD11b expression the presence of α-lactose. (G) Gal-9-induced granulocyte migration in the presence of α-lactose (40 mM). (H) As in (A), using Gal-9 or conditioned supernatant of Gal-9 treated leukocytes +/− α-lactose (40 mM) to inhibit direct Gal-9-mediated effects. (I) As in (E), using Gal-9 or conditioned supernatant of Gal-9 treated leukocytes in the presence of α-lactose (40 mM) to inhibit direct Gal-9-mediated effects. All experiments were at least performed in triplicate with granulocytes from independent donors. 
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Figure 4. Gal-9 induces pro-inflammatory cytokines which induce Intercellular adhesion molecule 1 (ICAM-1) expression. (A) Screen for cytokines in supernatants of white blood cells (WBCs) after 16 h Gal-9 treatment (10 nM) using a multi-analyte ELISA. (B) IL-8/CXCXL8 ELISA in the supernatants of WBCs treated with increasing concentrations of Gal-9. (C) ELISA to determine IL-8 concentrations in the supernatants of WBCs treated with 10 nM Gal-9 +/− α-lactose (40 mM). (D) CD11b expression on granulocytes after 16 h Gal-9 treatment (10 nM) or a cytokine cocktail (400 pg/mL IL-8, 15 pg/mL TNF, 20 pg/mL IFN-γ) containing the cytokines that are also induced by Gal-9 treatment. (E) Fluorescent pictures of ICAM-1 expression on Beas-2B cells after incubation with WBCs +/− Gal-9 (10 nM) or conditioned supernatant harvested from medium- or Gal-9-treated WBCs. Magnification ×20 (F) As in (E), measuring ICAM-1 expression by flow cytometry. (G) Granulocyte viability measured by Annexin-V-FITC in the presence or absence of Beas-2B when treated with medium or Gal-9 (10 nM). All experiments were at least performed in triplicate. 
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Figure 5. Gal-9 induces phagocytosis (A) Phagocytic uptake of PHrodo E. coli by granulocytes after pre-activation with Gal-9 (16 h, 10 nM). Inset: Fluorescent picture of phagocytosed E. coli (red) in granulocytes pre-treated with Gal-9 and stained for CD11b. 40× magnification. (B) Percentage of Gram-negative and Gram-positive lung infections occurring in BR and (C) BRRA patients with different Gal-9 serum levels. 






Figure 5. Gal-9 induces phagocytosis (A) Phagocytic uptake of PHrodo E. coli by granulocytes after pre-activation with Gal-9 (16 h, 10 nM). Inset: Fluorescent picture of phagocytosed E. coli (red) in granulocytes pre-treated with Gal-9 and stained for CD11b. 40× magnification. (B) Percentage of Gram-negative and Gram-positive lung infections occurring in BR and (C) BRRA patients with different Gal-9 serum levels.



[image: Ijms 20 04046 g005]







[image: Ijms 20 04046 g006 550]





Figure 6. Gal-9 induces potentially autoimmune promoting responses in vitro. (A) Upper panel: detection of different Gal-9 isoforms as expressed by granulocytes using conventional PCR and subsequent gel electrophoresis. The colorectal cancer cell line Colo205 was used as a control. Lower panel: RTqPCR expression analysis of Gal-9 mRNA in total WBC or isolated granulocyte populations after treatment with Gal-9 (6 h, 10 nM). (B) Expression of CD11b on granulocytes after treatment with Gal-9(0) or Gal-9(s). (C) Western blot of protein arginine deiminase 4 (PAD-4) in cell lysates of granulocytes treated for 16 h with different concentrations of Gal-9. Lower panel: PAD-4 activity in supernatants of granulocytes treated with Gal-9 (16 h, 27 nM). (D) Detection of citrullination of intracellular proteins in granulocytes treated with Gal-9 (0–35 nM). Identification of citrullinated peptides was determined by LTQ-Orbitrap Velos mass spectrometry. (E) Relative differences of citrullination from 1 µL aliquots of serum proteins immunoblotted from HC, BR, BRRA, and BR patients that seroconverted to BRRA within 1 year (termed BR-BRRA). Immunoblots are representative of two or more experiments and bands from replicate gels were analyzed by mass spectrometry. All other experiments were performed at least in triplicate, except for the data in Figure 6A, which was in duplicate. 
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Figure 7. Galectin-9 is a possible promoter of immunopathology in rheumatoid arthritis by activating granulocytes. A possible scenario for the pathophysiological process of citrullinated peptide generation (via lung disease) through Gal-9 resulting in the development of RA. Following inflammation in the lung and infiltration of granulocytes, release of Gal-9 aids resolution of pro-inflammatory cells, leading to PAD-4 activation in granulocytes. Subsequently, this can lead to citrullination of intracellular proteins (as in vitro demonstrated in the current study) that upon release from cells can trigger and autoimmune response in immune cells leading to break down of tolerance over time. 
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