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Abstract

:

Pulmonary arterial hypertension (PAH) is a complex disorder characterized by increased pressure in the pulmonary arteries, leading to right heart failure. While the exact mechanisms underlying PAH are not fully understood, cytokines have been implicated in the pathogenesis of the disease. Cytokines play a crucial role in regulating immune responses and inflammation. These small proteins also play a key role in shaping the immunophenotype, which refers to the specific characteristics and functional properties of immune cells, which can have a significant impact on the development of PAH. The aim of this study was to determine the immunophenotype and the concentration of selected cytokines, IL-2, IL-4, IL-6, IL-10, and IFN-gamma, in patients diagnosed with PAH (with particular emphasis on subtypes) in relation to healthy volunteers. Based on the obtained results, we can conclude that in patients with PAH, the functioning of the immune system is deregulated as a result of a decrease in the percentage of selected subpopulations of immune cells in peripheral blood and changes in the concentration of tested cytokines in relation to healthy volunteers. In addition, a detailed analysis showed that there are statistically significant differences between the PAH subtypes and the tested immunological parameters. This may indicate a significant role of the immune system in the pathogenesis of PAH.
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1. Introduction


Pulmonary hypertension (PH) is a pathological increase in pressure in the pulmonary artery which can develop as a result of various underlying diseases of the heart, lungs, or pulmonary vessels [1]. The diagnosis of PH requires invasive hemodynamic measurements that allow for an effective diagnosis, but it should be emphasized that this disease is very diverse, varying in etiology, clinical picture, pathophysiology, hemodynamic characteristics, and treatment strategies. Therefore, PH was divided into five clinical classes [2] (Figure 1).



Despite advances in treatment, PH continues to have high rates of morbidity and mortality, possibly due to delayed diagnosis. To ascertain the presence of PH, dedicated medical institutions employ echocardiography, meticulously analyzing parameters such as tricuspid valve velocity and the morphological dimensions of the right ventricle. These parameters facilitate the stratification of the disease likelihood into discrete categories: low, moderate, or high. This stratification paradigm plays a pivotal role in the diagnostic algorithm delineated by the European Society of Cardiology (ESC) [2]. Should the post-echocardiography analysis indicate a low likelihood of PH, the diagnostic algorithm advocates the exploration of alternative etiologies accounting for the patient’s clinical manifestations. Conversely, individuals categorized with moderate to high likelihood are advised to undergo a comprehensive array of diagnostic procedures, encompassing electrocardiograms (ECGs), arterial blood gas analysis, pulmonary function assessment, chest radiography, and high-resolution computed tomography. Concomitantly, the pulmonary diffusing capacity for carbon monoxide warrants evaluation. Upon exclusion of pathologies of the left cardiac chambers and pulmonary system, it becomes imperative to channel the patient to an institution specializing in the comprehensive diagnosis and therapeutic management of pulmonary hypertension. Within such institutions, right heart catheterization is typically executed [3,4]. PAH is diagnosed through invasive hemodynamic measurements to determine if mean pulmonary arterial pressure (mPAP) is ≥20 mmHg, pulmonary capillary wedge pressure (PCWP) is ≤15 mmHg, and pulmonary vascular resistance (PVR) is ≥2 WU [2]. Specific diagnostic tests can identify different types of PAH, but to effectively treat PH, it is important to identify the root cause.



The involvement of the immune system in PH is the result of a complex interaction of immune cells, cytokines, growth factors, and pulmonary vascular cells. Chronic inflammation and activation of immune cells may contribute to remodeling of the pulmonary arteries. This remodeling includes structural changes, such as thickening of the vessel walls, narrowing of the vessel lumen, and lesion formation [5]. Immune cells release growth factors that promote the proliferation of vascular smooth muscle cells that are involved in vasoconstriction. Immune cells, especially macrophages and T cells, are found in the lung tissues and blood vessels of people with pulmonary hypertension. These cells release proinflammatory molecules called cytokines that can promote inflammation, cell proliferation, and vascular remodeling [6,7,8]. Some evidence suggests that autoimmune mechanisms may be involved in some forms of pulmonary hypertension, such as pulmonary hypertension associated with connective tissue disease. Autoimmune processes are processes in which the immune system mistakenly attacks the body’s own tissues. In such cases, autoantibodies and immune complexes may contribute to inflammation and vascular damage in the pulmonary arteries [5,6,7,8]. Understanding the role of the immune system in pulmonary hypertension has opened up new avenues for therapeutic intervention. Immunomodulatory therapies, such as targeting specific cytokines or immune cell pathways, are being explored as potential treatments to alleviate inflammation and vascular remodeling. Studying cytokines can help improve understanding of the disease, as they regulate the severity and type of inflammatory response (Figure 2) and, acting through specific receptors, can trigger cells to proliferate and secrete biologically active substances [7,8].



In our research, we focused on studying the expression of immunological markers in patients with PAH, with a particular emphasis on suppressive molecules. Our specific goals included evaluating the levels of certain cytokines (interferon-gamma, IL-2, IL-4, IL-6, and IL-10) in the plasma of all study groups, compared with a control group. Our aim was to investigate the potential role of these cytokines in the molecular pathomechanisms of PAH, and to identify any markers that could be used for diagnosing the condition.




2. Results


The first stage of our research was based on the basic immunophenotype of all analyzed patients, both from the study group and healthy volunteers. The obtained results are presented in Table 1.



Based on these results, we can conclude that all the analyzed subpopulations of immune cells are significantly lower in patients with PAH than in healthy individuals. Moreover, a detailed analysis of particular PAH subtypes also showed a number of statistically significant differences in immunophenotype (Table 2). The observed immunophenotype disorders in patients with PAH also show a number of changes not only in relation to the control group (Figure 3A–F), but also between individual subtypes of the disease, which indicates a significant role of the immune system in the pathogenesis of this type of disease (Figure 3A–C).



In the next stage of the study, the concentration of cytokines IL-2, IL-4, IL-6, IL-10, and IFN-γ in the plasma of patients diagnosed with PAH as compared with healthy volunteers was analyzed. The obtained results are presented in Table 3.



As can be seen in Table 3, all cytokines tested, with the exception of IL-4, were significantly elevated in PAH patients compared with healthy volunteers. The highest difference was obtained for IL-6, whose increase compared with healthy volunteers was over 9-fold, while the lowest difference was for IFN-γ, where the recorded increase was over 2.5 times higher. A detailed analysis of the obtained results, taking into account the individual PAH subtypes, also showed a number of significant changes in the level of the tested cytokines compared with that of healthy volunteers (Supplementary Materials Table S1; Figure 4).



In the case of IL-2, the highest concentrations were achieved in patients with IPAH and CHD, which were more than 10- and 11-fold higher, respectively, than in healthy volunteers, and also significantly differed between all PAH subtypes analyzed. In the case of IL-4, a significant increase in its concentration was observed in patients with CHD (1.26 times higher), and a decrease was observed in patients with CTEPH (1.63 times) and IPAH (2.68 times) compared with healthy volunteers. The highest concentrations among all tested cytokines were recorded for IL-6, for which the increase was 14.5 times for IPAH, 9.77 times for CTD, 6.99 times for CTEPH, and 5.65 times for CHD. In the case of IL-10 and IFN-y, we observed a statistically significant increase in their concentration in all PAH subtypes compared with that in healthy individuals (Table 4). Due to such different concentration levels of the tested cytokines, we also showed significant differences between the individual PAH subunits (Table 4). This may indicate disorders in the functioning of the immune system, which may be involved in the pathogenesis and progression of PAH. There were no statistically significant correlations between the concentration of the cytokines tested (interferon-gamma, IL-2, IL-4, IL-6, and IL-10) and selected clinical and laboratory parameters in patients with different types of PAH.



The next step was to conduct analyses to show whether there are statistically significant correlations between the tested parameters of the immune system and the levels of the tested cytokines and selected clinical parameters of patients with PH. To this end, we performed a Sperman rank correlation analysis, which is graphically presented in Figure 5 (CHD), Figure 6 (CTD), Figure 7 (CTEPH), and Figure 8 (IPAH), and detailed research data are presented in Supplementary Materials Tables S2–S5.



Patients with CHD showed 46 statistically significant correlations, of which 13 were negative (1 low; 9 moderate; 3 high) and 33 positive (16 moderate, 13 high, and 4 very high). Patients with CTD showed 23 significant correlations, of which 5 were negative (2 high and 3 very high) and the remaining 18 were positive correlations (10 high and 8 very high). Then, for CTEPH patients, we recorded 28 correlations, of which 8 were negative (5 high and 3 very high) and 20 positive (15 high and 5 very high). In the last analyzed group of patients with IPAH, we noted 39 significant correlations, of which 13 were negative (12 moderate; 1 high) and 26 positive (14 moderate; 5 high; and 7 very high). A detailed analysis of statistically significant correlations between individual groups of patients showed several significant similarities between individual types of PH. For patients with CHD and CTD, we observed eight common correlations, namely age and mPAP (negative); PVR and RVSP (positive); mPAP and RVSP (positive); CD4+ and CD4+/CD8+ (positive); CD45+ and CD4+ (positive); CD4+ and CD3+ (positive); PVR and mPAP (positive); and age and PLT, which was positive in CHD patients but negative in CTD patients.



For patients with CHD in relation to CTEPH, we also noted eight common correlations, namely CD45+ and CD8+ (positive); CD8+ and CD3+ (positive); mPAP and RVSP (positive); CD4+ and CD4+/CD8+ (positive); mPAP and PASP (positive); PASP and RVSP (positive); mPAP and lymphocytes, which was positive for CHD and negative for CTEPH; and PASP and lymphocytes, for which we recorded identical differences to those noted above.



Between patients with CHD and IPAH, we distinguished the most common correlations, as many as 15, such as age and 6MWT (negative); age and mPAP (negative); age and PASP (negative); 6MWT and RVSP (positive); 6MWT and PASP (positive); CD19+ and CD4+/CD8+ (positive); PVR and mPAP (positive); CD45+ and CD4+ (positive); CD4+ and CD4+/CD8+ (positive); CD45+ and CD8+ (positive); ASP and RVSP (positive); and CO and IL-2 concentration and NT-proBNP and IL-10 concentration, for both of which the correlations were positive in patients with CHD and negative in patients with IPAH. Between patients with CTD and CTEPH, we found only two common correlations, both positive: Cl and CO and CD4+ and CD4+/CD8+.



In patients with CTD and IPAH, we detected 11 common correlations, the first 2 of which were negative and the rest positive. This applies to IL-4 and IFN-γ concentration; age and mPAP; PVR and IL-6 concentration; CD8+ and CD19+; mPAP and IL-6 concentration; CD45+ and CD19+; CD19+ and CD3+; CD4+ and CD19+; PVR and mPAP; CD45+ and CD4+; and CD3+ and CD4+.



Between the last groups of patients, i.e., CTEP and IPAH, we recorded six common coalescences, namely mean pressure in the right ventricle and IL-2 concentration (negative); CD4+ and CD4+/CD8+ (positive); CD3+ and CD8+ (positive); CO and Cl (positive); PASP and RVSP (positive); and CD4+ and CD8+, which was positive in IPAH patients and negative in CTEPH patients.




3. Discussion


3.1. IL-6


Many authors have considered the excessive production of cytokines as a potential cause for the development of pulmonary arterial hypertension (PAH) [9,10]. Studies have confirmed that patients with PAH of various causes have significantly higher levels of cytokines in their plasma compared with control groups, including IL-2, IL-6, IL-8, and IL-10, which have been shown to significantly impact patient survival and can serve as useful biomarkers for assessing the risk of developing PAH [11]. Additionally, a study conducted on patients with hereditary PAH revealed a higher risk of death in those with higher concentrations of IL-1α, IL-1β, IL-6, TNF-α, and IL-13, independent of other factors such as age, 6 min walk test results, cardiac output, and pressure in the right atrium [12]. These findings suggest that an increase in cytokine concentration is associated with patient mortality in PAH. IL-6 is a cytokine that plays a significant role in vascular remodeling and the development of PAH. Studies have shown that high levels of IL-6 are often associated with poor prognosis in patients with PAH. IL-6 is produced by various cells in response to stimulation and has both proinflammatory and anti-inflammatory effects. It can stimulate the production of acute phase proteins, promote B cell activation, and inhibit IFN-gamma production. However, IL-6 can also convert Th cells to Th2 and induce a suppressor of cytokine signaling-3 (SOCS-3), which negatively regulates the inflammatory response [11,13,14,15].



Research has found a correlation between IL-6 and the development of hypoxia-induced pulmonary hypertension, but some studies have not shown a direct correlation between IL-6 concentration and mPAP or PVR indices [16]. Our study assessed cytokine concentrations in patients with PAH caused by various factors or unknown causes. We found that the highest concentration of IL-6 was observed in patients with IPAH, which was significantly higher than in the control group. Although IL-6 concentration is associated with mortality risk in PAH patients, it is not necessarily an indicator of heart failure.




3.2. IL-2


Research has shown that patients with chronic heart failure often have increased levels of IL-2 and IL-1. In animal studies, it was discovered that IL-2 can cause pulmonary edema by increasing vascular permeability. Additionally, IL-2 has been found to promote vasoconstriction and pulmonary hypertension. Studies have also confirmed that IL-2 is involved in the pathogenesis of IPAH, as it increases the expression of endothelin associated with the development of pulmonary hypertension [17,18,19]. Our research found that patients with IPAH had significantly higher concentrations of IL-2 compared with other PAH groups and the control group, as well as higher plasma IFN-gamma concentrations. Furthermore, patients with CHD-PAH, CTD-PAH, and CTEPH also showed significantly higher concentrations of IFN-gamma compared with the control group.




3.3. IL-10


According to Soon et al.’s research, patients with IPAH have higher concentrations of IFN-gamma and IL-2, as well as IL-10 and IL-4, compared with the control group [13]. IL-10 is a cytokine that has protective effects on blood vessels and is produced by Th2 lymphocytes. It can inhibit the activation of Th1 lymphocytes and the production of proinflammatory cytokines by macrophages [20]. Furthermore, it prevents the proliferation of vascular cells, weakens smooth muscle cell proliferation, and reduces the expression of chemokines. IL-10 has also been found to lower the concentration of IL-6 [21]. Our studies have shown that patients with CHD-PAH, CTD-PAH, and CTEPH had significantly higher concentrations of IL-10 than the control group. However, there were no changes in the concentration of this cytokine in IPAH patients compared with the control group. Additionally, patients with CTD-PAH, CTEPH, and IPAH had significantly lower concentrations of IL-4 than the control group. Among the different types of PAH, IPAH patients had the lowest concentration of this cytokine. These results suggest that the anti-inflammatory component may not be functioning well in IPAH patients. The increased concentration of Th1-dependent cytokines (IFN-gamma, IL-2) with an increase in the concentration of IL-10 may be a compensatory effect that antagonizes inflammation [13]. Our research also indicated a disturbance in the function of Th2 lymphocytes in IPAH patients, where no increase in the concentration of anti-inflammatory cytokines was observed despite excessive secretion of proinflammatory cytokines.




3.4. IL-4


IL-4 is a cytokine that is linked with the development and progression of PAH. It has the ability to promote the production of antibodies by B lymphocytes, which is crucial in the development and progression of PAH. Studies have shown that patients with PAH have significantly higher levels of IL-4 in their plasma. However, in a separate research work, it was discovered that patients with CTD-PAH, CTEPH, and IPAH had significantly lower levels of IL-4 in their plasma compared with the controls. This suggests that the anti-inflammatory component may not be functioning properly. In addition, patients with CHD-PAH had higher levels of IL-4 compared with those with CTD-PAH, CTEPH, and IPAH. This is significant as IL-4 stimulates B lymphocytes to produce antibodies, which can contribute to the progression and development of PAH [22]. It is interesting to note that there is a difference of opinion regarding the correlation between cytokine levels and the risk of death in patients with hPAH (hereditary pulmonary arterial hypertension) when considering hemodynamic parameters. One study by Cracowski et al. [22] suggests that patients with hPAH who have elevated levels of cytokines (IL-1α, IL-1β, IL-6, IL-13, and TNF-α) have a higher risk of death, with cytokines identified as one of the independent factors affecting patient mortality. However, another study by Soon et al. [11] suggests that although inflammatory cytokines (TNF-a, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IL-13, and interferon-c) are involved in the pathogenesis of IPAH, there is no relationship between cytokine levels and hemodynamic parameters in hPAH patients. The disagreement may stem from the use of different parameters to assess the increased risk of death. Cracowski et al. employed age, the results of a walk test, RAP (right atrium pressure), and CO (cardiac output) [23], while Soon et al. used mPAP, CI (cardiac index), and PVR (pulmonary vascular resistance) as hemodynamic parameters [13]. According to a study by Yamaji-Kegan and colleagues, there is a theory that the inflammatory response to hypoxia-induced mitogenic factor (HIMF) is dependent on IL-4 and can cause inflammation in the lungs. The study found that administering HIMF protein resulted in VEGF-mediated lung inflammation through an IL-4-dependent pathway. HIMF increases VEGF expression and macrophage influx while decreasing VEGF receptor 2 expression. Previous research showed that mice without IL-4 did not experience this process, supporting the theory. Additionally, when the immune system responds to HIMF administration, it increases IL-4 production, which can cause pulmonary vascular pathway apoptosis [24,25,26]. The interaction between the protein cluster of differentiation 200, known as CD200, and the CD200R receptor is crucial in regulating the body’s inflammatory response [27]. This pathway helps to control inflammation during infections or cancer and can also suppress the immune system’s response to autoimmune diseases [28]. When CD200 interacts with the CD200R receptor, it can increase the production of cytokines in Th2 lymphocytes and alter the balance between Th1 and Th2 lymphocytes [29]. Lymphocytes stimulated with PHA and IL-2 show a higher incidence of CD200 on CD4+ T cells than on CD8+ T cells [30]. CD4+ T cells are responsible for suppressing excessive immune responses, which helps maintain immune system homeostasis. This CD200-CD200R system’s ability to reduce the immune system’s excessive response has been documented in many inflammatory diseases [31]. Furthermore, research has shown a negative correlation between the expression of the CD200R molecule on macrophages and CRP levels in rheumatoid arthritis [32]. In the authors’ research study, it was discovered that patients with CHD-PAH, CTEPH, and IPAH had higher percentages of certain T cells (CD4+ and CD8+) compared with the control group. This increase in T cells was found to be a compensatory mechanism that reduces excessive cytokine production. However, the study also revealed that this immunosuppressive pathway is impaired in patients with PAH. Additionally, the percentage of lymphocytes with certain expression was significantly lower in each PAH group compared with the control group, and IL-4 levels were lower in all PAH patients [4]. According to a study conducted by van Uden and colleagues, patients with IPAH have a reduced ability to produce certain substances, including IL-4, compared with healthy individuals [33]. This deficiency in the CD200R antigen, along with decreased IL-4 levels, suggests a potential link between the two conditions [27,34]. Other studies have also supported this hypothesis and have shown that IL-4 can increase the expression of CD200 and CD200R, as seen in microglia. In addition, research on Alzheimer’s disease and epilepsy in children has also found a correlation between IL-4 and CD200/CD200R expression [35].




3.5. IFN-Gamma


Cells produce interferons in response to certain triggers, and there are three types of interferons identified so far: type I (α, β, ε, κ, ω), type II (γ), and type III (λ) [36]. IFN is mainly produced by T lymphocytes, NK cells, NKT cells, and activated macrophages when they are influenced by antigens, cytokines, or mitogens. Although interferons do not have direct antiviral effects, they help induce an antiviral state in the cell. To function, interferons need to attach to the membrane receptor for IFN. The main antiviral function of interferons is to stimulate the synthesis of oligoisoadenine synthetase, which promotes the formation of adenine nucleotides in the presence of double-stranded RNA. These nucleotides activate the endoribonuclease RNase L, which degrades RNA, including cellular RNA [36]. When cells are treated with interferon at low concentrations, they produce more interferon than cells that are not treated with interferon. This is called interferon priming. According to Hemmerich et al. [37], interferon priming is important in causing neurotoxic phenotypes of specific tissue-resident macrophages (microglia). Interferon-γ also causes high release of IL-6, TNF-α, and nitric oxide, which can lead to a loss of electrical network activity and neurodegeneration. Even after interferon-γ disappears, its neurotoxic effects can still be active up to three days later. These findings are significant in addressing brain diseases, such as Alzheimer’s disease, viral and bacterial infections, and multiple sclerosis, which are characterized by elevated interferon-γ levels [37].



Dhillon, S. et al. [38] have presented four cases suggesting that pulmonary arterial hypertension (PAH) in patients who have been treated with interferon (IFN) may be irreversible. Therefore, clinicians should be cautious of this side effect when treating IFN, especially in patients with exertional dyspnea and no other identifiable cause of PAH [4]. Other studies have also reported a correlation between IFN type I treatment and the development of PAH [39,40]. The European Society of Cardiology guidelines for the diagnosis and treatment of pulmonary hypertension [41] further support this relationship by listing interferon treatment, along with cocaine, phenylpropanolamine, St John’s wort, amphetamine-like drugs, and certain chemotherapeutic agents, as possible causes of PAH. Research also suggests that the diffusing capacity of the lung for carbon monoxide (DLCO) frequently declines in patients with HCV who are treated with interferons and ribavirin. Specifically, clinically significant reductions in DLCO were observed in 48% of all patients treated with interferon (Peg-IFNa-2a) and ribavirin for HCV, and 18% of these patients still had a significant reduction in DLCO up to 6 months post-therapy, which aligns with earlier reports [42]. Research suggests that IFN-γ, which has antiviral and antitumor properties, may also play a significant role in PH [13]. Studies by Soon et al. with a separate cohort of 25 patients with IPAH found noticeably higher levels of IFN-γ in IPAH patients compared with control groups [43]. Proinflammatory cytokines like IL-2 and IL-6 were also found to be significantly elevated in IPAH patients. The median IFN-γ value in the IPAH group was almost six times higher than in the healthy control group, with the highest concentration levels observed in IPAH patients. Additionally, patients with CHD-PAH, CTD-PAH, and CTEPH were found to have higher IFN-γ concentrations compared with the control group in another study [4].



According to van Uden et al., T-helper cells in patients with IPAH were less capable of producing certain cytokines compared with those in healthy individuals. Specifically, IPAH patients had significantly decreased levels of TNFα, IFN-γ, IL-4, and IL-17 in CD4+ and CD8+ T cells. Additionally, IPAH patients had reduced proportions of certain double-producing T cells and lower frequencies of certain single-producing and double-producing memory T cells. However, CTD-PAH patients did not show these differences in cytokine production, even those who had received immunomodulatory therapy. The study also found that IPAH patients had reduced frequencies of Th2 cells, but the proportions of other cytokine-producing T cells remained the same as in healthy individuals. The researchers noted that the reduced cytokine production was only observed in memory T cells of IPAH patients and not in CTD-PAH patients [33]. It is possible that patients with a lower percentage of cytokine-producing cells may have a greater likelihood of developing IPAH. This conclusion is based on observations of patients with COPD, where those in the early stages of the disease had higher proportions of IFN-γ + and TNF-α + CD8+ T cells, while those in advanced stages had lower levels of IL-17+ CD4+ T cells. In CETPH patients, high levels of CXCL9 chemokine and IL-8 at the start were linked to increased mortality. CXCL9 is a chemokine that regulates immune cell activity, particularly T1 cells, and is necessary for IFN-γ production. T17.1 cells, which produce IFN-γ, are identified by CXCR3, a receptor for CXCL9. T17 cell immune polarization was discovered in patients with PAH, while intravascular triggers in CTEPH patients may stimulate CXCL9 to recruit cytotoxic lymphocytes, natural killer cells, and macrophages. CXCL9 may therefore be a significant biomarker that reflects the immune system’s pathological involvement in the pathophysiology of CTEPH [5,44,45].





4. Materials and Methods


4.1. Examined Patients and the Control Group Characteristics


This research was carried out between October 2017 and February 2018 on 70 patients with pulmonary arterial hypertension (50 women and 20 men), patients of the Cardiology Department of the Medical University of Lublin and the Cardiology Department of the Provincial Specialist Hospital in Lublin. The diagnosis of pulmonary arterial hypertension was based on the criteria of the European Society of Cardiology [41]. The average age of the patients was 57.74 ± 17.17 years (median: 60 years, minimum: 23 years, maximum: 81 years). Patients were classified according to the type of pulmonary hypertension, as follows: chronic thromboembolic pulmonary hypertension (CTEPH); pulmonary arterial hypertension associated with congenital heart disease (CHD); pulmonary arterial hypertension connected with systemic tissue diseases (CTDs); and idiopathic pulmonary arterial hypertension (IPAH). Detailed data on the characteristics of individual patient groups are presented in Table 4. The percentage of patients in an established class of heart failure (according to the World Health Organization), in particular with types of pulmonary arterial hypertension, is presented in Figure 9.



This study was conducted on people who did not present clinical symptoms of infection, allergies, or autoimmune diseases and who had not undergone a blood transfusion in the two months preceding the study. Basic laboratory tests were executed in the ALAB laboratory of the Independent Public Clinical Hospital in Lublin. Transthoracic heart echocardiography (TTE) was also performed using the Philips iE33 devices owned by the Cardiology Department of the Medical University of Lublin, the Cardiac Catheterization Laboratory of the Independent Public Clinical Hospital, and the Department of Cardiology of the Provincial Specialist Hospital in Lublin according to the standards of hemodynamic and angiographic assessment of pulmonary circulation adopted by the Circulatory Section and the Association of Cardiovascular Interventions of the Polish Society of Cardiology [23]. Due to the invasive nature of cardiac catheterization, the last available test result was used for analysis. The hemodynamic examination was performed on the analyzed patients depending on their clinical condition (based on the ESC guidelines on monitoring patients with PAH) and based on the requirements of the national PAH therapeutic program (at least every 24 months, and in patients with Eisenmenger syndrome, once in a lifetime).



The control group consisted of 20 people (12 women and 8 men) aged 58.1 ± 11.1 years (median: 56 years, minimum: 39 years, maximum: 77 years). Among the volunteers, only people who had no history of cardiovascular disease, were not treated with preparations affecting the immune system, did not show signs of infection, autoimmune diseases, or allergies, and did not have blood transfusions were selected.



The study protocol received a positive opinion from the Bioethics Committee at the Medical University of Lublin (no. KE-0254/309/2016).




4.2. Tested Material: Assessment of Peripheral Blood Immunophenotype and Plasma Interleukin Concentration


The material for the study was peripheral blood, which was collected from patients with pulmonary arterial hypertension and the control group. In the course of the work, 10 mL of blood was collected in tubes containing EDTA in a vacuum-aspiration system (Sarstedt, Germany). The collected blood was used to assess the immunophenotype of all tested patients and to separate the plasma for further analysis.



We used flow cytometry to assess the immunophenotype of lymphocytes in peripheral blood. Specifically, a whole blood sample was collected and stained with a panel of monoclonal antibodies, which included anti-CD4 BV421 (562424, BD Bioscience, Franklin Lakes, NJ, USA), anti-CD3 PerCp (345766, BD Bioscience, USA), anti-CD8 BV605 (344742, BioLegend, San Diego, CA, USA), anti-CD19 FITC (555412, BD Bioscience, USA), anti-CD45 Alexa Fluor 700 (368514, BioLegend, USA), anti-CD56 BV650 (564057, BD Bioscience, USA), and anti-CD16 BV650 (555407, BD Bioscience, USA). After staining, a lysing buffer was applied to remove red blood cells, and the resulting cells were washed and analyzed using a Cytoflex LX instrument (Beckman Coulter, Brea, CA, USA). Data analysis was performed using the Kaluza Analysis program (Beckman Coulter, USA) (Figure 10).



This process allowed for a detailed examination of the lymphocyte population in the blood sample, revealing important insights into its overall immunophenotype. The concentrations of IFN-gamma, IL-2, IL-4, IL-6, and IL-10 were determined in the peripheral blood plasma of patients from the study and control groups with ELISA (enzyme-linked immunosorbent assay). The following sets were used for the determinations:




	
Human IFN-gamma Platinum ELISA, sensitivity = 0.99 pg/mL (eBioscience, San Diego, CA, USA);



	
Human IL-2 Quantikine ELISA Kit, sensitivity = 0.066 pg/mL (R&D Systems, Minneapolis, MN, USA);



	
Human IL-4 Quantikine ELISA Kit, sensitivity = 0.22 pg/mL (R&D Systems, USA);



	
Human IL-10 Quantikine ELISA Kit, sensitivity = 0.17 pg/mL (R&D Systems, USA);



	
Human IL-6 Quantikine ELISA Kit, sensitivity = 0.11 pg/mL (R&D Systems, USA).








Cytokine concentration was determined according to the manufacturer’s procedure. The light absorbance was read using a VICTOR automatic reader (Perkin Elmer, Waltham, MA, USA). Calculation of the concentrations of the tested samples was performed using the WorkOut computer program based on the drawn standard curve.




4.3. Statistical Analysis


Data analysis was conducted using Tibco Statistica 13.3 software from StatSoft. The Shapiro–Wilk test determined the normal distribution of continuous variables. Obtained values were expressed as mean and standard deviation (SD) and median and minimum and maximum. Independent variables were compared using both the t-test and the Mann–Whitney U test to assess intergroup differences. Differences among more groups were assessed using the Kruskal–Wallis test, followed by post hoc analysis of mean ranks for multiple comparisons. Correlation analyses were conducted using Sperman rank correlation analysis. Statistically significant results were indicated by p ≤ 0.05.





5. Conclusions


This study by Tomaszewski M et al. found that patients with CHD-PAH, CTD-PAH, and CTEPH had higher IL-6, IFN-gamma, and IL-2 levels than the control group. However, they also had elevated IL-10 concentrations, which could indicate an effort to counteract inflammation. Patients with IPAH had even higher levels of IL-6, IFN-gamma, and IL-2 than other PAH types, but lower levels of IL-10. Other researchers’ findings were either consistent or conflicting with these results. It is widely recognized that cytokines play a crucial role in PH development. However, further research is required to determine whether cytokines can be used as diagnostic markers or potential treatment targets for this disease.








Supplementary Materials


The supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ijms241813694/s1.





Author Contributions


Conceptualization, M.T., P.M. and G.K.; methodology, P.M., M.J., A.S., S.M., K.J., M.T. and G.K.; formal analysis, P.M., S.M., K.J. and G.K.; investigation, M.J., A.S., K.J. and G.K.; writing—original draft preparation, P.M., M.J., A.S., S.M. and K.J.; writing—review and editing, P.M., E.G., G.K. and M.T.; visualization, P.M. and S.M.; funding acquisition, E.G., G.K. and M.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Polish Society of Cardiology and the Medical University of Lublin (DS640).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and the study protocol received a positive opinion from the Bioethics Committee at the Medical University of Lublin KE-0254/309/2016.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Due to privacy and ethical concerns, the data that support the findings of this study are available on request from the first author (M.T.).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Humbert, M. Treatment of Pulmonary Arterial Hypertension. N. Engl. J. Med. 2004, 351, 1425–1436. [Google Scholar] [CrossRef]

	



Humbert, M.; Kovacs, G.; Hoeper, M.M.; Badagliacca, R.; Berger, R.M.F.; Brida, M.; Carlsen, J.; Coats, A.J.S.; Escribano-Subias, P.; Ferrari, P.; et al. 2022 ESC/ERS Guidelines for the Diagnosis and Treatment of Pulmonary Hypertension. Eur. Heart J. 2022, 43, 3618–3731. [Google Scholar] [CrossRef] [PubMed]

	



Brown, L.M.; Chen, H.; Halpern, S.; Taichman, D.; McGoon, M.D.; Farber, H.W.; Frost, A.E.; Liou, T.G.; Turner, M.; Feldkircher, K.; et al. Delay in Recognition of Pulmonary Arterial Hypertension: Factors Identified from the REVEAL Registry. Chest 2011, 140, 19–26. [Google Scholar] [CrossRef]

	



Tomaszewski, M.; Małkowska, P.; Sierawska, O.; Hrynkiewicz, R.; Mroczek, E.; Darocha, S.; Hymos, A.; Błaszczak, P.; Grywalska, E.; Niedźwiedzka-Rystwej, P. CTLA-4 Expression Is a Promising Biomarker of Idiopathic Pulmonary Arterial Hypertension and Allows Differentiation of the Type of Pulmonary Hypertension. Int. J. Mol. Sci. 2022, 23, 15910. [Google Scholar] [CrossRef] [PubMed]

	



Koudstaal, T.; van Uden, D.; van Hulst, J.A.C.; Heukels, P.; Bergen, I.M.; Geenen, L.W.; Baggen, V.J.M.; van den Bosch, A.E.; van den Toorn, L.M.; Chandoesing, P.P.; et al. Plasma Markers in Pulmonary Hypertension Subgroups Correlate with Patient Survival. Respir. Res. 2021, 22, 137. [Google Scholar] [CrossRef] [PubMed]

	



Thenappan, T.; Ormiston, M.L.; Ryan, J.J.; Archer, S.L. Pulmonary Arterial Hypertension: Pathogenesis and Clinical Management. BMJ 2018, 360, j5492. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.-M.; An, J. Cytokines, Inflammation and Pain. Int. Anesthesiol. Clin. 2007, 45, 27–37. [Google Scholar] [CrossRef]

	



Kany, S.; Vollrath, J.T.; Relja, B. Cytokines in Inflammatory Disease. Int. J. Mol. Sci. 2019, 20, 6008. [Google Scholar] [CrossRef]

	



Humbert, M.; Monti, G.; Brenot, F.; Sitbon, O.; Portier, A.; Grangeot-Keros, L.; Duroux, P.; Galanaud, P.; Simonneau, G.; Emilie, D. Increased Interleukin-1 and Interleukin-6 Serum Concentrations in Severe Primary Pulmonary Hypertension. Am. J. Respir. Crit. Care Med. 1995, 151, 1628–1631. [Google Scholar] [CrossRef]

	



Steiner, M.K.; Syrkina, O.L.; Kolliputi, N.; Mark, E.J.; Hales, C.A.; Waxman, A.B. Interleukin-6 Overexpression Induces Pulmonary Hypertension. Circ. Res. 2009, 104, 236–244. [Google Scholar] [CrossRef]

	



Soon, E.; Holmes, A.M.; Treacy, C.M.; Doughty, N.J.; Southgate, L.; Machado, R.D.; Trembath, R.C.; Jennings, S.; Barker, L.; Nicklin, P.; et al. Elevated Levels of Inflammatory Cytokines Predict Survival in Idiopathic and Familial Pulmonary Arterial Hypertension. Circulation 2010, 122, 920–927. [Google Scholar] [CrossRef] [PubMed]

	



Cracowski, J.-L.; Chabot, F.; Labarère, J.; Faure, P.; Degano, B.; Schwebel, C.; Chaouat, A.; Reynaud-Gaubert, M.; Cracowski, C.; Sitbon, O.; et al. Proinflammatory Cytokine Levels Are Linked to Death in Pulmonary Arterial Hypertension. Eur. Respir. J. 2014, 43, 915–917. [Google Scholar] [CrossRef]

	



Tomaszewski, M.; Bębnowska, D.; Hrynkiewicz, R.; Dworzyński, J.; Niedźwiedzka-Rystwej, P.; Kopeć, G.; Grywalska, E. Role of the Immune System Elements in Pulmonary Arterial Hypertension. J. Clin. Med. 2021, 10, 3757. [Google Scholar] [CrossRef] [PubMed]

	



Groth, A.; Vrugt, B.; Brock, M.; Speich, R.; Ulrich, S.; Huber, L.C. Inflammatory Cytokines in Pulmonary Hypertension. Respir. Res. 2014, 15, 47. [Google Scholar] [CrossRef] [PubMed]

	



Prins, K.W.; Archer, S.L.; Pritzker, M.; Rose, L.; Weir, E.K.; Sharma, A.; Thenappan, T. Interleukin-6 Is Independently Associated with Right Ventricular Function in Pulmonary Arterial Hypertension. J. Heart Lung Transplant. 2018, 37, 376–384. [Google Scholar] [CrossRef]

	



Jasiewicz, M.; Knapp, M.; Waszkiewicz, E.; Ptaszynska-Kopczynska, K.; Szpakowicz, A.; Sobkowicz, B.; Musial, W.J.; Kaminski, K.A. Enhanced IL-6 Trans-Signaling in Pulmonary Arterial Hypertension and Its Potential Role in Disease-Related Systemic Damage. Cytokine 2015, 76, 187–192. [Google Scholar] [CrossRef]

	



Glauser, F.L.; DeBlois, G.G.; Bechard, D.E.; Merchant, R.E.; Grant, A.J.; Fowler, A.A.; Fairman, R.P. Cardiopulmonary Effects of Recombinant Interleukin-2 Infusion in Sheep. J. Appl. Physiol. 1988, 64, 1030–1037. [Google Scholar] [CrossRef]

	



Shigematsu, T.; Miura, S.; Hirokawa, M.; Hokari, R.; Higuchi, H.; Watanabe, N.; Tsuzuki, Y.; Kimura, H.; Tada, S.; Nakatsumi, R.C.; et al. Induction of Endothelin-1 Synthesis by IL-2 and Its Modulation of Rat Intestinal Epithelial Cell Growth. Am. J. Physiol. 1998, 275, G556–G563. [Google Scholar] [CrossRef]

	



Ferro, T.J.; Johnson, A.; Everitt, J.; Malik, A.B. IL-2 Induces Pulmonary Edema and Vasoconstriction Independent of Circulating Lymphocytes. J. Immunol. 1989, 142, 1916–1921. [Google Scholar] [CrossRef]

	



Ito, T.; Ikeda, U. Inflammatory Cytokines and Cardiovascular Disease. Curr. Drug Targets Inflamm. Allergy 2003, 2, 257–265. [Google Scholar] [CrossRef]

	



Ito, T.; Okada, T.; Miyashita, H.; Nomoto, T.; Nonaka-Sarukawa, M.; Uchibori, R.; Maeda, Y.; Urabe, M.; Mizukami, H.; Kume, A.; et al. Interleukin-10 Expression Mediated by an Adeno-Associated Virus Vector Prevents Monocrotaline-Induced Pulmonary Arterial Hypertension in Rats. Circ. Res. 2007, 101, 734–741. [Google Scholar] [CrossRef]

	



Taraseviciene-Stewart, L.; Nicolls, M.R.; Kraskauskas, D.; Scerbavicius, R.; Burns, N.; Cool, C.; Wood, K.; Parr, J.E.; Boackle, S.A.; Voelkel, N.F. Absence of T Cells Confers Increased Pulmonary Arterial Hypertension and Vascular Remodeling. Am. J. Respir. Crit. Care Med. 2007, 175, 1280–1289. [Google Scholar] [CrossRef] [PubMed]

	



Kurzyna, M.; Darocha, S.; Pietura, R.; Pietrasik, A.; Norwa, J.; Mańczak, R.; Wieteska, M.; Biederman, A.; Matsubara, H.; Torbicki, A. Changing the Strategy of Balloon Pulmonary Angioplasty Resulted in a Reduced Complication Rate in Patients with Chronic Thromboembolic Pulmonary Hypertension. A Single-Centre European Experience. Kardiol. Polska/Pol. Heart J. 2017, 75, 645–654. [Google Scholar] [CrossRef] [PubMed]

	



Yamaji-Kegan, K.; Su, Q.; Angelini, D.J.; Champion, H.C.; Johns, R.A. Hypoxia-Induced Mitogenic Factor Has Proangiogenic and Proinflammatory Effects in the Lung via VEGF and VEGF Receptor-2. Am. J. Physiol. Lung Cell Mol. Physiol. 2006, 291, L1159–L1168. [Google Scholar] [CrossRef] [PubMed]

	



Angelini, D.J.; Su, Q.; Yamaji-Kegan, K.; Fan, C.; Skinner, J.T.; Poloczek, A.; El-Haddad, H.; Cheadle, C.; Johns, R.A. Hypoxia-Induced Mitogenic Factor (HIMF/FIZZ1/RELMα) in Chronic Hypoxia- and Antigen-Mediated Pulmonary Vascular Remodeling. Respir. Res. 2013, 14, 1. [Google Scholar] [CrossRef]

	



Yamaji-Kegan, K.; Takimoto, E.; Zhang, A.; Weiner, N.C.; Meuchel, L.W.; Berger, A.E.; Cheadle, C.; Johns, R.A. Hypoxia-Induced Mitogenic Factor (FIZZ1/RELMα) Induces Endothelial Cell Apoptosis and Subsequent Interleukin-4-Dependent Pulmonary Hypertension. Am. J. Physiol. Lung Cell Mol. Physiol. 2014, 306, L1090–L1103. [Google Scholar] [CrossRef]

	



Yi, M.-H.; Zhang, E.; Kang, J.W.; Shin, Y.N.; Byun, J.Y.; Oh, S.-H.; Seo, J.H.; Lee, Y.H.; Kim, D.W. Expression of CD200 in Alternative Activation of Microglia Following an Excitotoxic Lesion in the Mouse Hippocampus. Brain Res. 2012, 1481, 90–96. [Google Scholar] [CrossRef]

	



Kojima, T.; Tsuchiya, K.; Ikemizu, S.; Yoshikawa, S.; Yamanishi, Y.; Watanabe, M.; Karasuyama, H. Novel CD200 Homologues ISEC1 and ISEC2 Are Gastrointestinal Secretory Cell-Specific Ligands of Inhibitory Receptor CD200R. Sci. Rep. 2016, 6, 36457. [Google Scholar] [CrossRef]

	



Wright, G.J.; Cherwinski, H.; Foster-Cuevas, M.; Brooke, G.; Puklavec, M.J.; Bigler, M.; Song, Y.; Jenmalm, M.; Gorman, D.; McClanahan, T.; et al. Characterization of the CD200 Receptor Family in Mice and Humans and Their Interactions with CD200. J. Immunol. 2003, 171, 3034–3046. [Google Scholar] [CrossRef]

	



Najar, M.; Raicevic, G.; Jebbawi, F.; De Bruyn, C.; Meuleman, N.; Bron, D.; Toungouz, M.; Lagneaux, L. Characterization and Functionality of the CD200-CD200R System during Mesenchymal Stromal Cell Interactions with T-Lymphocytes. Immunol. Lett. 2012, 146, 50–56. [Google Scholar] [CrossRef]

	



Soberman, R.J.; MacKay, C.R.; Vaine, C.A.; Ryan, G.B.; Cerny, A.M.; Thompson, M.R.; Nikolic, B.; Primo, V.; Christmas, P.; Sheiffele, P.; et al. CD200R1 Supports HSV-1 Viral Replication and Licenses Pro-Inflammatory Signaling Functions of TLR2. PLoS ONE 2012, 7, e47740. [Google Scholar] [CrossRef] [PubMed]

	



Gao, S.; Hao, B.; Yang, X.F.; Chen, W.Q. Decreased CD200R Expression on Monocyte-Derived Macrophages Correlates with Th17/Treg Imbalance and Disease Activity in Rheumatoid Arthritis Patients. Inflamm. Res. 2014, 63, 441–450. [Google Scholar] [CrossRef]

	



Van Uden, D.; Koudstaal, T.; van Hulst, J.A.C.; Vink, M.; van Nimwegen, M.; van den Toorn, L.M.; Chandoesing, P.P.; van den Bosch, A.E.; Kool, M.; Hendriks, R.W.; et al. Peripheral Blood T Cells of Patients with IPAH Have a Reduced Cytokine-Producing Capacity. Int. J. Mol. Sci. 2022, 23, 6508. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.; Cherwinski, H.; Sedgwick, J.D.; Phillips, J.H. Molecular Mechanisms of CD200 Inhibition of Mast Cell Activation. J. Immunol. 2004, 173, 6786–6793. [Google Scholar] [CrossRef] [PubMed]

	



Walker, D.G.; Dalsing-Hernandez, J.E.; Campbell, N.A.; Lue, L.-F. Decreased Expression of CD200 and CD200 Receptor in Alzheimer’s Disease: A Potential Mechanism Leading to Chronic Inflammation. Exp. Neurol. 2009, 215, 5–19. [Google Scholar] [CrossRef] [PubMed]

	



Gołąb, J.; Jakóbisiak, M.; Lasek, W.; Stokłosa, T. Immunologia; Wydawnictwo Naukowe PWN: Daimlera, Poland, 2017. [Google Scholar]

	



Hemmerich, M.; Malorny, N.; Lewen, A.; Hollnagel, J.-O.; Chausse, B.; Kann, O. Priming of Microglia by Type II Interferon Is Lasting and Resistant to Modulation by Interleukin-10 in Situ. J. Neuroimmunol. 2022, 368, 577881. [Google Scholar] [CrossRef]

	



Dhillon, S.; Kaker, A.; Dosanjh, A.; Japra, D.; Vanthiel, D.H. Irreversible Pulmonary Hypertension Associated with the Use of Interferon Alpha for Chronic Hepatitis C. Dig. Dis. Sci. 2010, 55, 1785–1790. [Google Scholar] [CrossRef]

	



Al-Zahrani, H.; Gupta, V.; Minden, M.D.; Messner, H.A.; Lipton, J.H. Vascular Events Associated with Alpha Interferon Therapy. Leuk. Lymphoma 2003, 44, 471–475. [Google Scholar] [CrossRef]

	



Ledinek, A.H.; Jazbec, S.S.; Drinovec, I.; Rot, U. Pulmonary Arterial Hypertension Associated with Interferon Beta Treatment for Multiple Sclerosis: A Case Report. Mult. Scler. 2009, 15, 885–886. [Google Scholar] [CrossRef]

	



Galiè, N.; Humbert, M.; Vachiery, J.-L.; Gibbs, S.; Lang, I.; Torbicki, A.; Simonneau, G.; Peacock, A.; Vonk Noordegraaf, A.; Beghetti, M.; et al. 2015 ESC/ERS Guidelines for the Diagnosis and Treatment of Pulmonary Hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT). Eur. Heart J. 2016, 37, 67–119. [Google Scholar] [CrossRef]

	



Foster, G.R.; Zeuzem, S.; Pianko, S.; Sarin, S.K.; Piratvisuth, T.; Shah, S.; Andreone, P.; Sood, A.; Chuang, W.-L.; Lee, C.-M.; et al. Decline in Pulmonary Function during Chronic Hepatitis C Virus Therapy with Modified Interferon Alfa and Ribavirin. J. Viral Hepat. 2013, 20, e115–e123. [Google Scholar] [CrossRef] [PubMed]

	



Tomaszewski, M.; Grywalska, E.; Tomaszewski, A.; Błaszczak, P.; Kurzyna, M.; Roliński, J.; Kopeć, G. Overexpression of PD-1 on Peripheral Blood Lymphocytes in Patients with Idiopathic Pulmonary Arterial Hypertension and Its Association with High Viral Loads of Epstein-Barr Virus and Poor Clinical Parameters. J. Clin. Med. 2020, 9, 1966. [Google Scholar] [CrossRef] [PubMed]

	



Stadhouders, R.; Lubberts, E.; Hendriks, R.W. A Cellular and Molecular View of T Helper 17 Cell Plasticity in Autoimmunity. J. Autoimmun. 2018, 87, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Hautefort, A.; Girerd, B.; Montani, D.; Cohen-Kaminsky, S.; Price, L.; Lambrecht, B.N.; Humbert, M.; Perros, F. T-Helper 17 Cell Polarization in Pulmonary Arterial Hypertension. Chest 2015, 147, 1610–1620. [Google Scholar] [CrossRef]








[image: Ijms 24 13694 g001] 





Figure 1. Pulmonary hypertension classification (based on [2]). 
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Figure 2. The potential roles of selected cytokines in the course of PH [5,6,7,8]. 
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Figure 3. Graphic illustration of the results obtained from the analysis of peripheral blood immunophenotypes of patients with CTEPH, CHD, CTD, and IPAH in relation to healthy volunteers (A) Frequency of CD45+ (B) Frequency of CD3+ (C) Frequency of CD4+ (D) Frequency of CD8+ (E) Frequency of CD19+ (F) Frequency of NK cells. The chart shows the median, quartiles, and minimum and maximum values. HV means healthy volunteers; * indicates statistically significant results between individual groups of patients; and # indicates results are significant in relation to the results of healthy volunteers. For better perception, each disease subdivision is marked with a different color. 
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Figure 4. Graphic illustration of the results obtained from the analysis of cytokine concentration patients with CTEPH, CHD, CTD, and IPAH in relation to healthy volunteers. (A) IL-2 cytokine concentration (B) IL-4 cytokine concentration (C) IL-6 cytokine concentration (D) IL-10 cytokine concentration (E) IFN-γ cytokine concentration. The chart shows the median, quartiles, and minimum and maximum values. HV means healthy volunteers; * indicates statistically significant results between individual groups of patients; # indicates that results are significant in relation to the results of healthy volunteers; and ns means there are no statistically significant results between particular groups of patients. For better perception, each disease subdivision is marked with a different color. 
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Figure 5. Graphical representation of Sperman’s rank correlation analysis for selected parameters of the immune system and clinical parameters in patients with CHD. Positive correlations are marked in blue and negative correlations in red. The intensity of the color is synonymous with the strength of the given correlation. 
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Figure 6. Graphical representation of Sperman’s rank correlation analysis for selected parameters of the immune system and clinical parameters in patients with CTD. Positive correlations are marked in blue and negative correlations in red. The intensity of the color is synonymous with the strength of the given correlation. 
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Figure 7. Graphical representation of Sperman’s rank correlation analysis for selected parameters of the immune system and clinical parameters in patients with CTEPH. Positive correlations are marked in blue and negative correlations in red. The intensity of the color is synonymous with the strength of the given correlation. 
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Figure 8. Graphical representation of Sperman’s rank correlation analysis for selected parameters of the immune system and clinical parameters in patients with IPAH. Positive correlations are marked in blue and negative correlations in red. The intensity of the color is synonymous with the strength of the given correlation. 
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Figure 9. Percentage of patients in a defined class of heart failure (according to WHO), in particular with types of pulmonary arterial hypertension. 
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Figure 10. An example of the gating strategy adopted for the study patients (A) and healthy volunteers (B). The gating strategy involves evaluating subsets of T and B lymphocytes and natural killer cells using dot plots and histograms. In particular, events manifesting the phenotypes CD4+ (blue), CD8+ (purple), CD19+ (sea color), and CD16+CD56+ (brown) were quantified. 
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Table 1. Analysis of the peripheral blood immunophenotypes of patients with PAH in relation to healthy volunteers.
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Parameters

	
Study Group (n = 70)

	
Healthy Volunteers (n = 20)

	
p-Value




	
Mean ± SD

	
Median (Range)

	
Mean ± SD

	
Median (Range)






	
CD45+ [%]

	
75.19 ± 3.20

	
74.58

(62.81–81.57)

	
96.27 ± 0.73

	
96.23

(95.20–97.87)

	
0.000 *




	
CD3+ [%]

	
60.91 ± 2.59

	
60.41

(45.20–68.93)

	
81.39 ± 0.98

	
81.42

(80.00–82.74)

	
0.000 *




	
CD4+ [%]

	
35.54 ± 1.95

	
35.73

(25.64–41.23)

	
48.73 ± 3.38

	
48.38

(44.11–54.13)

	
0.000 *




	
CD8+ [%]

	
25.37 ± 2.98

	
25.36

(16.53–34.24)

	
32.66 ± 3.41

	
33.13

(27.75–38.48)

	
0.000 *




	
Ratio of CD4+/CD8+

	
1.43 ± 0.23

	
1.37

(0.83–2.04)

	
1.52 ± 0.26

	
1.44

(1.15–1.95)

	
0.429




	
CD19+ [%]

	
5.93 ± 0.58

	
5.83 (3.89–7.25)

	
7.94 ± 0.66

	
7.96 (7.04–8.93)

	
0.000 *




	
NK [%]

	
3.53 ± 0.84

	
3.40 (1.98–5.02)

	
7.13 ± 0.65

	
7.34 (6.19–7.98)

	
0.000 *








Statistically significant results are marked with *.
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Parameters

	
CTEPH (n = 10)

	
CHD (n = 26)

	
CTD (n = 9)

	
IPAH (n = 25)

	
Healthy Volunteers (n = 20)

	
p-Value

	
p-Value




	
Mean ± SD

	
Median (Range)

	
Mean ± SD

	
Median (Range)

	
Mean ± SD

	
Median (Range)

	
Mean ± SD

	
Median (Range)

	
Mean ± SD

	
Median (Range)

	
CHD vs. CTEPH

	
CHD vs. CTD

	
CHD vs. IPAH

	
CTEPH vs. CTD

	
CTEPH vs. IPAH

	
CTD vs. IPAH

	
CHD vs. HV

	
CTEPH vs. HV

	
CTD vs. HV

	
IPAH vs. HV






	
CD45+ [%]

	
65.77 ± 2.34

	
64.29

(62.81–71.93)

	
69.11 ± 3.93

	
69.08

(60.01–76.67)

	
65.21 ± 5.67

	
64.97

(55.80–75.74)

	
71.37 ± 8.03

	
74.26

(56.53–85.10)

	
96.27 ± 0.73

	
96.23

(95.20–97.87)

	
0.000 *

	
0.006 *

	
0.057

	
0.199

	
0.905

	
0.07

	
0.072

	
0.000 *

	
0.000 *

	
0.000 *

	
0.000 *




	
CD3+ [%]

	
53.27 ± 1.90

	
52.08

(50.87–58.26)

	
55.98 ± 3.16

	
55.95

(48.61–62.10)

	
52.82 ± 4.59

	
52.63

(45.20–61.35)

	
57.81 ± 6.51

	
60.15

(45.79–68.93)

	
81.39 ± 0.98

	
81.42

(80.00–82.74)

	
0.000 *

	
0.006 *

	
0.057

	
0.199

	
0.905

	
0.07

	
0.072

	
0.000 *

	
0.000 *

	
0.000 *

	
0.000*




	
CD4+ [%]

	
30.73 ± 1.34

	
30.65

(29.28–33.31)

	
32.67 ± 2.07

	
32.87

(28.68–37.14)

	
30.60 ± 2.89

	
30.84

(25.64–36.69)

	
33.73 ± 4.09

	
34.69

(26.38–41.23)

	
48.73 ± 3.38

	
48.38

(44.11–54.13)

	
0.000 *

	
0.011 *

	
0.016 *

	
0.281

	
0.905

	
0.064

	
0.072

	
0.000 *

	
0.000 *

	
0.000 *

	
0.000 *




	
CD8+ [%]

	
22.54 ± 2.76

	
21.43

(17.56–28.94)

	
23.34 ± 3.04

	
23.14

(17.96–30.85)

	
22.22 ± 3.40

	
21.79

(17.74–30.48)

	
24.11 ± 3.81

	
24.46

(16.53–34.24)

	
32.66 ± 3.41

	
33.13

(27.75–38.48)

	
0.000 *

	
0.392

	
0.171

	
0.437

	
0.604

	
0.211

	
0.151

	
0.000 *

	
0.000 *

	
0.000 *

	
0.000 *




	
Ratio of CD4+/CD8+

	
1.23 ± 0.19

	
1.30

(0.92–1.65)

	
1.31 ± 0.22

	
1.26

(0.90–1.84)

	
1.24 0.24

	
1.21

(0.91–1.82)

	
1.36 ± 0.28

	
1.35

(0.83–2.04)

	
1.52 ± 0.26

	
1.44

(1.15–1.95)

	
0.023 *

	
0.392

	
0.402

	
0.786

	
0.905

	
0.339

	
0.376

	
0.000 *

	
0.005 *

	
0.011 *

	
0.053




	
CD19+ [%]

	
5.09 ± 0.55

	
4.62

(4.36–6.12)

	
5.46 ± 0.55

	
5.34

(4.46–6.53)

	
5.15 ± 0.80

	
5.09

(3.87–6.45)

	
5.62 ± 0.84

	
5.54

(4.10–7.25)

	
7.94 ± 0.66

	
7.96

(7.04–8.93)

	
0.000 *

	
0.109

	
0.342

	
0.507

	
0.905

	
0.097

	
0.216

	
0.000 *

	
0.000 *

	
0.000 *

	
0.000 *




	
NK [%]

	
3.05 ± 0.74

	
2.61

(1.86–4.18)

	
3.22 ± 0.80

	
3.15

(1.90–4.53)

	
3.11 ± 0.50

	
3.12

(1.98–3.83)

	
3.35 ± 0.83

	
3.33

(1.75–5.02)

	
7.13 ± 0.65

	
7.34

(6.19–7.98)

	
0.000 *

	
0.475

	
0.753

	
0.647

	
0.780

	
0.460

	
0.618

	
0.000 *

	
0.000 *

	
0.000 *

	
0.000 *








Statistically significant results are marked with *.













 





Table 3. Evaluation of the concentration of tested cytokines in patients with PAH in relation to healthy volunteers.






Table 3. Evaluation of the concentration of tested cytokines in patients with PAH in relation to healthy volunteers.





	
Cytokine Concentration [pg/mL]

	
Study Group (n = 70)

	
Healthy Volunteers (n = 20)

	
p-Value




	
Mean ± SD

	
Median (Range)

	
Mean ± SD

	
Median (Range)






	
IL-2

	
18.82 ± 4.86

	
18.12

(4.30–50.12)

	
2.76 ± 1.00

	
2.36

(0.48–7.16)

	
0.000 *




	
IL-4

	
4.35 ± 1.56

	
4.25

(0.64–14.33)

	
4.80 ± 0.31

	
4.67

(4.29–5.31)

	
0.236




	
IL-6

	
30.52 ± 9.63

	
29.53

(9.35–60.30)

	
4.13 ± 2.11

	
3.17

(0.15–17.20)

	
0.000 *




	
IL-10

	
10.87 ± 2.91

	
10.62

(2.07–35.30)

	
4.06 ± 1.02

	
4.08

(2.77–6.16)

	
0.000 *




	
IFN-γ

	
5.95 ± 1.41

	
6.02

(0.40–23.30)

	
2.38 ± 1.19

	
2.34

(0.61–4.38)

	
0.000 *








Statistically significant results are marked with *.













 





Table 4. Detailed data on the characteristics of individual patient groups with PH.
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Parameters

	
CHD (n = 26)

	
CTEPH (n = 10)

	
CTD (n = 9)

	
IPAH (n = 25)

	
p-Value

	
p-Value




	
Mean ± SD

	
Median (Range)

	
Mean ± SD

	
Median (Range)

	
Mean ± SD

	
Median (Range)

	
Mean ± SD

	
Median (Range)

	
CHD vs. CTEPH

	
CHD vs. CTD

	
CHD vs. IPAH

	
CTEPH vs. CTD

	
CTEPH vs. IPAH

	
CTD vs. IPAH






	
Sex

	
7 males

19 females

	
3 males

7 females

	
0 males

9 females

	
10 males

5 females

	




	
Age

	
55.69 ± 17.00

	
57.00

(23.00–81.00)

	
71.10 ± 8.40

	
72.40

(54.00–81.00)

	
52.22 ± 17.62

	
54.00

(28.00–77.00)

	
56.52 ± 16.88

	
62.00

(23.00–81.00)

	
0.043 *

	
0.014 *

	
0.724

	
0.829

	
0.010 *

	
0.013 *

	
0.489




	
BMI

	
25.54 ± 4.10

	
24.90

(19.50–38.15)

	
24.74 ± 3.97

	
23.67

(20.44–35.04)

	
26.35 ± 6.93

	
25.70

(20.32–44.44)

	
27.53 ± 9.67

	
26.00

(17.10–40.52)

	
0.318

	
0.475

	
0.867

	
0.186

	
0.905

	
0.090

	
0.355




	
NT-proBNP [pg/mL]

	
1507.04 ± 1898.37

	
804.00

(106.80–9350.00)

	
1899.62 ± 1635.75

	
1462.50

(53.00–5991.00)

	
734.94 ± 436.55

	
454.00

(127.00–1469.00)

	
1192.47 ± 1019.51

	
1076.00

(73.98–3895.00)

	
0.391

	
0.271

	
0.402

	
0.933

	
0.095

	
0.286

	
0.316




	
6MWT [m]

	
323.48 ± 153.14

	
378.00

(0.00–578.00)

	
361.80 ± 122.44

	
301.00

(202.00–539.00)

	
358.15 ± 156.04

	
420.00

(80.00–577.50)

	
381.04 ± 100.29

	
374.00

(136.00–556.00)

	
0.734

	
0.505

	
0.564

	
0.316

	
0.905

	
0.578

	
0.939




	
PVR [dyne/s/cm−5]

	
1317.12 ± 812.60

	
1123.43

(134.00–2803.00)

	
723.89 ± 233.86

	
742.00

(305.51–1125.80)

	
424.53 ± 348.41

	
355.00

(139.00–1292.00)

	
697.60 ± 308.26

	
651.00

(158.00–1599.00)

	
0.001 *

	
0.072

	
0.001 *

	
0.005 *

	
0.04 *

	
0.645

	
0.017 *




	
CI [L/min/m2]

	
2.40 ± 1.07

	
2.10

(1.65–7.32)

	
2.59 ± 1.23

	
2.10

(1.75–5.80)

	
3.16 ± 0.78

	
3.21

(1.83–4.67)

	
2.54 ± 0.64

	
2.60

(1.43–3.75)

	
0.02 *

	
0.838

	
0.003 *

	
0.055

	
0.094

	
0.355

	
0.055




	
CO [L/min]

	
4.01 ± 2.08

	
3.52

(2.29–13.90)

	
4.37 ± 2.09

	
3.72

(2.48–9.51)

	
5.37 ± 1.48

	
5.76

(3.02–8.47)

	
4.64 ± 1.13

	
4.46

(2.11–6.42)

	
0.003 *

	
0.955

	
0.002 *

	
0.002 *

	
0.094

	
0.188

	
0.298




	
Mean pressure in the right ventricle [mmHg]

	
8.00 ± 3.27

	
8.00

(1.00–16.00)

	
9.11 ± 4.86

	
7.00

(3.00–18.00)

	
8.56 ± 3.80

	
8.00

(3.00–15.00)

	
8.80 ± 5.58

	
9.00

(2.00–23.00)

	
0.994

	
0.867

	
0.955

	
0.874

	
0.931

	
0.730

	
0.878




	
mPAP [mmHg]

	
59.15 ± 26.64

	
51.00

(26.00–106.00)

	
45.85 ± 8.74

	
46.00

(25.60–56.00)

	
35.30 ± 12.49

	
34.00

(25.00–68.00)

	
45.24 ± 12.43

	
48.00

(17.00–66.00)

	
0.038 *

	
0.491

	
0.005 *

	
0.026

	
0.019 *

	
0.908

	
0.06




	
PASP [mmHg]

	
88.04 ± 32.77

	
83.00

(41.00–150.00)

	
82.00 ± 20.97

	
85.00

(39.00–110.00)

	
62.56 ± 18.58

	
61.00

(35.00–110.00)

	
71.48 ± 20.53

	
77.00

(37.00–96.00)

	
0.085

	
0.697

	
0.034 *

	
0.092

	
0.024 *

	
0.270

	
0.442




	
RVSP [mmHg]

	
91.88 ± 33.16

	
100.00

(47.00–150.00)

	
81.56 ± 17.59

	
80.00

(50.00–110.00)

	
64.22 ± 19.94

	
61.00

(36.00–115.00)

	
72.44 ± 20.29

	
79.00

(42.00–96.00)

	
0.053

	
0.445

	
0.046 *

	
0.029 *

	
0.040 *

	
0.298

	
0.514




	
Lymphocytes [103/mm3]

	
1.72 ± 0.46

	
1.62

(1.10–2.77)

	
2.51 ± 0.91

	
2.43

(1.30–3.83)

	
2.47 ± 0.38

	
2.60

(1.67–3.04)

	
2.15 ± 0.55

	
2.01

(1.20–3.14)

	
0.002 *

	
0.03 *

	
0.000 *

	
0.006 *

	
0.905

	
0.321

	
0.120




	
Hemoglobin [g/dL]

	
15.40 ± 4.30

	
15.70

(7.40–22.10)

	
13.24 ± 2.51

	
13.75

(8.50–16.70)

	
13.76 ± 2.28

	
13.50

(11.30–19.40)

	
13.66 ± 2.03

	
13.60

(9.50–18.50)

	
0.491

	
0.200

	
0.424

	
0.205

	
0.968

	
0.928

	
0.818




	
Platelet count [103/mm3]

	
164.11 ± 63.13

	
153.00

(62.00–299.00)

	
189.00 ± 69.38

	
182.50

(93.00–348.00)

	
147.88 ± 87.08

	
114.00

(55.00–309.00)

	
211.40 ± 78.95

	
210.00

(79.00–474.00)

	
0.048 *

	
0.355

	
0.271

	
0.022 *

	
0.156

	
0.377

	
0.037 *








NT-proBNP—N-terminal pro–B-type natriuretic peptide; 6MWT—6 min walk test; PVR—pulmonary vascular resistance; CI—cardiac index; CO—cardiac output; mPAP—mean pulmonary artery pressure; PASP—pulmonary arterial systolic pressure; RVSP—right ventricular systolic pressure. Statistically significant results are marked with *.
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IL-2

Function: IL-2 is primarily known for its
role in promoting the growth and
differentiation of T cells, particularly
regulatory T cells (Tregs) and cytotoxic T
cells. It also enhances the activity of natural
killer (NK) cells.

Role in PH: In PH, IL-2 might contribute to
immune dysregulation by promoting T cell
activation and potentially exacerbating
inflammation. Elevated IL-2 levels have
been observed in some PH patients,
suggesting a potential link between T cell
responses and disease progression.

IL-4

Function: IL-4 is associated with promoting
differentiation of T helper 2 (Th2) cells and
B cells. It stimulates antibody production
and is involved in regulating allergic and
anti-parasitic immune responses.

Role in PH: IL-4 has been shown to have a
dual role in pulmonary hypertension. On
one hand, it can promote vascular smooth
muscle cell proliferation and vascular
remodeling, contributing to disease
progression. On the other hand, in certain
contexts, it may also have protective effects
by promoting the generation of anti-
inflammatory M2 macrophages.

IL-6

Function: IL-6 is a proinflammatory
cytokine that plays a central role in
immune responses, acute phase
reactions, and cell signaling. It
influences immune cell activation and
promotes the differentiation of Th17
cells.

Role in PH: Elevated levels of IL-6 are
often  observed in  pulmonary
hypertension patients. IL-6 contributes
to inflammation, endothelial
dysfunction, and vascular remodeling.
It can stimulate smooth muscle cell
proliferation ~ and  increase the
production of other inflammatory
cytokines, perpetuating the disease
process.

IFN-gamma

IL-10

Function: IL-10 is an anti-
inflammatory cytokine that
suppresses immune responses and
modulates inflammation. It inhibits
the production of proinflammatory
cytokines and  supports  the
development of regulatory T cells.

Role in PH: IL-10 has a protective role
in PH by dampening inflammation
and immune responses. It can
counteract the effects of pro-
inflammatory cytokines and limit
immune cell activation, thereby
potentially ~ mitigating  vascular
damage and remodeling.

Function: IFN-gamma is a cytokine involved in the immune response against intracellular
pathogens. It is mainly produced by activated T cells and NK cells. IFN-gamma promotes
inflammation and enhances antigen presentation by immune cells.

Role in PH: IFN-gamma has a complex role in PH. In some cases, it might contribute to
vascular remodeling by promoting the proliferation of smooth muscle cells. However, in
autoimmune-associated pulmonary hypertension, IFN-gamma can exacerbate the
autoimmune response and contribute to vascular damage.
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Pulmonary Arterial
Hypertension (PAH)

Group 1 includes PH characterized by
increased blood pressure in the
pulmonary arteries, with no identified

underlying cause. Subgroups within
Group 1 are:
1.1 Idiopathic PAH: PH with no

identifiable cause.

1.2 Heritable PAH: PH caused by genetic
mutations associated with the
development of the condition.

1.3 Drug and Toxin-induced PAH: PH
resulting from exposure to certain drugs
or toxins.

1.4 Associated with other conditions:

e Connective tissue diseases:
PH associated with conditions like
systemic sclerosis, systemic lupus
erythematosus, and others.

HIV infection: PH seen in individuals
infected with the human
immunodeficiency virus.

Portal hypertension: PH occurring in
the context of liver disease and
increased pressure in the portal
venous system.

(02 Pulmonary Hypertension due to Left Heart Disease

Group 2 refers to PH resulting from left-sided heart diseases that lead to
increased pressures in the pulmonary circulation. Examples include heart
failure, valvular heart diseases, and left ventricular dysfunction.

Pulmonary Hypertension 0 4 Chronic
03 due to Lung Diseases Thromboembolic
and/or Hypoxia Pulmonary
Hypertension (CTEPH)

Group 3 encompasses PH associated with
chronic lung diseases, such as chronic
obstructive pulmonary disease (COPD),
interstitial lung diseases, and sleep-
disordered breathing. Hypoxia, or low
oxygen levels, in the lungs plays a
significant role in the development of PH
in this group.

Group 4 is characterized by chronic
blood clotting in the pulmonary
arteries, leading to increased
pulmonary pressure. CTEPH can
develop as a result of acute
pulmonary embolism or other
predisposing factors.

05  Pulmonary Hypertension with Unclear and/or
Multifactorial Mechanisms

Group 5 includes PH cases that do not fit into the previous categories or have multiple
causative factors. The subgroups within this category may include: Hematologic disorders:
PH associated with blood disorders, such as myeloproliferative disorders. Systemic
disorders: PH occurring in the context of systemic diseases, such as sarcoidosis. Metabolic
disorders: PH associated with metabolic conditions like thyroid disorders. Others: This
subgroup encompasses cases with unclear or multiple factors contributing to pulmonary
hypertension.
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