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Abstract

:

In smoking-induced chronic obstructive pulmonary disease (COPD), various comorbidities are linked to systemic inflammation and infection-induced exacerbations. The underlying mechanisms are unclear but might provide therapeutic targets. T-cell activity is central in systemic inflammation and for infection-defense mechanisms and might be influenced by comorbidities. Hypothesis: Circulating biomarkers of comorbidities modulate the activity of T-cells of the T-helper type 1 (Th1) and/or T-cytotoxic type 1 (Tc1). T-cells in peripheral blood mononuclear cells (PBMCs) from non-smokers (NS), current smokers without COPD (S), and COPD subjects (total n = 34) were ex vivo activated towards Th1/Tc1 and were then stimulated with biomarkers for metabolic and/or cardiovascular comorbidities (Brain Natriuretic Peptide, BNP; chemokine (C-C motif) ligand 18, CCL18; C-X3-C motif chemokine ligand 1, CX3CL1; interleukin-18, IL-18) or for asthma- and/or cancer-related comorbidities (CCL22; epidermal growth factor, EGF; IL-17; periostin) each at 10 or 50 ng/mL. The Th1/Tc1 activation markers interferon-γ (IFNγ), tumor necrosis factor-α (TNFα), and granulocyte-macrophage colony-stimulating factor (GM-CSF) were analyzed in culture supernatants by Enzyme-Linked Immunosorbent Assay (ELISA). Ex-vivo activation induced IFNγ and TNFα without differences between the groups but GM-CSF more in S vs. NS. At 10 ng/mL, the different biomarkers increased or reduced the T-cell activation markers without a clear trend for one direction in the different categories of comorbidities or for the different T-cell activation markers. At 50 ng/mL, there was a clear shift towards suppressive effects, particularly for the asthma— and cancer-related biomarkers and in cells of S and COPD. Comorbidities might suppress T-cell immunity in COPD. This could explain the association of comorbidities with frequent exacerbations.
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1. Introduction


Chronic obstructive pulmonary disease (COPD) is mainly induced by tobacco smoking. It is a systemic inflammatory disease associated with various comorbidities that have a negative impact on prognosis and progression. The development and progression of comorbidities might be triggered by systemic inflammation [1]. Comorbidities are associated with the frequency of exacerbations, another major trigger of progression [2]. COPD subjects have an increased susceptibility to bacterial and viral infections, both of which are major causes of exacerbations [3].



Cluster of differentiation (CD) 4+ and CD8+ T-cells of the T-helper type 1 (Th1) or T-cytotoxic type 1 (Tc1), respectively, are central in the systemic inflammation in COPD and for the immune responses to those pathogens that are frequently found in COPD subjects [4,5]. Mechanistic links between T-cell activity and comorbidities are largely unknown but might provide insights into the association of comorbidities with exacerbations and suggest corresponding drug targets. Many comorbidities are characterized by circulating biomarkers that are often cytokines or chemokines whose receptors are expressed on T-cells or on accessory immune cells. In response to airway infections with most COPD-characteristic pathogens, inactive naive and memory T-cells become activated towards Th1 or Tc1 effector T-cells. During this activation process, the T-cells become recruited from the circulation to the local sites of infection. This implicates that comorbidities might influence T-cell activation via their circulating biomarkers, a possible mechanistic link between systemic inflammation, comorbidities and exacerbations. Therefore, this study aimed to investigate the impact of systemic biomarkers for frequent COPD comorbidities on T-cell activity.



Following the clearance of a pathogen a subset of T-cells differentiates into memory T-cells, which downregulate their effector program but maintain the ability to rapidly reactivate upon re-infection [6]. T-cell exhaustion describes an altered differentiation stage of memory T-cells with an increased expression of multiple inhibitory receptors like programmed cell death protein-1 (PD-1) and a reduced capacity to regain effector functions upon re-infection. Exhausted T-cells are heterogeneous and have been primarily described as a consequence of persistent exposure to antigens and inflammatory factors in diseases with chronic viral infection and chronic inflammation but also in cancer [7]. Exhausted T-cells do not lose full responsiveness to re-infections but they respond with a reduced effectiveness, which might result in an ineffective or delayed clearance of the pathogen [6].



Chronic inflammation and infection are prominent in COPD and several cancer types are common co-morbidities (see below). In line with this, there is evidence for the presence of CD8+ and CD4+ T-cells in the lung and in the circulation with a reduced capacity to respond to acute infections [8,9]. The CD8+ T-cells show an increased expression of the inhibitory receptor PD-1 in COPD, but it is still a matter of debate if they match the criteria of exhausted T-cells [10]. On the other hand, the recruitment process of CD8+ T-cells is disturbed in COPD, leading to a massive intrapulmonary infiltration of Tc1 cells [11,12]. Thus, in response to acute respiratory infections a surplus of T-cells might arrive in the lung that, however, have a reduced capacity to respond to the pathogens. As a consequence, the pathogen clearance is disturbed but local inflammation becomes increased. From this, we hypothesized that the persistent exposure of T-cells to the inflammation-associated biomarkers of comorbidities in COPD might also reduce the effector activity of T-cells. Obviously, these biomarkers characterize the corresponding diseases also in the absence of COPD. Therefore, possible effects of the biomarkers on T-cell activity in subjects without COPD would have relevance for the associated diseases as well, a point that was also considered in the design of the present study.



Frequent comorbidities in COPD are metabolic and heart diseases, particularly type 2 diabetes, arteriosclerosis, coronary artery disease, and heart failure, all of which are linked to each other [13,14]. There is evidence from retrospective studies that comorbidities and particularly diabetes and heart failure are associated with frequent exacerbations in COPD [2]. The adipokine C-X3-C motif chemokine ligand 1 (CX3CL1, Fractalkine) and interleukin-18 (IL-18) both are associated with type 2 diabetes and are increased in the plasma of respective patients [15,16]. CX3CL1 and IL-18 both are further associated with coronary artery disease (CAD) and are increased in the plasma of CAD patients [17,18]. Chemokine (C-C motif) ligand 18 (CCL18) is also increased in the plasma of CAD patients and is associated with CAD severity [19]. CX3CL1 and CCL18, both are particularly increased in patients with refractory unstable angina, a symptom of CAD [18,20]. CX3CL1 is further associated with Carotid artery stenosis, a common coincidence with CAD and a further common consequence of arteriosclerosis, and is increased in the plasma of respective patients [21]. Brain Natriuretic Peptide (BNP) is a strong biomarker for heart failure, for which CAD is a major risk factor [22]. Its plasma levels are increased in patients with acute heart failure [23]. Serum CX3CL1, IL-18, and CCL18 are increased in stable COPD and are associated with disease progression and severity [24,25,26]. An association between BNP and stable COPD has, to our knowledge, not yet been observed.



Further common comorbidities in COPD are asthma, lung cancer, and non-pulmonary cancer types like bladder, breast, colorectal, ovarian, and prostate cancer, for example [27,28]. Asthma and lung cancer might also be associated with frequent exacerbations in COPD [2]. An increased serum periostin level is a strong marker for type 2 asthma [29] and might also have prognostic significance for non-small cell lung cancer (NSCLC) and various non-pulmonary cancer types including those mentioned [30,31,32]. Serum IL-17 is increased in obesity-associated asthma and might be indicative of severe phenotypes [33,34]. Serum CCL22 is increased in breast cancer and is indicative of progression and severity [35]. Serum epidermal growth factor (EGF) is suitable to distinguish NSCLC from healthy benign lung pathologies [36]. Increased serum EGF concentrations are also discussed as putative biomarkers for various non-pulmonary cancer types including gastrointestinal cancers [37]. Serum periostin and EGF but not IL-17 and CCL22 are increased in stable COPD [38,39,40,41].



We hypothesized that these biomarkers of comorbidities suppress the activation process of T-cells towards Th1/Tc1, thereby contributing to a deficit in immune responses to infections and to exacerbations in COPD. We used the human primary peripheral blood mononuclear cell (PBMC) culture model with ex-vivo activation of T-cells to address this question (1) because the circulating biomarkers likely have contact with the circulating immune cells at the beginning of recruitment and activation in vivo, and (2) because the influence of the biomarkers on T-cell activation might depend on accessory cells, for example, if T-cells do not functionally express the corresponding receptors. With the PBMC model, the influence of accessory cells is considered. Analysis parameters were markers for Th1/Tc1 activation, interferon-γ (IFNγ, a key marker), tumor necrosis factor-α (TNFα), and granulocyte-macrophage colony-stimulating factor (GM-CSF). We compared the data between non-smokers, current smokers without airway disease, and COPD subjects in order to analyze for specific effects of smoking or COPD in this context and to gain first evidence for possible effects in the biomarker-associated diseases in the absence of COPD.




2. Results


2.1. Cytokine Release in Response to T-Cell Activation


The activation of T-cells in PBMCs with anti-CD3 and anti-CD28 antibodies and IL-12 induced the release of the Th1 and Tc1 activation marker IFNγ (Figure 1A). Additionally, TNFα and GM-CSF, both of which are associated with Th1/Tc1 responses, were induced (Figure 1B,C). The induction of GM-CSF was higher in cells of current smokers without respiratory symptoms (S) compared to non-smokers (NS) (Figure 1C). IFNγ and TNFα were not different between the groups (Figure 1A,B). We did not find correlations of IFNγ, TNFα, or GM-CSF concentrations after T-cell activation to age, pack-years, lung function parameters (forced expiratory volume in one second, FEV1 (% pred.), FEV1/forced vital capacity, FEV1/FVC (%)) or to differential blood count parameters (monocytes (% whole blood count, WBC), lymphocytes (% WBC), neutrophils (% WBC), eosinophils (% WBC)), neither by analyzing all subjects together nor by analyzing the groups S or COPD separately (data not shown).



We next tested for cytotoxic effects of CX3CL1, IL-18, CCL18, BNP, periostin, CCL22, IL-17, and EGF in this model. We did not find effects on the numbers of trypan blue positive cells for concentrations up to 50 ng/mL for each recombinant protein (data not shown). Therefore, we used 10 and 50 ng/mL in the following approaches.




2.2. CX3CL1 Increased IFNγ, TNFα, and GM-CSF Release of T-Cells


When all subjects were analyzed together independent from disease status, CX3CL1 concentration-dependently further increased IFNγ, TNFα, and GM-CSF in PBMCs pre-treated with anti-CD3 and anti-CD28 antibodies and with IL-12 (Figure 2A–C). After grouping according to COPD and smoking status, this effect was without differences between NS, S, and COPD for IFNγ (Figure 2A). For TNFα, this effect was not observed in any subgroup (Figure 2B). For GM-CSF, this effect was observed in NS and S without differences but not in the COPD subgroup (Figure 2C). We did not find any correlation of the increase of IFNγ, TNFα or GM-CSF to the demographic, lung function or blood count parameters (data not shown). In culture supernatants of PBMCs that were not pre-treated with T-cell activating reagents but were stimulated with CX3CL1, the concentrations of IFNγ, TNFα or GM-CSF were almost always below the detection limit of the ELISA at the conditions used (data not shown).




2.3. IL-18 Increased IFNγ but Reduced TNFα and GM-CSF Release of T-Cells


IL-18 concentration-dependently further increased IFNγ (Figure 3A) but decreased TNFα, and GM-CSF in PBMCs pre-treated with anti-CD3 and anti-CD28 antibodies and with IL-12 (Figure 3B,C). After subgrouping, the effects of IL-18 on IFNγ and GM-CSF were without difference between NS, S, and COPD (Figure 3A,C). The reducing effect of IL-18 on TNFα was only observed in S. (Figure 3B). We did not find any correlation to the demographic, lung function or blood count parameters (data not shown). In culture supernatants of PBMCs that were not pre-treated with T-cell activating reagents but were stimulated with IL-18, the concentrations of IFNγ, TNFα or GM-CSF were almost always below the detection limit of the ELISA at the conditions used (data not shown).




2.4. CCL18 Concentration-Dependently Increased or Decreased the Cytokine Release of T-Cells


At 10 ng/mL, CCL18 further increased IFNγ and GM-CSF but not TNFα in PBMCs pre-treated with anti-CD3 and anti-CD28 antibodies and with IL-12 (Figure 4A–C). After grouping, the effect on IFNγ was not observed in any group (Figure 4A). The effect on GM-CSF was observed in NS but not in S or COPD (Figure 4C). We did not find any correlation to the demographic, lung function or blood count parameters (data not shown). At 50 ng/mL, CCL18 reduced all three cytokines (Figure 4A–C). After grouping, the effects on IFNγ were observed in S and COPD but not in NS (Figure 4A). The effects on TNFα and GM-CSF were observed in all groups without differences (Figure 4B,C). In the COPD group, the reducing effect of CCL18 at 50 ng/mL on TNFα correlated positively to age (r2 = 0.333; p = 0.038) and negatively to FEV1/FVC (%) (r2 = 0.328; p = 0.04). The suppressing effect on GM-CSF correlated negatively to the monocyte content in the blood (% WBC) of COPD subjects (r2 = 0.352; p = 0.033). We did not find any correlations for IFNγ (data not shown). In culture supernatants of PBMCs that were not pre-treated with T-cell activating reagents but were stimulated with CCL18, the concentrations of IFNγ, TNFα or GM-CSF were almost always below the detection limit of the ELISA in the conditions used (data not shown).




2.5. BNP Reduced TNFα and GM-CSF Release of T-Cells


When all study subjects were analyzed together, BNP concentration-dependently reduced GM-CSF but did not modulate IFNγ or TNFα in PBMCs pre-treated with anti-CD3 and anti-CD28 antibodies and with IL-12 (Figure 5A–C). After grouping, BNP concentration-dependently reduced TNFα in NS and S but not in COPD (Figure 5B) and GM-CSF in S and COPD but not in NS (Figure 5C). BNP did not modulate IFNγ in any group (Figure 5A). The suppressive effect of BNP on GM-CSF correlated positively to neutrophils (% WBC) (r2 = 0.375, p = 0.026) and negatively to lymphocytes (% WBC) (r2 = 0.35, p = 0.033). We did not find correlations for IFNγ or TNFα. In culture supernatants of PBMCs that were not pre-treated with T-cell activating reagents but were stimulated with BNP, the concentrations of IFNγ, TNFα or GM-CSF were almost always below the detection limit of the ELISA in the conditions used (data not shown).




2.6. Periostin Did Not Modulate IFNγ, TNFα or GM-CSF Release of T-Cells from Current Smokers without Respiratory Symptoms and from COPD Subjects


When analyzing all subjects together, periostin did not modulate IFNγ, TNFα or GM-CSF in PBMCs with pre-treatment with anti-CD3 and anti-CD28 antibodies and IL-12 (Figure 6A–C). After grouping, periostin reduced TNFα exclusively in pre-treated PBMCs of NS in a concentration-dependent manner (Figure 6B). We did not find any correlation of the effects of periostin on the cytokines with demographic, lung function or blood count parameters (data not shown). In culture supernatants of PBMCs that were not pre-treated with T-cell activating reagents but were stimulated with periostin, the concentrations of IFNγ, TNFα or GM-CSF were almost always below the detection limit of the ELISA in the conditions used (data not shown).




2.7. IL-17 Suppressed GM-CSF Release of T-Cells


When analyzing all subjects together, IL-17 reduced GM-CSF but did not modulate IFNγ and TNFα in PBMCs pre-treated with anti-CD3 and anti-CD28 antibodies and with IL-12 (Figure 7A–C). After grouping, this effect was exclusively observed in S (Figure 7C). IL-17 concentration-dependently reduced TNFα in S but not in NS and COPD (Figure 7B). We did not find any correlation of the effects of IL-17 to demographic, lung function or blood count parameters (data not shown). In culture supernatants of PBMCs that were not pre-treated with T-cell activating reagents but were stimulated with IL-17, the concentrations of IFNγ, TNFα or GM-CSF were almost always below the detection limit of the ELISA in the conditions used (data not shown).




2.8. CCL22 Suppressed IFNγ, TNFα and GM-CSF Release of T-Cells


CCL22 concentration-dependently reduced IFNγ, TNFα and GM-CSF in PBMCs pre-treated with anti-CD3 and anti-CD28 antibodies and with IL-12 (Figure 8A–C). After grouping, CCL22 reduced IFNγ only in COPD (Figure 8A) but TNFα and GM-CSF in all three groups (Figure 8B,C). The effect of CCL22 at 10 ng/mL on TNFα was higher in NS compared to COPD (Figure 8B). When analyzing all subjects together, the suppressive effect of CCL22 at 50 ng/mL on IFNγ correlated negatively and that at 10 ng/mL on TNFα correlated positively with FEV1 (% pred.). We did not find correlations for GM-CSF (data not shown). In culture supernatants of PBMCs that were not pre-treated with T-cell activating reagents but were stimulated with CCL22, the concentrations of IFNγ, TNFα or GM-CSF were almost always below the detection limit of the ELISA at the conditions used (data not shown).




2.9. EGF Modulated IFNγ and GM-CSF Release of T-Cells


At 10 ng/mL, EGF increased IFNγ and GM-CSF but not TNFα in PBMCs pre-treated with anti-CD3 and anti-CD28 antibodies and with IL-12 (Figure 9A–C). After grouping, the EGF effect on IFNγ was exclusively observed in S and COPD (Figure 9A). The effect on GM-CSF was observed in NS and S but not in COPD (Figure 9C). We did not find correlations to the demographic, lung function or blood count parameters. At 50 ng/mL EGF reduced GM-CSF but did not modulate IFNγ and TNFα. After subgrouping, the effect was exclusively observed in COPD. When all subjects were analyzed together, the suppressive effect on GM-CSF correlated negatively to FEV1 (% pred.) (r2 = 0.169; p = 0.016) and to FEV1/FVC (%) (r2 = 0.133; p = 0.029). The negative correlation to FEV1 (% pred.) was also observed in the COPD group (r2 = 0.331; p = 0.040). In culture supernatants of PBMCs that were not pre-treated with T-cell activating reagents but were stimulated with EGF, the concentrations of IFNγ, TNFα or GM-CSF were almost always below the detection limit of the ELISA in the conditions used (data not shown).





3. Discussion


INFγ and TNFα release of T-cells after activation towards Th1/Tc1 in PBMCs was not influenced by the smoking status of the subjects or by COPD and was also not associated with COPD-related lung function parameters. For IFNγ, this matches to previous data with isolated CD4+ T-cells [9]. GM-CSF release from the T-cells of current smokers, however, was increased compared to non-smokers. Smoking induces GM-CSF and granulocyte levels in the lung, which contributes to smoking-induced lung inflammation [42,43,44]. Epithelial cells and/or macrophages have been discussed as a primary source of these increased GM-CSF levels, but our data indicate that recruited T-cells might contribute to this pathology. We did not observe increased GM-CSF production in T-cells of COPD subjects. This could be explained by the fact that about 60% of the COPD subjects in our cohort were ex-smokers. Moreover, our data did not provide indication for an exhaustion of T-cells regarding the responsiveness to T cell-receptor and co-receptor stimulation specifically in COPD.



To address the question of mechanistic links between co-morbidities, systemic inflammation and infection-induced exacerbations, we tested for effects of the respective circulating biomarkers on T-cell activity and T-cell activation towards Th1/Tc1 in the PBMC culture model. The model considers the presence of accessory cells that influence the T-cell activation process and the possible influence of co-morbidity biomarkers at recruitment from the circulation to the draining lymph nodes in response to acute infections in vivo.



Acute infections in the last two months before sampling was exclusion criterion. Thus, the presence of T-cells that have already been activated in vivo in response to acute infections were almost excluded in the PBMC cultures. When using cells of COPD subjects, our experimental model, therefore, reflects the activation of T-cells in stable COPD in response to an acute infection (that can cause an exacerbation) in the presence of comorbidities. The acute infection was mimicked by adding the T-cell activating reagents to the culture and the comorbidities were represented by adding the respective biomarkers.



We have seen various smoking-, COPD-, and concentration-dependent effects of the biomarkers on the Th1 activation process. The effects were in a range of up to 30% increase or decrease of T-cell activity in terms of cytokine production and were not associated with cytotoxicity according to trypan blue staining in pre-experiments. Independent of disease and smoking status of the subjects, the effects of a single biomarker concentration may vary in strength and also in direction between IFNγ, TNFα, and GM-CSF (Figure 10). For example, IL-18 at 50 ng/mL upregulated IFNγ but reduced GM-CSF in NS. This further confirms that the reductions of cytokine levels are not based on general cytotoxic effects of the recombinant proteins. Furthermore, some of the effects that have been observed here match to previous studies. The increasing effect of IL-18 on IFNγ is in line with data that have suggested IL-18 to be an enhancer of IFNγ-based Th1 cell activity in cooperation with IL-12 [45]. CCL22 reduced the activity of T-cells polarized towards Th1/Tc1. This matches to data that have shown a reduced Th1 effector function of infiltrating CD4+ and CD8+ cells after exposure to CCL22 [46]. In animal studies, the inhibition of the NPRA signaling pathway, a BNP target, resulted in an increased TNFα expression, which suggests respective suppressive effects of BNP [47]. Our data confirm this conclusion and indicate that T-cells might contribute to the mechanism.



There are two general limitations of this model that have to be considered before discussing the data in the clinical context. First, the cytokines analyzed might have been released from other cells than T-cells, exclusively or as well. This issue can be neglected here because in the control experiments without addition of T-cell activating reagents the concentrations of all three target cytokines were almost below the detection limit of the ELISA in the presence or absence of the biomarkers. Second, we cannot answer the question whether the biomarker effects on T-cells were the result of a direct response or if they were mediated by accessory cells. This issue can be neglected for the discussion regarding possible links between co-morbidities, systemic inflammation and exacerbations, the primary goal of the study. However, it gains more importance when trying to deduce possible therapeutic targets from these data. Therefore, the differential expression of the receptors for these biomarkers should be considered. With the exception of the BNP receptor Natriuretic peptide receptor A (NPR-A), which is expressed on accessory monocytes [48], the primary receptors for all other biomarkers used here are expressed on CD4+ and/or CD8+ T-cells and also on accessory cells of the PBMC fraction. The CX3CL1 receptor CX3CR1 is expressed on CD8+ T-cells, Th1-cells, monocytes and natural killer (NK) cells [18,49]. The IL-18 receptor (IL18R) is expressed on T-cells, B-cells, NK cells and on dendritic cells (DCs) [50,51]. CCR8, the primary CCL18 receptor, is expressed at low levels on Th1 cells, CD8+ T-cells and NK cells [52]. The EGF receptor (EGFR) and the periostin receptors αV/β3 and αV/β5 integrins are expressed on T-cells and on monocytes [53,54]. CCR4, the CCL22 receptor can be found on Th1 and NK cells and on DCs [55,56,57]. The heterodimer IL17RA/RC, the IL17 receptor, is abundantly expressed on monocytes and B-cells but in low levels also on inactive CD3+ T-cells [58]. Therefore, the effects of BNP on T-cell activity are indirect and might be mediated by monocytes, whereas the effects of the other biomarkers on T-cell activity might be direct or indirect or a combination of both. A third limitation is that the study was not powered to subgroup the COPD subjects for comorbidities. According to the study design, adding the biomarkers to the culture represents the respective comorbidity in this experimental model. A possible exposition of the cells with the biomarkers in vivo before sampling might have influenced their response to the reagents in culture. Nonetheless, the broad variation of comorbidities in the limited n-number of COPD subjects did not allow a corresponding stratification of the data.



At 10 ng/mL, the different biomarkers increased or reduced the T-cell activation markers without a clear trend for one direction in the different categories of comorbidities or for the different T-cell activation markers. However, increasing the biomarker concentrations clearly resulted in an increase of the suppressive effects, particularly for the biomarkers associated with asthma and cancer (Figure 10). Indeed, at 50 ng/mL, an up-regulation was only observed for IFNγ in response to the diabetes and CAD marker IL-18, but a reduction for at least one of the three T-cell activity markers in response to all other biomarkers except CX3CL1 and periostin. We interpret a reduced T-cell activity caused by a comorbidity-biomarker in our experimental model as a putative mechanistic reason for an increased possibility to get or prolong an exacerbation in COPD with the respective comorbidity. This is because a reduced T-cell-dependent infection defense might result in a delayed clearance of the pathogen. In this context, it is important to observe the respective biomarker effects in the COPD group but it is irrelevant if there are differences to healthy subjects or active smokers without respiratory symptoms. Whether these T-cells with the reduced activity share characteristics of exhausted T-cells remains to be investigated.



Provided that the severity of a comorbidity is associated with an increase of the respective biomarkers in the circulation, our data indicate that the progression of co-morbidities in COPD is associated with a reduced activity of Th1/Tc1 cells in response to acute infections. This would suggest a reduced capacity of the immune response to acute respiratory tract infections and could contribute to the mechanisms underlying the association of comorbidities with frequent exacerbations.



With two exceptions, we did not detect statistically significant differences when comparing the three subject groups, NS, S, and COPD, for the biomarker effects on T-cell activity. Nevertheless, we think that there is some evidence for an influence of active smoking and systemic COPD pathology on the biomarker effects. It is noteworthy that at 50 ng/mL statistically significant suppressive effects were more often observed in S and COPD than in NS, particularly again for those biomarkers associated with asthma and cancer (Figure 10). In NS, only TNFα was reduced by CCL22. In S, TNFα and GM-CSF both were reduced by CCL22 and by IL-17. In COPD, we did not find effects of IL-17, but all three T-cell activity markers were reduced by CCL22, and GM-CSF was also reduced by EGF. This provides first evidence that systemic consequences of active smoking as well as of the COPD systemic pathology might influence the effects of asthma and cancer related co-morbidity biomarkers on T-cell activity. To a lesser extent this also applies to the biomarkers of cardiovascular co-morbidities, CCL18 and BNP. In summary, we carefully conclude that smoking and the COPD pathology might enhance the suppressive effects of the biomarkers for co-morbidities on T-cell immunity. However, because of the low numbers of significant differences between the groups, this conclusion requires further investigation. The observation that some of the biomarkers also modulate the T-cell activity in cells of healthy never smokers provides first indication that the diseases that are associated with the biomarkers might also influence T-cell immunity in the absence of COPD. However, compared to the COPD group, the overall trend was less pronounced towards suppressive effects.



The biomarker effects could have been influenced by the activation status of the T-cells in the samples before starting the culture despite our exclusion criteria. There is evidence for an increase in the number of activated circulating CD8+ T-cells and for dysregulated regulatory T-cells also in the absence of an acute infection in stable COPD, however, the data are controversial [59,60]. Our controls did not indicate any significant T-cell activity in the cultured PBMCs in the absence of T-cell activation reagents in any group (Figure 1). We cannot exclude the presence of CD4+ or CD8+ T-cells in the cultures that have been deactivated by regulatory T-cells in vivo before sampling.



This study adds another part to the understanding of the complex systemic molecular pathology that underlies the increased susceptibility to respiratory infections in COPD. In contrast to the local innate immune cells that show an overactivation in response to respiratory pathogens in COPD [11,61], the activation process of circulating innate and adaptive immune cells appears to be rather suppressed. We have previously shown that systemic defects in Toll-like receptor signaling prevent the full activation of T-cells and monocytes in response to respiratory bacteria [9,62,63]. Here, we add the information that the suppression of the Th1-immunity might be amplified by co-morbidities in COPD.




4. Material and Methods


4.1. Study Subjects


The study population consisted of three groups: 10 healthy non-smokers (≥20 years of nonsmoking; <1 pack-year) (NS); 11 current smokers (≥10 pack-years) without respiratory symptoms (S); and 13 patients with stable COPD, five current and eight former smokers (≥10 packyears; Global Initiative for Chronic Obstructive Lung Disease (GOLD) stages II—IV) (Table 1). COPD was diagnosed according to the criteria recommended by the National Institutes of Health and according to GOLD standard. The following comorbidities were recorded in the COPD subjects at sampling: hypothyroidism (n = 2), scoliosis (n = 1), hypertension (n = 2), type II diabetes and hypertension (n = 1), history of cervix cancer (n = 1), gastroesophageal reflux disease (n = 1), peripheral arterial disease (n = 1), multiple (aortic and mitral valve insufficiency, arthrosis, hypertension, gastroesophageal reflux disease, glaucoma, gout, osteoporosis; n = 1), none (n = 3). Sample size calculation was based on preliminary experiments with activated T-cells in PBMCs (n = 3 per group) for the biomarker CX3CL1 and the analysis parameter IFNγ (Th1/Tc1 activation marker). With α < 0.05 and a power (1-β) of 0.8 the number of patients to be included was nine per group. We increased the number to 10–13 per group in order to compensate for putative errors in recruiting or in sample preparation, handling or analysis. Inclusion and exclusion criteria were defined according to previous studies [9]: age: ≥40 years; no use of oral corticosteroids or immunosuppressive treatments and no report of acute infection (bacterial, viral, or parasitic) 2 months before sampling. From 37 subjects recruited, three subjects were excluded because they did not match the in— or exclusion criteria or because of sample limitation resulting in missing endpoints after analyses. The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Ethics Committee of the Ruhr-University Bochum, (4257-12, 06.07.2012), Bochum, Germany”.




4.2. Isolation of Peripheral Blood Mononuclear Cells (PBMCs)


The isolation of PBMCs from the peripheral blood of donors was performed via Ficoll gradient sedimentation according to established protocols [9,64]. Cell counts and vitality tests were done by trypan blue (Sigma, München, Germany, cat# T8154) staining as described before [9]. Trypan blue positive cells were below 10%. 2.5x105 PBMCs per approach were cultured overnight in 250 µL RPMI1640 medium (Sigma, Munich, Germany) supplemented with 10% (v/v) fetal calf serum (FCS), 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin (all from Sigma) at 5% CO2 and 37° C as described before [65]. T-cell activation and differentiation towards Th1/Tc1 in PBMCs was done as described before [63]. Briefly, PBMCs were stimulated with agonistic monoclonal anti-CD3 and anti-CD28 antibodies (500 ng/mL each; BD Bioscience, Heidelberg, Germany, cat# 555336, cat# 555725) and 10 ng/mL recombinant human IL-12 (R&D Systems, Wiesbaden, Germany, cat# 219-IL-005). The biomarkers for comorbidities were added 30 min after T-cell activation (each at 10 ng/mL and 50 ng/mL): recombinant human periostin, EGF, CCL18, IL-18, CCL22, IL-17, CX3CL1, (all from R&D Systems, Wiesbaden, Germany; cat# 3548-F2, 236E6, 394-PA, B003-5, 336-MD/8F, 317-ILB-050, 365-FR/CF) and BNP (Biomol GmbH, Hamburg, Germany, cat# 87386). After 72 h, the culture supernatants were collected and analyzed for cytokine concentrations.




4.3. Enzyme-Linked Immunosorbent Assay for IFNγ, TNFα and GM-CSF


IFNγ, TNFα and GM-CSF concentrations in the supernatants of cultured PBMCs were measured by ELISA according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN; cat# DY285, DY210, DY215) and as described in [66].




4.4. Statistical Analysis


Statistical analyses were performed to investigate whether the biomarkers for comorbidities influence the T-cell activation and if there are differences between the groups. The distribution of the data were analyzed by histogram analysis. Cytokine concentration data were presented as mean ± standard error of the mean (SEM). Data that show the influence of the biomarkers on cytokine release were normalized, expressed as % change (versus T-cell activation without biomarker stimulation), and presented as scatter with median. Paired t-test, one-sample t-test, and Wilcoxon-signed-rank test were used to analyze for differences between approaches within a group. One-way analysis of variance (ANOVA) with post hoc Bonferroni test or Kruskal-Wallis with post hoc Dunns test were used to analyze for differences between the study groups. Correlations of cytokine concentrations in the cell culture supernatants to age, pack-years, lung function parameters (FEV1, % pred.; FEV1/FVC, %) and differential blood count parameters (monocytes, % of whole blood count (WBC); lymphocytes, % WBC; neutrophils, % WBC; eosinophils, % WBC) were investigated by linear regression analysis. For all tests, a p-value below 0.05 was considered statistically significant. All tests were done with GraphPad Prism 5.01 (Graph Pad Software; San Diego, CA, USA).
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Figure 1. T-cell activation towards Th1/Tc1 induced the release of IFNγ, TNFα, and GM-CSF in peripheral blood mononuclear cells (PBMCs) of non-smokers (NS), current smokers without respiratory symptoms (S) and COPD subjects. Peripheral blood mononuclear cells (PBMCs; 106 cells/mL) of NS (n = 10), S (n = 11), and COPD (n = 13) were stimulated with anti-CD3 and anti-CD28 antibodies (each at 500 ng/mL) and with IL-12 (10 ng/mL). After 72h, INFγ (A), TNFα (B) and GM-CSF (C) concentrations were measured in the cell culture supernatants by enzyme-linked immunosorbent assay (ELISA). The cytokine levels of the controls without T-cell activating reagents are artificial because they were below the detection limit of the ELISA. Data are presented as mean ± SEM. Differences between activated cells and non-activated controls within a group were analyzed with paired t-tests, differences between the groups were analyzed with one-way analysis of variance (ANOVA, p < 0.0001 in C) and post hoc Bonferroni test. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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Figure 2. CX3CL1 further increased INFγ, TNFα and GM-CSF release from PBMCs with activated T-cells. PBMCs from nonsmokers (NS; n = 10), current smokers without respiratory symptoms (S; n = 11) and chronic obstructive pulmonary disease subjects (COPD; n = 13) were stimulated with anti-CD3 and anti-CD28 antibodies (each at 500 ng/mL) and with IL-12 (10 ng/mL). After 30 min, recombinant CX3CL1 was added at 10 or 50 ng/mL. After 72h, INFγ (A), TNFα (B) and GM-CSF (C) concentrations were measured in the cell culture supernatants by ELISA. Data were calculated as % change versus PBMCs that were stimulated with anti-CD3/anti-CD28 antibodies and IL-12. Data are presented as scatter with median. The effects of CX3CL1 on the cytokines were analyzed by Wilcoxon-signed rank test vs. a hypothetical value of 0 (= no change). *, p < 0.05; **, p < 0.01; ***, p < 0.001; ***, p < 0.001. 
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Figure 3. IL-18 modulated IFNγ, TNFα and GM-CSF release from PBMCs with activated T-cells. PBMCs from nonsmokers (NS; n = 10), current smokers without respiratory symptoms (S; n = 11) and chronic obstructive pulmonary disease subjects (COPD; n = 13) were stimulated with anti-CD3 and anti-CD28 antibodies (each at 500 ng/mL) and with IL-12 (10 ng/mL). After 30 min, recombinant IL-18 was added at 10 or 50 ng/mL. After 72 h, INFγ (A), TNFα (B) and GM-CSF (C) concentrations were measured in the cell culture supernatants by ELISA. Data were calculated as % change versus PBMCs that were stimulated with anti-CD3/anti-CD28 antibodies and IL-12. Data are presented as scatter with median. The effects of IL-18 on the cytokines were analyzed by one-sample test vs. a hypothetical value of 0 (= no change). *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Figure 4. CCL18 concentration-dependently modulated INFγ, TNFα and GM-CSF release from PBMCs with activated T-cells. PBMCs from nonsmokers (NS; n = 10), current smokers without respiratory symptoms (S; n = 11) and chronic obstructive pulmonary disease subjects (COPD; n = 13) were stimulated with anti-CD3 and anti-CD28 antibodies (each at 500 ng/mL) and with IL-12 (10 ng/mL). After 30 min, recombinant CCL18 was added at 10 or 50 ng/mL. After 72h, INFγ (A), TNFα (B) and GM-CSF (C) concentrations were measured in the cell culture supernatants by ELISA. Data were calculated as % change versus PBMCs that were stimulated with anti-CD3/anti-CD28 antibodies and IL-12. Data are presented as scatter with median. The effects of CCL18 on the cytokines were analyzed by one-sample test vs. a hypothetical value of 0 (= no change). *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Figure 5. BMP reduced TNFα and GM-CSF release from PBMCs with activated T-cells. PBMCs from nonsmokers (NS; n = 10), current smokers without respiratory symptoms (S; n = 11) and chronic obstructive pulmonary disease subjects (COPD; n = 13) were stimulated with anti-CD3 and anti-CD28 antibodies (each at 500 ng/mL) and with IL-12 (10 ng/mL). After 30 min, recombinant BNP was added at 10 or 50 ng/mL. After 72 h, INFγ (A), TNFα (B) and GM-CSF (C) concentrations were measured in the cell culture supernatants by ELISA. Data were calculated as % change versus PBMCs that were stimulated with anti-CD3/anti-CD28 antibodies and IL-12. Data are presented as scatter with median. The effects of BNP on the cytokines were analyzed by Wilcoxon-signed rank test vs. a hypothetical value of 0 (= no change). *, p < 0.05; **, p < 0.01. 
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Figure 6. Periostin did not modulate IFNγ, TNFα or GM-CSF release from PBMCs with activated T-cells in S or COPD. PBMCs from nonsmokers (NS; n = 10), current smokers without respiratory symptoms (S; n = 11) and chronic obstructive pulmonary disease subjects (COPD; n = 13) were stimulated with anti-CD3 and anti-CD28 antibodies (each at 500 ng/mL) and with IL-12 (10 ng/mL). After 30 min, recombinant periostin was added at 10 or 50 ng/mL. After 72 h, INFγ (A), TNFα (B) and GM-CSF (C) concentrations were measured in the cell culture supernatants by ELISA. Data were calculated as % change versus PBMCs that were stimulated with anti-CD3/anti-CD28 antibodies and IL-12. Data are presented as scatter with median. The effects of periostin on the cytokines were analyzed by Wilcoxon-signed rank test vs. a hypothetical value of 0 (= no change). **, p < 0.01. 
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Figure 7. IL-17 suppressed TNFα and GM-CSF release from PBMCs with activated T-cells in current smokers without COPD. PBMCs from nonsmokers (NS; n = 10), current smokers without respiratory symptoms (S; n = 11) and chronic obstructive pulmonary disease subjects (COPD; n = 13) were stimulated with anti-CD3 and anti-CD28 antibodies (each at 500 ng/mL) and with IL-12 (10 ng/mL). After 30 min, recombinant IL-17 was added at 10 or 50 ng/mL. After 72 h, INFγ (A), TNFα (B) and GM-CSF (C) concentrations were measured in the cell culture supernatants by ELISA. Data were calculated as % change versus PBMCs that were stimulated with anti-CD3/anti-CD28 antibodies and IL-12. Data are presented as scatter with median. The effects of IL-17 on the cytokines were analyzed by Wilcoxon-signed-rank test vs. a hypothetical value of 0 (= no change). Comparisons between the groups were made by Kruskal-Wallis test (p = 0.039 in B) with post hoc Dunn’s test. *, p < 0.05; **, p < 0.01. 
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Figure 8. CCL22 reduced IFNγ, TNFα, and GM-CSF release from PBMCs with activated T-cells. PBMCs from non-smokers (NS; n = 10), current smokers without respiratory symptoms (S; n = 11) and chronic obstructive pulmonary disease subjects (COPD; n = 13) were stimulated with anti-CD3 and anti-CD28 antibodies (each at 500 ng/mL) and with IL-12 (10 ng/mL). After 30 min, recombinant CCL22 was added at 10 or 50 ng/mL. After 72 h, INFγ (A), TNFα (B) and GM-CSF (C) concentrations were measured in the cell culture supernatants by ELISA. Data were calculated as % change versus PBMCs that were stimulated with anti-CD3/anti-CD28 antibodies and IL-12. Data are presented as scatter with median. The effects of CCL22 on the cytokines were analyzed by one-sample test vs. a hypothetical value of 0 (= no change). Comparisons between the groups were made with one-way ANOVA and post hoc Bonferroni test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Figure 9. EGF modulates the release of IFNγ and GM-CSF from PBMCs with activated T-cells. PBMCs from nonsmokers (NS; n = 10), current smokers without respiratory symptoms (S; n = 11) and chronic obstructive pulmonary disease subjects (COPD; n = 13) were stimulated with anti-CD3 and anti-CD28 antibodies (each at 500 ng/mL) and with IL-12 (10 ng/mL). After 30 min, recombinant EGF was added at 10 or 50 ng/mL. After 72 h, INFγ (A), TNFα (B) and GM-CSF (C) concentrations were measured in the cell culture supernatants by ELISA. Data were calculated as % change versus PBMCs that were stimulated with anti-CD3/anti-CD28 antibodies and IL-12. Data are presented as scatter with median. The effects of EGF on the cytokines were analyzed by one-sample test vs. a hypothetical value of 0 (= no change). *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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Figure 10. Summary of the biomarker effects on Th1/Tc1 cytokines in subject groups. Statistically significant effects from Figures 2–9 are shown. Light grey, up-regulation; dark grey, down-regulation. Biomarker concentrations are given in the top row. Group 1 includes biomarkers for metabolic and cardiovascular diseases (CXCL1, IL-18, CCL18, BNP), group 2 in-cludes biomarkers for asthma and cancer (Periostin, IL-17, CCL22, EGF). NS, non-smokers, S, current smokers without respiratory symptoms, COPD, chronic obstructive pulmonary disease. 
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Table 1. Demographics of patients.
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	Parameter
	NS
	S
	COPD





	N
	10
	11
	13



	Age, y
	56.6 ± 3.6
	56.7 ± 2.6
	61.9 ± 2.3



	Gender, m:f
	2:8
	4:7
	7:6



	FEV1, % pred.
	104.8 ± 4.7
	105.5 ± 4.3
	45.9 ± 2.9 ***



	FEV1/FVC, %
	79.4 ± 1.8
	79.3 ± 1.3
	45 ± 3.1 ***



	FVC, % pred.
	109.1 ± 5.5
	108.9 ± 4.2
	84.5 ± 4.3 **



	Pack-Years
	0
	50.7 ± 10.8
	53.7 ± 7.5



	Monocytes, %WBC
	6.3 ± 0.5
	9.2 ± 0.7 ##
	4.5 ± 0.5 §§



	Lymphocytes, %WBC
	37.5 ± 4.7
	34.3 ± 3.5
	27.7 ± 2.1



	Neutrophils, %WBC
	55.2 ± 4.9
	56.5 ± 4.0
	67.3 ± 2.6



	Eosinophils, %WBC
	1.0 ± 0.3
	0.9 ± 0.4
	0.5 ± 0.2







NS, non-smoker; S, current smoker without chronic obstructive pulmonary disease (COPD) (≥10 pack-years); COPD, chronic obstructive pulmonary disease. COPD subjects were Global Initiative for Chronic Obstructive Lung Disease (GOLD) stages II to IV. FEV1, forced expiratory volume in one second; FVC, forced vital capacity; WBC, whole blood count; Data are given as mean ± standard error of the mean (SEM); ** p < 0.01; *** p <0.001 versus S and NS; ## p < 0.01 vs. NS; §§ p < 0.01 vs. S.
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