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Background

Hemostasis and inflammation are both dysregulated in patients with moderate-to-severe coronavirus disease 2019 (COVID-19). Yet, both processes can also be disturbed in patients with other respiratory diseases, and the interactions between coagulation, inflammation, and disease severity specific to COVID-19 are still vague.



Methods

Hospitalized patients with acute respiratory symptoms and with severe acute respiratory syndrome coronavirus 2 (SARS-CoV2)-positive (COVpos) and SARS-CoV2-negative (COVneg) status were included. We assessed adenosine diphosphate (ADP)-, thrombin receptor activator peptide 6 (TRAP)-, and arachidonic acid (AA)-induced platelet reactivity by impedance aggregometry, as well as leukocyte subtype spectrum and platelet-leukocyte aggregates by flow cytometry and inflammatory cytokines by cytometric bead array.



Results

ADP-, TRAP-, and AA-induced platelet reactivity was significantly higher in COVpos than in COVneg patients. Disease severity, assessed by sequential organ failure assessment (SOFA) score, was higher in COVpos than in COVneg patients and again higher in deceased COVpos patients than in surviving COVpos. The SOFA score correlated significantly with the mean platelet volume and TRAP-induced platelet aggregability. A larger percentage of classical and intermediate monocytes, and of CD4pos T cells (TH) aggregated with platelets in COVpos than in COVneg patients. Interleukin (IL)-1 receptor antagonist (RA) and IL-6 levels were higher in COVpos than in COVneg patients and again higher in deceased COVpos patients than in surviving COVpos. IL-1RA and IL-6 levels correlated with the SOFA score in COVpos but not in COVneg patients. In both respiratory disease groups, absolute levels of B-cell-platelet aggregates and NK-cell-platelet aggregates were correlated with ex vivo platelet aggegation upon stimulation with AA and ADP, respectively, indicating a universal, but not a COVID-19-specific mechanism.



Conclusion

In moderate-to-severe COVID-19, but not in other respiratory diseases, disease severity was associated with platelet hyperreactivity and a typical inflammatory signature. In addition to a severe inflammatory response, platelet hyperreactivity associated to a worse clinical outcome in patients with COVID-19, pointing to the importance of antithrombotic therapy for reducing disease severity.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV2), continues to affect humans all around the world (1). While vaccinations have greatly helped to lower the number of patients admitted to intensive care with severe COVID-19, newly emerging SARS-CoV-2 variants and refusal to receive vaccination in some countries still heavily fill ICU wards (2).

Acute dysregulations in hemostasis and inflammation are prominent features of patients with moderate-to-severe COVID-19 (3). Thrombi have been detected in the lung, heart, brain, and liver of COVID-19 patients, and the prevalence of deep vein thrombosis in hospitalized patients with an infection is significantly increased (4–6). Microthrombosis, also extensively documented by autopsy reports, reflects the increased platelet activation and subsequent fibrin clot formation in the pulmonary microvasculature in 80%–100% of lungs examined (7). The increased risk of thromboembolic events observed during moderate-to-severe COVID-19 is associated with the increased morbidity and mortality of these patients (8, 9).

Upon stimulation with thrombin, platelets from patients with COVID-19 released more interleukin (IL)-1β and soluble cluster of differentiation 40 ligand (sCD40L) than platelets of healthy controls (4). Moreover, lower amounts of thrombin were required for platelets from COVID-19 patients to achieve aggregation than for platelets from healthy controls, further suggesting that these platelets have an increased hyperactive potential, contributing to the overall inflammation often observed during the infection with SARS-CoV2 (10). Platelet-specific granule content, including platelet factor 4 (PF4) and serotonin was significantly elevated in the plasma of patients with COVID-19 (11, 12).

Crosstalk between platelets and the immune system involves a variety of mechanisms (13, 14). Beyond paracrine mechanisms, platelets can also form aggregates with various leukocyte subtypes, such as neutrophils, monocytes, and T cells (11, 14, 15). Platelet-leukocyte aggregates have been suggested to drive vascular disease and may potentially represent a biomarker for thrombotic events (9, 16).

Increased levels of IL-6 and C-reactive protein (CRP) are associated with a worse outcome from COVID-19, suggesting that inflammation contributes as a critical mediator to the heightened mortality of those patients (17, 18).

The actual processes governing interactions between platelets, coagulation, and inflammation in COVID-19 are still not well known. In particular, knowledge about distinct immuno-thrombotic pathways in COVID-19 which may differ from other infectious respiratory diseases is limited. Importantly, subjects without acute respiratory symptoms, such as healthy persons or patients without any respiratory symptoms have been chosen as control groups in many clinical studies (15, 19–21). While these comparisons give valuable first insight, similar mechanisms might be active in COVID-19 and in other respiratory diseases (22). Thus, there is still a lack of knowledge about the typical features that characterize the patients with acute respiratory syndromes caused by COVID-19 as compared with those with non-COVID-19-associated acute respiratory infections.



Material and Methods


Study Design and Subjects

All patients that were included into this study were admitted to our clinic due to acute respiratory infectious disease. COVpos had to be SARS-CoV2 positive confirmed by polymerase chain reaction (PCR) testing. COVneg suffered from pneumonia or infect-triggered acute exacerbation of COPD and had to be SARS-CoV2 negative confirmed by PCR. Individuals had to be at least 18 years old and did not suffer from a known hematological or hemostatic disease, coagulopathy, or acute bleeding event. Patients form ICU or normal floor were eligible. Dual antiplatelet therapy was prohibited. Patients were recruited between May 2020 and May 2021. Routinely clinically assessed blood values were determined by the hospital laboratory (Labor Berlin, Berlin, Germany). Mean platelet volume is assessed by the routine diagnostics lab by impedance-based particle counting. Within the same measurement, counts and size of platelets, as well as erythrocytes and leukocytes, are assessed in diluted samples and without lysis. Leukocyte counts are assessed in a separate measurement after erythrocyte lysis. The study was approved by the local ethics committee (EA2/066/20, EA4/147/15). The study was conducted in compliance with the 1964 Declaration of Helsinki and its amendments and the Principles of Good Clinical Practice by the International Council for Harmonization 1996.



Blood Sampling

Blood was drawn from the cubital veins using ethylenediaminetetraacetic acid (EDTA) (3 ml, Vacurette®, Greiner Bio-One, Kremsmünster, Austria), citrate (3 ml, 3.2% sodium citrate, Vacurette®, Greiner Bio-One, Kremsmünster, Austria), and hirudin tubes (Sarstedt-Monovette®, Sarstedt, Nümbrecht, Germany). Whole blood was separated for the experiments requiring plasma by centrifugation (1,200×g, 10 min, room temperature) and stored at −80° for further analysis.



Multiple Electrode Aggregometry

In hirudinized whole blood which was previously diluted with 0.9% sodium chloride, platelet’s reactivity to TRAP (32 μmol/l), ADP (6.4 μmol/l), and AA (0.5 mmol/l) was measured by multiple electrode aggregometry (MEA; Multiplate® Analyzer; Roche, Germany; regents also by Roche) not later than 3 h after sampling. According to the manufacturers’ instructions, a measurement time of 6 min was set, and the area under the curve was calculated and translated to Multiplate®-specific units. The exact method was reported previously (23, 24).



Flow Cytometric Quantification of Leukocytes and Platelet-Leukocyte Aggregates

Flow cytometric characterization of leukocytes was performed as previously established (25). Within 1 h of collection, 100 µl of EDTA-anticoagulated whole blood was added to a master mix consisting of 100 µl fluorescence-activated cell scanning (FACS) staining buffer (BioLegend, San Diego, CA, USA) and 2 µl of each of the following antibodies: anti-human CD14-Pacific Blue™, CD16-Brilliant Violet 510™, CD4-Brilliant Violet 605™, CD45-Brilliant Violet 711™, CD3-Alexa Fluor 488™, CD26-PE, CD19-PE/Dazzle 594™, CD8-PE/Cyanine7, and CD41-Alexa Fluor 647™ (all BioLegend, San Diego, CA, USA). The mixture was incubated in the dark at room temperature for 30 min. Stained samples were fixed by adding 800 µl of 0.5% paraformaldehyde in phosphate-buffered saline (Sigma-Aldrich, St. Louis, MO, USA) and kept at +4°C in the dark. Samples were acquired on an Attune NxT Acoustic Focusing Cytometer (ThermoFisherScientific, Waltham, MA, USA) within 3 days. Stability of signal detection was verified and documented by daily measurements of Attune Performance tracking beads. Kaluza version 2.1 software (Beckman Coulter, Brea, CA, USA) was used for gating. Scatter parameters were interpreted as measures of morphological features, i.e., side scatter as a measure of granularity and forward scatter as a measure of cell size.



Cytokine Measurements

The cytokines IL-1RA, IL-2, IL-6, IL-7, IL-10, monocyte chemotactic protein 1 (MCP-1), chemokine (C-C motif) ligand (CCL) 3, chemokine (C-X-C Motif) ligand (CXCL) 8, CXCL10, interferon (IFN)-α2, IFN-γ, granulocyte colony-stimulating factor (GCSF), and tumor necrosis factor alpha (TNF-α) were determined in platelet-depleted plasma samples using the “COVID-19 Cytokine Storm Panel 1” 13-plex bead array (BioLegend, San Diego, CA, USA) according to the manufacturer’s instructions. Data were acquired on the flow cytometer mentioned above and analyzed using Kaluza version 2.1 software.



ELISA

Thrombin-antithrombin complex (TAT) ELISA (AssayPro, St. Charles, MO, USA) was performed according to manufacturer’s instructions and measured using the plate reader Tecan Infinite 200Pro (Tecan Group, Maennedorf, Switzerland).



Statistics

All reported probability values are two sided, and a value of p < 0.05 was considered statistically significant. Median values and quartiles are reported, and nonparametric tests were used if not stated otherwise. If not stated differently, Mann–Whitney U test or Chi-squared test were used to evaluate differences between two groups. Correlations were calculated with Spearman’s test. For network building p < 0.01 and r > 0.3 or r < −0.3 were used as cutoffs for showing connections. Statistics were calculated using SPSS Statistics, version 27 for Windows and macOS (IBM, Armonk, NY, USA) and R version 4.1.0 (2021-05-18). Graphs and networks were plotted using R within R Studio version 1.3.1093 (RStudio PBC, Boston, MA, USA).




Results


Patients’ Characteristics

More patients in the COVneg group had chronic obstructive lung disease (Table 1). More patients had received prophylactic and less received intermediate-dose anticoagulation in the COVneg than COVpos cohort (Table 2). There was no difference in the frequency of patients receiving therapeutic dose anticoagulation (Table 2). Administration of oral glucocorticoids and inhalative bronchodilators was more common in COVpos (Table 2). In COVpos, 10 out of 50 individuals died compared with none in COVneg patients. The sequential organ failure assessment (SOFA) score was calculated for all patients with sufficient data (COVpos n = 33, COVneg n = 21). Laboratory parameters did not differ significantly between COVneg and COVpos patients (Table 3). Four COVpos patients and two COVneg patients had thrombocytopenia as defined by <150 thrombocytes/nL. No patient participating on our study had received vaccination against SARS-CoV2 prior to study participation.


Table 1 | Patient characteristics—demographics and preexisting conditions.




Table 2 | Patient characteristics—concomitant medication.




Table 3 | Patient characteristics—laboratory values.





Higher Platelet Reactivity in Patients With COVID-19 Is Associated With Disease Severity and Death

Platelets from COVpos patients exhibited higher TRAP-induced aggregability than platelets from COVneg patients (Figure 1A). As TRAP is a strong coagulation stimulus, this observation points to the hyperaggregability of platelets under stimulation with a thrombin-substitute in COVID-19. ADP-induced platelet aggregability was also increased COVpos as compared with COVneg patients (Figure 1B), although ADP is a much weaker platelet agonist than TRAP. Additionally, also AA-induced platelet aggregation was higher in COVpos than COVneg patients (Figure 1C). No significant differences between COVpos and COVneg patients were observed for platelet counts or MPV (Supplemental Figure 1).




Figure 1 | Platelet aggregation induced by TRAP (A), ADP (B), and AA (C), as assessed by MEA, is higher in COVpos (n = 50) than in COVneg (n = 37) patients.



Since TAT is a surrogate parameter for thrombin generation and thrombin is the strongest known platelet activator (26), TAT was quantified in both patient groups. Higher TAT levels were measured in COVpos than COVneg patients, reflecting the linkage between higher platelet reactivity and activated coagulation system (Figure 2).




Figure 2 | Thrombin-antithrombin complex is higher in COVpos (n = 50) than in COVneg (n = 37).



In our study, SOFA score values differed significantly between COVpos and COVneg (Figure 3A) and between COVsurv and COVnon-surv patients (Figure 3B). MPV was higher in COVnon-surv compared with COVsurv patients (Figure 3C). MPV- (Figure 3D) and TRAP-6-induced platelet aggregation (Figure 3E) correlated positively with the SOFA score values only in COVpos but not in COVneg patients. These findings point to an important role of platelet function for the clinical prognosis of patients suffering from COVID-19. Instead, levels of individual leukocyte subtype aggregates with platelets did not correlate with SOFA score in COVpos or in COVneg patients.




Figure 3 | Disease severity indicated by the SOFA score was higher in COVpos (n = 50) than in COVneg (n = 37) patients (A) and higher among COVnon-surv (n = 10) than COVsurv (n = 40) COVpos patients (B). MPV was higher in COVnon-surv than in COVsurv COVpos patients (C). Within COVpos, SOFA score correlated with MPV (D) and TRAP-initiated platelet activation (E).





Inflammation Characteristics Related to COVID-19 and Clinical Outcome

We observed more than 2-fold higher plasma levels of IL-6, IL-7, IL-10, IL-1RA, MCP1, and CXCL10 in COVpos as compared with COVneg patients, pointing to the severe cytokine burst (Figure 4A). The cytokines IL-2, CXCL8, IFN-α2, IFN-γ, GCSF, and TNF-α were less than 2-fold higher in COVpos in comparison with COVneg patients (Figure 4A). Moreover, a higher percentage of CD4pos TH lymphocytes, CD14hiCD16neg classical monocytes, and CD14hiCD16pos intermediate monocytes formed aggregates with platelets in COVpos as compared with COVneg patients (Figure 4A and Supplemental Figure 2). The granularity of CD14loCD16pos nonclassical monocytes was higher and the granularity of CD19pos B lymphocytes was lower in COVpos in comparison with COVneg (Figure 4A and Supplemental Figure 2), potentially indicating a differential activation state of these cell types.




Figure 4 | CXCL10, IL-6, MCP-1, and IL-1RA are higher in COVpos than in COVneg patients (A) and also higher in deceased than in surviving COVpos patients (B). A higher percentage of classical and intermediate monocytes and CD4pos TH lymphocytes form aggregates with platelets in COVpos than in COVneg patients (A). Deceased COVpos patients showed lower relative abundance of lymphocytes and higher total leukocyte counts than surviving COVpos patients (B). p-value of 0.05 is indicated by the horizontal dashed-dotted line. p-values higher than 0.05 and less-than-twofold changes between groups are underlaid in grey. plt agg, platelet aggregates; gra, granularity; cla Mo, classical monocytes; int Mo, intermediate monocytes; ncl Mo, nonlassical monocytes.



Within the COVpos group, we also compared our panel of inflammatory parameters between COVsurv and COVnon-surv patients (Figure 4B). Values of IL-6, IL-1RA, CXCL8, MCP1, and CXCL10 were over 2-fold higher in COVnon-surv than in COVsurv. Moreover, lower relative lymphocyte abundance and higher absolute leukocyte count, IL-2, and CCL3 levels were observed in the COVnon-surv versus COVsurv patients. In COVnon-surv patients, the granularity of CD8pos cytotoxic T cells as well as the percentage of TH cells forming aggregates with platelets were lower than in COVsurv patients.



SOFA Score Correlated With Typical Markers of Platelet Reactivity and Inflammation in COVID-19 Only

Correlations between the SOFA score, parameters of platelet function, and inflammation are visualized by networks for patients with COVID-19 (Figure 5A), with other respiratory disease (Figure 5B), and for parameters correlated in both cohorts to elucidate common effects (Supplemental Figure 3).




Figure 5 | Spearman’s correlations in COVpos (A) and COVneg (B) were expressed as dark grey lines if positively correlated and pink lines if correlated inversely. Correlations with p < 0.05 are depicted. cla Mo, classical monocytes; int Mo, intermediate monocytes; ncl Mo, nonclassical monocytes; Th, CD4pos helper T cells; Tcyt, CD8pos cytoxic T cells; NK-T, natural killer T cells; NK cells, natural killer cells; peak CRP, highest CPR level during hospital stay.



In COVpos patients, the SOFA score correlated with CRP at the time of blood sampling, peak CRP level during hospital stay, leukocyte count, and MPV- and TRAP-induced platelet aggregation. Peak CRP level during hospital stay was strongly correlated with platelet aggregation after stimulation with TRAP-6 and AA (Figure 5A). Moreover, IL-6 was correlated with MPV, platelet aggregation after stimulation with TRAP-6 and AA in COVpos but not in COVneg patients (Figures 5A, B). In contrast to COVpos, only peak CRP but no platelet function marker correlated with the SOFA score in COVneg patients (Figure 5B). Correlation between SOFA and peak CRP was much stronger in COVpos than in the COVneg group (Supplemental Figure 3). These findings support a link between characteristic markers of inflammation and platelet reactivity and SOFA score for patients with COVID-19 but not for those with other acute respiratory diseases. This panel of characteristic markers is associated with the clinical outcome in COVID-19.

In both patient groups with respiratory symptoms, platelet aggregation upon stimulation with ADP or with AA correlates with the absolute number of platelet aggregates formed with B lymphocytes and with NK cells, respectively (Supplemental Figure 3).




Discussion

The central findings of our study are as follows:

	The platelet reactivity is higher in COVpos than in COVneg patients with an acute respiratory disease and is associated with higher mortality in COVpos patients.

	A higher percentage of TH lymphocytes and classical and intermediate monocytes form aggregates with platelets in COVpos than in COVneg patients.

	The SOFA score as a measure for the clinical outcome strongly correlates with markers of platelet hyperreactivity, CRP, and leukocyte count in COVpos but not in COVneg patients.



These findings suggest a relation between increased markers of platelet reactivity, inflammation, and the clinical outcome for patients with COVID-19 but not for those with other acute respiratory diseases.


Higher Platelet Reactivity Relates to Survival in Patients With COVID-19

We demonstrated higher platelet reactivity measured by MEA in COVID-19 compared with patients with other acute respiratory disease. Less ADP- and TRAP-induced aggregation (20) and no significant differences for TRAP- and AA-induced aggregation compared with healthy volunteers or reference ranges (19) have previously been reported in patients hospitalized or receiving ICU-level care. Another study demonstrated a predictive value of ADP- and TRAP-induced platelet activation for the duration of the hospital stay (20). However, in these studies, COVID-19 patients were compared only with healthy controls but not with diseased individuals. In our study, platelets of patients with COVID-19 reacted stronger to TRAP, ADP, and AA compared with those patients suffering from other pulmonary infections. In linkage between coagulation system and platelet hyperreactivity, we found TAT to be higher in COVpos than in COVneg patients. Elevated thrombin level may explain the increased platelet reactivity as well as the higher numbers of platelet-leukocyte complexes despite antiplatelet therapy in patients with COVID-19.

Comparing COVsurv and COVnon-surv groups, we observed a higher MPV in COVnon-surv, pointing to a hyperreactivity of platelets in vivo (27). A retrospective analysis including patients hospitalized for COVID-19 also suggested that MPV relates to the clinical outcome (28). The SOFA score values predict disease severity and mortality in patients with COVID-19 (29, 30). Our data additionally link TRAP-induced platelet aggregation and MPV as markers of platelet reactivity with SOFA score. This once again stresses the important relation between hyperreactive platelets and disease severity.

In patients with COVID-19, thrombocytopenia has been shown to be associated with a worse clinical outcome (31). In our patients, we found four COVpos and two COVneg individuals presenting thrombocytopenia at the time point of platelet function measurement, reflecting the disease severity of our patient cohort.



Cytokine Signature in COVpos Compared with COVneg

Cytokines typically associated with COVID-19-induced “cytokine storm” were mostly higher in COVpos compared with COVneg, verifying earlier reports and also in comparison with patients with non-COVID-19 respiratory diseases (32–34). Regarding disease severity, we observed higher levels of IL-6, IL-1RA, MCP1, CXCL8, and CXCL10 comparing COVID survivors and nonsurvivors. MCP1 and CXCL10 as chemotactic agents for monocytes and CXCL8 and CXCL10 as monocyte-derived cytokines point to the central role of monocytes in this setting (35). IL-6 as cytokine amplifier is known to play a prognostic role in COVID-19 (35). IL-1RA antagonizes IL-1 and can also be derived from monocytes (36). Plasma values of IL-1RA correlate with a worse clinical prognosis in COVID-19 (36). Within our COVID cohort, nonsurvivors were characterized by higher cytokine levels, especially IL-1RA, IL-6, MCP-1, CXCL8, and CXCL10 than patients who survived COVID-19.



Differential Leukocyte-Platelet Aggregate Formation in COVpos Compared With COVneg

In COVID-19, monocytes have been shown to release procoagulant proteins in a platelet-dependent manner (22). In line with other studies, we here demonstrate differences in monocyte-platelet conjugates in comparison with patients with acute respiratory diseases other than COVID-19. We found a higher proportion of classical and intermediate monocyte-platelet aggregates in COVpos compared with COVneg. These findings are in line with data of other studies, which also demonstrated more platelet aggregates with monocytes in patients with COVID-19 compared with healthy individuals (15, 37) or not further specified patients as controls (22). This points to the importance of the innate immune system interacting with platelets in COVID-19.

In this study, more TH lymphocytes formed aggregates with platelets in COVpos than in COVneg patients. These conjugates seem to have proinflammatory effects in autoimmune neuroinflammation (38). Further research is needed to elucidate the interplay between TH cells and platelets, explaining its relevance for COVID-19.

Granularity of B cells was lower in COVpos than COVneg, potentially indicating release of synthesized proteins—presumably immunoglobulins—from B cells surpasses synthesis within the cell. Similarly, granularity of CD8pos Tcyt lymphocytes was lower in COVnon-surv than COVsurv, also potentially reflecting a predominant degranulation in these patients, who died from COVID-19 (39). The lower relative lymphocyte abundance and higher leukocyte count in those patients who died confirm previous findings (40).



The SOFA Score Correlates With Platelet Hyperreactivity and Inflammatory Markers in COVpos But Not in COVneg Patients—Clinical Implications

A positive correlation was observed between the SOFA score as marker for disease severity and CRP, leukocytes, and markers of platelet hyperreactivity in patients with COVID-19 only but not in those with acute respiratory disease of other reason. The peak CRP level correlated with AA- and TRAP-induced platelet aggregation and IL-6 with MPV, reflecting an interplay between platelet hyperreactivity and inflammation. Importantly, none of these relations could be demonstrated in COVneg patients.

Since platelet hyperreactivity contributes to worse clinical outcome in COVID-19, it is tempting to speculate that antiplatelet-directed therapies would improve the clinical prognosis. In a pandemic retrospective analysis, aspirin administration in patients with COVID-19 reduced the risk for mechanical ventilation, ICU admission, and in-hospital mortality (41). Within the RECOVERY trial, the aspirin group did show a significant reduction in hospital stay duration, thromboembolic events, and percentage of patients who had been discharged alive compared with best medical care in COVID-19 (42). These clinical data are in line with our experimental findings and highlight the clinical impact of platelet hyperreactivity on the clinical outcome, pointing to the importance of antithrombotic therapy in COVID-19.




Conclusion

In moderate-to-severe COVID-19, but not in other respiratory diseases, we found features of platelet hyperreactivity to be relevant for the disease severity of the patients. Our data suggest that platelet hyperreactivity together with a heightened inflammation contributes to a worse clinical outcome in patients with COVID-19, thereby pointing to the importance of antithrombotic therapy for reducing disease severity. Further clinical investigations are warranted to make use of the above-described targets.
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Intra-alveolar microvesicles (MVs) are important mediators of inter-cellular communication within the alveolar space, and are key components in the pathophysiology of lung inflammation such as acute respiratory distress syndrome (ARDS). Despite the abundance of data detailing the pro-inflammatory effects of MVs, it remains unclear how MVs interact or signal with target cells in the alveolus. Using both in vivo and in vitro alveolar models, we analyzed the dynamics of MV uptake by resident alveolar cells: alveolar macrophages and epithelial cells. Under resting conditions, the overwhelming majority of MVs were taken up by alveolar macrophages. However, following lipopolysaccharide (LPS)-mediated inflammation, epithelial cells internalized significantly more MVs (p<0.01) whilst alveolar macrophage internalization was significantly reduced (p<0.01). We found that alveolar macrophages adopted a pro-inflammatory phenotype after internalizing MVs under resting conditions, but reduction of MV uptake following LPS pre-treatment was associated with loss of inflammatory phenotype. Instead, MVs induced significant epithelial cell inflammation following LPS pre-treatment, when MV internalization was most significant. Using pharmacological inhibitors, we interrogated the mechanisms of MV internalization to identify which endocytic pathways and cell surface receptors are involved. We demonstrated that epithelial cells are exclusively dependent on the clathrin and caveolin dependent endocytotic pathway, whereas alveolar macrophage uptake may involve a significant phagocytic component. Furthermore, alveolar macrophages predominantly engulf MVs via scavenger receptors whilst, epithelial cells internalize MVs via a phosphatidylserine/integrin receptor mediated pathway (specifically alpha V beta III), which can be inhibited with phosphatidylserine-binding protein (i.e. annexin V). In summary, we have undertaken a comprehensive evaluation of MV internalization within the alveolar space. Our results demonstrate that different environmental conditions can modulate MV internalization, with inflammatory stimuli strongly enhancing epithelial cell uptake of MVs and inducing epithelial cell activation. Our data reveal the unique mechanisms by which alveolar macrophages and epithelial cells internalize MVs thereby elucidating how MVs exert their pathophysiological effect during lung inflammation and injury. As MVs are potential novel therapeutic targets in conditions such as ARDS, these data provide crucial insights into the dynamics of MV-target cell interactions and highlight potential avenues for researchers to modulate and inhibit their pro-inflammatory actions within the alveolar space.
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Introduction

Microvesicles (MVs) are cell membrane-circumscribed extracellular particles, carrying a variety of molecular cargo, such as proteins, receptors and nucleic acids (1–3) over a distance to remote cells (1–3). They provide an alternative yet essential pathway for inter-cellular communication (2, 4) and have been implicated in the pathophysiology of various inflammatory diseases (5–8). This has led to a considerable amount of interest regarding the role of MVs in inflammatory lung diseases such as acute respiratory distress syndrome (ARDS). Indeed, we have previously demonstrated that intra-alveolar MVs, particularly alveolar macrophage-derived MVs, are potent initiators of acute lung injury (ALI), mediated by molecular cargo packaged within them (9, 10) and it is now evident that MVs are key components in the pathophysiology of lung inflammation as well as potential novel therapeutic targets (9, 11–13).

Despite the abundance of data detailing the pro-inflammatory effects of MVs, it remains unclear how MVs interact or signal with target cells in the alveolus in vivo. Several mechanisms have been postulated based largely on extra-pulmonary models of inflammation (Figure 1): 1) via direct MV-cellular interaction forming a ligand-receptor complex (14); 2) through a paracrine fashion where MVs release their cargo near target cells, which subsequently act upon membrane receptors (15); 3) by endocytosis or internalization of MVs (and their cargo) by target cells (16, 17); and 4) through fusion of MVs with target cell membranes, thereby transferring their intra-vesicular cargo (18). Whist some of these data may be applicable to the alveolar space, it is important to note that within the unique environment of the alveolus, MVs may have prolonged or enhanced effects as the alveolus acts a semi-closed environment, protected from the rapid dilution or washout of MVs by blood flow. Therefore, the dynamics of MV communication in the alveolus are likely to differ from more commonly studied compartments such as the circulation.




Figure 1 | MV interaction with target cells. There are several hypotheses how MVs may interact with their target cells. Firstly this could be as simple MV and cell contact via a receptor via ligand-receptor interaction. Secondly this could occur through a paracrine fashion with MVs releasing soluble factors at a target cell site. MVs could undergo endocytosis, where they are internalized and then subsequently either undergo lysosomal degradation or activate endosomal signaling. Finally MV could fuse with their target cells resulting in fusion of 2 initially distinct membranes and subsequent release of contents into target cell cytoplasm.



To date, studies on MV interactions with alveolar cells have focused on the process of endocytosis. Alveolar macrophages, as resident professional phagocytes, internalize MVs resulting in lung inflammation (11), while a recent study has shown that insulin-like growth factor-1 (IGF-1) augments particle engulfment function of non-professional phagocytic cells such as epithelial cells, resulting in enhancement of MV uptake by airway epithelial cells in vitro (19). However these studies have focused on individual alveolar cells, predominantly in the in vitro setting and have not considered the alveolus as a whole, where alveolar macrophages and epithelial cells lie in close proximity to each other. This could lead to competition for uptake, which would not be apparent using isolated cells in vitro. Furthermore, it remains unknown whether differential uptake mechanisms/pathways occur between these different alveolar cells or if specific cellular populations preferentially take up MVs. Since MVs are a promising therapeutic avenue in lung inflammatory diseases such as ARDS, it is crucial to address these points but also to understand how MVs interact with these different cells in the alveolar environment.

In this study, we performed a comprehensive analysis of MV communication with target intra-alveolar cells in both in vivo and in vitro models, identifying key receptors and pathways involved in MV internalization in resting as well as inflammatory conditions. We showed that MV uptake and internalization in the alveolar space is performed primarily by alveolar macrophages rather than epithelial cells. However, following exposure to lipopolysaccharide (LPS), epithelial cell uptake is significantly increased, enhancing epithelial cell inflammation, whilst alveolar macrophage internalization of MVs is reduced. Furthermore, we demonstrated clear differences in MV uptake mechanism between these two cell types, i.e. MV uptake by alveolar macrophages is predominantly a scavenger receptor mediated process, whilst epithelial cells rely upon integrin receptors. These data provide crucial mechanistic information and delineate potential means to interrupt MV-mediated signaling in the alveolus for therapeutic purposes.



Materials and Methods


Animal Experiments

All protocols were approved by the Ethical Review Board of Imperial College London, carried out under the authority of the UK Home Office in accordance with the Animals (Scientific Procedures) Act 1986, UK and reported in compliance with the ARRIVE guidelines. One hundred and fifty-six male C57BL/6 mice (Charles River, Margate, UK), aged 10-14 weeks were used. Mice were housed in individual ventilated cages (maximum number of 5 per cage) and exposed to 12-hour light and dark cycles. All experiments were initiated and completed during the light cycle and no unexpected adverse effects were observed in any of the treatment groups.



In Vitro MV Production and Fluorescent Labeling

RAW 264.7 macrophages cells (Sigma-Aldrich, UK) were washed and pre-treated with 1μg/ml of ‘Ultrapure’ lipopolysaccharide (LPS) (In vivogen Toulouse, strain: E. coli O111:B4) for 1 hour to induce inflammatory conditions as previously described (9, 10). Cells were then stimulated with 3mM of ATP disodium salt (Bio-techne, UK) to induce release of ‘pro-inflammatory’ MVs. Supernatants were collected, centrifuged to remove cells (200g 10 minutes at 4°C) and then labeled with 5μM of 1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindodicarbocyanine Perchlorate (DiD) (ThermoFisher Scientific, UK) in Diluent C, in dark at room temperature for 7 minutes. DiD-labeled MVs were then pelleted (20,000g for 30 min at 4°C) and washed twice to remove unbound dye. The relative fluorescence of MVs was assessed using a fluorescence plate reader (Bio-tek FLX 800; Bio-tek instruments, USA), and a standardized amount of fluorescent MVs (25,000 relative fluorescence units (RFU), which corresponds to approximately 1 x 106 MVs) was then added to our in vitro or in vivo models [Supplementary Figures 1, 2 (20)]. This dose of MVs was chosen as we have previously observed up to approximately 1 x 106/ml of alveolar macrophage-derived MVs in bronchoalveolar lavage fluid (BALF) samples in i.t. LPS-induced ALI in mice at 1 hour (9).

MVs were identified by flow cytometry (CyAn™ ADP flow cytometer, Beckman Coulter, UK) as events under 1μm in size (forward scatter and side scatter with a trigger threshold of 0.01 were used to elucidate a 1µm gate that was delineated using sizing beads) and positive for specific surface marker CD11b (M1/70; Biolegend, CA) and DiD (Figure 2A). MVs were also enumerated using Accucheck counting beads (Invitrogen, Paisley, UK) as previously shown (9, 10, 20). Data were analysed using FlowJo software. All stained MV samples were also treated with 0.1% triton detergent in order to correctly differentiate MVs from non-vesicular antibody-bound events (21). The centrifugation and flow cytometry methods to isolate and characterise MVs in this study have been previously validated both by high-resolution imaging and electron microscopy (10).




Figure 2 | In vivo uptake of MVs. (A) Flow cytometry plot of RAW macrophage derived MVs, demonstrating that DiD labeled events were also positive for CD11b, confirming their identity as macrophage-derived MVs. (B) These particles were readily visualized by confocal microscopy as DiD (red, top left panel), particles negative for nuclear materials (DAPI-, top-right), but positive for CD11b (green, bottom-left, co-localization shown in the bottom-right combined image) (n = 3). (C) DiD labeled RAW macrophage MVs (25,000 RFU) were instilled into the trachea of untreated mice and in vivo MV uptake by alveolar macrophages and epithelial cells was assessed by flow cytometry at 1 and 4 hours. Time 0 represents baseline auto-fluorescence, i.e. no MVs added. Alveolar macrophages significantly internalized the majority of MVs compared to alveolar epithelial cells at both time points [1 hour: alveolar macrophage 734 ± 135 RFU vs. epithelial cells 4.78 ± 0.57 RFU; 4 hours: alveolar macrophage 1153 ± 243 RFU vs. epithelial cells 5.21 ± 0.47 RFU (n = 5)]. (D) Alveolar macrophages, as compared to epithelial cells, internalized the majority of MVs at 1 hour after installation in vivo regardless of the MV phenotypes used: 1) in vitro-derived RAW macrophage MVs (i.e. from stimulated RAW macrophage culture); 2) in vivo-derived MVs, non-inflamed (intra-alveolar MVs harvested by lung lavage from untreated mice); and 3) in vivo-derived MVs, inflamed (intra-alveolar MVs harvested by lung lavage from LPS-treated mice). (n = 3-6, not significant by one way ANOVA).





In Vivo MV Production

In vivo-derived MVs were harvested from our LPS model of ALI as previously described (composed primarily of alveolar macrophage and epithelial cell-derived MVs) (9). In brief, mice were anesthetized (intraperitoneal ketamine 90mg/kg; xylazine 10mg/kg) and 20µg LPS in 50µl was instilled intratracheally (i.t.). After 1 hour, animals were euthanized and tracheostomized, BALF were obtained by flushing and gently aspirating 700μl of 0.9% saline in and out of the lungs via the endotracheal tube three times, and centrifuged to remove cells and larger particles (200g, 10mins at 4°C). Cell free supernatants were then stained with DiD as described above. DiD-labeled in vivo generated MVs were then pelleted (20,000g for 30 min at 4°C) and washed twice to remove unbound dye and other stimulatory factors.



In Vivo Model of Intra-Alveolar MV Uptake

Fluorescent-labeled RAW macrophage-derived MVs (25,000 RFU, resuspended in 50µl normal saline) or post-wash supernatant (50µl of supernatant following second wash step as control) was instilled i.t. into the lungs of randomly selected mice by an investigator blinded to the treatment groups (Supplementary Figure 1). In a separate set of experiments, in vivo derived MVs (25,000 RFU, obtained as described above) were also instilled i.t. into the lungs of randomly selected mice (Supplementary Figure 2). Either 1 or 4 hours after instillation, mice were euthanized, lungs were removed and mechanically disrupted in warm fixation buffer using a GentleMACS dissociator [Miltenyi Biotec, Surrey, UK (20)]. Samples were then passed through 40µm sieves, washed and resuspended twice in flow cytometry buffer (2% fetal calf serum, 2mM EDTA and 0.1% sodium azide constituted in PBS) to yield a fixed single cell suspension. Uptake was then evaluated by assessing mean fluorescence intensity (MFI) of DiD in alveolar cells by flow cytometry. As described previously (9), alveolar macrophages were identified as CD45+ (clone 30-F11; Biolegend), CD11c+ (clone N418; eBioscience, CA), CD11b-, F4/80+ (BM8; eBioscience). Epithelial cells were identified as CD45-, CD31- (MEC 13.3; BD Bioscience, CA), and T1alpha+ (8.1.1; Biolegend) events (9). In some experiments, mice were pre-treated with i.t. 20ng LPS (in 50µl normal saline) or saline (50 µl) for 1 hour in order to assess the effect of underlying lung inflammation on MV uptake.



In Vitro Model of Intra-Alveolar MV Uptake

In order to model the intra-alveolar environment in vitro, we created a co-culture system comprised of primary alveolar macrophages and Murine Lung Epithelial (MLE-12) cells (ATCC, UK). MLE-12 cells were seeded overnight in a 24 well-plate at a density of 105 cells/well and primary alveolar macrophages [harvested by lung lavage from untreated mice as described previously (9)] were added to MLE cells for one hour in the ratio of 1:5 (22). DiD-labeled RAW macrophage-derived MVs or post-wash supernatant were then incubated in this in vitro model of the alveolus. After 1 or 4 hours, cells were detached using EDTA containing solution (Versene, Life Technologies), stained with the fluorescently conjugated antibodies against CD45, CD11c and T1α and DiD MFI of individual cells were assessed.



Mechanisms of MV Uptake

In our in vitro alveolar co-culture model, we examined the surface expression of variety of scavenger/integrin receptors in each cell type via flow cytometry: MERTK (2B10C42; biolegend), TIM4 (RMT4-54; biolegend), Alpha V Beta III (2C9.G2; Biolegend), Alpha V Beta V (RMV-7; Biolegend), Macrophage Scavenger Receptor 1 (REA148; Miltenyi), MARCO, CD36 (HM36; Biolegend); CD68 (FA-11; Biolegend).

In separate experiments, to assess mechanism of MVs internalization, we pre-incubated the cells in the alveolar co-culture model with 2µM Cytochalasin D or 0.25mM Dynasore prior to treatment with DiD-labeled RAW MVs. DiD fluorescence was then assessed in these cells as described above.



Confocal Microscopy

Primary alveolar macrophages and MLE cells were seeded on coverslips and then incubated with DiD-labeled RAW MVs for 1 hour. In separate experiments, to visualize DiD-labeled MVs via confocal microscopy, MVs were placed on poly-L-ornithine coated coverslips to encourage adherence for 6 hours. Thereafter both MVs and cells were washed, fixed, permeabilized with 0.5% triton-X 100 and incubated with 3% bovine serum albumin (Sigma-Aldrich) for 30mins. Slides were then incubated with 5µg/ml T1 alpha (ab109059; Abcam, Cambridge UK) or 5µg/ml CD45 (ab23910; Abcam) overnight in the dark at 4°C, followed by washing and incubation with secondary antibodies (1:1000) for 1 hour. After washing, slides were treated with 4’,6-diamidino-2-phenylindole (DAPI) intra-nuclear stain (1:10000) solution (pre-made) for 10mins. Coverslips were placed on slides with Mounting PermaFluor (ThermoFisher Scientific) and viewed using a Zeiss LSM880 NLO multiphoton confocal imaging system with Axio Observer 1 microscope. The objective lens used was a Plan Apochromat 40x/1.3 oil DIC UVVIS-IR. The imaging medium was oil and the temperature -20°C. The fluorochromes used were Alexa-Fluor 488 and Alexa-Fluor 594. CZI Images were acquired using Zen software, which were then exported as 16 bit Tiff images. No image processing software was used.



Statistical Analysis

Shapiro-Wilk normality tests were carried out (IBM SPSS). Comparisons between two data sets were performed using either paired T-tests or Wilcoxon Rank Sum test. All data was analyzed on GraphPad Prism and are expressed as Mean ± SD, or Median ± Interquartile range. A p<0.05 was defined as the minimum threshold for statistical significance.




Results


In Vivo Uptake of MVs

We have previously shown that ‘pro-inflammatory’ macrophage-derived MVs are rapidly released within the alveolus in vivo and involved in the early pathogenesis of ALI (9). To model this effect, RAW macrophages were stimulated with LPS (inflammatory stimulus) followed by ATP (danger signal) to induce release of pro-inflammatory MVs, which were then labeled with the fluorescence lipophilic dye DiD (17) for detection by flow cytometry and confocal microscopy (Figures 2A, B). A known fluorescent quantity of these MVs [25,000 RFU which corresponds to 1 x 106 MVs; we previously found up to approximately 1 x 106/ml of alveolar macrophage-derived MVs in BALF in i.t. LPS-induced ALI in mice at 1 hour (9)] was instilled into the trachea of untreated mice, and MV uptake by different alveolar cells was assessed by flow cytometric analysis of lung single cell suspensions. One hour after instillation, we found that alveolar macrophages rather than epithelial cells internalized the majority of MVs (Figure 2C), despite several studies previously demonstrating that epithelial cells rapidly take up MVs (19, 23, 24). This difference persisted over time, such that at 4 hours alveolar macrophage still internalized the majority of MVs (1153 ± 244 RFU for alveolar macrophages vs. 5.21 ± 0.47 RFU for epithelial cells).

To assess the uptake of the mixed populations of MVs released in vivo within the alveolus, we used intra-alveolar MVs harvested from an in vivo model of ALI. These MVs contained ‘mixed’ populations, predominantly composed of alveolar macrophage- and epithelial cell-derived MVs (with concentrations of ~1000 MVs/µL and ~650 MVs/µL respectively in the original BALF samples), and have significant pro-inflammatory activity (9). We also used intra-alveolar MVs harvested from untreated mice as a control, which are composed of both alveolar macrophage- and epithelial cell-derived MVs (~300 and ~180 MVs/µL in the original BALF samples), and devoid of inflammatory activity. Both types of MVs were labelled and instilled i.t. into another mice (Supplementary Figure 2). Alveolar macrophages still internalized the overwhelming majority of these primary, in vivo-generated ‘inflamed’ or ‘non-inflamed’ MVs compared to epithelial cells 1 hour after installation (Figure 2D). Interestingly, there was a trend that epithelial cells internalized more in vivo derived MVs compared to RAW MVs but this did not reach statistical significance (epithelial uptake of RAW MV: 5.21 ± 0.47 RFU vs. non-inflamed in vivo MVs: 16.1 ± 12.0 RFU vs. inflamed in vivo MVs: 15.9 ± 2.9 RFU). Nevertheless, these data suggest that irrespective of MV population (either alveolar macrophage- or epithelial cell-derived MVs) and phenotype (inflamed or no-inflamed), alveolar macrophages internalize the majority of MVs within the alveolar space under normal physiological conditions, within the time frame of our observations.



In Vitro Uptake of MVs

In order to model the environment with the lungs, we created an in vitro alveolar system composed of primary alveolar macrophages (obtained from untreated mice) and murine lung epithelial (MLE-12) cells (22). This co-culture system allowed us to confirm our in vivo results and explore the dynamics and mechanisms of MV-mediated communication with alveolar cells in detail. DiD labeled RAW-derived MVs were incubated within this in vitro environment for 1 or 4 hours, and the uptake of MVs by individual cells was measured by flow cytometry and confocal microscopy. As occurred in vivo, substantial amounts of MVs were internalized by alveolar macrophages, after both 1 and 4 hours incubation time (Figure 3A), while epithelial cells did internalize MVs but this process occurred to a much lesser extent compared to alveolar macrophages (Figure 3B). As would be expected from this in vitro alveolar model (which is essentially a completely closed system), the amount of MVs recovered in the cell culture supernatant substantively decreased over time, consistent with these MVs being taken up by alveolar cells (Figure 3C). These findings were also confirmed by confocal microscopy (Figure 3D), where alveolar macrophages can be seen to internalize MVs.




Figure 3 | (A) In vitro uptake of DiD labeled uptake in our in vitro alveolar system. Under resting conditions, a known quantity of raw cell derived-MVs (25,000 RFU) were introduced into our in vitro alveolar system consisting of alveolar macrophages and MLE cells at a ratio of 1:5. Substantial amount of MVs were internalized by alveolar macrophage rather than MLEs cells at either 1 or 4 hours. (B) Epithelial cells did take up MVs albeit to a much lesser extent compared to alveolar macrophages, with a rise in uptake after 4 hours. (C) The amount of MVs, recovered from our co-culture system decreased over time, in keeping with increased uptake of MVs by the cells in the co-culture system. (D) Confocal microscopy of MV uptake by alveolar cells after 1 hour incubation. The green dye represents cell surface integrin CD11b, which depicts the cell membrane. Our image demonstrates the presence of DiD stained MVs clearly within the membrane (likely to be localized to the cytoplasm) of the macrophage confirming our flow cytometry results. However MLE cells (bottom) take up a very small amount of MVs, as minimal amounts of red stained MVs are present within these cells (n = 3). Parametric or non-parametric data displayed as mean ±  s.d. or box–whisker plots showing the median, IQR and minimum/maximum values respectively (A–C experiments n = 5-6).



Interestingly, we found that when we increased MV numbers in our co-culture system, alveolar macrophages appeared to become saturated and unable to internalize any further MVs. Instead, epithelial cells started taking up MVs to almost a similar extent as alveolar macrophages at 4 hours of incubation, presumably as there is less competition from alveolar macrophages (Supplementary Figure 3). There may also be increased uptake efficiency of the epithelial cells at higher MV concentrations. However, it is important to note that the number of MVs required to precipitate this effect (0.5 to 1.5 x 107/ml) far exceeds the number of macrophage MVs measured in BALF (~1 x 106/ml) in our in vivo models of ALI (9).



Effects of Inflammation on MV Internalization

Next, we assessed whether MV internalization in the alveolar space would differ during inflammation. DiD-labeled RAW macrophage-derived MVs were instilled into the trachea of mice that were pre-treated with either 20ng LPS or saline. We found that LPS pre-treatment caused a significant switch in MV uptake: alveolar macrophage internalization was reduced (~<50%, p<0.01) whilst epithelial cell uptake was increased (~>150%, p<0.01) (Figure 4A). This pattern was replicated in our in vitro model when the co-culture was pretreated with 1µg/ml LPS (Figure 4B). These findings demonstrated that inflammatory conditions substantively modulate MV uptake within the alveolar space, producing a partial shift of MV uptake/internalization from alveolar macrophages to epithelial cells.




Figure 4 | The effect of LPS on internalization of RAW macrophage derived MVs by alveolar cells. (A) 20ng LPS pre-treatment (via intra-tracheal instillation) caused a decrease in MV uptake by alveolar macrophages (left), but produced a marked increase in MV uptake by epithelial cells (right). (B) This phenomenon was repeated in vitro such that pre-treatment with 1µg/ml LPS for 1 hour caused a significant decrease in MV uptake by alveolar macrophages (left) but a significant increase in epithelial cell uptake (right). Parametric data displayed as mean ± s.d. *p < 0.05, **p < 0.01, ***p < 0.001 (all experiments n=5).



We also assessed whether MV uptake caused a change in alveolar cell phenotype or activation status. Using ICAM-1 as a surrogate marker of cell activation (25, 26), we found that alveolar macrophages adopted a pro-inflammatory phenotype after internalizing RAW macrophage-derived MVs under resting conditions (p<0.01, Figure 5A). Interestingly, when uptake was reduced following pre-treatment with 1µg/ml LPS, the pro-inflammatory effect of MVs was no longer evident (Figure 5A). Conversely, MVs only induced significant epithelial cell activation following pre-treatment with LPS, when MV internalization was most significant (Figure 5B).




Figure 5 | MV mediated inflammation within our in vitro alveolar system. (A, left) Under resting conditions, addition of RAW macrophage derived MVs caused a significant increase in ICAM-1 expression on alveolar macrophages. (A, right) However, when exposed to 1µg/ml LPS (where MV uptake is substantively reduced), MVs no longer have a pro-inflammatory effect on alveolar macrophages. (B) However this trend is reversed within epithelial cells when ICAM-1 expression significantly increases only in epithelial cells that have been pre-treated with LPS (where MV uptake is maximal). Parametric data displayed as mean ± s.d. **p < 0.01, ***p < 0.001. (all experiments n = 5).





Endocytosis of MVs

We then investigated the mechanisms of MV internalization in both alveolar macrophages and epithelial cells. Firstly, MV uptake experiments were carried out at 4°C which abolished MV uptake in both alveolar macrophages and epithelial cells, indicating that an active, energy dependent process is involved (Figure 6A). We next assessed the effect of inhibitors of endocytosis on MV uptake by each of these cells. Cytochalasin (generalized inhibitor of endocytosis) reduced alveolar macrophage uptake by 59.5%, and dynasore (cell-permeable inhibitor of the clathrin and caveolin dependent endocytosis pathway) inhibited macrophage uptake by 47.9% (Figure 6A). In contrast, epithelial cell uptake was inhibited by 62.7% by cytochalasin but completely blocked by dynasore (Figure 6A). The absolute effects of dynasore on epithelial cells, but not on alveolar macrophages, suggests that epithelial cells are exclusively dependent on the clathrin and caveolin dependent endocytotic pathway, whereas alveolar macrophage uptake may involve a significant phagocytic component.




Figure 6 | Inhibition of endocytosis in alveolar cells. (A) Performing experiments at 4°C completely obliterated MV engulfment in both alveolar macrophages and epithelial cells. When our co-culture system was pre-incubated with either cytochalasin or dynasore, endocytosis was significantly inhibited in both cell types. However dynasore had a greater effect upon epithelial cells, completely abrogating internalization, which may have some mechanistic significance. Results expressed as a percentage of control MV uptake (compared to experiments where no inhibitor used). (B) Flow cytometry analysis of integrins on the surface of alveolar macrophages and MLE cells. Alveolar macrophages express MERTK and Alpha V Beta III integrin receptors on their surface whilst epithelial cells only express Alpha V Beta III. (C) Flow cytometry analysis of scavenger receptors on the surface of alveolar macrophages and MLE cells. Alveolar macrophages express a variety of scavenger receptors including MARCO, CD36 and CD68 whereas epithelial cells do not. (D) The effect of blocking integrin on alveolar cell uptake. MVs were pre-incubated with annexin V prior to alveolar cells treatment. Annexin V binding to PS on surface of MVs and subsequent integrin receptor blockade, had a significant effect on epithelial cell blockade compared to alveolar macrophages, although alveolar macrophage uptake was also inhibited. Results expressed as a percentage of control MV uptake (where no annexin V used). (E) The effect of blocking scavenger receptors on alveolar cell uptake. Our alveolar cells in vitro were pre-incubated with polyinosinic acid, a scavenger receptor inhibitor, prior to MV treatment. This significantly abrogated alveolar macrophage engulfment whilst have little effect upon epithelial cells. Results expressed as a percentage of control MV uptake (where polycytidylic acid used rather than polyinosinic acid). Results expressed as mean fluorescence intensity. Parametric data displayed as mean ± s.d. and non-parametric data displayed as box–whisker plots showing the median, IQR and minimum/maximum values. **p < 0.01 All experiments n = 5.





Receptor-Mediated Mechanism of MV Uptake

To identify receptor-mediated mechanisms involved in MV internalization by alveolar cells, we examined the presence of cell surface receptors that have been implicated in the uptake of endogenous and foreign particles or apoptotic cells, and thus may be involved in MV uptake. In particular, we investigated the relative expression of integrin receptors which bind to phosphatidylserine (PS) such as MerTK (27, 28), alpha V beta III (29, 30) and alpha V beta V (31), and scavenger receptors such as macrophage scavenger receptor A (32), MARCO (33), CD36 (34) and CD68 (35). We also studied the expression of the integrin TIM4 since it is expressed on the surface of macrophages and has a role in MV and exosome internalization (36, 37). We found that alveolar macrophages express MerTK and Alpha V beta III integrin receptors whereas epithelial cells only express Alpha V beta III integrin receptor (Figure 6B). In addition, we detected a variety of scavenger receptors on alveolar macrophages including MARCO, CD36 and CD68, but expression of scavenger receptors was low or undetectable on epithelial cells (Figure 6C). Based on these profiles, we hypothesized that both integrin (MerTK and alpha V beta III) and scavenger receptors (MARCO, CD36, and CD68) were involved in MV uptake by alveolar macrophages, whereas epithelial cell uptake occurred principally via integrin receptors (specifically alpha V beta III).

To examine this hypothesis, we pre-treated our co-culture system with either polyinosinic acid (50µg/mL) (Class A scavenger receptor inhibitor) or annexin V [binds to PS expressed on MVs preventing integrin/PS mediated MV uptake (38, 39)] and assessed their effect on MV uptake by each cells (Figures 6D, E). As predicted, annexin V inhibited uptake by both alveolar macrophages and epithelial cells but had a greater effect on uptake by epithelial cells. Conversely, scavenger receptor inhibitor polyinosinic acid dramatically reduced alveolar macrophage internalization of MVs, with a lesser effect on epithelial cell uptake. The results suggest that integrin receptors play an essential role in MV uptake by epithelial cells, whereas scavenger receptors play a more predominant role in that by alveolar macrophages.




Discussion

Elevated production of MVs is a common feature in the pathophysiology of alveolar inflammation, particularly in conditions such as ARDS (9) or COPD (8), yet there is a paucity of data describing MV communication or cellular uptake within the alveolus. This study demonstrates several novel findings detailing MV trafficking within the unique environment of the alveolar space, under both resting and inflammatory states. We have provided convincing data that the overwhelming majority of MV uptake is performed by alveolar macrophages under resting conditions, irrespective of MV phenotype or origin and inducing a pro-inflammatory phenotype in these cells. Although epithelial cells internalized MVs only to a limited extent, this was substantively enhanced by LPS priming, leading to significant MV-induced epithelial cell activation. Furthermore, our data indicate that MVs are internalized by distinct receptor-mediated pathways: alveolar macrophages predominantly internalize MVs via scavenger receptors, whilst epithelial cells endocytose MVs through a PS/integrin receptor mediated pathway.

Within the alveolus, the major resident cell populations directly exposed to the air space are alveolar macrophages and epithelial cells. Previous studies investigating MV mediated communication within the alveolus have been performed mostly in an in vitro setting, concentrating on MV uptake by either epithelial cells (19, 23, 24) or alveolar macrophages (11, 28) alone. This is the first study to analyze MV internalization by different alveolar cells ‘in vivo’, and we have shown that the degree of uptake by each of these alveolar cells is dependent on the environmental condition to which they are exposed. Under normal physiological conditions, alveolar macrophages internalize the overwhelming majority of MVs, inducing an inflammatory phenotype, while epithelial cells internalize only a very modest proportion of MVs. Hence, in non-inflamed alveoli, any pro-inflammatory effects of MVs seems to be mediated largely by alveolar macrophages. However, in reality, MVs are actively produced within the alveolus when cells are exposed to injury/inflammation causing release of danger associated molecular patterns such as ATP (40, 41). Therefore, any study examining MV pro-inflammatory signaling in the alveolus should rather be conducted under inflammatory stress to better simulate clinically-relevant disease states. We found that during inflammation, alveolar macrophage uptake of MVs is substantively reduced, with the pro-inflammatory effect of MVs upon macrophages being no longer evident. In sharp contrast, MV uptake by alveolar epithelial cells was markedly enhanced, inducing significant epithelial cell activation. We have previously observed a similar phenomenon of uptake shift of circulating MVs such that LPS injection reduced MV uptake by liver Kupfer cells but enhanced internalization of MVs by monocytes marginated within the pulmonary vasculature, leading to significant pulmonary vascular inflammation (20). Previous studies have demonstrated the reduced expression of scavenger receptors such as CD36 and Marco on the surface of inflamed/M1-polarized macrophages, potentially explaining this finding (42, 43).

The mechanisms detailing MV communication and interaction with target cells remain poorly understood and this is particularly true within the alveolus during inflammatory lung diseases. It is thought that this interaction occurs primarily through endocytosis (3, 23), which consists of a number of pathways including macropinocytosis, phagocytosis, clathrin-dependent, caveolin-dependent, or clathrin/caveolin-independent pathways. Alveolar macrophages and epithelial cells are likely to internalize MVs via different endocytosis pathways (44, 45), and we undertook a series of experiments to identify the mechanisms and receptors involved in MV uptake by these alveolar cells. Our confocal microscopy images demonstrated that MVs are internalized by alveolar macrophages rather than fusion with cell membranes. This internalization is an active process, and cytochalasin D, an actin polymerization inhibitor and a generalized suppressor of endocytosis (38, 46), reduced but did not completely abolish MV uptake in both cell types to a similar extent as previously reported (47). Dynasore, a dynamin inhibitor which inhibits both clathrin and caveolin-dependent endocytosis (48), had a much more profound effect on epithelial cells, effectively abolishing epithelial cell uptake. This suggests that there are mechanistic differences in MV uptake between the two cell types: epithelial cell uptake is dependent upon clathrin and caveolin-dependent endocytosis whereas alveolar macrophages may be more reliant upon other endocytic mechanisms (e.g macropinocytosis and phagocytosis), which is consistent with recent data of endocytosis mechanisms of nanoparticle uptake by alveolar cells (49). Indeed, the different speed and capacity of uptake mechanism may explain to some extent why alveolar macrophages (via phagocytosis by forming large phagosomes) take up the majority of MVs in the alveolar space compared to epithelial cells (via clathrin and caveolin-dependent endocytosis by forming much smaller plasma membrane vesicles).

Since MVs express PS on their surface and integrins have been implicated in the uptake of apoptotic material via binding of PS, we investigated the expression of various integrin receptors in these alveolar cells. We found that alpha V beta III was the only integrin expressed by murine epithelial cells whilst alveolar macrophages expressed both MERTK and alpha V beta III. Inhibition of integrin/PS binding with annexin V substantially blocked epithelial cell uptake while alveolar macrophage uptake was moderately inhibited. We also investigated the expression of scavenger receptors on both cell types, and as expected, identified several on alveolar macrophages, particularly MARCO (class A) and CD36 (class B), both of which have been shown to play a prominent role in removing apoptotic material (50, 51) and particles (32, 52, 53), but not on epithelial cells. Polyinosinic acid, a known inhibitor of scavenger receptors particularly class A (33, 54), markedly reduced MV internalization in macrophages whilst having little effect on epithelial cells. These results suggest that integrin/PS binding (specifically via alpha V beta III) plays a crucial role in MV uptake by epithelial cells, while MV uptake by alveolar macrophages are largely dependent on scavenger receptors but integrin/PS binding may also play a role.

There are some caveats to our work. We used a membrane-bound dye DiD to measure MV uptake, but this dye may affect the functional structure of MVs. However, the use of fluorescent markers is the current gold standard method of visualizing MV internalization, and these stained MVs had similar pro-inflammatory effects to un-stained MVs used in our previous studies (9). There is also a possibility that DiD may leak from stained MVs and cells, falsely conveying uptake in recipient cells. However this is unlikely since alveolar macrophages were preferentially stained with DiD, compared to epithelial cells which would be uniformly stained if DiD was truly leaking from vesicle membranes. In addition to this, uptake was inhibited by low temperature, endocytosis and receptor-mediated uptake inhibition, making significant DiD leak or artefactual uptake of precipitated DiD by cells very unlikely. Furthermore, whilst we have presented a comprehensive evaluation of MV uptake mechanisms within the alveolar space, this was based on pharmacological inhibitor studies and more specific evidence would be required to confirm the molecular pathways. For example, scavenger receptors MARCO and CD36 have been implicated in EV uptake previously (55, 56), but it was beyond the scope of the study to precisely define whether these specific scavenger receptors were responsible for initiating MV endocytosis. Further studies, potentially using MARCO or CD36 knockout mice/SiRNA knockdown cells, would be prudent to elicit if alveolar macrophages were reliant on a particular scavenger receptor during MV internalization.

On the other hand, our data have a number of strengths as a study investigating MV interaction with target cells within the lungs. Firstly, we have investigated MV uptake in the alveolus as a whole, rather than just concentrating upon individual alveolar cells. We have comprehensively characterized MV processing in the alveolar space using both in vitro and in vivo models, while previous studies have just investigated internalization using in vitro models (19, 24). Furthermore, we have used MVs from different sources, both in vitro and in vivo generated, to demonstrate that alveolar macrophages take up the majority of MVs irrespective of their phenotype or origin (19, 23, 24). Finally, we have employed robust methodologies to reliably assess MV uptake by different cells in these models, e.g. reproducible standardization of administered MV doses using fluorescence, sensitive quantification of MV uptake by individual cells using flow cytometry, morphological confirmation of MV internalization by confocal microscopy, and mechanistic investigations into MV uptake using combined surface marker assessment/inhibition experiments.

In conclusion, this study demonstrates, for the first time, that alveolar macrophages internalize the majority of MVs within the alveolar space under resting conditions, but during intra-alveolar inflammation, MV uptake by epithelial cells is substantially increased, leading to MV-mediated alveolar epithelial activation. Furthermore we have established that alveolar macrophages and epithelial cells internalize MVs via contrasting mechanistic pathways: alveolar macrophages predominantly engulf MVs via scavenger receptors, whilst epithelial cells internalize MVs through a PS/integrin receptor-mediated endocytosis pathway. These data elucidate crucial mechanistic information describing how MVs can produce alveolar epithelial injury, exacerbating lung inflammation and have key implications when understanding MV signaling within the alveolar space and MV interactions with target cells. As potential novel therapeutic targets, these data highlight future areas of study by which researchers can modulate the actions of MVs within the alveolar space.
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Introduction

Inflammation is a major pathological feature of pulmonary arterial hypertension (PAH), particularly in the context of inflammatory conditions such as systemic sclerosis (SSc). The endothelin system and anti-endothelin A receptor (ETA) autoantibodies have been implicated in the pathogenesis of PAH, and endothelin receptor antagonists are routinely used treatments for PAH. However, immunological functions of the endothelin B receptor (ETB) remain obscure.



Methods

Serum levels of anti-ETB receptor autoantibodies were quantified in healthy donors and SSc patients with or without PAH. Age-dependent effects of overexpression of prepro-endothelin-1 or ETB deficiency on pulmonary inflammation and the cardiovascular system were studied in mice. Rescued ETB-deficient mice (ETB-/-) were used to prevent congenital Hirschsprung disease. The effects of pulmonary T-helper type 2 (Th2) inflammation on PAH-associated pathologies were analyzed in ETB-/- mice. Pulmonary vascular hemodynamics were investigated in isolated perfused mouse lungs. Hearts were assessed for right ventricular hypertrophy. Pulmonary inflammation and collagen deposition were assessed via lung microscopy and bronchoalveolar lavage fluid analyses.



Results

Anti-ETB autoantibody levels were elevated in patients with PAH secondary to SSc. Both overexpression of prepro-endothelin-1 and rescued ETB deficiency led to pulmonary hypertension, pulmonary vascular hyperresponsiveness, and right ventricular hypertrophy with accompanying lymphocytic alveolitis. Marked perivascular lymphocytic infiltrates were exclusively found in ETB-/- mice. Following induction of pulmonary Th2 inflammation, PAH-associated pathologies and perivascular collagen deposition were aggravated in ETB-/- mice.



Conclusion

This study provides evidence for an anti-inflammatory role of ETB. ETB seems to have protective effects on Th2-evoked pathologies of the cardiovascular system. Anti-ETB autoantibodies may modulate ETB-mediated immune homeostasis.





Keywords: endothelin B receptor, autoantibody, Th2 inflammation, pulmonary vascular hyperresponsiveness, pulmonary arterial hypertension, systemic sclerosis



Introduction

Despite modern therapy, pulmonary arterial hypertension (PAH) remains a fatal condition. PAH is characterized by construction and remodelling of pulmonary arteries leading to increased pulmonary vascular resistance and right heart failure (1).

An increasing body of evidence points to inflammation as a central pathogenic factor in idiopathic PAH (iPAH) as well as PAH secondary to other conditions (2–8). Perivascular inflammation and lymphoid tissue are found in lungs of PAH patients, and concordantly in murine models of pulmonary hypertension (2, 9–12). Elevated numbers of mast cells and T-helper type 2 (Th2) lymphocytes as well as increased expression of Th2 cytokines were repeatedly found in patients with pulmonary hypertension (2, 8, 13–16). Analogously, preclinical studies indicate an important underlying role of Th2-mediated immune signaling in the induction of morphological and functional changes found in PAH (2, 16–23).

The concept that the endothelium-derived peptide endothelin-1 (ET-1) serves as a major driver of PAH pathobiology is broadly accepted (1, 24–26). Prepro-endothelin-1 is the precursor of big-ET-1, which is converted to mature, bioactive ET-1 (24, 26, 27). Patients with pulmonary hypertension show elevated pulmonary vascular expression of ET-1 as well as increased levels of circulating ET-1 (25, 28).

ET-1 is a potent vasoconstrictor in the pulmonary circulation through activation of the G protein-coupled receptors endothelin A receptor (ETA) and endothelin B receptor (ETB) expressed on pulmonary arterial smooth muscle cells (PASMCs) (26, 27). The vasoconstrictive response induced by ET-1 involves thromboxane A2 (TXA2) release and consecutive TXA2 receptor activation (29, 30). Downstream signalling of ET-1-evoked vasoconstriction critically depends on protein kinase C isozyme alpha (PKCα) (31). Contrariwise, activation of ETB located on endothelial cells induces vasodilation via release of nitric oxide (NO) and prostaglandins (26, 27), partially dampening the vasoconstrictive effects of ET-1.

Besides its vasomotor actions, ET-1 promotes immune cell trafficking (32), such as via release of tumor necrosis factor alpha (TNF-α), interleukin (IL)-1β, and IL-6 from monocytes and macrophages (33), or via ETA-dependent release of IL-6 from vascular smooth muscle cells (34).

Endothelin receptor antagonists (ERAs) are routinely used for the treatment of PAH. However, whether ETA-selective targeting or dual inhibition of ETA/ETB is superior to the other is controversially discussed.

In systemic sclerosis (SSc), PAH is a common vascular complication, and an important driver of mortality (24). The prognosis of PAH secondary to SSc (SSc-PAH) has been critically linked to the presence of anti-ETA autoantibodies (AAb) (35). Autoimmunity is believed to play a significant role in PAH pathobiology (2, 5, 6, 35–40), and blood plasmablast levels were shown to be elevated in PAH patients (36). However, the potential involvement of anti-ETB AAb in PAH is currently unknown and the immunomodulatory role of ETB in the context of pulmonary hypertension remains largely elusive.

In this study, anti-ETB AAb levels were assessed in PAH patients for the first time. To better characterize the immunomodulatory functions of ETB, we additionally studied the effects of rescued ETB deficiency in mice on pulmonary vascular disease, independent of and dependent on pulmonary Th2 inflammation.

Circulating ET-1 is cleared from the blood via ET-1/ETB complex internalization (27, 41–43) and ETB deficiency results in increased ET-1 plasma levels (44–46). Thus, effects on PAH-associated cardiovascular pathologies were studied in parallel in mice overexpressing prepro-ET-1 (preETtg) to allow differentiation between ET-1- and ETB-mediated effects.

We hypothesized that ETB plays an anti-inflammatory role, alleviating Th2-evoked pathologies of the cardiovascular system.



Materials and Methods


Patients and Clinical Manifestations

Serum samples from 177 SSc patients referred to the Department of Rheumatology and Clinical Immunology at Charité - Universitätsmedizin Berlin were collected. Patients with SSc met the American College of Rheumatology/European League Against Rheumatism 2013 classification (47). SSc patients were classified as having either limited cutaneous SSc or diffuse cutaneous SSc or SSc sine scleroderma, according to the LeRoy criteria, depending on the distribution and history of skin sclerosis at the study visit. The first non-Raynaud symptom was considered as disease onset.

Under clinical routine conditions, patients were screened for PAH at least in 1-year intervals by assessment of World Health Organization functional class, echocardiography, lung function including single-breath diffusion capacity for carbon monoxide (DLCOSB), and, during the last few years, also by the detection of N-terminal pro-brain natriuretic peptide (NT-proBNP) levels. In all SSc patients in which PAH was suspected, diagnosis was confirmed by right heart catheterization. Interstitial lung disease was identified on the basis of a high-resolution computed tomographic scan, as confirmed by an expert radiologist. Additional serum samples were obtained from 10 iPAH patients, confirmed by right heart catheterization. Control serum samples were obtained from 26 healthy subjects.

The epidemiologic data of patients and healthy donors are shown in Supplementary Table 1. The study protocol was approved by the ethics committee (Charité - Universitätsmedizin Berlin; EA1/179/17). A written informed consent was obtained from each patient. The study was conducted in accordance with the principles of the Declaration of Helsinki.



Detection of Anti-ETB AAb

Prior to analysis, serum samples were stored at −80°C. Serum ETB antibody levels were measured in duplicate by ELISA (CellTrend GmbH, Luckenwalde, Germany) in a blinded manner as described (35, 48). In brief, microtiter plates were coated with extracts from Chinese hamster ovary cells overexpressing human ETB. Calcium chloride (1 mmol/L) was administered to each buffer for maintenance of conformational epitopes. Diluted serum samples were incubated (1:100, 4°C, 2 h). For detection, plates were washed and incubated for 1 h with horseradish peroxidase-labeled goat anti-human immunoglobulin G (IgG; 1:20,000; Jackson, West Grove, Pennsylvania, USA), followed by enzymatic substrate reaction. Optical densities were converted into concentrations (U/ml) by comparison to a standard curve. Concentrations below the limit of detection (LOD) were depicted as LOD/√2.



Mice

All animal procedures were approved by institutional authorities of the Charité - Universitätsmedizin Berlin and the Local State Office of Health and Social Affairs Berlin (LAGeSo; Berlin, Germany). Transgenic mice overexpressing human prepro-ET-1 (preETtg) on a mixed NMRI/C57BL/6 background rescued endothelin B receptor-deficient mice (ETB-/-) on a mixed C57BL/6/129 background and the respective corresponding wild-type mice were housed under specific pathogen-free conditions. The generation of preETtg mice (49) and rescued ETB-deficient mice (50) has been described elsewhere. Rescued ETB-deficient mice hold a dopamine-β-hydroxylase ETB transgene to prevent fatal congenital Hirschsprung disease (50).



Isolated Perfused Mouse Lung

Here, we used the isolated perfused mouse lung preparation to evaluate pulmonary hemodynamics ex vivo. While this approach does not allow determining whether a specific model fulfills the clinical criteria of pulmonary hypertension in vivo (which is, however, obscured anyway by the fact that invasive hemodynamic measurements in mice are commonly restricted to recordings of right ventricular systolic pressure rather than mean Ppa), constant perfusion rates and defined left atrial pressures allow for a sensitive assessment of differences in pulmonary vascular resistance independent of right and left ventricular function.

Anesthetized mice were prepared, lungs were isolated, and pulmonary artery and left atrium were cannulated as described (51–53). Lungs were perfused constantly (1 mL/min, nonrecirculating, left atrial pressure 2.2 cmH2O) with 37°C sterile Krebs-Henseleit hydroxyethyl amylopectin buffer (Serag-Wiessner, Naila, Germany). Negative pressure ventilation was performed (Pexp −4.5, Pins −9.0 cmH2O, 90 breaths/min). Pulmonary arterial pressure (Ppa) and dynamic lung compliance (Cdyn) were measured and recorded via Pulmodyn software (17). ET-1, thromboxane analog U46619, or serotonin (all Merck KGaA, Darmstadt, Germany) was administered to the perfusion buffer for 10, 3, or 0.5 min, respectively (31). Doses were increased following intervals of 24 (ET-1), 12 (U46619), or 8 min (serotonin). Vasopressor responses were calculated (maximal difference in Ppa, Δ Ppa). To determine the role of ETA, ETA inhibitor BQ-123 (8 μmol/L; Merck KGaA) or solvent (aqua dest.) was added to the perfusion buffer 10 min prior to ET-1 application. Lungs with signs of edema, atelectasis, or hemostasis were excluded from further analyses.



Fulton Index

Hearts were excised. Right ventricle and left ventricle plus adjacent septum were microscopically dissected and weighed. Fulton index [quotient of right ventricle (RV) and left ventricle (LV) including septum (S)] was calculated.



Pulmonary Th2 Inflammation

After systemic sensitization via i.p. injections of 20 μg of ovalbumin (OVA; grade V; Merck KGaA) dissolved in 100 µL of aluminum hydroxide suspension (1.3%; SERVA Electrophoresis GmbH, Heidelberg, Germany) and 10 µL of phosphate-buffered saline (PBS) on days 0 and 14, mice were repeatedly exposed to aerosolized ovalbumin (1%) in PBS on days 28–30 for 20 min/day (53, 54). On the respective days, sham-treated mice received i.p. injections of 100 µL of aluminum hydroxide suspension and 10 µL of PBS, followed by exposure to aerosolized PBS. Effects of pulmonary Th2 inflammation were analyzed on day 32.



Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) of the right lung was performed twice with 650 µL of ice-cold PBS containing protease inhibitor (cOmplete™ mini; Merck KGaA) (55, 56). Total cell numbers and leukocyte differentiation were determined by microscopic analysis blinded to the study groups. Cytokines from the BAL fluid supernatant of the first lavage were quantified according to the manufacturer´s instructions using a cytokine multiplex assay (Bioplex®; Bio-Rad Laboratories GmbH, Feldkirchen, Germany).



Lung Histopathology

Lungs were removed and immersion fixed for 24 h with 4% buffered formaldehyde solution pH 7.0 (Merck KGaA). After embedding in paraffin, tissue sections were cut with a microtome, mounted onto glass slides, and stained.

For histopathological analyses of naïve mice, 3-µm sections were either stained with hematoxylin and eosin (H&E) or immunostained for CD45R/B220 (B cells, monoclonal, 1:1,000, clone RA3-6B2, 553086; BD Biosciences, Heidelberg, Germany) or CD3 (T cells, polyclonal, 1:800; reference A0452; Dako, Santa Clara, CA, USA). Positive immunostaining was visualized using diaminobenzidine, and slides were counterstained with hematoxylin. For analyses of the effects of pulmonary Th2 inflammation, 5-µm tissue sections were either stained with H&E or Masson–Goldner trichrome.

Microscopic analyses were performed (Axiophot; Carl Zeiss Microscopy GmbH, Jena, Germany) in a blinded fashion by a board-certified veterinary pathologist or an anatomist and images were digitized (Color View II camera, CellSens software; Olympus Europa SE Co. KG, Hamburg, Germany).



Real-Time Quantitative RT-PCR

Gene expression was analyzed as described (31, 57). Lung tissue was homogenized in Trizol (Thermo Fisher Scientific, Dreieich, Germany), and RNA was extracted. Reverse transcription (RT) of total RNA was performed (high-capacity reverse transcription kit; Thermo Fisher Scientific). For quantitative RT-PCR (ABI 7300 instrument; Thermo Fisher Scientific), TaqMan assays (Life Technologies) were applied for the target genes ETA, TXA2 receptor, and ET-1. TaqMan assay IDs were Mm01243722_m1 (ETA), Mm00436917_m1 (TXA2 receptor), and Mm00438656_m1 (ET-1). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as internal reference. GAPDH primer sequences were TGTGTCCGTCGTGGATCTGA (forward, 5’ to 3’), CCTGCTTCACCACCTTCTTGA (reverse, 5’ to 3’), and CCGCCTGGAGAAACCTGCCAAGTATG (probe, 5’-FAM to 3’-TAMRA) (57). The relative expression (relative quantity, RQ) of each target gene was quantified using the comparative Ct method, with relative expression set to 1 in PBS-treated WT mice (31, 57).



TXB2 and VIP Quantification

Thromboxane B2 (TXB2) perfusate levels and vasoactive intestinal peptide (VIP) plasma levels were quantified via enzyme immunoassay (EIA) according to the respective manufacturer’s guide (TXB2 EIA; Cayman Chemical, MI, USA; detection limit 7.8 pg/mL; VIP EIA; Phoenix Europe GmbH, Karlsruhe, Germany; detection limit 0.05 ng/mL).



Statistical Analysis

For comparison of autoantibody levels, data were analyzed by one-way ANOVA followed by Dunnett’s multiple comparisons test. Dose–response curves were compared using two-way repeated measures ANOVA. Mann–Whitney U test was performed for comparison between two groups. *p < 0.05, **p < 0.01, ***p < 0.001.




Results


Elevated Anti-ETB Autoantibody Serum Levels in Patients With PAH Secondary to Systemic Sclerosis

Autoantibodies against ETA were shown to be elevated in SSc-PAH patients (35). Analogously, in this study, anti-ETB autoantibody serum levels were quantified in SSc patients with or without PAH as well as in iPAH patients and healthy donors. Compared to healthy donors, SSc-PAH patients showed increased levels of anti-ETB AAb (Figure 1). In SSc patients without PAH as well as in iPAH patients, anti-ETB AAb serum levels were increased by trend when compared to healthy donors (Figure 1). However, the relatively small number of iPAH serum samples needs to be considered. Detailed patient characteristics are found in Supplementary Table 1.




Figure 1 | Anti-ETB autoantibody serum levels were elevated in patients with PAH secondary to SSc. Serum levels of anti-endothelin B receptor (ETB) autoantibodies (AAb) were quantified in healthy donors (HD), patients with idiopathic pulmonary arterial hypertension (iPAH), and systemic sclerosis (SSc) patients (+/- interstitial lung disease) with or without PAH. Data are expressed as single values with mean ± SD; N = 26 (HD) or N = 10 (iPAH) or N = 143 (SSc w/o PAH) or N = 34 (SSc w/PAH). The dotted line indicates the lower detection limit of the ELISA. *p < 0.05 (one-way ANOVA and Dunnett’s multiple comparisons test).





Pulmonary Hypertension, Right Ventricular Hypertrophy, and Lymphocytic Alveolitis in preETtg and ETB-/- Mice

To confirm the dual vasomotor role of ET-1 via ETA and ETB receptors in the pulmonary vasculature, functional analyses in isolated perfused mouse lungs were performed. In isolated WT lungs, application of the ETA inhibitor BQ-123 resulted in an almost complete reduction of the pulmonary vascular pressure response to ET-1 compared with the solvent control (Supplementary Figure 1A), while rescued ETB deficiency resulted in an elevated pulmonary vascular pressure response to ET-1 or the thromboxane receptor agonist U46619 compared to WT controls (Supplementary Figures 1B, C).

To dissect ET-1-specific as well as ETB-specific effects on pulmonary inflammation and PAH-associated cardiovascular pathologies independent of additional inflammatory stimuli, we first investigated age-dependent effects in two transgenic mouse models of (i) prepro-ET-1 overexpression (preETtg) and (ii) rescued ETB deficiency (ETB-/-). In line with the literature (58), young to mature-adult (2–6 months old) preETtg mice did not show pulmonary hypertension. However, in highly aged (16–18 months old) mice, prepro-ET-1 overexpression resulted in a significant increase in pulmonary arterial pressure compared to corresponding WT controls (Figure 2A). Furthermore, 2- to 6-month-old preETtg mice demonstrated a moderate increase in pulmonary vascular responsiveness to thromboxane receptor agonist U46619 compared to corresponding WT mice, whereas pulmonary vascular responsiveness of 16- to 18-month old mice was comparable within both groups (preETtg vs. WT) (Figure 2B). Cardiac analysis using the Fulton index (right ventricular weight/weight of left ventricle including septum) revealed right ventricular hypertrophy associated with chronic prepro-ET-1 overexpression in 16- to 18-month-old but not in 2- to 6-month-old mice (Figure 2C). Long-term overexpression of prepro-ET-1 was also associated with an increase in lymphocyte numbers in the BAL (Figure 2D). Independent of prepro-ET-1 overexpression, less BAL macrophages were found in 16- to 18-month-old vs. 2- to 6-month-old mice (Figure 2D).




Figure 2 | Prepro-endothelin-1 overexpression was age-dependently associated with increased pulmonary arterial pressure, vascular hyperresponsiveness, right ventricular hypertrophy, and increased number of lymphocytes in bronchoalveolar lavage. Lungs and hearts of 2- to 6-month (mo)-old or 16- to 18-mo-old prepro-endothelin-1 overexpressing (preETtg) mice and corresponding wild-type (WT) mice were prepared, or bronchoalveolar lavage (BAL) was performed. (A) In isolated perfused and ventilated lungs, under basal conditions, 16- to 18-mo-old preETtg showed a higher pulmonary arterial pressure (Ppa) compared to WT mice of the same age. (B) Pulmonary vascular responsiveness to intravascular application of the thromboxane receptor agonist U46619 was increased in 2- to 6-mo-old preETtg mice compared to WT controls of the same age. Data (Δ Ppa) represent the difference between the highest pressure response to U46619 and the basal Ppa. (C) Fulton index [quotient of right ventricle (RV) and left ventricle (LV) including septum (S)] determined after weighing the cardiac compartments was higher in 16- to 18-mo-old preETtg compared to WT mice of the same age. (D) Analysis of differentially quantified leukocytes in BAL showed increased number of lymphocytes in 16- to 18-mo-old preETtg compared to WT mice of the same age, whereas macrophages decreased with age, independent of prepro-ET-1 overexpression. In (A, C, D), data are represented as box plots depicting median, quartiles, and ranges excluding outliers (open circles), and analyzed using Mann–Whitney U test. # indicates significant difference between 16- to 18-mo-old vs. 2- to 6-mo-old groups, * indicates significant difference between preETtg vs. corresponding WT group (as indicated). In (B), values are given as mean and SEM, and analyzed using two-way repeated measures ANOVA, followed by a single Mann–Whitney U test between values of preETtg and WT mice of the same age at the highest dose of U46619 (*). In (A–C), N = 5–12; in (D), N = 7–17. */#p < 0.05, ***p < 0.001.



In mature-adult (6 months old) ETB-/- mice, basal pulmonary arterial pressure was significantly increased compared to WT mice of the same age (Figure 3A). Weight analysis of cardiac compartments revealed that ETB-/- mice of both age groups exhibited right ventricular hypertrophy compared with their respective WT counterparts (Figure 3B). Furthermore, splenomegaly was present in ETB-/- compared to WT mice and was progressive with age (Figure 3C) whereas relative liver weight was comparable in all groups (Supplementary Figure 2A). Cellular analysis of BAL fluid showed increased numbers of lymphocytes and macrophages in young ETB-/- compared to WT mice (Figure 3D).




Figure 3 | ETB deficiency was age-dependently associated with increased pulmonary arterial pressure, right ventricular hypertrophy, splenomegaly, and increased number of lymphocytes in bronchoalveolar lavage. Lungs, hearts, and spleens of 8- to 12-week (wk)-old and 6-mo-old rescued endothelin B receptor-deficient (ETB-/-) and corresponding wild-type (WT) mice were removed, or bronchoalveolar lavage (BAL) was performed. (A) In isolated perfused and ventilated lungs, under basal conditions, pulmonary arterial pressure (Ppa) was increased in 6-mo-old ETB-/- compared to WT mice of the same age. (B) Fulton index [ratio of right ventricle (RV) and left ventricle (LV) including septum (S)] determined after weighing the cardiac compartments was higher in ETB-/- compared to WT mice. (C) Determination of spleen weight related to body weight revealed splenomegaly in ETB-/- mice. (D) Analysis of differentially quantified leukocytes in BAL revealed increased number of lymphocytes and macrophages in BAL from 8- to 12-wk-old ETB-/- vs. WT mice of the same age. Data are represented as box plots depicting median, quartiles, and ranges excluding outliers (open circles). In (A–C), N = 7–28; in (D), N = 7–17. # indicates significant difference in the 6-mo-old vs. the corresponding 8- to 12-wk-old group, * indicates significant difference between ETB-/- vs. the corresponding WT group. */#p < 0.05, **p < 0.01, ***p < 0.001 (Mann–Whitney U test).



Basal dynamic lung compliance was found to be reduced in ETB-/- compared to corresponding WT mice in both age groups (Supplementary Figure 2B), in contrast to preETtg mice, which showed unaltered dynamic lung compliance (Supplementary Figure 3).



Perivascular Lymphoid Infiltrates in ETB-/- Lungs

Compared to WT controls, ETB-/- mice developed marked perivascular lymphocytic infiltrates (Supplementary Figure 4). In ETB-/- mice, perivascular lymphocytic infiltrates were particularly observed in the peripheral lung tissue, which were absent from WT lungs (Figure 4A). These infiltrates mostly consisted of B cells (Figure 4B) and T cells (Figure 4C). Both the prevalence and number of these cell clusters increased with age, and infiltrates were present in almost all (14/15) >16 months old ETB-/- mice (Figure 4D). Such perivascular cell clusters adjacent to small pulmonary arteries were absent in preETtg mice (Supplementary Figure 5) pointing to an immunomodulatory role of ETB in the lungs in the context of pulmonary hypertension.




Figure 4 | ETB deficiency was associated with peripheral perivascular lymphocytic infiltrates in the lung. Lungs of 6-, 12-, and >16-mo-old rescued endothelin B receptor-deficient (ETB-/-) and the corresponding wild-type (WT) mice were assessed histologically following hematoxylin and eosin (H&E) stain (A) or immunohistochemical stains for CD45R/B220 (B cells; B) or CD3 (T cells; C). The scale bars represent 20 µm (A) or 50 µm (B, C). Representative images of ≥12-mo-old mice are shown; N = 20–25 per group (A) or N = 3–5 per group (B, C). (D) H&E-stained lung sections were analyzed and scored (0, no peripheral perivascular infiltrates; 1, mild; 2 moderate; 3, pronounced) by an independent board-certified pathologist, blinded to the study groups. Data are expressed as single values with mean ± SEM; N = 7–9 (6-mo-old group), N = 5–10 (12-mo-old group), or N = 15 (>16-mo-old group). ***p < 0.001 (Mann–Whitney U test).





Th2 Inflammation Aggravates PAH-Associated Pathologies in ETB-/- Lungs

Next, we studied the effects of pulmonary Th2 inflammation as a second inflammatory hit in ETB-/- mice. Pulmonary Th2 inflammation was induced via systemic ovalbumin sensitization and ovalbumin airway exposure (OVA/OVA).

Pulmonary arterial pressure was elevated in ETB-/- compared to WT mice as described before, independent of pulmonary Th2 inflammation (Figure 5A). Following OVA/OVA treatment, pulmonary vascular hyperresponsiveness to ET-1 and U46619 was highly increased in ETB-/- mice compared to WT mice (Figure 5A). Pulmonary vascular hyperresponsiveness to serotonin, however, was not increased in ETB-/- as compared to WT mice (Supplementary Figure 6A).




Figure 5 | ETB deficiency aggravated Th2-mediated vascular pathologies and inflammation in the lung. Rescued endothelin B receptor-deficient (ETB-/-) and corresponding wild-type (WT) mice were systemically sensitized with ovalbumin (OVA) (or PBS as control) and repeatedly exposed to aerosolized OVA (OVA/OVA) or PBS (PBS/PBS). Forty-eight hours after the last challenge, lungs, hearts, and spleens of 12-wk-old mice were harvested, or bronchoalveolar lavage (BAL) was performed. (A) In isolated perfused and ventilated lungs, pulmonary arterial pressure (Ppa) was measured under basal conditions, and pulmonary vascular responsiveness to increasing concentrations of endothelin-1 or thromboxane receptor agonist U46619 was determined. Data (Δ Ppa) represent the difference between the highest pressure response to the respective stimulus and the basal Ppa. (B) Fulton index [quotient of right ventricle (RV) and left ventricle (LV) including septum (S)] was determined after weighing the cardiac compartments (left) and spleen weight was determined and related to body weight (right). (C) Leukocytes were differentially quantified in BAL. (D) IL-12p40 was determined in BAL (lower detection limit was 0.54 pg/mL). (E) In isolated perfused and ventilated mouse lungs, dynamic lung compliance (Cdyn) was measured. (F) Lung tissue sections were stained with Masson–Goldner trichrome that revealed more pronounced pulmonary collagen deposition in ETB-/- than WT mice after OVA/OVA treatment. The scale bar represents 100 µm and is valid for all photomicrographs. Representative images (N = 7 per group) are shown. In (A left, B–E), data are represented as box plots depicting median, quartiles, and ranges excluding outliers (open circles), and analyzed using Mann–Whitney U test. # indicates significant difference between OVA/OVA vs. the corresponding PBS/PBS group, * indicates significant difference between ETB-/- vs. the corresponding WT group. In (A middle-right), values are given as mean and SEM, and analyzed using two-way repeated measures ANOVA (*). In (A right), additional Mann–Whitney U test was performed comparing values of ETB-/- and WT mice treated with PBS at the highest dose of U46619 (#). N = 5–14 (A–C, E) or N = 3–6 (D). */#p < 0.05, **/##p < 0.01, ***/###p < 0.001.



Importantly, pulmonary Th2 inflammation aggravated right ventricular hypertrophy as well as splenomegaly in ETB-/- mice compared to WT controls (Figure 5B). Liver weight in relation to body weight was comparable in all groups (Supplementary Figure 6B).

The Th2-mediated inflammatory cell influx into the lung was increased in ETB-/- mice as reflected by elevated BAL cell numbers including lymphocytes, neutrophils, and eosinophils (Figure 5C) and as revealed by more pronounced perivascular leukocyte infiltrates in ETB-/- lungs (Supplementary Figure 7). While BAL Th2 cytokines IL-4, IL-5, and IL-13 in OVA/OVA-treated ETB-/- mice were comparable with the respective WT mice (Supplementary Table 2), IL-12 subunit p40 (IL-12p40) levels were greatly increased in BAL of ETB-/- mice (Figure 5D).



ETB Deficiency Aggravates Th2-Mediated Collagen Deposition in the Lung

Th2 immune responses have been associated with pulmonary collagen deposition (59) and IL-12p40 is believed to possess profibrotic properties in the lung (60). Dynamic lung compliance was lowest in ETB-/- mice after induction of pulmonary Th2 inflammation (Figure 5E). Accordingly, histological analyses of Masson–Goldner trichrome-stained lung slices revealed more pronounced collagen deposition in ETB-/- lungs than in WT lungs following OVA/OVA treatment (Figure 5F).



ETB Mediates Thromboxane Release Evoked by ET-1

To mechanistically dissect the pronounced increase in pulmonary vascular responsiveness to ET-1 in ETB-/- mice (Figure 5A), we indirectly assessed pulmonary vascular TXA2 release in isolated mouse lungs via quantification of stable TXB2 in the perfusate before and after intravascular application of ET-1. Indeed, vascular thromboxane release following ET-1 application was highly elevated in ETB-/- lungs (Figure 6A).




Figure 6 | ET-1-mediated thromboxane release is increased in ETB-/- mice. (A) In isolated perfused lungs of 10- to 12-wk-old rescued endothelin B receptor-deficient (ETB-/-) and corresponding wild-type (WT) mice, perfusate samples were collected 2 min before application of 100 nmol/L ET-1 (for 10 min), and 2, 6, 10, and 14 min after the start of ET-1 application, and TXB2 levels were determined. The detection limit was 7.8 pg/ml. Values are given as mean and SEM (N = 7), and analyzed using Mann–Whitney U tests at each time point comparing both groups. (B) ETB-/- and corresponding WT mice were systemically sensitized with OVA (or PBS as control) and repeatedly exposed to aerosolized OVA (OVA/OVA) or PBS (PBS/PBS). Forty-eight hours after the last inhalative OVA challenge, lungs of 15- to 17-wk-old mice were isolated for mRNA expression analyses by quantitative PCR. Relative quantification of mRNA was performed using the comparative Ct method. Data are represented as box plots depicting median, quartiles, and ranges excluding outliers (open circles), and analyzed using Mann–Whitney U test; N = 6–7 per group. # indicates significant difference between OVA/OVA vs. the corresponding PBS/PBS group, * indicates significant difference between ETB-/- vs. the corresponding WT group. *p < 0.05, **/##p < 0.01, ###p < 0.001.



Increased vascular hyperresponsiveness secondary to ETA and/or TXA2 receptor upregulation, however, was ruled out via mRNA expression analyses. In ETB-/- lungs, ETA mRNA expression was downregulated while TXA2 receptor mRNA expression was comparable (Figure 6B). Of note, rescued ETB deficiency led to increased pulmonary ET-1 expression following induction of pulmonary Th2 inflammation (Figure 6B).

To investigate a potential pathomechanistic link between the endothelin system in pulmonary Th2 inflammation and the VIP, VIP plasma levels were quantified. Neither rescued ETB deficiency nor OVA/OVA treatment had an effect on VIP plasma levels (Supplementary Figure 8).




Discussion

In our study, we evaluated anti-ETB AAb in PAH patients for the first time and found increased levels in SSc-PAH patients. Furthermore, we characterized the immunomodulatory role of ETB in the context of PAH using a mouse model of PAH due to rescued ETB deficiency. Our data point to an important role of ETB in immune homeostasis, with functional ETB deficiency unleashing PAH development under inflammatory conditions.

ETB deficiency is associated with defective ET-1 clearance (27, 41–43), and increased levels of plasma ET-1 (44–46). In order to distinguish ET-1- and ETB-dependent effects in ETB-/- mice, we studied a second transgenic mouse model in parallel, namely, prepro-endothelin-1 overexpressing (preETtg) mice.

Here, we show that pulmonary hypertension, pulmonary vascular hyperresponsiveness, and right ventricular hypertrophy were present in preETtg as well as in ETB-/- mice, arguing for ET-1-specific effects. In preETtg mice, both pulmonary hypertension and right ventricular hypertrophy, however, were exclusively detected in highly aged (≥16 months old) mice, possibly as a result of decreasing NO-mediated compensatory effects with increasing age (61). In contrast, in ETB-/- mice, PAH-associated alterations were generally observed at a younger age than in preETtg mice, which may be the result of synergistic unfavorable effects of ETB deficiency and consecutive defective clearance of ET-1. Yet, as opposed to the characteristic findings in PAH patients, relevant pulmonary arterial remodeling was absent in both transgenic mouse lines, suggesting that the observed pulmonary hypertensive phenotypes are primarily driven by an increased vascular tone due to an imbalance of vasoconstrictive and vasodilatory mechanisms, rather than by extensive vascular remodeling in the pulmonary circulation.

Increased numbers of lymphocytes were found in BAL of both transgenic mouse models, again pointing to ET-1 as causative trigger. This finding is in line with previously described chronic lymphocytic lung inflammation as a result of prepro-ET-1 overexpression (58).

Of note, pronounced peripheral perivascular cluster of lymphoid infiltrates were exclusively found in ETB-/- lungs, arguing for a dysregulation of the immune system due to the loss of ETB. The perivascular space is a unique lung compartment, which might have been underestimated (62). Capillaries as well as lymphatic vessels from the periphery are found in the perivascular space, predominantly around the pulmonary arteries. This compartment is rather inactive in healthy lungs, but gains major significance in many types of lung inflammation. It is hypothesized that in certain conditions, inflammatory mediators induce extravasation of fluid and leukocytes from the periarterial capillaries, leading to thick cellular cuffs around the pulmonary arteries (63, 64). This defense mechanism may contribute to secondary lesions or processes such as the development of tertiary lymphoid tissue.

The data presented here give a strong hint that ETB is involved in the regulation of perivascular infiltration of pulmonary arteries. This finding is of specific interest as perivascular infiltrates and lymphoid tissue are commonly found in lungs of PAH patients and in preclinical models of pulmonary hypertension (2, 9–12).

As previously shown by us and others, induction of pulmonary Th2 inflammation in mice induces relevant PAH-associated features such as perivascular inflammation, hyperresponsiveness of the pulmonary vasculature to vasoconstrictive stimuli, complex pulmonary arterial remodeling, and increase in right ventricular systolic pressure (2, 16–23). Importantly, a key role of Th2 inflammation in the pathogenesis of pulmonary hypertension has been demonstrated in lung-specific IL-13-overexpressing mice, which develop spontaneous pulmonary hypertension, pulmonary arterial remodeling, and right ventricular hypertrophy (22). Interestingly, also in Fra-2 transgenic mice, a well-described model of SSc-PAH and interstitial lung disease, a strong underlying Th2 phenotype is present (56, 65).

Here, we analyzed the effects of pulmonary Th2 inflammation as a second hit in ETB-/- mice. Notably, both pulmonary vascular hyperresponsiveness and right ventricular hypertrophy were aggravated secondary to Th2 inflammation in ETB-/- mice. Moreover, in ETB-/- lungs, pulmonary perivascular inflammation and collagen deposition were increased.

On the cytokine level, IL-12 subunit p40 (IL-12p40) levels were largely increased in BAL of ETB-/- mice, whereas Th2 cytokines were similar in ETB-/- and WT mice. Increased IL-12p40 levels are notable with respect to the exaggerated PAH phenotype in ETB-/- mice as well as the increased pulmonary collagen deposition, since PAH patients show elevated levels of circulating IL-12p40 (12). Analogously, IL-12p40 serum levels are increased in mice deficient for chemokine receptor CCR7, which develop pulmonary hypertension, pulmonary arterial remodeling, and perivascular lymphoid infiltrates in the lung (12). Moreover, IL-12p40 has been identified as a central profibrotic mediator in murine lung fibrosis (60).

Pulmonary vascular hyperresponsiveness to the stimuli ET-1 and TXA2 analog U46619 was shown to be aggravated in ETB-/- lungs compared to the WT lungs. Interestingly, pulmonary vascular hyperresponsiveness to serotonin was unchanged in ETB-/- lungs, arguing for stimulus-specific alterations of the here assessed vasomotor responses. Mechanistically, ET-1-evoked hyperresponsiveness was most likely based on increased TXA2 release following vascular ET-1 application in ETB-/- mice, as indicated here by the elevated TXB2 perfusate levels.

Increased responsiveness as a result of ETA and/or TXA2 receptor upregulation, however, was ruled out in this study. In fact, ETA was downregulated in ETB-/- lungs following induction of Th2 inflammation, possibly as a counter-response to the increase in local ET-1 expression in ETB-/- lungs. Taken together, both the upregulation of ET-1 expression and the increased release of IL-12p40 may have contributed to the here observed exaggeration of the PAH phenotype in ETB-/- mice following induction of pulmonary Th2 inflammation.

It can be assumed that the anti-inflammatory effects of ETB signaling described in this study are primarily mediated via ETB receptor activation on vascular and inflammatory cells. In contrast, secondary immunomodulatory effects in response to ETB-regulated sodium and water reabsorption in the kidney are unlikely to underlie the detected anti-inflammatory properties of ETB in the lung. Specifically, ETB exerts natriuretic functions (66), and collecting duct-specific deficiency of ETB accordingly causes systemic hypertension with decreased urinary aldosterone excretion and plasma renin activity (67). Reduced activation of the renin–angiotensin–aldosterone system is, however, characteristically associated with mitigated inflammation (68). The same holds true for natriuretic peptides, which are abundantly released upon volume expansion (69) and have protective immunomodulatory properties (70). These anti-inflammatory effects of renal ETB deficiency stand in contrast to the pro-inflammatory effects in the lung detected in our study. Therefore, the anti-inflammatory role of ETB in the lung seems unrelated to its natriuretic function.

Our finding that Th2 inflammation as a second hit augments hallmarks of PAH is in line with previous findings in mice expressing a hypomorphic bone morphogenetic protein receptor type 2 (BMPR2) transgene, which showed an increase in right ventricular systolic pressure following induction of a Th2 immune response (23). As Th2-mediated aggravation of PAH phenotypes has been repeatedly shown, it is tempting to speculate that mediators of Th2 signaling may serve as potential targets in PAH. This needs to be evaluated in further studies.

PAH may occur in SSc patients with or without accompanying interstitial lung disease and/or digital ulcers (71, 72). The endothelin system is believed to play a central role in SSc-PAH, and SSc-PAH patients benefit from ERA treatment (24, 71, 72). ERAs are further indicated to treat SSc-related digital ulcers (72). Additional SSc-associated complications seem to involve the endothelin system. Alveolitis is frequently observed in SSc patients (73, 74). Intriguingly, alveolitis was also experimentally induced in mice treated with anti-ETA AAb and anti-angiotensin II type 1 receptor (AT1R) AAb-positive IgG derived from SSc patients (75). Moreover, expression of type I collagen in fibroblasts following treatment with IgG from SSc patients correlated with anti-ETA AAb levels, suggesting an underlying role of the endothelin system in SSc-associated fibrosis (75), as also discussed elsewhere (76).

The immunomodulatory actions of ETB shown here may be of relevance for the early phase of PAH, in which inflammation, endothelial dysfunction, and hyperresponsiveness of the pulmonary vasculature are believed to play relevant mechanistic roles. In the chronic disease state, reflected by profound remodeling of the pulmonary arteries, ETB, however, may play a less prominent role, as indicated by the fact that ETA-selective blockers do not appear to be superior to dual ETA/ETB therapy in established PAH (77, 78). Prospective clinical trials comparing selective ERA (inhibition of ETA) head-to-head against dual ERA (combined inhibition of ETA/ETB) therapy at early disease time points may be required to identify a potential advantage of selective ERA therapy in PAH.

In conclusion, our data show an anti-inflammatory role of ETB. ETB deficiency as a single hit is associated with spontaneous formation of marked lymphoid infiltrates in the perivascular space of the lung, in addition to pulmonary hypertension, pulmonary vascular hyperresponsiveness, and right ventricular hypertrophy. Th2 inflammation as a second hit aggravates PAH-associated pathologies in ETB-/- mice. The pathogenic role of anti-ETB AAb in SSc-PAH needs to be evaluated in further studies.
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Background

Inflammation strongly contributes to atherosclerosis initiation and progression. Consequently, recent clinical trials pharmacologically targeted vascular inflammation to decrease the incidence of atherosclerosis-related complications. Colchicine, a microtubule inhibitor with anti-inflammatory properties, reduced cardiovascular events in patients with recent acute coronary syndrome and chronic coronary disease. However, the biological basis of these observations remains elusive. We sought to explore the mechanism by which colchicine beneficially alters the course of atherosclerosis.



Methods and Results

In mice with early atherosclerosis (Apoe-/- mice on a high cholesterol diet for 8 weeks), we found that colchicine treatment (0.25 mg/kg bodyweight once daily over four weeks) reduced numbers of neutrophils, inflammatory monocytes and macrophages inside atherosclerotic aortas using flow cytometry and immunohistochemistry. Consequently, colchicine treatment resulted in a less inflammatory plaque composition and reduced plaque size. We next investigated how colchicine prevented plaque leukocyte expansion and found that colchicine treatment mitigated recruitment of blood neutrophils and inflammatory monocytes to plaques as revealed by adoptive transfer experiments. Causally, we found that colchicine reduced levels of both leukocyte adhesion molecules and receptors for leukocyte chemoattractants on blood neutrophils and monocytes. Further experiments showed that colchicine treatment reduced vascular inflammation also in post-myocardial infarction accelerated atherosclerosis through similar mechanisms as documented in early atherosclerosis. When we examined whether colchicine also decreased numbers of macrophages inside atherosclerotic plaques by impacting monocyte/macrophage transitioning or in-situ proliferation of macrophages, we report that colchicine treatment did not influence macrophage precursor differentiation or macrophage proliferation using cell culture experiments with bone marrow derived macrophages.



Conclusions

Our data reveal that colchicine prevents expansion of plaque inflammatory leukocytes through lowering recruitment of blood myeloid cells to plaques. These data provide novel mechanistic clues on the beneficial effects of colchicine in the treatment of atherosclerosis and may inform future anti-inflammatory interventions in patients at risk.
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Introduction

A large body of evidence has demonstrated that inflammation contributes to all stages of atherosclerotic plaque formation (1–3). Atheroma initiation is characterized by hyperlipidemia-activated endothelial cells, which upregulate leukocyte adhesion molecules and leukocyte attracting chemokines. Consequently, leukocytes – the effector cells of the immune system – are recruited from the blood stream and accumulate in the arterial intima. Intimal leukocytes, mainly myeloid cells (neutrophils, monocytes and macrophages), fuel plaque initiation and progression through 1) release of pro-inflammatory cytokines and chemokines, 2) lipid core formation and enlargement, and 3) thinning of the fibrous cap. As a consequence, plaque destabilization with fibrous cap erosion/rupture may occur resulting in complications such as myocardial infarction (MI) or stroke. Given this background, clinical studies recently probed whether therapeutic targeting of inflammatory pathways may be beneficial in prevention and treatment of atherosclerosis (4). Indeed, the Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS) provided the first proof of the contribution of inflammation to atherosclerosis in humans and demonstrated that neutralizing interleukin-1 beta (IL-1β) reduces cardiovascular events in patients with atherosclerosis and prior MI (5, 6). This concept was further reinforced by two recent trials using the anti-inflammatory drug colchicine (7, 8): In the Colchicine Cardiovascular Outcomes Trial (COLCOT), colchicine led to a significantly lower risk of ischemic cardiovascular events in patients with prior MI (7) while in the Low-Dose Colchicine (LoDoCo) 2 trial, it reduced cardiovascular events in chronic coronary disease patients (8). Colchicine, an orally administered plant alkaloid used to treat gout and pericarditis, is a potent anti-inflammatory agent mainly acting by inhibiting tubulin assembly and suppressing microtubule formation (key components of the cellular cytoskeleton), but also interfering with NLRP3 (NACHT, LRR and PYD domains-containing protein 3)-inflammasome formation and thereby reducing the release of activated pro-inflammatory IL-1β and interleukin-18 (IL-18) (9).

Although large randomized trials using colchicine to treat atherosclerosis showed promising results, we do not completely understand the biological basis of the beneficial effects. In this study, we sought to explore how colchicine prevents progression of atherosclerosis. Our results show that colchicine reduces vascular inflammation by dampening uptake of inflammatory leukocytes into plaques through altering the recruitment profile of circulating monocytes and neutrophils.



Materials and Methods


Mouse Studies

Apoe-/- (B6.129P2-Apoetm1Unc/J) and Ubc-GFP mice (C57BL/6-Tg(UBC-GFP)30Scha/J) were purchased from the The Jackson Laboratory (Bar Harbor, ME, USA) and expanded by in-house breeding. C57BL/6 J mice were purchased from Charles River Laboratories (Sulzfeld, Germany). For experiments, Apoe-/- mice were fed a high cholesterol diet (HCD, 21.2% fat by weight and 0.2% cholesterol, TD.88137, Envigo, Indianapolis, IN, USA) for a total period of eight weeks. During the last four weeks of HCD, a sterile solution of vehicle [phosphate buffered saline (PBS)] or colchicine (dissolved in sterile PBS, 0.25 mg/kg bodyweight (BW); C3915, Sigma Aldrich, St. Louis, MO, USA) was injected intraperitoneally once daily. The colchicine dosage used was based on previously published studies (10, 11). Unfortunately, it was not possible to quantify plasma concentrations of colchicine in our mice.

For MI experiments, Apoe-/- mice were fed a HCD for four weeks and anaesthetized with a combination of midazolam (5.0 mg/kg BW), medetomidine (0.5 mg/kg BW) and fentanyl (0.05 mg/kg BW). C57BL/6 J mice were anaesthetized without prior HCD treatment. After thoracotomy in the left intercostal space, the left anterior descending coronary artery was located and permanently occluded using an 8-0 prolene suture to induce MI. For analgesia, mice received buprenorphine every 8 hours for 3 days. Apoe-/- mice were fed the HCD for an additional 5 weeks, with PBS or colchicine injections for the last 4 weeks as described above, while C57BL/6 J mice received vehicle or colchicine (0.25 mg/kg BW every 8 hours) during the first three days after MI.

For all experiments, age- and sex-matched littermates at 8 to 12 weeks of age were used. Assignment to groups was random. Animal experiments were conducted in accordance with the German legislation on protection of animals and approved by the local animal care committee (AZ: ROB-55.2-2532.Vet_02-16-92).



Tissue Processing

For in vivo staining of circulating blood leukocytes, an antibody directed against CD45-BV605 (clone 30-F11, 1:10 in 100 µl PBS, BioLegend, San Diego, CA, USA) was injected intravenously 5 min before euthanizing the animals under isoflurane anesthesia. Blood samples were obtained by retrobulbar collection into EDTA-coated tubes. Lysis of erythrocytes was performed in blood samples in 1X RBC Lysis Buffer (420302, BioLegend). After stopping the reaction with PBS, samples were centrifuged at 400 g for 10 min at 4°C and resuspended in FACS Buffer (PBS containing 0.5% bovine serum albumin, A2153, Sigma Aldrich). Bone marrow was sampled from femurs by flushing the bones with PBS. Cells were then filtered using a 40 µm cell strainer.

For analysis of aortic plaques and cardiac leukocytes, hearts were perfused through the left ventricle with PBS, aortas were extracted carefully from root to common iliac artery bifurcation removing the surrounding tissue. Hearts and aortas were minced in respective digestion buffer. Then, tissues were digested in a solution composed of collagenase I (450 U/ml, C0130), collagenase XI (125 U/ml, C7657), DNase I (60 U/ml, D5319-500UG), and hyaluronidase (60 U/ml, H3506, all Sigma Aldrich) in PBS for 1 h under agitation at 37°C.

For flow cytometric analysis of aortic endothelial cells, digestion buffer consisted of 1X PBS containing DNase I (250 U/ml) and collagenase IV (2500 U/ml, LS004212, CellSystems, Troisdorf, Germany) and aortas were digested for 40 min under agitation at 37°C.

Subsequently, cell suspensions were filtered using a 40 µm cell strainer and resuspended in FACS buffer.



Flow Cytometry and Fluorescence Activated Cell Sorting

Aortic and cardiac cell suspensions were stained with antibodies labelling murine hematopoietic lineage markers (B220 (clone RA3-6B2); CD90.2 (clone 53-2.1, 1:300 dilution); CD49b (clone DX5, 1:1200 dilution); NK1.1 (clone PK136); Ter-119 (clone TER-119) and Ly6G (clone 1A8), all conjugated with phycoerythrin (PE)) and antibodies directed against CD45.2 (PerCP/Cy5.5-conjugated, clone 104, 1:300); CD11b (APC/Cy7-conjugated, clone M1/70); F4/80 (PE/Cy7-conjugated, clone BM8); and Ly6C (BV421- or FITC-conjugated, clone HK1.4). For blood and bone marrow analysis, an antibody against CD115 (BV711-conjugated, clone AFS98) was added to the staining mixture. For BrdU experiments, cells were subsequently fixed and permeabilized and additionally stained in an APC-conjugated anti-BrdU antibody according to the manufacturer’s recommendations (552598, BD Biosciences). All antibodies were used in 1:600 dilutions and purchased from BioLegend unless indicated otherwise.

Aortic endothelial cell samples were stained with antibodies against CD54-APC (ICAM1) (clone YN1/1.7.4, 1:600 dilution); CD102-biotin (ICAM2) (clone 3C4, 1:600 dilution; streptavidin-BV510 (1:600 dilution) was used for secondary labelling)); CD106-PE/Cy7 (VCAM1) (clone 429, 1:100 dilution); CD62E-PE (E-Selectin) (clone 10E9.6, 1:50 dilution, BD Biosciences, San Jose, CA, USA); CD62P-FITC (P-Selectin) (clone RB40.34, 1:300 dilution, BD Biosciences); CD31-BV421 (clone 390, 1:600 dilution); CD107a-APC/Cy7 (LAMP1) (clone 1D4B, 1:300 dilution); and CD45.2-PerCP/Cy5.5 (clone 104, 1:300 dilution, all BioLegend unless indicated otherwise).

Cell suspensions were submitted to flow cytometric analysis on a BD LSRFortessa (BD Biosciences) and files were analyzed using FlowJo software (version 9 or 10). Therefore, cells were pre-gated on viable (FSC-A vs. SSC-A) and single (FSC-A vs. FSC-W and SSC-A vs. SSC-W) cells. Myeloid cells were characterized as follows: neutrophils as CD45.2highCD11bhighlineagehighCD115lowLy6Cintermediate, monocytes as CD45.2highCD11bhighlineagelowF4/80lowLy6Chigh/low (in aortic cell suspensions) or CD45.2highCD11bhighlineagelowCD115highLy6Chigh/low (in blood and bone marrow) and macrophages as CD45.2highCD11bhighlineagelowLy6Clow/intermediateF4/80high. Contaminating blood leukocytes were excluded by omitting CD45-BV605+ cells in the gating. Endothelial cells were identified as CD45.2lowCD31highCD107aintermediate/high and adhesion molecule expression was quantified using respective histograms.

For fluorescence-activated cell sorting (FACS), blood leukocytes and aortic endothelial cells were sorted on a FACS Aria III using FACSDiva Software version 6 (BD Biosciences). Neutrophils were identified as CD45.2highCD11bhighlineagehighCD115lowLy6Cintermediate, Ly6Chigh and Ly6Clow monocytes as CD45.2highCD11bhighlineagelowCD115highLy6Chigh/low, and endothelial cells as CD45.2lowCD31high cells. Cells were directly sorted into RNA extraction buffer (KIT0204, Thermo Fisher Scientific) containing tubes and snap-frozen to -80°C.



Histology

Aortic roots were excised, embedded in optimal cutting temperature compound (Sakura Finetek, Tokyo, Japan) and snap frozen to -80°C. Samples were cut into 5 µm cross-sections. Per staining, 5 sections were examined at 25 µm intervals per mouse.

The absolute size of the plaques was determined by Masson trichrome staining (HT15-1KT, Sigma Aldrich). Sections were fixed in 4% PFA for 45 seconds and stained corresponding to the manufacturer’s protocol. Mean total plaque area [in µm (2)] was evaluated for sections showing at least two complete cusps and analyzed using ImageJ. An average value per mouse was then calculated.

To analyze the distribution of CD11b+ cells, sections were fixated in ice-cold acetone for 10 min and blocked in 10% rabbit serum (Vector Laboratories, Burlingame, CA, USA). Specimens were stained with an anti-CD11b antibody (101202, BioLegend) or anti-Ly6G antibody (clone 1A8, BioLegend), respectively, followed by a HRP conjugated secondary antibody (ab6734) and AEC substrate (ab64252, both abcam, Cambridge, MA, USA). Cell nuclei were counterstained with Gill’s hematoxylin solution II (1051752500, Merck Millipore). The CD11b or Ly6G content was determined by quantifying the CD11b- or Ly6G-positive area per total plaque area using ImageJ software.



Isolation of Nucleic Acids and Real-Time Quantitative Polymerase Chain Reaction (qPCR)

Aortic arches were minced in 500 µl of Qiazol lysis reagent (Qiagen, Hilden, Germany) with the aid of a mechanical disruptor (TH220) using soft tissue tips (all OMNI International, Kennesaw, GA, USA). Total ribonucleic acid (RNA) was extracted by using the RNeasy Mini Kit (Qiagen) corresponding to the manufacturer´s instructions, involving an additional DNA removal step (RNase-free DNase set, Qiagen).

RNA of FACS-sorted leukocytes and aortic endothelial cells was isolated according to the manufacturer’s instructions (PicoPure™ RNA Isolation Kit, Thermo Fisher Scientific).

RNA quality was assessed using a NanoQuant Plate on an Infinite M200 PRO plate reader (both TECAN, Männedorf, Switzerland) and first-strand cDNA was generated using the High-Capacity RNA-to-cDNA kit (Applied Biosystems, Waltham, MA).

Real-time qPCR was performed using TaqMan probes (listed in Supplementary Table S1) and TaqMan Fast Universal PCR Master Mix (4352042) over 40 cycles on a ViiA 7 system (all Thermo Fisher Scientific, Waltham, MA, USA). Gapdh was used as a housekeeping gene and data were converted to 2-△△Ct values.



Cell Sorting and Adoptive Transfer

Ubc-GFP donor animals were subjected to the experiments either untreated or after one week of treatment with PBS or colchicine (0.25 mg/kg BW) injected intraperitoneally once daily. Single cell suspensions were prepared from the bone marrow as described above. Neutrophils and monocytes were isolated by staining the cells with Ly6G-PE (clone 1A8) and CD115-biotin (clone AFS98, both BioLegend) followed by linking to magnetic beads (anti-PE and streptavidin microbeads, Miltenyi Biotec, Bergisch Gladbach, Germany) and enrichment on magnetic-activated specific columns (130-042-401, Miltenyi Biotec). The degree of purification of the separated cells was determined by flow cytometry.

Equal cell amounts were injected intravenously into Apoe-/- mice 24 h before harvest. Quantification of recruited CD11bhighGFPhigh cells within aortas was assessed by flow cytometry.



Cell Culture

Bone marrow cells were isolated from C57BL/6 J mice by flushing the femurs with RPMI 1640 (A1049101, Thermo Fisher Scientific) containing 2% of fetal bovine serum (FBS; S0615, Sigma Aldrich). Erythrocytes were removed by incubating the cells in 1X RBC lysis buffer (BioLegend). Subsequently, cells were cultured for the indicated time in RPMI 1640 containing 10% FBS, 100 U/ml penicillin-streptomycin (15140122, Thermo Fisher Scientific) and 50 ng/ml recombinant mouse M-CSF (R&D Systems, Minneapolis, MN, USA) in 6-well plates [80,000 cells/cm (2)] in a humidified incubator with 5% CO2 at 37°C. Fresh medium was added every day, and every third day the medium was partially replaced with fresh medium containing the resuspended non-adherent cells. In the respective experiments, colchicine (0, 1, or 10 ng/ml final concentration) was added along with the culture medium daily for one to six days as indicated in the respective figures.

For BrdU experiments, bone marrow cells were cultured into macrophages in 100 mm dishes for two or three days, respectively, and reseeded in 6-well plates [80,000 cells/cm (2)]. Colchicine (0, 1, or 10 ng/ml final concentration) was added along with fresh culture medium for the last 24 or 48 hours as indicated in the respective figures. BrdU solution (10 µM final concentration, BrdU Flow Kit, BD Biosciences) was added two hours before harvesting of cells.

Non-adherent cells were collected, adherent cells were washed in HEPES-buffered saline solution (Promocell, Heidelberg, Germany), detached by incubating in Accutase (Sigma Aldrich) and, together with non-adherent cells, resuspended in FACS buffer before flow cytometry analysis.



Statistical Analysis

All statistical analysis was conducted using GraphPad Prism version 9. Normality distribution was tested by the D’Agostino-Pearson omnibus K2 normality test or the Shapiro-Wilk test for sample sizes n<8. Two-group comparisons were performed using two-sided Student´s t-test (normally distributed data; Welch’s t-test was used if variances between both groups were significantly different, as tested by F-test) or two-sided Mann-Whitney U-test (non-normally distributed data), as shown in the figure legends in combination with sample sizes. Comparisons of three or more groups were performed using repeated measures one-way ANOVA followed by Dunnett’s multiple comparisons test (normally distributed data) and Friedman test followed by Dunn’s multiple comparisons test (non-normally distributed data), as appropriate and indicated in the figure legends. A two-sided ROUT´s test was applied to determine statistical outliers. All graphs illustrate data as mean + s.e.m. Statistical significance was assumed if P-values were <0.05. Mouse experiments were performed at least twice or with n ≥ 10. Where appropriate, variation between experiments was adjusted by normalizing absolute values to a representative experiment.




Results


Colchicine Treatment Reduced Inflammatory Leukocyte Accumulation in Atherosclerotic Aortas

To explore the mechanisms by which colchicine beneficially alters the course of atherosclerosis, we treated atherosclerosis-prone mice (Apoe-/- mice on a high cholesterol diet for eight weeks) with either vehicle or colchicine for four weeks. We found that colchicine reduced inflammatory leukocyte numbers over vehicle in atherosclerotic aortas (Figures 1A, B, Supplementary Figure 1A, B). We corroborated our flow cytometry findings using immunohistochemistry and observed fewer intimal myeloid cells (monocytes/macrophages and neutrophils) and neutrophils in aortic root sections from colchicine treated mice stained for the myeloid marker CD11b and the neutrophil marker Ly6G, respectively (Figures 1C, D). Next, we tested whether reduced plaque inflammation changed the overall plaque character. Phenotyping of plaques using quantitative polymerase chain reaction (qPCR) revealed that colchicine treatment reduced expression of mRNAs that encode the pro-inflammatory cytokine TNF (tumor necrosis factor), while it had no effect on transcriptional levels of IL-1β (interleukin-1 beta) and IL-6 (interleukin-6) (Figure 1E). Levels of MMP (matrix metalloproteinase)-3, MMP-9, and MMP-10 decreased in colchicine treated mice (Figure 1E). MMPs support extracellular matrix degradation, a process that may lead to atherosclerotic plaque destabilization (12). Histology revealed a smaller total plaque size in the colchicine group (Figure 1F). Of note, colchicine treatment did not alter body weight or LDL cholesterol levels in mice. Colchicine treated mice did not show any type of discomfort or impairment compared to mice receiving vehicle (Supplementary Figure 2A). Taken together, these data indicate that colchicine treatment limited plaque inflammation and hence progression of atherosclerosis.




Figure 1 | Colchicine treatment reduces plaque inflammation. (A) Flow cytometric gating and (B) quantification of myeloid cells in atherosclerotic aortas in vehicle- vs. colchicine-treated Apoe-/- mice (n=18-21 per group, 62-67% female, Welch’s t-test for macrophages (Mø), Mann-Whitney U-test for monocytes (Mono) and neutrophils as appropriate). Numbers next to gates indicate population frequencies (%). Representative immunohistochemical staining for (C) myeloid cells (CD11b) and (D) neutrophils (Ly6G) of sectioned aortic roots from vehicle- vs. colchicine-treated Apoe-/- mice (n=8-10 per group, 60-75% female, Mann-Whitney U-test for CD11b, Student’s t-test for Ly6G). Bar graphs show quantification of positive CD11b- and Ly6G-area, respectively. Scale bars represent 500 µm. (E) Quantitative real-time PCR for gene expression quantification of fibrotic, inflammatory and cytokine genes in aortas of vehicle- vs. colchicine-treated Apoe-/- mice (n=5-12 per group, 55-88% female, Student’s/Welch’s t-test or Mann-Whitney U-test as appropriate). Mmp3/Mmp9/Mmp10 (matrix metalloproteinase-3/9/10), Col1/Col3 (collagen-1/3), Csf1 (colony stimulating factor 1), Il1β (interleukin 1 beta), Il6 (interleukin 6), Tnf (tumor necrosis factor), Tgfb1 (transforming growth factor beta 1), Ccl2 (C-C Motif Chemokine Ligand 2), Cxcl1 (C-X-C Motif Chemokine Ligand 1), Cxcl2 (C-X-C Motif Chemokine Ligand 2), Cxcl12 (C-X-C Motif Chemokine Ligand 12), Cx3cl1 (C-X3-C Motif Chemokine Ligand 1). Data are presented as mean+s.e.m. (F) Representative Masson Trichrome staining and quantification of total plaque area (n=8-11 per group, 64-75% female, Welch’s t-test). Scale bars represent 500 µm. Dots within bar plots show the gender of the mice with a color code: purple (male) and red (female).





Colchicine Treatment Dampened Plaque Leukocyte Recruitment

We next addressed how colchicine treatment reduced inflammatory leukocyte accumulation in atherosclerotic aortas. To explore whether colchicine dampened blood inflammatory leukocyte recruitment into atherosclerotic aortas, we performed adoptive transfer experiments. Here, we isolated GFPhigh myeloid cells (monocytes admixed with neutrophils) from naïve transgenic Ubc-GFP mice (all leukocytes express green fluorescent protein, GFP) and injected these cells intravenously into Apoe-/- mice (all cells are GFPnegative) which were treated with either vehicle or colchicine for 4 weeks (Supplementary Figure 1C). 24h after the transfer, we quantitated GFPhigh myeloid cells inside atherosclerotic aortas using flow cytometry and found that colchicine treatment lowered GFPhigh myeloid cell numbers, while GFPhigh myeloid cell numbers in the blood did not show any differences between the two groups (Figure 2A, Supplementary Figure 1D). These data show that colchicine mitigates myeloid cell uptake from blood into atherosclerotic aortas.




Figure 2 | Colchicine treatment dampens leukocyte recruitment to atherosclerotic aortas by silencing neutrophil and monocyte activation. (A) Flow cytometric gating and quantification of GFPhigh (GFP+) myeloid cells in atherosclerotic aortas 24h after adoptive transfer of GFPhigh monocytes and neutrophils into vehicle- vs. colchicine-treated Apoe-/- mice (n=8 per group, 38-50% female, Student’s t-test). (B) Gating strategy and histograms of leukocyte adhesion molecules on aortic endothelial cells (EC) from vehicle- vs. colchicine-treated Apoe-/- mice. (C) Quantification of mean fluorescent intensities (MFI, representing relative protein levels) of adhesion molecules expressed by aortic endothelial cells from vehicle- vs. colchicine-treated Apoe-/- mice (n=9-11 per group, 44-55% female, Student’s t-test or Mann-Whitney U-test as appropriate). Bar graphs indicate relative change of MFI standardized to controls. FMO (fluorescence minus one (respective antibody omitted)) control. Quantitative real-time PCR for gene expression quantification in fluorescence-activated cell sorting (FACS)-purified (D) aortic endothelial cells, (E) blood neutrophils and (F) blood Ly6Chigh monocytes of vehicle- vs. colchicine-treated Apoe-/- mice (n=3-12 per group, 33-100% female, Student’s/Welch’s t-test or Mann-Whitney U-test as appropriate). ICAM-1/Icam1 (intercellular adhesion molecule 1), ICAM-2/Icam2 (intercellular adhesion molecule 2), VCAM-1/Vcam1 (vascular cell adhesion protein 1), E-selectin/Sele, P-selectin/Selp, L-selectin/Sell, selectin P ligand/Selplg, platelet endothelial cell adhesion molecule-1/Pecam1, integrin subunit alpha L/Itgal, integrin subunit alpha M/Itgam, integrin subunit alpha 4/Itga4, integrin subunit beta 1/Itgb1, integrin subunit beta 2/Itgb2, C-C motif chemokine ligand 2/Ccl2, C-X-C motif chemokine ligands 1 + 2+12/Cxcl1/Cxcl2/Cxcl12, C-X3-C motif ligand 1/Cx3cl1, C-C chemokine receptor types 1 + 5/Ccr1/Ccr5, C-X-C Motif chemokine receptor types 2 + 4/Cxcr2/Cxcr4 and C-X3-C Motif Chemokine Receptor 1/Cx3cr1. Data are presented as mean+s.e.m. Numbers next to gates indicate population frequencies (%). Dots within bar plots show the gender of the mice with a color code: purple (male) and red (female).





Colchicine Treatment Altered the Recruitment Profile of Monocytes and Neutrophils

Leukocyte recruitment refers to a process in which endothelial cells and circulating leukocytes need to interact closely to mediate leukocytes rolling, adhesion and transmigration/extravasation (13, 14). To investigate how colchicine treatment limited myeloid cell recruitment from blood to atherosclerotic aortas, we used flow cytometry to assess levels of leukocyte adhesion molecules on endothelial cells from atherosclerotic aortas. Our data revealed that colchicine had no effect on protein levels of leukocyte adhesion molecules ICAM-1 (intercellular adhesion molecule-1), ICAM-2 (intercellular adhesion molecule 2), VCAM-1 (vascular cell adhesion protein 1), E-selectin and P-selectin (Figures 2B, C). Moreover, we found that colchicine treatment lowered transcriptional levels of only Ccl2 (chemokine (C-C motif) ligand 2) and Cx3cl1 (C-X3-C Motif Chemokine Ligand 1) – both known chemoattractants for monocytes – while expression of other leukocyte-attracting chemokines and leukocyte adhesion molecules remained unchanged in fluorescence-activated cell sorting (FACS)-purified endothelial cells from atherosclerotic aortas (Figure 2D). Next, we FACS-purified blood Ly6Chigh monocytes and neutrophils from Apoe-/- mice treated with either vehicle or colchicine. In contrast to endothelial cells, we found that both blood Ly6Chigh monocytes and neutrophils underwent profound phenotypic alteration in colchicine treated mice (Figure 2E, F). Blood neutrophils responded to colchicine treatment and downregulated leukocyte adhesion molecules [such as Selplg (selectin P ligand), Pecam1 (platelet endothelial cell adhesion molecule), integrin subunits Itgal (Integrin Subunit Alpha L), Itga4 (Integrin Subunit Alpha 4), Itgb1 (Integrin Subunit Beta 1)], and chemokine receptors (such as Ccr5 [C-C chemokine receptor type 5), Cxcr2+4 (C-X-C Motif chemokine receptor types 2 + 4), and Cx3cr1 (C-X3-C Motif Chemokine Receptor 1)], as revealed by gene expression profiling (Figure 2E). Similarly, blood Ly6Chigh monocytes also underwent phenotypic changes in response to colchicine and downregulated leukocyte adhesion molecules (such as Sell (Selectin L, CD62L) and integrin subunit Itgal) and chemokine receptors (such as Cxcr4) (Figure 2F). We next tested in vivo how these colchicine-induced phenotypic changes impact leukocyte recruitment. We treated transgenic Ubc-GFP mice (all leukocytes are GFPhigh) with colchicine for seven days and then retrieved both monocytes and neutrophils from these mice (experimental setup outlined in Figure 3A). These GFPhigh leukocytes were then adoptively transferred into atherosclerotic Apoe-/- recipient mice, which were not treated with colchicine. In this setting, only transferred blood monocytes and neutrophils, but not endothelial cells, were exposed to colchicine. 24h after the transfer we enumerated GFPhigh leukocytes inside atherosclerotic plaques using flow cytometry and found that colchicine-exposed neutrophils and monocytes were recruited less in comparison to vehicle-exposed neutrophils and monocytes (Figures 3B, C, Supplementary Figure 3). These data indicate that colchicine dampened recruitment of neutrophils and monocytes into plaques primarily by altering the recruitment profile of these immune cells. Leukocyte subset numbers were unchanged in the blood and bone marrow (Figure 4).




Figure 3 | Colchicine exposed neutrophils and monocytes show reduced recruitment capacities. (A) Experimental scheme. (B) Flow cytometric gating and (C) quantification of GFPhigh myeloid cells (GFP+) in atherosclerotic aortas 24h after adoptive transfer of either vehicle- or colchicine-exposed GFPhigh monocytes and neutrophils into Apoe-/- mice (n=10 per group, 60% female, Mann-Whitney U-test). Data are presented as mean+s.e.m. Numbers next to gates indicate population frequencies (%). Dots within bar plots show the gender of the mice with a color code: purple (male) and red (female).






Figure 4 | Colchicine treatment did not alter numbers of blood leukocyte subsets. Flow cytometric gating and quantification of myeloid cells in the blood (A, B) (n=18-21 per group, 62-67% female, Student’s t-test for total leukocytes (Leuko) and Ly6Chigh monocytes (Ly6Chigh), Mann-Whitney U-test for neutrophils (Neutro) and Ly6Clow monocytes (Ly6Clow) and bone marrow (C, D) in vehicle- vs. colchicine-treated Apoe-/- mice (n=10-13 per group, 77-80% female, Mann-Whitney U-test). Data are presented as mean+s.e.m. Numbers inside/next to gates indicate population frequencies (%). Dots within bar plots show the gender of the mice with a color code: purple (male) and red (female).





Colchicine Treatment Impacted Neither Transition of Monocytes to Macrophages nor Macrophage Proliferation

Apart from reducing uptake, we tested whether colchicine – a known anti-mitotic agent with anti-proliferative effects – also prevents accumulation of plaque macrophages by 1) inhibiting differentiation/maturation of recruited monocytes into macrophages or 2) reducing in-situ proliferation of plaque macrophages. To this end, we seeded murine bone marrow cells (retrieved from flushed femurs of wild-type mice) and incubated them with M-CSF (macrophage colony-stimulating factor) to generate bone marrow-derived macrophages (BMDM). In kinetic experiments, we found the strongest surge in macrophage numbers around days 3 to 5 (Supplementary Figures 4A–C). To interfere with macrophage generation, we added either vehicle or colchicine early on starting immediately after seeding (doses: 1 and 10 ng colchicine/ml; a 100 ng colchicine/ml dose was found to be cytotoxic) for six days (Figure 5A). We found macrophage numbers to be unchanged between vehicle and different doses of colchicine (Figures 5B, C). Experiments in which we added colchicine at a later time point and/or for shorter periods revealed the same results and again did not show differences in macrophage numbers (Supplementary Figures 5A–H). These data suggest that colchicine may not impact maturation/differentiation of monocyte progenitors/monocytes into macrophages. To assess a potential effect of colchicine on macrophage proliferation, we first generated BMDM and subsequently added colchicine on day 4 for 48h (Figure 5D). Using cell cycle analyses, we found that the macrophage proliferation rate (BrdU (bromodeoxyuridine) incorporation) did not differ between groups (Figures 5E, F). Consequently, colchicine did not change macrophage numbers over vehicle (Figure 5F) on day 6. Similar results regarding proliferation were obtained when we added colchicine earlier and/or used shorter incubation periods (Supplementary Figures 6A–F). Taken together, these data suggest that colchicine – used in dosages that resemble the colchicine plasma concentration range in treated patients (15) – may not reduce plaque macrophage accumulation by i) preventing the transition of monocytes into macrophages or by ii) impacting macrophage proliferation.




Figure 5 | Colchicine treatment impacts neither macrophage precursor differentiation nor macrophage proliferation. (A) Experimental scheme for precursor differentiation into macrophages (Fig. 6B+C). In brief, bone marrow cells were retrieved from one femur and cultured with M-CSF (macrophage colony-stimulating factor) for 6 days to generate bone marrow-derived macrophages (BMDM). Either vehicle or colchicine was added once every 24h starting immediately after seeding. (B) Flow cytometric gating and (C) quantification of macrophage (Mø) numbers 6 days after either vehicle or colchicine exposure (n=5 per group, each n represents one donor animal; repeated measures one-way ANOVA with Dunnett’s multiple comparisons test). (D) Experimental scheme for macrophage proliferation (Fig. 6E+F). In brief, bone marrow cells were retrieved from one femur and cultured with M-CSF (macrophage colony-stimulating factor) for 6 days to generate bone marrow-derived macrophages (BMDM). Either vehicle or colchicine was added once every 24h starting 4d after seeding. BrdU (bromodeoxyuridine) was administered 2h before the harvest (day 6 after seeding). (E) Flow cytometric gating and (F) quantification of BrdU+ macrophage (BrdU+ Mø) frequencies (Friedman test followed by Dunn’s multiple comparisons test) and total macrophage numbers 48h after either vehicle or colchicine exposure (repeated measures one-way ANOVA with Dunnett’s multiple comparisons test). n=5 per group (each n represents one donor animal). Data are presented as mean+s.e.m. Numbers next to gates indicate population frequencies (%).





Colchicine Treatment Curtailed Leukocyte Accumulation in Atherosclerotic Aortas Also in Post-MI Accelerated Atherosclerosis

The above performed experiments explored how colchicine treatment impacts early atherosclerosis (atherogenesis), i.e. primary prevention. We next probed whether these beneficial effects also occur in secondary prevention, i.e. in the setting of prior MI as investigated in the COLCOT trial. We surgically induced MI (permanent left anterior descending coronary artery ligation) in atherosclerotic mice (Figure 6A) and administered either vehicle or colchicine for 4 weeks starting one week after MI. We then excised atherosclerotic aortas, enumerated leukocytes, and found that colchicine treatment reduced numbers of macrophages, Ly6Chigh monocytes, and neutrophils (Figures 6B, C, Supplementary Figure 7). Using adoptive transfer, we tested whether colchicine also reduced uptake of monocytes and neutrophils and found fewer GFPhigh myeloid cells inside atherosclerotic aortas in the treatment group in post-MI accelerated atherosclerosis (Figure 6D). Exploring the blood compartment, we found higher numbers of blood neutrophils (Figure 6E). These data suggest that colchicine treatment reduced inflammatory leukocyte recruitment in post-MI accelerated (Figure 6) as well as primary atherosclerosis (Figures 1–4).




Figure 6 | Colchicine treatment reduces vascular inflammation in post-myocardial infarction accelerated atherosclerosis. (A) Experimental scheme for Figures 6B-E. In brief, Apoe-/- mice on a high cholesterol diet (HCD) were subjected to myocardial infarction (MI) and treated with either vehicle or colchicine for four weeks starting one week after induction of MI. (B) Flow cytometric gating and (C) quantification of leukocyte subsets in atherosclerotic aortas in vehicle- vs. colchicine-treated Apoe-/- mice which were infarcted five weeks prior (n=9-11 per group, 64-67% female, Student’s t-test for macrophages and neutrophils, Welch’s t-test for monocytes). Neutro: neutrophils, Mø: macrophages and Mono: monocytes (D) Flow cytometric gating and quantification of GFPhigh myeloid cells (GFP+) in atherosclerotic aortas 24h after adoptive transfer of GFPhigh monocytes and neutrophils into vehicle- vs. colchicine-treated Apoe-/- mice which were infarcted five weeks prior (n=9-11 per group, 64-67% female, Welch’s t-test). (E) Quantification of blood leukocyte subsets in vehicle- vs. colchicine-treated Apoe-/- mice which were infarcted five weeks prior (n=9-11 per group, 64-67% female, Welch’s t-test for neutrophils, Mann-Whitney U-test for Ly6Chigh monocytes, Student’s t-test for Ly6Clow monocytes). Data are presented as mean+s.e.m. Numbers next to gates indicate population frequencies (%). Dots within bar plots show the gender of the mice with a color code: purple (male) and red (female).





Colchicine Treatment Limited Expansion of Myeloid Cells Also in Acute and Chronic Cardiac Inflammation

Finally, we tested colchicine also in the setting of cardiac inflammation (16). To this end, wild-type mice were subjected to experimental MI (permanent left anterior descending coronary artery ligation) and treated with either high dose colchicine or vehicle starting two hours after induction of cardiac ischemia (Supplementary Figure 8A). Three days after MI, we enumerated leukocyte numbers inside the ischemic cardiac area using flow cytometry (Supplementary Figure 8B). We found fewer neutrophils in colchicine treated mice with MI while numbers for other myeloid cells remained unchanged (Supplementary Figure 8C). Next, we extended our investigations from acute MI to chronic MI/chronic ischemic cardiomyopathy with chronic heart failure. Here, we infarcted Apoe-/- mice and started administering vehicle or colchicine 7 days after MI for 4 weeks (Figure 6A). Adoptive transfer experiments revealed reduced uptake of adoptively transferred GFP+ cells into infarcted hearts in the colchicine group (Supplementary Figure 8D). Consequently, numbers of cardiac inflammatory monocytes and macrophages decreased in colchicine treated mice (Supplementary Figure 8E). To conclude, colchicine reduced numbers of cardiac inflammatory leukocytes within infarcted hearts, especially affecting neutrophils in the acute setting, and monocytes/macrophages in the chronic phase after MI.




Discussion

Colchicine, derived from the plant extract of Colchicum autumnale, is a broadly available, inexpensive, orally administered drug with multiple mechanisms of action, some of which are still under investigation (9, 15, 17, 18). The primary intracellular targets of colchicine are microtubules which are essential components of the cellular cytoskeleton. Microtubules play a pivotal role in maintaining cell shape, intracellular trafficking, cytokine secretion, cell migration, and cell division (9). At low doses, colchicine prevents growth of microtubules, while it supports microtubule depolymerization at high doses. Colchicine’s effect on tubulin disruption prevents the formation of the inflammasome which results in less secretion of pro-inflammatory cytokines and impaired neutrophil function (9, 19). Given this background, colchicine was explored as a novel anti-inflammatory treatment strategy in patients with coronary artery disease (CAD). In the LoDoCo trial, low-dose colchicine treatment reduced cardiovascular events in patients with stable CAD (20). These results were confirmed in the LoDoCo2 trial which reported a 31% relative risk reduction of cardiovascular events in stable CAD patients treated with colchicine compared to placebo (8). Regarding acute coronary syndromes, the COLCOT trial reported that among patients with recent MI, colchicine at a dose of 0.5 mg daily reduced cardiovascular outcomes over placebo, an effect that was mainly driven by a lower incidence of strokes and urgent hospitalizations for angina leading to coronary revascularization (7).

Although these results are encouraging, we do not fully understand the underlying mechanisms for the cardiovascular benefits of colchicine. In this study we provide evidence that colchicine reduces vascular inflammation and dampens progression of atherosclerosis. Causally, we found that colchicine decreased accumulation of inflammatory leukocytes inside atherosclerotic plaques which in turn altered the overall plaque character. In line with our study, a recent report showed that colchicine decreased plaque vulnerability with reductions in plaque inflammation, medial fibrosis and vascular remodeling in atherosclerotic rabbits (21). According to our data, colchicine reduced expansion of inflammatory leukocytes by preventing influx of inflammatory monocytes and neutrophils from the blood into aortic plaques. Previously, it was described that colchicine can act on both endothelial cells and neutrophils: in endothelial cells colchicine reduced expression of E-selectin, in neutrophils colchicine decreased expression of L-selectin and neutrophil extracellular trap formation (22, 23). In line, we also found that blood monocytes/neutrophils and plaque endothelial cells underwent phenotypic changes in response to colchicine. However, colchicine seems to affect blood leukocytes stronger than endothelial cells. While transcriptomic profiling of FACS-purified plaque endothelial cells revealed only mild colchicine-induced alterations, we found substantial changes in blood neutrophils and Ly6Chigh monocytes. We determined the consequences of reduced myeloid cell accumulation in colchicine treated mice using qPCR. Whether the observed reduction in expression levels led to reduced protein levels remains to be investigated. In sum, these data demonstrate that colchicine mitigates blood leukocyte recruitment into atherosclerotic aortas predominantly by silencing blood neutrophil and monocyte activation, suggesting a largely endothelial cell-independent effect of colchicine on inflammatory leukocyte recruitment. However, we cannot exclude that colchicine also impacts the recruitment profile of endothelial cells beyond adhesion molecule and chemokine expression (24).

Further research is needed to decipher whether colchicine exerts its action 1) exclusively on circulating blood monocytes and neutrophils or 2) on monocytes and neutrophils in other compartments prior to egress into the blood. The fact that we did not observe a retention of neutrophils and monocytes in the bone marrow (their numbers were unchanged), however, argues for an effect that is mediated in the circulation. Moreover, further investigations that explore how exactly colchicine leads to downregulation of adhesion molecules and chemokine receptors on monocytes and neutrophils are needed. One may speculate that colchicine-induced microtubules’/cytoskeleton alterations affect cell adhesion molecules since both are known to bidirectionally interact (25).

Apart from increased monocyte recruitment, macrophages may also expand inside plaques through accelerated conversion/differentiation of recruited monocytes and/or in-situ proliferation (26). We cultured mouse whole bone marrow cells with M-CSF – a cytokine that causes bone marrow cells to differentiate into macrophages – and added either vehicle or colchicine early on. Our kinetics experiments revealed that macrophage numbers were not at any time point affected by colchicine treatment. These findings are in line with a prior report where colchicine also failed to influence monocyte differentiation (27). We next tested the possibility that colchicine dampened accumulation of plaque macrophages by reducing in-situ macrophage proliferation. Although described for vascular smooth muscle cells (28), colchicine did not influence macrophage proliferation. Taken together, colchicine does not seem to impact i) monocyte trans-differentiation into macrophages or ii) macrophage proliferation in in-vitro experiments using colchicine concentrations comparable to clinical settings.

Colchicine was also tested to treat acute coronary syndromes in humans. In this context, high-dose colchicine was administered over a short period starting early after onset of chest pain/MI. While one study revealed smaller infarct sizes in MI patients treated with colchicine, two other recent trials failed to document a clear benefit of colchicine in the acute stetting (29–31). This motivated us to investigate colchicine also in acute and chronic MI. Our experiments reveal that colchicine – as in the setting of atherosclerosis – reduced accumulation of cardiac inflammatory myeloid cells, indicating the operation of convergent mechanisms (reduced uptake of inflammatory leukocytes).



Conclusion

Taken together, our data suggest that colchicine – an inhibitor of microtubule assembly with anti-inflammatory properties – reduces vascular inflammation and plaque progression by silencing monocyte and neutrophil activation and thereby preventing uptake of these cells into atherosclerotic plaques. Our data shed new light on the mechanism by which colchicine reduces the risk of cardiovascular complications.
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Context

Pulmonary arterial hypertension (PAH) is a frequent extracutaneous manifestation of systemic sclerosis (SSc). PAH is characterized by increased vasomotor tone, progressive remodeling of pulmonary arteries and arterioles, consequentially increased pulmonary vascular resistance, right heart hypertrophy, and eventually right ventricular failure. Autoimmunity against G-protein coupled receptors (GPCRs) has been implicated in the development of SSc-associated PAH. Sphingosine-1-phosphate (S1P) receptors (S1PR) present a potential, yet so far untested antigen for PAH autoimmunity, given the documented role of S1P/S1PR signaling in PAH pathogenesis.



Objective

We hypothesized that S1P receptors (S1PR) may constitute autoantigens in human patients, and that the prevalence of autoantibodies (aAb) to S1PR1, S1PR2 and S1PR3 is elevated in SSc patients and associated with PAH.



Methods

For this exploratory study, serum samples from 158 SSc patients, 58 of whom with PAH, along with 333 healthy control subjects were screened for S1PR-aAb. S1PR1-3 were expressed as fusion proteins with luciferase in human embryonic kidney cells and used to establish novel in-vitro assays for detecting and quantifying S1PR-aAb. The fusion proteins were incubated with serum samples, the aAb-S1PR complexes formed were precipitated by protein-A, washed and tested for luciferase activity. Commercial anti-S1PR-antibodies were used to verify specificity of the assays.



Results

All three assays showed dose-dependent signal intensities when tested with S1PR-subtype specific commercial antibodies. Natural aAb to each S1PR were detected in healthy controls with a prevalence of <10% each, i.e., 2.7% for S1PR1-aAb, 3.6% for S1PR2-aAb, and 8.3% for S1PR3. The respective prevalence was higher in the cohort of SSc patients without PAH, with 17.1% for S1PR1-aAb, 19.0% for S1PR2-aAb, and 21.5% for S1PR3. In the subgroup of SSc patients with PAH, prevalence of aAb to S1PR2 and S1PR3 was further elevated to 25.9% for S1PR2-aAb, and 27.6% for S1PR3. Notably, the majority of patients with positive S1PR2-aAb (60.7%) or S1PR3-aAb (71.9%) displayed interstitial lung disease.



Conclusion

S1PR1–3 can constitute autoantigens in humans, particularly in SSC patients with PAH. The potential pathophysiological significance for the etiology of the disease is currently unknown, but the elevated prevalence of S1PR2-aAb and S1PR3-aAb in SSC patients with PAH merits further mechanistic investigations.
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Introduction

Pulmonary hypertension (PH) is characterized by a mean pulmonary arterial pressure (mPAP) of ≥ 20 mmHg at rest. Its clinical features may gradually progress from an initial asymptomatic course to dyspnea and orthopnea, and eventually to right heart hypertrophy, failure and death. The pathophysiology of PH is characterized by vascular remodeling, endothelial dysfunction and increased vascular tone, predominantly in small to medium-sized pulmonary arterioles (1). Precapillary pulmonary arterial hypertension (PAH) constitutes the first group in the 2018 consensus on the clinical classification of PH into five groups (2). ‘PAH’ is diagnosed when mPAP at rest is measured ≥ 20 mmHg, yet pulmonary artery wedge pressure is ≤ 15 mmHg and other causes of pre-capillary PH (e.g. lung disease or chronic thromboembolic pulmonary hypertension) are excluded (3). The subcategory PAH can be specified further by etiology into idiopathic, hereditary, drug- and toxin-induced forms of PAH, or PAH associated with connective tissue disease, HIV or congenital heart disease (4). While essential pathophysiological elements have been elucidated over the past decades, the etiology of PAH remains incompletely understood (5). Besides an epigenetic dysregulation, alterations in bone morphogenetic protein signaling, abnormalities in mitochondrial metabolism, and dynamic inflammatory, autoimmune processes contribute to the pathogenesis of PAH (6). Specifically, cell-based and autoantibody (aAb) related immune dysregulation have been implicated in the development of PAH, predominantly with respect to idiopathic and connective tissue disease-associated PAH (7). Antinuclear Ab (ANA) serve as diagnostic hallmark of connective tissue disease, and specific ANA are associated with an increased risk for PAH. In addition, aAb to certain G-protein coupled receptors (GPCR) such as angiotensin 1-receptor or endothelin receptor-1 have recently been associated with PAH, and may promote pathological vasoconstriction and vascular remodeling by acting as agonists of the respective GPCR (8). Another line of research has recently identified signaling via the small bioactive lipid mediator sphingosine-1-phosphate (S1P) and its receptors (S1PR), which regulate vasoconstriction, fibrosis, and lymphocyte trafficking (9–11) as potential pathomechanism in PAH.

S1P can be generated at the inner layer of the cell membrane from its sphingolipid precursor sphingosine by sphingosine-kinase (SPHK)-1 or -2 via the specific S1P-transporters major facilitator superfamily domain-containing protein 2B (MFSD2B, in erythrocytes and platelets) (12), or spinster-homologue-2 (SPNS2, in blood and lymphatic endothelial cells) S1P can then be released into the extracellular space and the circulation (13, 14). Extracellular S1P can bind and activate five different human S1P-receptors (S1PR), namely S1PR1 to S1PR5, all of which belong to the superfamily of GPCR (15, 16). Besides the crucial role of S1PR1, S1PR2 and S1PR3 in the maturation, activation and chemotaxis of immune cells (11, 17), these ubiquitously expressed S1PR are also the major receptor subtypes in the cardiovascular system with high expression in pulmonary artery smooth muscle cells (PASMC) (18). Of note, S1PR1- and S1PR3-signaling plays an important role in preserving vascular functions and blood pressure homeostasis by controlling endothelial nitric oxide synthase (eNOS)-derived nitric oxide (NO) production, which underlies the anti-hypertensive effect of S1P (19). However, elevated levels of SPHK1 in PASMC result in an autocrine “inside-out” S1PR-signaling that can stimulate PASMC proliferation via S1PR2, which has been proposed appears upregulated in PASMC of idiopathic PAH patients (9, 15). In parallel, activation of S1PR2 (and potentially also S1PR4) in PASMC causes pulmonary vasoconstriction (20–22). In combination, the effects of S1P on pulmonary arterial endothelial and smooth muscle cells emphasize the importance of a tightly controlled S1P/S1PR-signaling in vascular homeostasis that when impaired can drive vasoconstriction, vascular remodeling, and endothelial dysfunction, which increase pulmonary vascular resistance and mPAP ultimately resulting in the development of PAH. Experimental proof-of-principle for this concept was demonstrated by the fact that genetic deficiency or pharmacological inhibition of either SPHK1 or S1PR2 effectively attenuated the development of PH in rodent models of chronic hypoxic PH (9). Further, a specific role of S1PR2 and S1PR3 has been described in fibrosis, in particular in relation to inflammation and tissue injury, leading to cell death, matrix deposition and finally end organ dysfunction (23). Due to the crucial role of S1P-signaling in homeostasis of the immune system and the endothelium, specific S1PR-modulators are already used in autoimmune disease such as multiple sclerosis and inflammatory bowel disease and constitute a promising therapeutic option for rheumatoid arthritis, systemic lupus erythematosus or systemic sclerosis (SSc) (24–26).

Systemic sclerosis, as one of the rheumatic diseases with the highest mortality, is also characterized by autoimmune dysregulation, endothelial dysfunction and chronic inflammation (27, 28). In more than 90% of patients, ANA are detected, constituting an important cornerstone of the diagnosis and supporting the classification of SSc as an autoimmune disease (29). Additional aAb to other members of the GPCR superfamily have recently been described in SSc by us and others (28, 30). The complication of PAH on a background of SSc (SSc-PAH) affects up to 12% of patients with SSc, constituting the major cause of death in SSc. Still, diagnostic and prognostic markers for PAH are few, therapeutic measures remain poorly effective and treatment options are limited, causing physicians to pursue symptomatic approaches rather than curative strategies (31, 32). Besides established immunosuppressive therapies, S1P modulators such as cenerimod already showed promising results in a mouse model of bleomycin-induced fibroses (33).

In view of the ubiquitous function of S1P/S1PR1/eNOS signaling in the vasculature, the established role of S1P/S1PR2 signaling in PASMC proliferation, contraction, and the development of PH, and the specific contribution of S1PR2 and S1PR3 to disease-related extracellular matrix deposition and tissue fibrosis, we speculated that any alterations to the function of one of these three S1PR may be associated with SSc, in particular with respect to PAH development. To this end, we established as a first step novel in vitro assays for detection and quantification of aAb binding to S1PR1, S1PR2 or S1PR3, and compared the prevalence of these GPCR-specific aAb in serum samples from healthy controls and SSc patients with or without PAH. Our results indicate an elevated prevalence of S1PR-specific aAb in SSc, in particular for S1PR2-aAb and S1PR3-aAb in patients with SSc-PAH.



Materials and Methods


Human Samples From Healthy Controls and SSc Patients

An explorative study was conducted on the prevalence of S1PR-aAb. To this end, a set of commercially available serum samples (n=303) from subjects with a self-assessed status as ‘healthy’ (HC; healthy controls) served as reference (in.vent Diagnostica GmbH, Hennigsdorf, Germany). An additional set of 30 serum samples from healthy subjects were collected at the Rheumatology Department in Lübeck, Germany. Patients suffering from SSc with or without PAH were identified and enrolled into the study at the Rheumatology Department at the Charité – University Medicine Berlin, Berlin, Germany, or at the University Hospital Lübeck, Schleswig Holstein, Germany, in the time period from Nov. 2004 to Dec. 2019. The final cohort consisted of n=158 serum samples from SSc patients, n=58 of which had an additional diagnosis of PAH. Samples were stored at -80°C until transfer to the analytical laboratory in Berlin, and provided to the scientists conducting the laboratory analyses in a blinded fashion. All patients provided their written informed consent for enrollment into the study after detailed explanation of purpose, procedures (blood sampling and analysis) and right to withdraw from participation at any time point. The study was conducted in accordance with the Declaration of Helsinki. Ethical counselling was provided by the Charité Medical School Berlin (10/30/2017, EA1/178/17) and the Board of Ethics of the University of Cologne (#04-037). Baseline characteristics of patients and healthy controls are displayed in Table 1.


Table 1 | Baseline characteristics of the study cohorts.





Construction of the Receptor–Luciferase Fusion Proteins for Autoantibody Detection

The construction of these novel assays followed an established path, whereby the full open reading frames of the human coding sequences of the three S1PR were individually fused in frame to a luciferase (Luc) reading frame. The resulting receptor-luciferase fusion proteins served as autoantigen baits for autoantibody detection. Briefly, the open reading frames of the human S1PR1, S1PR2 and S1PR3 were synthesized by a commercial supplier (BioTeZ, Berlin-Buch GmbH, Berlin, Germany), each containing suitable restriction sites for directed insertion into a eukaryotic expression plasmid. The strategy is similar to the recently generated assays for the insulin-like growth factor receptor 1, the thyroid hormone transporters MCT8 and MCT10, the GPCR for gonadotropin-releasing hormone, luteinizing hormone or follicle-stimulating hormone or the iodide transporters sodium-iodide symporter and pendrin (34–38). The stop codons were each replaced by a sense codon in order to enable read-through. The expression plasmid backbone pSP-Luc+NF was obtained from Promega (Promega GmbH, Walldorf, Germany). DNA-sequencing for verification of the correct expression cassettes was conducted by LGC Genomics (LGC Genomics GmbH, Berlin, Germany).



Stable Expression of Fusion Proteins in Human Embryonic Kidney Cells

In order to achieve stable and reproducible expression of the fusion proteins, human embryonic kidney cells (HEK 293) were transfected with the expression vectors and cultured in DMEM/F12 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Two days after transfection, 0.8 mg/mL G418 (geneticin, Sigma-Aldrich GmbH, Steinheim, Germany) was added to the medium, and stable clones were selected by the criteria of robust cell growth characteristics and high luciferase activity. Selected clones were expanded and seeded on 165 cm² cell culture dishes for recombinant protein production in medium supplemented with 0.2 mg/dL G418.



Preparation of Cell–Extracts for Autoantibody Tests

After reaching confluency of 80% or more, stable HEK293 cells expressing the fusion protein of choice were harvested with a cell scraper and collected by centrifugation (10 min, 1000 g, 4°C). Cell pellets were washed twice with pre-cooled PBS and collected again by centrifugation. The resulting pellet was resolved in collection buffer (50 mM Tris-HCl, 100 mM NaCl, 10% glycerol, 0.01% NaN3 in dH20) and subsequently lysed by adding 1% Triton X-100 (Sigma-Aldrich). After gentle shaking and final centrifugation (15 min, 4000 g, 4°C), the supernatants were tested for luciferase activity. The resulting cell extracts were diluted in collection buffer to achieve signal intensities of > 1*106 relative light units (RLU) per measurement and stored in aliquots at -80°C until use.



Quantitative Analysis of Antibodies Binding to Human S1P Receptors

For the quantitative analysis of antibodies reactive with S1P receptors, the cell extracts containing S1PR-Luc fusion proteins were diluted in reaction buffer (50 mM Tris-HCl, 100 mM NaCl, 10% glycerol, 5% milk powder, 5% glucose, 1% Triton X-100, 0.005% NaN3 in dH2O) to a concentration equivalent to providing 2-4*105 RLU per reaction (Automat Plus LB953, Berthold Technologies, Bad Wildbad, Germany). Each measurement was conducted by incubating 40 µL of diluted cell extract overnight at 4°C with 10 µL of serum sample diluted 1:1 (v/v) with serum buffer (50% glycerol, 100 mM NaCl, 50 mM Tris-HCL, 0.01% NaN3 in dH2O). After 24 h, an aliquot of 40 µL of protein-A sepharose (ASKA Biosciences GmbH, Berlin, Germany) diluted in reaction buffer (20% v/v) was added to capture the fusion-protein-aAb-complexes that had formed overnight. The samples were centrifuged (1000 g, 2 min, 4°C) and pellets were washed five times using 200 µL Tris-based buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10% glycerol, 0.5% Triton X-100 in dH2O). After resuspension, luciferase activity was determined by injection of luciferase substrate, signal intensities were measured as RLU with a luminometer (Automat Plus LB953 or Mithras LB943), and used to calculate specific binding indices (BI) as factor above background noise.



Statistical Analysis

Under the assumption of less than 50% of positive samples in the analysis, average background noise of negative samples was determined for each experimental run in 96-well plates by calculating the mean RLU from the lower half of the obtained signals. This signal was defined as binding index one (BI = 1.0). For analytical comparison, all signals [RLU] were divided by this background signal [RLU] and expressed as BI, denoting the signal strength as times background signal. In order to determine the cut-off for S1PR-aAb-positve samples, a mathematical outlier criterion was used. To this end, a threshold was calculated representing the BI of the 75th percentile of all signals plus 1.5-times the inter quartile range (P75 + 1.5 x IQR). In this manner, a separation of aAb-positive from aAb-negative samples was achieved. All statistical analyses were performed using GraphPad Prism v8.4.0 (GraphPad Software Inc., San Diego, CA, USA). Intra-assay coefficients of variation were determined from repeated measurements of the same positive samples. Tests for normal distribution (D’Agostino-Pearson test, Shapiro-Wilk test, Kolmogorov-Smirnov test) showed a non-parametric distribution of S1PR-aAb-positivity and of the clinical parameters. Group comparisons of continuous clinical characteristics were analyzed for significant differences with two-sided Mann-Whitney test. Binary variables were compared with one-sided (expected direction of difference) or two-sided (explorative hypothesis) Chi Square test for statistical significance, as indicated. Significance was assumed when the p-value was below 0.05; however, the p-values may not be interpreted as confirmative as all analyses were considered exploratory and not adjusted for multiple testing.




Results


Establishment of Quantitative Tests for Measuring Autoantibodies to the S1P Receptors

Stable HEK293 cell clones were established expressing human S1PR1-, S1PR2- and S1PR3-luciferase (S1PR1-Luc, S1PR2-Luc, S1PR3-Luc) fusion proteins, respectively. Recombinant expression of the fusion proteins to be used as bait in the aAb analyses yielded comparable luciferase activities per preparation. To verify specificity, commercial antibodies recognizing human S1PR1, S1PR2 or S1PR3 were obtained and used as positive standards. Each of the commercial antibodies produced strong signals in the respective assay. Intra-assay coefficients of variation were 14.3% for the S1PR1-, 6.6% for the S1PR2- and 5.3% for the S1PR3-assay. Stepwise dilution experiments using commercial antibodies revealed concentration-dependent signals for all three aAb assays (Figure 1).




Figure 1 | Proof of concept for the novel tests to quantify commercial antibodies to the S1P-receptors. Signal development was tested with commercial antibodies to (A) S1PR1, (B) S1PR2 and (C) S1PR3, respectively. In all three newly developed detection assays, a concentration-dependent decline of signal intensity (expressed as relative light units; RLU) was observed in dilution experiments of commercial receptor-specific antibodies. No cross-reactivity to other receptors was observed. Control measurements were conducted using either monoclonal (to S1PR1 and S1PR2) or polyclonal (to S1PR3) antibody preparations.





Stability of S1PR–aAb in Serum Samples Upon Freezing and Thawing

To ensure that freezing and thawing does not interfere with the analysis of S1PR-aAb in human serum, selected samples that had been screened positive for S1PR–aAb were tested after one to four consecutive freeze and thaw cycles. Freezing was achieved on dry ice at –80°C and thawing by standing without agitation at room temperature until completely thawed. The signal intensities remained relatively unaffected by the repeated freezing and thawing, and final signal strength after four rounds of freezing and thawing was within 20% of the initial values determined after the first thawing in all three analytical assays (Figure 2). The results support the suitability of frozen human serum samples for assessing aAb to the S1PR by the newly generated analytical tests.




Figure 2 | Signal stability upon multiple freeze-thaw-cycles. S1PR–aAb signal stability of aAb-positive serum was assessed with selected samples in the newly generated assays for (A) S1PR1–aAb, (B) S1PR2–aAb, and (C) S1PR3–aAb assay. Samples were subjected consecutively to four freeze and thaw cycles, and all measurements with one exception displayed signal intensities within a 20% range from the initial signal strength determined upon first thawing.





Prevalence of S1PR–aAb in SSc Patients Versus Healthy Controls

A cohort of serum samples from patients with SSc (n=158) and a collection of serum samples from healthy controls (n=333) was analyzed for natural aAb to S1PR by the three receptor-specific tests. The signals (RLU) were converted into relative binding indices (BI), with BI=1.0 representing background noise. Thresholds for positive aAb signals were determined by applying the mathematical outlier criterion of P75+1.5-times IQR as indicated by a dotted line (Figure 3). According to these criteria, several samples with positive aAb were identified in all three tests in both control and patient group. Prevalence of natural S1PR1–aAb was 17.1% in SSc versus 2.7% in controls (Figure 3A). Similarly, prevalence of S1PR2–aAb was elevated with 19.0% in SSc patients versus 3.6% in controls (Figure 3B). In comparison of all three assays, S1PR3-aAb displayed the highest prevalence, with 8.3% in controls and 21.5% in patients, with one sample showing exceptionally high signal intensity with a BI of 13 (Figure 3C). A direct comparison of the prevalence for each of the three S1PR-aAb is provided in (Figure 3D) and highlights the statistically significant differences in S1PR-aAb prevalence in SSc versus controls.




Figure 3 | Comparison of S1PR–aAb in healthy controls versus patients with systemic sclerosis. The presence of aAb to the three human S1PR (1–3) was determined in the group of healthy controls (HC) and patients with systemic sclerosis (SSc), and the relative prevalence was compared between both groups. Thresholds are indicated by dotted lines, and values are displayed as scattered dot plots. Black lines represent the median. Whiskers of the box plots denote P25 and P75. Results from HC are denoted in green and of SSc in pink. The prevalence for (A) S1PR1–aAb, (B) S1PR2–aAb, and (C) S1PR3–aAb was elevated in the patient cohort as compared to healthy controls. (D) A statistical comparison of SSc and HC for S1PR-aAb was conducted by two-sided Chi square test and revealed significant group differences.





Prevalence of S1PR–aAb in Patients as a Function of Pulmonary Arterial Hypertension

Pursuing the hypothesis that S1PR-aAb may be involved in the pathogenesis of PAH and therefore more prevalent in PAH, we subsequently divided the group of SSc patients into patients without PAH (SSc w/o PAH, n=100) and a smaller group of PAH-positive SSc patients (SSc-PAH, n=58). S1PR1-aAb appeared unrelated to PAH, and prevalence in the SSc w/o PAH group (18/100, 18.0%) was similar to the prevalence in the SSc-PAH group (9/58, 15.5%) (Figure 4A). In contrast, a quarter of samples in the SSc-PAH group displayed positivity for S1PR2-aAb (15/58, 25.9%), whereas a smaller percentage of SSc patients without PAH was positive for S1PR2-aAb (15/100, 15.0%), with the difference reaching statistical significance (P=0.0467) (Figure 4B). With regards to the prevalence of S1PR3-aAb, a higher fraction of samples from the SSc-PAH was identified as positive (16/58, 27.6%) in comparison to the SSc w/o PAH group (18/100, 18.0%), albeit without reaching statistical significance (P=0.1133) (Figure 4C). An overview of these three sets of measurements highlights the differential picture, with a particularly elevated prevalence of S1PR2-aAb in patients with SSc-PAH.




Figure 4 | Prevalence of S1PR–aAb in SSc patients as a function of a diagnosis of PAH. SSc patients were subdivided into those with or without a diagnosis of PAH. (A) Prevalence of S1PR1-aAb was similar in both groups of patients, whereas (B) the prevalence of S1PR2-aAb was higher in SSc patients with PAH than in patients without PAH (P<0.05). (C) The difference in prevalence of S1PR3-aAb between both groups did not reach statistical significance (P>0.05). The binding indices (BI) along with the percentages of positive samples are provided. Prevalence was compared by one-sided Chi square test.





Serum Samples With Positive Autoantibodies to More Than One S1PR

The samples showing positive autoimmunity were further analyzed with respect to recognizing more than one receptor, i.e., being positive in two or even in all three S1PR-aAb assays. In total, six positive samples were identified with aAb exceeding the threshold in all three S1PR-aAb assays, suggesting either a cross-reactivity of a single aAb to the different receptors or a polyclonal nature of the aAb within a given serum, with aAb co-existing and recognizing either S1PR1, or S1PR2 or S1PR3. All of the respective patients were female, five derived from the SSc cohort whereas only one healthy control was triple positive. Three of the triple positive subjects were suffering from SSc-PAH. Four samples were tested positive for both S1PR1-aAb and S1PR3-aAb. In addition, two SSc patient samples were simultaneously positive in the tests for S1PR1-aAb and S1PR2-aAb. A total number of 19 other samples were positive for S1PR2-aAb and S1PR3-aAb. The commercial antibodies yielded high signals only when tested for one receptor subtype, and not in the related assays.



Comparison of Clinical Characteristics With Respect to S1PR–aAb

The full cohort of SSc patients was analyzed for clinical characteristics in relation to the results from the S1PR-aAb tests. In general, patients with S1PR3-aAb were younger than average (median age; 51 vs. 63). With respect to cutaneous manifestation of SSc, 85.2% of patients positive for S1PR1-aAb had a limited cutaneous form, whereas the diffuse manifestations were dominating in patients that were positive for S1PR2-aAb or S1PR3-aAb. Besides the elevated prevalence of S1PR2-aAb and S1PR3-aAb in the group of SSc patients with PAH, there was also a higher share of patients suffering from lung fibrosis in these groups (S1PR2-aAb; 60.7% vs. 45.3%, S1PR3–aAb; 71.9% vs. 41.9%). None of the groups showed remarkable differences in the prevalence of specific anti-nuclear Ab (Table 2).


Table 2 | Characterization of the cohort of patients with systemic sclerosis regarding S1PR–aAb.






Discussion

In this manuscript, we describe the establishment of novel analytical in vitro assays for assessing the prevalence of natural autoantibodies recognizing human S1PR1, S1PR2 or S1PR3. A first analysis on the specificity of the assays was positively passed by using commercial receptor-specific antibodies, recognizing only the respective receptor type and not cross-reacting to a related S1PR. Dependence of signals to antibody levels was observed in dilution experiments with commercial antibodies. As another important prerequisite for the present analysis, signal stability was shown by repeated freezing and thawing of aAb-positive human samples. In agreement with our hypothesis, prevalence of natural S1PR-aAb was significantly elevated in SSc patients as compared to healthy controls, with some further increase in the subgroup of patients who developed PAH. S1PR2-aAb and S1PR3-aAb showed a particular association with both PAH and lung fibrosis, in line with their established local biochemical function (39).

The balance between vasoconstriction and vasodilation in the (pulmonary) arterial system is fine-tuned by the expression of S1PR1, S1PR2 and S1PR3 on vascular endothelial cells and smooth muscle cells. While S1PR1 agonism in endothelial cells stimulates NO formation and causes vasodilation, S1PR2 and S1PR3 signaling in smooth muscle cells mediate vasoconstriction. Analyses in primary pulmonary artery smooth muscle cells, isolated perfused lungs and in vivo models of PH specifically identified signaling via S1PR2 to trigger pulmonary vasoconstriction and vascular remodeling (21, 22), while pharmacological inhibition of S1PR2 effectively prevented the development of chronic hypoxic PH in mice (9). Agonism of S1PR3, on the other hand, has been implicated in the development of radiation- and bleomycin-induced pulmonary fibrosis in mice (40, 41). The increased prevalence of S1PR2- and S1PR3- but not S1PR1-specific aAb in SSc-PAH patients may thus point towards an autoimmune-supported pathomechanism that could contribute to elevated pulmonary vascular resistance and the development of lung fibrosis in SSc-associated PAH. In line with this notion, PAH patients show elevated expression of S1PR2 on PASMC (9). Given that pharmacologic S1PR2 inhibition could prevent the development of hypoxic PH in rodents, an agonistic aAb against S1PR2/3 may conceivably promote PASMC proliferation and medial thickening (9). Yet, the biochemical nature of the S1PR-aAb and their functional effects on receptor signaling are presently unclear, as our newly developed assays only detect binding characteristics, while data probing whether the identified aAb act as antagonists to inhibit the receptors, as agonists to stimulate receptor signaling, or rather elicit allosteric effects are lacking and remain to be elucidated in future studies (40).

Our findings support earlier reports describing a set of GPCR-specific aAb in patients with autoimmune disease such as systemic sclerosis (28, 41). While aAb against a variety of GPCR including the endothelin type A receptor and angiotensin II receptor type 2 have been identified in a wide range of cardiovascular diseases where they have been proposed to contribute critically to disease initiation and/or progression, aAb against S1PR have so far only been reported in a single case report. In this lymphopenic patient with recurrent infections, aAb to human S1PR1 were identified (42). Adoptive transfer of the purified human aAb into mice caused immunosuppression, decreased T-cell chemotaxis and reduced lymph node egress via direct interaction with a subset of T-cells (42), thus highlighting the functional relevance of these aAb. The epitope recognized by the S1PR1-aAb was within the amino-terminal domain of S1PR1. Yet as therapeutic antibodies against certain S1PR demonstrated, binding is often not restricted to just one receptor (43). As such, it will be important to characterize the major antigenic epitopes for the specific receptor subtypes identified in the present study. Here, we describe for the first time the prevalence of S1PR-aAb including the first identification of S1PR2- and S1PR3-aAb in a large cohort of patients and healthy individuals, and report their potential use as both biomarkers and potential therapeutic targets in SSc, PAH, and/or lung fibrosis.

Among the particular strengths of our study are the rigorous assay designs, using full-length human receptor molecules as bait and human cells as system for the recombinant expression, thereby enabling regular posttranslational modifications, full coverage of potential epitopes and correct trafficking (44, 45). Moreover, the identification of commercial receptor-specific antibodies to each of the three receptor subtypes verified specificity of the assays, and enables other research groups to conduct similar analyses using the same type of positive controls, thereby increasing transparency and comparability between analytical techniques. The cohort size of the controls and of the patients provided considerable numbers of samples, allowing for a solid case-control comparison and a focused analysis of patients with versus without PAH. Finally, assay sensitivity was high and only small amounts of serum were required to obtain the aAb result, enabling fast, cost-effective and high throughput analyses in future studies on larger cohorts of samples with related cardiovascular phenotypes.

No study is without limitation, and the lack of biological characterization of the identified aAb as potential agonists, antagonists or modulators of receptor function constitutes an important knowledge gap. Unfortunately, sample volumes were limited and not sufficient to isolate immunoglobulins for further biochemical analyses. The nature of the study design as case-control study precludes any causal interpretations, and detailed structural and functional analyses of the identified aAb along with analyses with longitudinal patient samples and clinical data are required to elucidate a potential etiologic role of the aAb in SSc, and in particular in PAH. In addition, information on anthropometric and clinical characteristics of the participants contributing to the cohort of healthy subjects is sparse, as the samples were obtained from a commercial supplier, and subject-specific information was not provided for reasons of data safety. Finally, genetic background and place of residency of the patients was relatively uniform, precluding extrapolations to patients from other populations or different genetic background. That notwithstanding, this is the first systematic analysis of aAb to human S1PR in healthy and diseased subjects, providing some positive results in relation to PAH which warrant further analysis in larger clinical studies.
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Aims

Human epicardial adipose tissue, a dynamic source of multiple bioactive factors, holds a close functional and anatomic relationship with the epicardial coronary arteries and communicates with the coronary artery wall through paracrine and vasocrine secretions. We explored the hypothesis that T-cell recruitment into epicardial adipose tissue (EAT) in patients with non-ST segment elevation myocardial infarction (NSTEMI) could be part of a specific antigen-driven response implicated in acute coronary syndrome onset and progression.



Methods and Results

We enrolled 32 NSTEMI patients and 34 chronic coronary syndrome (CCS) patients undergoing coronary artery bypass grafting (CABG) and 12 mitral valve disease (MVD) patients undergoing surgery. We performed EAT proteome profiling on pooled specimens from three NSTEMI and three CCS patients. We performed T-cell receptor (TCR) spectratyping and CDR3 sequencing in EAT and peripheral blood mononuclear cells of 29 NSTEMI, 31 CCS, and 12 MVD patients. We then used computational modeling studies to predict interactions of the TCR beta chain variable region (TRBV) and explore sequence alignments. The EAT proteome profiling displayed a higher content of pro-inflammatory molecules (CD31, CHI3L1, CRP, EMPRINN, ENG, IL-17, IL-33, MMP-9, MPO, NGAL, RBP-4, RETN, VDB) in NSTEMI as compared to CCS (P < 0.0001). CDR3-beta spectratyping showed a TRBV21 enrichment in EAT of NSTEMI (12/29 patients; 41%) as compared with CCS (1/31 patients; 3%) and MVD (none) (ANOVA for trend P < 0.001). Of note, 11/12 (92%) NSTEMI patients with TRBV21 perturbation were at their first manifestation of ACS. Four patients with the first event shared a distinctive TRBV21-CDR3 sequence of 178 bp length and 2/4 were carriers of the human leukocyte antigen (HLA)-A*03:01 allele. A 3D analysis predicted the most likely epitope able to bind HLA-A3*01 and interact with the TRBV21-CDR3 sequence of 178 bp length, while the alignment results were consistent with microbial DNA sequences.



Conclusions

Our study revealed a unique immune signature of the epicardial adipose tissue, which led to a 3D modeling of the TCRBV/peptide/HLA-A3 complex, in acute coronary syndrome patients at their first event, paving the way for epitope-driven therapeutic strategies.





Keywords: epicardial adipose tissue (EAT), NSTE ACS, T-cell receptor (TCR), immune response, precision medicine, first acute myocardial infarction, antigen-driven immunity, computational modeling



Introduction

Human epicardial adipose tissue (EAT), a dynamic source of multiple bioactive factors, owns a close functional and anatomic relationship with the epicardial coronary arteries and communicates with the coronary artery wall through paracrine and vasocrine secretions (1). Several studies suggesting the role of EAT in the pathogenesis of atherosclerosis consistently reported that EAT thickness is an independent indicator of cardiovascular risk (2, 3).

Cytokine release and pro-inflammatory cell infiltration of macrophages, lymphocytes, and basophils have been associated with the EAT of patients with established coronary artery disease who underwent elective coronary artery bypass graft (CABG) (4, 5); in these patients, macrophage polarization in EAT is shifted toward the pro-inflammatory M1 phenotype (6, 7).

Although less abundant than macrophages, T cells orchestrate the antigen-specific immune response in the coronary plaque (8–10). This occurs after the T-cell receptor (TCR) has mediated the recognition of short peptides on the human leukocyte antigen (HLA) on presenting cells. The enormous TCR diversity allows for the recognition of a wide range of potential pathogenic molecules and accounts for the difficulties in determining the antigen specificity of each receptor (11, 12).

In the present study, we sought to investigate if T-cell recruitment within EAT in acute coronary syndrome (ACS) patients with non-ST segment elevation myocardial infarction (NSTEMI) might be part of a specific antigen-driven response potentially implicated in ACS onset and progression. To this aim, we performed the EAT proteome profiling and an extended analysis of the TCR beta chain variable region (TRBV) in EAT using the T-cell repertoire of peripheral blood mononuclear cells (PBMCs) as a reference for selective EAT enrichment which led to the design of a 3D model of the cognate/specific peptide-major histocompatibility complex (MHC) target, associated with the first acute coronary event.



Methods

For a detailed description of the methods, see the Online Supplementary Material.


Study Population Design

We enrolled 1) 32 patients admitted to our Coronary Care Unit with a diagnosis of NSTEMI, who underwent CABG within 14 days of symptom onset, either at their first manifestation (n = 19) or with previous acute coronary events (n = 13); 2) 34 patients with a history of chronic stable effort angina (CCS) lasting more than 12 months, severe coronary artery disease (CAD) requiring CABG, and no clinically evident effort or rest ischemic episodes during the previous 2 weeks; and 3) 12 patients presenting with mitral valve disease (MVD) undergoing cardiac surgery for mitral valve regurgitation due to degenerative disease, with angiographically normal coronary arteries. Figure 1 displays a schematic allocation of the study population in each experimental setting. For a detailed description of the inclusion and exclusion criteria, see the Online Supplementary Material. The Clinical and Research Ethics Committee of Fondazione Policlinico A. Gemelli-IRCCS and the Catholic University of the Sacred Heart of Rome approved the study protocol (protocol no. 2047) that has been conducted in accordance with the principles of the Declaration of Helsinki. All participants provided their written informed consent.




Figure 1 | Flowchart showing enrolled patients and their experimental and study result allocations. We obtained EAT biopsies and peripheral blood from 32 NSTEMI patients, 34 CCS patients, and 12 MVD patients undergoing surgery. Three EAT specimens from NSTEMI and CCS patients were used for proteome profiling. We therefore performed TCR spectratyping and CDR3 sequencing in EAT and PBMCs of 29 NSTEMI, 31 CCS, and 12 MVD patients. We performed HLA-A molecular typing from DNA extracted from the PBMCs of the same patients. Twelve NSTEMI patients showed a TRBV21 perturbation, four of which shared a distinctive TRBV21-CDR3 sequence of 178 bp length and 2/4 were carriers of the human leukocyte antigen (HLA)-A*03:01 allele. We then used computational 3D modeling studies to predict interactions between HLA-A3*01 and the TRBV21-CDR3 sequence of 178 bp length, employing BLAST to compare the predicted peptide sequence to specific microbial databases. BLAST, Basic Local Alignment Search Tool; EAT, epicardial adipose tissue; HLA, human leukocyte antigen; MVD, mitral valve disease; NSTEMI, non-ST elevation myocardial infarction; PBMC, peripheral blood mononuclear cells; CCS, chronic coronary syndrome; TCR, T-cell receptor.





Peripheral Blood Sampling

Venous blood samples were taken a day before the surgery. PBMCs were obtained from whole blood by density gradient centrifugation over Ficoll-Hypaque (GE Healthcare Bio-Sciences, Piscataway, NJ, USA) and stored at −80°C for RNA extraction. Coded serum samples were stored at −80°C and analyzed for high-sensitivity C-reactive protein (hs-CRP) in a single batch at the end of the study. In NSTEMI patients, serum cardiac troponin I (cTnI) was determined at the time of hospital admission as a routine measurement. All categorization and management of patients were independent from these results.



EAT Sampling and Profiling

EAT biopsy (average 0.9 g) was collected before surgery in all cases. In CCS and MVD patients, EAT was collected near the proximal right coronary artery, while in NSTEMI patients, it was collected near the culprit coronary artery, i.e., left coronary artery (LCA) in 20 cases and right coronary artery (RCA) in 12 cases. Liquid nitrogen EAT specimens were stored at −80°C and subsequently used for RNA isolation. Isolated and stimulated EAT T cells were stained with fluorochrome-conjugated mAbs anti-CD4-FITC and anti-CD8-PE-Cy5 (all from Beckman Coulter, Brea, CA, USA). A total of 100,000 events have been acquired. Non-specific staining with isotype-matched control mAb was <1%; the intra- and interassay variability was <10%. Flow cytometry analysis was conducted with FC 500 (Beckman Coulter, Brea, CA, USA) and the data were analyzed with Kaluza software (Beckman Coulter, Brea, CA, USA). EAT biopsies (average weight = 0.2 g) from CCS (n = 3) and NSTEMI (n = 3), collected as described above, were pooled to evaluate the inflammatory proteome profile (Proteome Profiler Array, R&D, USA). Details of EAT T-cell isolation and stimulation and profiling are described in the Online Supplementary Material.



TCR Repertoire Analysis and CDR3 Sequencing

TCR repertoire analysis and CDR3 sequencing were performed as previously published (13–15). The method for quantifying TCR repertoire perturbation in EAT as compared with PBMCs was adapted from Gorochov et al. (16) (see the Online Supplementary Material and Figure S1).



DNA Extraction and HLA-A Genotyping

Genomic DNA from peripheral whole blood was extracted by QIAamp DNA Mini kits (Qiagen GmbH, Hilden, Germany) and 0.1 μg of purified genomic DNA was used for HLA-DRB1 exon PCR amplification. After PCR amplification, HLA-A molecular typing was performed by a reverse hybridization method using the INNO-LiPA HLA-A kit (Fujirebio, Tokyo, Japan), following the manufacturer’s instructions. Interpretation of hybridization of HLA-A probes was made using the LiRAS software (Fujirebio, Tokyo, Japan) to predict one-digit HLA.



In-Silico 3D Modeling of the TRBV/Peptide/HLA-A3 Complex

We employed a computational modeling study to predict TRBV/peptide/MHC interactions (17, 18). The homology modeling algorithm MODELLER v9.10 as implemented in Discovery Studio 4.0 (Dassault Systèmes, San Diego, CA, USA) was used to generate the computational model structure of TRBV21* (19). The 3D structure of the human anti-pre-pro insulin (PPI) protein T-cell receptor (1E6) bound to an HLA-A*0201-restricted glucose-sensitive PPI peptide (PDB code: 3UTT REF 10.1038/ni.2206), showing 70.0% sequence identity, was used as template (Online Supplementary Material Figure S2). The best-ranked model based on the probability density function (PDF) was selected, and the quality of the structure was assessed by PROCHECK and VERIFY3D (Online Supplementary Material Figures S3, S4). The structure of the human MHC class I molecule HLA-A*0301 (HLA-A3), in complex with a peptide (KLIETYFSK) from proteolipid protein (PDB code: 2XPG REF 10.1107/S0907444911007888), was used as the interaction partner for the modeled TRBV21*. The quaternary complex 1BD2 was used as a reference for the relative orientation of the interacting structures (20). Following the replacement of each residue by glycine (glycine), the peptide backbone was used to build putative epitope peptides by side chain construction and CHARMM’s energy minimization. This process was automatically performed by the Grow Scaffold module in Discovery Studio 4.0 by identifying the top-ranking residue in each position. After calculating and scoring, the best peptide to act as a ligand was selected for further analyses (see the Online Supplementary Material for references).



Sequence Alignment and Similarity Analysis

The Basic Local Alignment Search Tool (BLAST) (21) was used to compare the predicted peptide sequence to specific microbial databases and to calculate the statistical significance of matches (see the Online Supplementary Material).



Statistical Analysis

Categorical variables were described as numbers and percentages (%), and they were analyzed using the chi-square (χ2) test or Fisher’s test, depending on sample size restrictions. The continuous variables that were normally distributed, as assessed by the Shapiro–Wilk test, were described as mean ± SD and analyzed with parametric tests. For comparisons among the three groups, we used one-way (or two-way) analysis of variance (ANOVA) with Bonferroni or Sidak correction. For between-group comparisons, we used unpaired or paired Student’s t-test. Data that did not follow a normal distribution were described as median and interquartile range and analyzed by using a non-parametric test. We used the Kruskal–Wallis non-parametric ANOVA and the Dunn’s test for comparisons among groups. For between-group comparisons, we used the Mann–Whitney U-test. To compare two related samples within groups, we used the Wilcoxon test. A two-tailed P-value <0.05 was considered statistically significant. Statistical analysis was performed by using SPSS Statistics 20.0 (IBM Corp., Armonk, NY, USA) and Prism software 8.02 (GraphPad, San Diego, CA 92121, USA).




Results

The baseline characteristics of the patients are presented in Table S1. The study design is described in Figure 1.


EAT T-Cell Infiltration and Proteome Profiling

In order to characterize the presence of immune infiltrates in EAT, we analyzed the cell suspensions obtained from EAT specimens of NSTEMI (n = 10) and CCS (n = 10) patients by flow cytometry. We observed that 50% of EAT-infiltrating T cells were CD4+, while the 30% were CD8+ without differences between groups (Figure 2A).




Figure 2 | Flow cytometry characterization of EAT-resident T cells and proteome profiling of EAT specimens. (A) A phenotypic characterization of EAT-resident T cells was performed by flow cytometry in NSTEMI (n = 10) and CCS (n = 10) patients. A representative flow cytometry analysis is displayed and the EAT specimen of one patient is shown. About 50% of EAT-infiltrating T cells were CD4+, while 30% were CD8+ without differences among groups. (B) An inflammatory proteome profiling was performed in NSTEMI (n = 3) and CCS (n = 3) patients; X-ray films (B) and heatmap analyses (C) are shown [squares of the same color indicate the same molecule in (B, C)]. NSTEMI and CCS patients significantly differed for multiple immune-related molecules.



To determine the relative amount of inflammatory mediators at the local level, proteome profiling of pooled EAT specimens from NSTEMI (n = 3) and CCS (n = 3) patients was performed. The results displayed highly significant differences between the two groups for multiple molecules involved in the pro-inflammatory response, cell recruitment and adhesion to the arterial wall, and vascular remodeling (Figures 2B, C; Table S2), thus highlighting the unique composition of the EAT in patients with NSTEMI.



T Cells in EAT Display a Broad TCR Repertoire

To deepen the characterization of T lymphocyte infiltrates, a TRBV-TRBJ spectratyping was performed. We examined the size distribution of the TCR CDR3 region for 25 BV families by immunoscope spectratyping (Table S3). A total of 3,600 spectra were analyzed in PBMC and EAT samples from 72 patients (NSTEMI, n = 29; CCS, n = 31; MVD, n = 12). PBMCs and EAT T cells displayed no difference in TCR BV usage pattern. EAT obtained from MVD patients showed a comparable width of T-cell repertoire. The repertoire used by each individual is highly variable, although among the 25 BV families (Table S3) analyzed, 14 were used more consistently among SA and NSTEMI patients, while only 6 BV among MVD patients (Figure 3 and Figure S5). Despite the high variability of the TCR repertoire used by each individual, it was possible to detect several TCR signatures characterizing specifically NSTEMI, CCS, or MVD patients.




Figure 3 | Quantitative analysis of TCR repertoire perturbations. The TRBV-TRBC spectratyping technique was applied to analyze the TCR repertoires of the enrolled patients. EAT samples were compared with the respective PBMCs. Three matrixes are displayed, one for each group of patients [(A) for NSTEMI, (B) for CCS, and (C) for MVD]. Single patients are displayed in columns, while the rows represent the same TRBV-TRBC TCR recombination for all patients in each group. Each square of the matrixes represents a TRBV-TRBC rearrangement for every single patient. TRBV-TRBC spectratypes from an ideal naive TCR repertoire follow an approximate Gaussian distribution containing eight or more peaks. Skewed TRBV-TRBC profiles can be detected as perturbation of this distribution. White squares represent non-perturbed Gaussian. Green squares display minimally perturbed Gaussian. Red squares indicate a high enrichment of the same peak(s) in the EAT sample compared with the homologous PBMC sample. Despite the high variability of the TCR repertoire used by each individual, it was possible to detect specific TCR signatures characterizing NSTEMI, CCS, or MVD patients.





Perturbation of the TCR Repertoire (TRBV21) in EAT Is Associated With the First Manifestation of NSTEMI

Focusing on the most shared TCRs, we calculated using algorithms the threshold values and determined the cutoffs to identify specific disease-related TCRs as biomarkers. The perturbation (D) degree (%) of the TCR repertoire was calculated for each patient in PBMC and EAT specimens as a function of the difference between the P distribution of the EAT sample and the P distribution of the PBMC sample (reference sample). This approach provides a quantitative determination of repertoire perturbations with a D value carrying from 0% to 100% (Online Supplementary Material, Figure S1). As illustrated in Figure 3 and Figure S5, the perturbations of the TCR repertoire in EAT are distributed differently in NSTEMI and CCS patients: in NSTEMI patients, alterations of TRBV21 were strongly prevalent, while perturbations of TRBV28 were observed in CCS and MVD patients, although not statistically significant. Indeed, TRBV21 perturbation was significantly higher in NSTEMI (median, range: 7.4, 0.3–56) as compared to CCS (1.4, 0.02–11.6) and MVD (1.2, 0.2–1.7; ANOVA by Kruskal–Wallis P < 0.001; Dunn’s multiple comparisons test: both P = 0.002) (Figure 4A). A TRBV21* perturbation (D > 10%) was observed in 12/29 (41%) of NSTEMI patients (compared with an expected 1%, in a random use of TCR gene segments) (22). TRBV21 was not enriched in EAT of CCS and MVD patients (3% and 0%, respectively; ANOVA for trend P < 0.001). Of note, 11/12 (92%) NSTEMI patients with TRBV21* perturbation (D > 10%) were at their first manifestation and only one patient (8%) had previous acute coronary events (P = 0.008) (Figure 4B). Figure S6 shows the receiver-operating characteristic (ROC) curves for TRBV21* perturbation. Furthermore, most perturbations of the TRBV21 distribution in NSTEMI patients focused on one single CDR3 of 178 bp length (Figure 4C and Figure S7). The same analysis was performed for TRBV28 (Online Supplementary Material Figure S8), demonstrating the clonal peculiarity of EAT T cells.




Figure 4 | Quantitative analysis of TRBV21 perturbation. (A) Comparison of the TRBV21 perturbations in the three groups of patients. The TRBV21 average perturbation between EAT and PBMC samples is different in the three groups of patients (ANOVA for trends P < 0.001). It is significantly higher in NSTEMI patients as compared with CCS and MVD patients (P < 0.01 for both comparisons), but similar between CCS and MVD patients. This analysis revealed a perturbation threshold of 10% for TRBV21. (B) Pie chart showing the percentage of NSTEMI with TRVB21 D >10% (41%) and the proportion of patients at their first event (pie of pie chart) (92%). (C) Quantitative analysis of TRBV21 perturbation in NSTEMI patients. NSTEMI patients with high perturbation of TRBV21 (D > 10%) are displayed in the matrix with dark blue rectangles, highlighting that the most frequently perturbed peak is the 178-bp length. (D) Frequency (%) of HLA-A*02+ and HLA-A*03+ in the three groups of patients tested. HLA-A*03+ frequency is higher in the NSTEMI group (38%) than in the CCS group (10%). In MVD patients, A3 was not present in the analyzed cohort. The graph shows the expected frequency of HLA-A in a reference Caucasian population deduced from http://allelefrequencies.net (>110,000 individuals). As a referral, we also reported the frequency of the commonly used HLA in the Caucasian population.





The NSTEMI-Associated TRBV21 Family Shares a Common CDR3 Sequence

To understand whether the enriched NSTEMI-associated TCR shared the same hypervariable region, several sequencing analyses were performed. Each CDR3 BV peak contains thousands of different sequences, each coding for a unique TCR with a particular antigen specificity. To determine whether the perturbation observed for EAT CDR3 profiles reflected a clonal expansion of T cells, CDR3 sequences of EAT samples were analyzed. Two hundred and eighty-eight sequences were obtained from nine NSTEMI patients, after a screening of about 50 plasmids per sample. Surprisingly, the same sequence (TRBV21 CASSKA ETDE ETQYFGPGTRL) was obtained in four out of the nine NSTEMI patients, all at their first manifestation. This observation supported the idea that T cells carrying this TCR were selectively enriched or expanded in EAT, at the onset of NSTEMI.

A similar CDR3 sequence analysis was carried out with the BV28 family for which several perturbations were also observed in CDR3 spectratyping profiles of CCS patients. In this case, however, we could not find sequences frequently recurring among samples. The resulting sequences and the expected length for TRBV21 and TRBV28 are reported in the Online Supplementary Material Tables S4–S6.



HLA-A Genotyping

In Caucasians, the most frequent HLA alleles belong to the HLA-A2 family, which collectively has an allelic frequency of approximately 30%, leading to an ≅50% of individuals being HLA-A2 positive in the population (23).

However, two of four NSTEMI patients at their first manifestation of disease with EAT samples displaying the usage of sequence TRBV21 CASSKA ETDE ETQYFGPGTRL were HLA-A*03+ (Figure 4D). These observations led us to propose HLA-A*03 as the candidate restricting element for the public TCR (TRBV21 CASSKA ETDE ETQYFGPGTRL) in our NSTEMI patients, for further studies.



In-Silico 3D Modeling

We decided to design a 3D molecular modeling strategy aimed at identifying putative antigen peptide sequence and conformation in the TCRBV/HLA-class I/epitope complex. A scoring algorithm was used to rank sequence candidates, and the top-ranking sequence KVFLHFRVK was selected as the most likely epitope able to bind HLA-A3*01 and interact with the TRBV21* CASSKA ETDE ETQYFGPGTRL. The 3D model structures of the TCRBV/HLA-class I/epitope complex and the interacting residues are shown in Figure 5 and Table 1.




Figure 5 | In-silico 3D modeling. Molecular modeling of the TCRBV/HLA-class I/epitope complex. Overall 3D structure of the quaternary complex (A). The backbone structures of TCRBV21 (yellow), HLA-A3*01 α-chain (blue), and β2-microglobulin (green) are displayed in ribbon and solvent-accessible surface representations. The epitope residues are in stick representation color-coded by atom types. A zoom view of the contact interface showing the residues important for the stabilization of the complex (B). Sketch of the predicted interactions at the interface (C); epitope residues are shown as blue circles, and HLA and TCR residues as green and violet rectangles, respectively.




Table 1 | Intermolecular non-bond interactions established by the predicted epitope with HLA-A*0301 and TCR.





Proteins of EAT Microbiota Contain Sequences Homologous to the Putative Epitope Sequence

Our group has recently demonstrated the existence of a local microbiome signature in EAT (24). Based on this scenario, a sequence similarity analysis between the putative antigen sequence (K1V2F3L4H5F6R7V8K9) and the EAT microbiota genome was performed by BLASTp (21). We find that several sequences from these bacteria display homology higher than 80% with our candidate epitope sequence (Table 2).


Table 2 | Sequence similarity analysis between the putative antigen sequence (K1V2F3L4H5F6R7V8K9) and EAT microbiota genome as performed by BLASTp (25).



Among the Firmicutes-derived sequences, two display the RV residues in the appropriate position, with one having an R for the H5 in the query. Since R (arginine) and H (histidine) have distinct chemical properties, we are not certain that this peptide would be able to interact properly with the HLA-A*0301 molecule. In the sequences obtained from Cyanobacteria (VFLHYRVK), Y substitutes for F6. Although this is not a conservative substitution, in our model, F6 interacts only with an A (alanine69) of HLA-A*0301, an interaction that may occur also for a Y (tyrosine) residue in the same position.

Overall, we propose that sequences from Firmicutes/Ruminococcus (LHFRVK) and Cyanobacteria (VFLHYRVK) display most of the characteristics required for the interaction with HLA-A*0301 and TRBV21* and can be considered good candidates as epitopes triggering the activation of T cells at the first episode of NSTEMI.




Discussion

The close anatomical relationship between EAT and coronary arteries has always suggested a likely involvement of the adipose tissue in CAD (1). However, the functional role of the adipose tissue surrounding the heart is still barely elucidated. Several clues indicate that EAT is one of the key characteristics of CAD pathophysiology (25–27). Therefore, in addition to its storage and protective functions, EAT must be considered by all accounts a lymphatic organ, characterized by leukocyte trafficking and cytokine and adipokine release. Our NSTEMI EAT specimens effectively hold a peculiar proteome profile displaying an increased content of a bunch of pro-inflammatory molecules (CRP, IL-17, IL-33, CDF, RETN, RBP-4, CHI3L1) as well as proteins involved in cell recruitment and adhesion to the arterial wall and vascular remodeling (CD14, NGAL, CD31, MMP-9, VCAM1, MPO, ENG, ANG), thereby strengthening the EAT multifaced nature.

Indeed, the EAT of patients with CAD undergoing CABG shows high levels of pro-inflammatory cytokines and cell infiltration with lymphocytes, basophils, and macrophages (4, 5), mostly displaying the pro-inflammatory M1 phenotype (6, 7). The total amount of T lymphocytes is increased in EAT of CAD patients as compared with subcutaneous adipose tissue and EAT of non-CAD patients (28).

A sizeable proportion of patients presenting with ACS shows a unique adaptive immune system profile, characterized by higher levels of effector T cells and reduced levels and/or function of circulating T regulatory cells, together with a disproportionate TCR activation (29–31). T-cell clonal restriction has been demonstrated both in peripheral blood and in coronary thrombi of ACS patients (9, 10), suggesting a specific antigen-driven response. Given the role of adaptive immune dysregulation in the pathogenesis of ACS, EAT might likely contribute, as immunologically active tissue, to the immune unbalance leading to the unstable plaque (4).

Microbial DNA has been found in the EAT environment of ACS patients in association with the NOD-like receptor P3/inflammasome activation (24), suggesting, along with other evidence (32), that the gut-resident microbiome might directly or indirectly influence the progression toward plaque instability through an antigen-driven response. These data have brought back the “infection hypothesis,” according to which an infectious event, or even just an altered composition of gut microbiome without clinical signs of infection, could act as a trigger for ACS (33). Given this, our missing piece in the history was to understand whether and how the EAT milieu might contribute to the immune alterations leading to coronary plaque instability. The goal of this work was to prove that an immune response to specific antigens might occur in the EAT as one of the steps toward ACS.

T-cell accumulation in non-lymphoid tissues (EAT in our study) is shaped by several mechanisms including migration and retention of circulating T cells as well as expansion of clones specific for tissue-specific antigens. The local chemokine and cytokine milieu and the expression of specific antigens in the tissue promote chemotaxis and clonal expansion of T cells (10, 12). Here, we report for the first time that EAT of NSTEMI patients at their first clinical manifestation showed the enrichment of an exclusive TRBV21* public T-cell receptor, demonstrating a consistent pattern of clonal restriction in EAT T cells. We could also observe that the presence of TRBV21* was co-occurring with an HLA-A*03+ haplotype that in turn was more frequent in our NSTEMI patients when compared with CCS patients and the expected frequency in the general population. These observations reinforced the hypothesis of a specific, antigen-driven, T-cell expansion in EAT along with the first presentation of ACS.

We previously reported in human (14) and experimental (34) autoimmune diseases that the first wave of T cells specific for a given antigen during the immune response is often characterized by the use of public TCRs, leading to a skewed TCR repertoire. At later times, during chronic disease, the early T-cell repertoire can be modified by exhaustion of some of the activated antigen-specific T cells expanded by the first event (34), in tandem with epitope spreading and TCR repertoire enlargement. Thus, the memory repertoire generated following primary immunization and expanded upon secondary encounter(s) with the antigen changes its clonal composition over time, at least in part to address a presumably larger epitope repertoire. This might account for the differences observed in the TCR repertoire composition between NSTEMI patients with and without previous events.

TCRs recognize short peptides presented on the HLA. To date, several strategies have been used to determine the antigen specificities of T cells knowing the TCR sequence and the restricting element (35). In this study, we used in-silico molecular modeling to describe the TCRBV/HLA-class I/epitope quaternary complex and predict a putative sequence of the target epitope, starting with an unbiased interrogation of TCR specificity. Finally, this computational modeling allowed us to highlight a similarity between the putative epitope sequence and the sequences found in bacterial phyla associated with ACS and found in the gut microbiota (24). Overall, this scenario is in line with recent demonstrations of cross-reactive CD4+ T cells, primed by epitopes derived from microbes colonizing different mucosal tissues, able to infiltrate target organs, causing or exacerbating both autoimmune (36) and autoinflammatory diseases (37). Moreover, in agreement with our findings, another study has recently described the involvement and the activation of heart-specific Th cells by bacterial peptide mimics derived from the intestinal microbiota, able to enter the myocardium, enhancing the damage caused by infection during lethal inflammatory cardiomyopathy (38).

Thanks to its privileged position of close proximity to the coronary arteries, EAT represents the ideal environment for a specific T-cell clonal expansion in response to antigen exposure. Whether the enriched T cells and the antigens detected in the EAT result from direct microbial colonization or represent the consequence of previous peripheral immune responses needs to be proven in further studies. However, the evidence for an antigen-driven immune response as a molecular and cellular marker of the first coronary event represents the first step toward a personalized approach in cardiovascular medicine for the ideation of epitope-based vaccines in the treatment of ACS. In the future, more advanced methods that integrate computational biology and structural modeling might be used to design highly specific and powerful TCRs for use in T-cell therapies (Figure 6).




Figure 6 | Take-home figure. The figure shows the close relationship between EAT and coronary arteries and the intricate cellular and molecular network possibly implicated in the pathogenesis of ACS. The identification of a specific T-cell clonal expansion in the EAT of NSTEMI patients at their first clinical manifestation and the prediction of the putative sequence of the MHC–TCR–peptide complex (through in-silico modeling) indicate the existence in the EAT of an antigen-driven immune response likely involving microbiome-derived antigens as triggers for instability. These observations represent a significant step toward the perspective of engineered T-cell or epitope-based vaccine therapies. Created with BioRender.com.





Conclusions

The identification of a specific T-cell enrichment in the EAT of patients presenting at their first coronary event represents the clue of a specific antigen-driven immune response in the pathogenesis of ACS. Together with the available evidence on the role of dysbiosis in plaque instability, our data pave the way for the fascinating hypothesis of microbiome-derived antigens as triggers for plaque instability. These observations represent a significant step toward the intriguing perspective of engineered T-cell or epitope-based vaccine therapies that begins from a genome-based computational model and terminates with advanced, personalized healthcare (Figure 6).



Limitations and Perspectives

Our study is more hypothesis-generating than hypothesis-proving by its nature. Some limitations should be recognized. First, T cells may have encountered bacteria somewhere else, and we cannot exclude that the restricted TCR diversity observed in the EAT surrounding diseased coronary arteries may reflect differential entrapment of antigen primed T cells from the circulating T-cell pool. One possibility is the cross-reactivity of T cells exposed to peptide motifs shared by the human proteome and gastrointestinal microbiota (39) or, as it happens for other autoimmune/autoinflammatory mechanisms, a TCR-independent pathway or a bystander effect (40). Second, in a previous study, we have documented the presence of bacterial DNA of gut microbiota phyla in the EAT of NSTEMI patients (24). However, we did not demonstrate a direct bacterial colonization in EAT, since bacterial DNA in EAT might represent both the clue of direct bacterial colonization and the result of antigen-presenting cell translocation following phagocytosis that occurred elsewhere. In the current study, we did not have the opportunity to directly search bacterial DNA in the EAT samples showing the related TRBV21 sequences because of the scarcity of tissue. Third, we could not directly prove that induction of pro-inflammatory signaling by the related T cells in EAT plays a role in the generation of unstable plaques. However, taking together the present work and our previous data, the demonstration of T-cell enrichment in EAT of NSTEMI patients agrees with the already demonstrated upregulation of NLRP3 inflammasome (24) and with the available evidence of an altered immune response as a trigger for plaque instability. Whether or not microbial colonization of EAT antecedes this immune response, the demonstration of enriched T cells in the EAT of NSTEMI patients at their first manifestation represents sufficient proof of an antigen-driven immune response taking place in the adipose tissue surrounding the coronary artery.
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Interleukin-6 (IL-6) is an important player in chronic inflammation associated with heart failure and tumor-induced cachexia. Fibroblasts are salient mediators of both inflammation and fibrosis. Whereas the general outcome of IL-6 on the heart’s function and muscle wasting has been intensively studied, the influence of IL-6 on fibroblasts of the heart and skeletal muscle (SM) has not been analyzed so far. We illustrate that SM-derived fibroblasts exhibit higher basal mRNA expression of α-SMA, extracellular matrix molecules (collagen1a1/3a1/5a1), and chemokines (CCL2, CCL7, and CX3CL1) as compared to the left ventricle (LV)-derived fibroblasts. IL-6 drives the transdifferentiation of fibroblasts into myofibroblasts as indicated by an increase in α-SMA expression and upregulates NLRP3 inflammasome activity in both LV- and SM-derived fibroblasts. IL-6 increases the release of CCL7 to CX3CL1 in the supernatant of SM-derived fibroblasts associated with the attraction of more pro(Ly6Chi) versus anti(Ly6Clo) inflammatory monocytes as compared to unstimulated fibroblasts. IL-6-stimulated LV-derived fibroblasts attract less Ly6Chi to Ly6Clo monocytes compared to IL-6-stimulated SM-derived fibroblasts. In addition, SM-derived fibroblasts have a higher mitochondrial energy turnover and lower glycolytic activity versus LV-derived fibroblasts under basal and IL-6 conditions. In conclusion, IL-6 modulates the inflammatory and metabolic phenotype of LV- and SM-originated fibroblasts.
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Introduction

Heart failure (HF) and cancer are both main causes of morbidity and mortality worldwide (1). Increasing evidence suggests a multifaceted relationship between both disease entities. The relevance of inflammation as a trigger and valuable therapeutic target in HF and cancer was shown in the CANTOS (Canakinumab Anti-Inflammatory Thrombosis Outcome Study) trial. Beyond the primary observation that rates of cardiovascular events were lower in canakinumab-treated patients with previous myocardial infarction as compared to the placebo group (2), the largest cytokine inhibition trial ever performed illustrated that interleukin (IL)-1β antagonism reduced the incidence of lung cancer and cancer-related mortality (3). Beyond being a common contributor to the pathogenesis of cancer and HF, inflammation associated with cancer can provoke HF (4). In addition, there is further recognition that systemic inflammation associated with HF (5) stimulates tumorigenesis (6). Furthermore, in both disease entities, chronic inflammation can lead to cachexia, a metabolic syndrome that is characterized by high morbidity and mortality due to involuntary weight loss caused by the depletion of fat mass and a prominent loss of muscle tissue (7) leading to a severely impaired muscle function. Less known is the evidence from experimental (8–10) and patient (11) studies illustrating that HF-elevated serum cytokine levels are associated with increased local inflammation in the skeletal muscle (SM).

One of the inflammatory factors secreted from various cancers known to heavily impact cachexia, and which is stimulated, inter alia, by IL-1, is IL-6 (12–14). Blocking IL-6 signaling leads to decreased wasting of muscles and prevents cancer cachexia in melanoma and prostate tumor cachectic mouse models (15). Permanent excess of IL-6 during chronic inflammation exerts malignant effects on cardiac function (16), whereas IL-6 spillover in the peripheral circulation increases with the severity of HF, and enhanced IL-6 levels are associated with reduced clinical outcomes (17, 18). IL-6 gene expression is elevated in the heart of tumor-bearing mice, which are characterized by impaired cardiac function and increased fibrosis (19), hinting to the possible involvement of cardiac fibroblasts in tumor-induced cardiac dysfunction in rodents and humans (20, 21).

In addition to their function of extracellular matrix (ECM) regulation, fibroblasts gain more and more recognition for their role as inflammatory supporter cells in the heart (22–26). Fibroblasts present a heterogeneous cell population, located at different sites of the body, and are of mesenchymal origin (27). Recent single-cell analysis of fibroblasts from the heart and SM illustrated fibroblast heterogeneity and an organ-specific fibroblast-mediated ECM profile (28), although how fibroblasts from the left ventricle (LV) versus SM may exhibit an organ-specific response to IL-6 has not been analyzed before.

Although the overall effect of IL-6 on cardiac function (16–19) and SM function/wasting (15) has been deeply investigated, little is known so far about the effect of IL-6 on cardiac and SM fibroblasts. As fibroblasts are one of the main drivers of inflammation (22–26), including the main source of NLRP3 inflammasome activity (29) in the heart, and their role as inflammatory supporter cells is underexplored in the SM, this work aimed to elucidate the impact of IL-6 on both LV- and SM-derived fibroblasts. These investigations provide further insights into how fibroblasts from different organs may respond differently toward a common systemic inflammatory response (here IL-6) and can support local and potentially chronic systemic inflammation.



Methods


Animal material

LV and SM tissues were isolated from 12-week-old healthy male C57BL6/j mice (n = 6; Charles River, Sulzfeld, Germany). All animals were housed under standard housing conditions (12-h light/dark cycle, 50%–70% humidity, 19°C–21°C) with free access to food and water. The experiments were performed in accordance with the European Directive 2010/63/EU and were approved by the local ethical committee (Landesamt für Gesundheit und Soziales, Berlin, T0025/15).



Outgrowth culture of murine left ventricle- and skeletal muscle-derived fibroblasts

In order to isolate and expand fibroblasts from the LV and SM, an outgrowth culture (22) was performed. Therefore, LV and SM tissues were cut into 1-mm-sized pieces and were subsequently fixed in 12-well plates by scratching the pieces in the plastic of the bottom of the plates. During outgrowth, the fibroblasts were cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco, Thermo Fisher Scientific Inc., Waltham, MA, USA) containing 20% fetal bovine serum (FBS) (Bio&Sell GmbH, Feucht, Germany) and 1% penicillin and streptomycin (P/S) (Gibco) at 37°C and 5% CO2. Stimulation experiments were performed between passages 4 and 9.



Immunofluorescence staining of left ventricle- and skeletal muscle-derived fibroblasts

To characterize the outgrowth cells of LV and SM tissues, outgrowth cells in passage 1 were stained with markers of mesenchymal cells, cardiomyocytes, and endothelial cells, as previously described (30), using murine C4 fibroblasts (Sigma Aldrich, Munich, Germany), HL-1 cells (cardiomyocytes), and brain-derived endothelial cells (bEnd.3 cells) (ATCC, Tell City, IN, USA) as reference cells (Supplementary Figure 1). In detail, each cell type was seeded at a density of 10,000 cells/well in a 48-well format. Upon reaching 80% confluence, the cells were washed once with DPBS (Gibco) and subsequently fixed in 4% paraformaldehyde (PFA) (Sigma Aldrich) for 10 min and stored at 4°C until staining. For this, the cells were first permeabilized with Triton X-100 for 5 min, followed by 30 min incubation with avidin blocking solution (Vector Laboratories, California, USA). Subsequently, the cells were incubated with the primary antibody, all diluted at 1:50, for 1 h at room temperature (RT). The following primary antibodies were used: anti-vimentin (GTX 100619, GeneTex, distributed via Biozol, Echingen, Germany), anti-desmin (SC-7559, Santa Cruz, Heidelberg, Germany), and anti-CD31 antibody (BD550274, BD Biosciences, Heidelberg, Germany). After washing two times with DPBS (Gibco), staining with a 1:250 diluted biotinylated secondary antibody (Dianova, Hamburg, Germany) was performed. According to our established protocol, cells were finally incubated with Cy3-conjugated streptavidin diluted at 1:250 (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA). For nuclear staining, the cells were incubated with 1:100 diluted diamidinophenylindol (Invitrogen, Darmstadt, Germany). Pictures were acquired using an Axio Observer.Z1 (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) at a magnification of ×200. The microscopic images were taken and processed with the Axio Vision SE64 software (version 4.9.1, Carl Zeiss Microscopy GmbH).



Stimulation experiments of left ventricle- and skeletal muscle-derived fibroblasts

For stimulation experiments, murine fibroblasts were seeded in 6-well plates (50,000 cells/well) for collection of supernatant and flow cytometry, in 48-well plates (20,000 cells/well) for RNA isolation, in 96-well plates (7,500 cells/well) for Crystal Violet and Sirius Red assay, or in Seahorse 96-well Utility plates (Agilent Technologies, Santa Clara, CA, USA) (20,000 cells/well) for analysis of mitochondrial function and glycolysis. The number of biological and technical replicates for each experiment is indicated in the legends of the figures. When the cells reached at least 80% confluency, the medium was replaced, after washing with DPBS (Gibco), by a DMEM containing 5% FBS and 1% P/S (basal medium). The cells were next cultured under basal conditions for 3 h. In the following step, the basal medium was removed, and the cells were incubated with either fresh basal medium (no stimulation) or DMEM including 5% FBS, 1% P/S, and 10 ng/ml of IL-6 (31) (PeproTech, Rocky Hill, NJ, USA) for up to 72 h.



RNA isolation

For RNA isolation, the fibroblasts were harvested after 24-h stimulation with 0 or 10 ng/ml of IL-6, and the TRIzol® (Life Technologies, Carlsbad, CA, USA) method was used. Following the addition of chloroform and subsequent centrifugation, the upper aqueous phase, containing the RNA, was removed and precipitated with isopropanol (Carl Roth GmbH, Karlsruhe, Germany). The RNA was washed in 70% ethanol, and the pellet was next dissolved in 10 μl of RNase-free water (Invitrogen).



cDNA synthesis and real-time PCR

After DNase treatment (DNAse Kit, Peqlab, VWR International, Radnor, PA, USA) and the addition of an RNase Inhibitor (Promega, Fitchburg, WI, USA), 1,000 ng of RNA was transcribed into complementary DNA (cDNA) using the High-Capacity Reverse Transcriptase Kit (Applied Biosystems, Darmstadt, Germany). To assess the mRNA expression of the target genes, real-time PCR was performed using the Quant Studio 6 Flex TaqMan system (Applied Biosystems).The following commercially available gene expression assays (all Applied Biosystems) were used: alpha-smooth muscle actin (α-SMA; Mm00725412_s1), collagen 1a1 (Col1a1; Mm01302043_g1), collagen 3a1 (Col3a1; Mm00802331_m1), collagen 5a1 (Col5a1; Mm00489299_m1), glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Mm99999915_g1), lysyl oxidase 1 (LOX1; Mm00495386_m1), lysyl oxidase-like 2 (LOXL2; Mm00804740_m1), C-C Motif Chemokine Ligand 2 (CCL2; Mm00441242_m1), C-C Motif Chemokine Ligand 7 (CCL7; Mm00443113_m1), C-X3-C Motif Chemokine Ligand 1 (CX3CL1; Mm00436454_m1), and interleukin-6 receptor (IL6R; Mm01211445_m1). For quantification of gene expression, quantitative real-time PCR data were acquired using the QuantStudio software (version 1.2, Thermo Fisher Scientific). For the expression analysis under basal conditions, the target genes were normalized to the GAPDH housekeeping gene and expressed as 2−ΔCT. For the stimulation experiments, data were expressed as 2−ΔΔCT, reflecting normalization of the target genes toward GAPDH and subsequent normalization toward the mean of the basal conditions of each tissue.



Crystal Violet and Sirius Red assay

To assess the total collagen content per well of (un)stimulated LV- and SM-derived fibroblasts, a Sirius Red assay was performed 24 h after stimulation with or without (basal condition) 10 ng/ml of IL-6 as previously described (32, 33). The cells were fixed in 100 µl of methanol (Thermo Fisher Scientific) per well and stored at −20°C overnight. After washing with DPBS (Gibco), 100 µl 25% Direct Red 80 solution was added per well and incubated for 60 min at RT. The cells were three times washed with 0.1% acetic acid solution (Thermo Fisher Scientific). To elude the staining solution, 100 µl of 0.1 N of natriumhydroxide was added, and the cells were incubated for 1 h at RT while shaking. The absorbance was measured at 540 nm using a spectrophotometer (SpectraMax 340 PC, Molecular Devices, San Jose, CA, USA), and the spectroscopic data were acquired using the SoftMax®7Pro software (Molecular Devices).

In order to be able to normalize the total collagen content to the amount of cells/well, a Crystal Violet assay was performed according to the same cell culture conditions as the Sirius Red assay. The cells were fixed in 100 µl of 4% PFA per well, and the cells were stored at 4°C overnight. Upon washing with bi-distilled water, 50 µl of Crystal Violet solution (Sigma Aldrich) was added per well. After 30 min of incubation at RT, the cells were washed three times with bi-distilled water. Next, 100 µl of a 1% sodium dodecyl sulfate (Sigma Aldrich) solution was added, and the cells were incubated for 1 h at RT while shaking to dissolve the Crystal Violet. The absorbance was measured at 595 nm as written above.



CCL2, CCL7, Cx3CL1, and gp130 ELISA

To determine the amounts of secreted CCL2, CCL7, and Cx3CL1 chemokines (14) from (un)stimulated LV- and SM-derived fibroblasts, 72 h post-stimulation with 0 or 10 ng/ml of IL-6, the murine MCP-1 (CCL2) standard ABTS ELISA Development Kit and murine MCP-3 (CCL7) Standard ABTS ELISA Development Kit (both PeproTech), and the murine Cx3CL1 ELISA kit (Abcam, Cambridge, UK) were used according to the manufacturer’s protocol, respectively. For analysis of glycoprotein (gp)130 secretion in the supernatant of (un)stimulated LV- and SM-derived fibroblasts, the mouse gp130 ELISA kit (Abcam) was used as indicated by the manufacturer. To enable normalization of CCL2, CCL7, Cx3CL1, and gp130 to the protein concentration of the supernatant, a bicinchoninic acid (BCA) assay (Pierce™ BCA™ Protein-Assay, Thermo Fisher Scientific) was performed according to the manufacturer’s protocol.



CytoSelect™ cell migration assay

To assess the chemotactic potential of fibroblast’s secreted factors, a cell migration assay (Cell Biolabs, San Diego, CA, USA) was performed as described by Pappritz et al. (2018) (14). In detail, 105 splenocytes isolated from 9–12-week-old healthy male C57BL6/j mice (Charles River, Sulzfeld, Germany) were plated per well in 100 μl of RPMI 1640 medium containing 0.01% FBS and placed into the migration chamber. In the next step, 150 μl of pooled supernatant of (un)stimulated LV- or SM-derived fibroblasts from three mice was added to the feeder tray (n = 7 per condition). After incubation for 24 h at 37°C and 5% CO2, the migrated cells were harvested, pooled (7 wells per condition), and analyzed via flow cytometry staining for CD11b, CD115, and Ly6C (see below).



Flow cytometry

Flow cytometry experiments were conducted in order to assess protein expression of α-SMA and NLRP3 inflammasome components including NLRP3, caspase-1, and IL-1β in fibroblasts. LV- and SM-derived fibroblasts were harvested after 24-h stimulation with 10 ng/ml of IL-6, resuspended in Fixation/Permeabilization solution (BD Cytofix/Cytoperm™, BD Biosciences) followed by incubation for 20 min at 4°C, and washed in BD Perm/Wash™ buffer (BD Biosciences). After an additional centrifuge step was performed and the supernatant was removed, the fibroblasts were resuspended in 100 μl of BD Perm/Wash™ buffer (BD Biosciences) containing the respective antibody conjugate diluted at a ratio of 1:100. The following antibody conjugates were used for flow cytometry: anti-α-SMA Phycoerythrin and anti-NLRP3 AlexaFluor647 (both R&D Systems, Minneapolis, MN, USA), anti-IL-1β Pacific Blue (BioLegend, San Diego, CA, USA), and anti-caspase-1 FITC (Bioss, Woburn, MA, USA). After incubation for 30 min at 18°C to 24°C in the dark, cells were washed with BD Perm/Wash™ buffer (BD Biosciences) and next resuspended in 100 μl of DPBS (Gibco) for subsequent analysis using the MACSQuant Erato (Miltenyi Biotech GmbH, Bergisch Gladbach, Germany) flow cytometer.

Migrated splenocytes were analyzed by staining of CD11b (anti-CD11b Alexa488, diluted 1:100), CD115 (anti-CD115 PerCP/Cy5.5, diluted 1:100), and Ly6C (anti-Ly6C Brilliant Violet 421, diluted 1:50) (all BioLegend). The flow cytometry data were collected using the MACSQuantify software (version 2.6, Miltenyi Biotech). Appropriate gating (Supplementary Figures 2–4) and analysis of flow cytometry data were performed using the FlowJo software (version 8.7, BD Life Sciences, Franklin Lakes, NJ, USA).



Mitochondrial and glycolytic stress test

To analyze the metabolic activity of LV- and SM-derived fibroblasts after 4-h stimulation with 10 ng of IL-6, mitochondrial and glycolytic stress tests using the Seahorse XF Cell Mito Stress test kit and Seahorse XF Glycolysis Stress test kit (both Agilent Technologies) were applied, respectively. The kits were used according to the manufacturer’s protocol. In brief, the sensor cartridge was hydrated with 200 µl of Seahorse XF Calibrant (Agilent Technologies) pipetted into each well of the utility plate and incubated overnight at 37°C and 5% CO2. The next day, the assay medium for the mitochondrial stress test (pre-warmed at 37°C) was prepared, comprising DMEM XF Base medium (Agilent Technologies), 25 mM of d-(+)-glucose (Sigma Aldrich), 1 mM of sodium pyruvate (Gibco), and 2 mM of l-glutamine (Biochrom GmbH, Berlin, Germany). The assay medium for the glycolytic stress test consisted of 2 mM of l-glutamine (Biochrom GmbH). As assay reagents for the mitochondrial stress test, 2 µM of oligomycin (Sigma Aldrich), 1 µm of FCCP (Sigma Aldrich), 0.5 µM of rotenone (Sigma Aldrich), or 0.5 µM of antimycin (Sigma Aldrich) was added to the assay media. For the glycolytic stress test, 10 mM of d-(+)-glucose (Sigma Aldrich), 2 µM of oligomycin (Sigma Aldrich), and 50 mM of 2-deoxy-glucose (Roth) were used. Next, 25 µl of each media was pipetted into the respective port of the sensor cartridge. The cell culture medium in the utility plate was replaced by the respective assay medium. The plate was incubated under non-CO2 conditions at 37°C for 10 min. After the initial calibration of the sensor plate, the utility plate was placed on the tray to start the Seahorse run using the XFe96 Extracellular Flux Analyzer (Agilent Technologies). The data for Seahorse experiments were recorded and evaluated by applying Seahorse Wave Desktop Software (version 2.6.1, Agilent Technologies). After the assay was finished, the supernatant was removed from each well, and the plate was frozen at −20°C for subsequent measurement of the protein content using the Micro BCA™ Protein-Assay Kit (Thermo Scientific), which was applied according to the manufacturer’s protocol.



Statistical analysis

Data analysis and graphical presentation were performed using the software Prism 8 (version 8.4.3, GraphPad Software, La Jolla, CA, USA). The data were presented as mean ± 95% confidence interval (CI). All the data were tested for normal distribution by using the Shapiro–Wilk test. To assess statistical differences between multiple groups, a one-way ANOVA test or the Kruskal–Wallis test with post-hoc Benjamini–Hochberg correction was used. Statistical difference between the two groups was assessed using the Mann–Whitney U test or Welch test. Differences between groups are presented to be statistically different with an (adjusted) p-value smaller than 0.05.




Results


Outgrowth culture from left ventricle and skeletal muscle tissues generates primary fibroblasts

The outgrowth cells from LV and SM tissues were characterized according to their expression of the mesenchymal marker vimentin, and the markers desmin and CD31 were able to discriminate the generated primary cells from cardiomyocytes and endothelial cells, respectively, as described previously (30). LV- and SM-derived cells were positive for vimentin but negative for desmin and the endothelial cell marker CD31. In parallel, C4 fibroblasts, serving as a positive control, showed the same signal pattern as compared to LV- and SM-derived fibroblasts. The cardiomyocyte and endothelial cell lines, which served as negative controls, were positive for their cell-specific markers desmin and CD31, respectively (Supplementary Figure 1).



Skeletal muscle-derived fibroblasts exhibit a higher gene expression of α-SMA, components of the extracellular matrix, and chemokines compared to left ventricle-derived fibroblasts

In view of evaluating potential differences between fibroblasts from the LV and SM, basal mRNA expression of α-SMA, ECM components, and modulators as well as chemokines was analyzed from fibroblasts that originated from the two different tissues. Under basal conditions, fibroblasts from the SM showed 3.9-fold (p < 0.0001), 2.0-fold, (p < 0.0001), 2.7-fold (p < 0.0001), 2.3-fold (p < 0.0001), and 3.1-fold (p < 0.0001) higher mRNA expression of α-SMA, collagen1a1, collagen3a1, collagen5a1, and LOX1 compared to LV-derived fibroblasts (Figure 1A), respectively. Relative to fibroblasts from the LV, SM-derived fibroblasts revealed higher mRNA expression of the chemokines CCL2 (2.4-fold, p < 0.0001), CCL7 (7.6-fold, p < 0.0001), and Cx3CL1 (2.2-fold, p = 0.0132) (Figure 1B). These results hint at a higher basal activity with regard to ECM modulation as well as monocyte attraction in unstimulated SM- versus LV-derived fibroblasts.




Figure 1 | Skeletal muscle (SM)-derived fibroblasts show a higher gene expression of α-SMA, components of the extracellular matrix (ECM), and chemokines compared to left ventricle (LV)-derived fibroblasts. mRNA expression of (A) α-SMA, ECM components, and modulators (Col1a1, Col3a1, Col5a1, LOX, and LOXL2) and (B) chemokines (CCL2, CCL7, Cx3CL1) normalized to GAPDH of LV-derived (black) and SM-derived (red) fibroblasts after 24-h culture with basal medium without IL-6 (basal condition; bright hollow circle). Mean ± 95% CI; n = 36, N = 6; Mann–Whitney/Welch’s test with post-hoc Benjamini–Hochberg correction; adjusted p-value: *p < 0.05,***p < 0.001.





IL-6 stimulation leads to transdifferentiation of left ventricle- and skeletal muscle-derived fibroblasts to myofibroblasts

To assess the effect of IL-6 stimulation in LV- and SM-derived fibroblasts on their transdifferentiation into (myo)fibroblasts, α-SMA gene and protein expression were analyzed (34). In addition, the impact of IL-6 on ECM components and modulators of LV- and SM-derived fibroblasts was determined. IL-6 did not affect α-SMA mRNA expression in LV-derived fibroblasts (Figure 2A). In SM-derived fibroblasts, IL-6 stimulation for 24 h led to the reduction of α-SMA on mRNA level compared to basal conditions (0.7-fold, p = 0.0007) (Figure 2B). We observed no changes in mRNA expression of components of the ECM upon IL-6 stimulation, in neither LV- nor SM-derived fibroblasts (Figures 2A, B). At the protein level, 24-h IL-6 stimulation induced an increase of α-SMA-positive cells in both LV- and SM-derived fibroblasts (2.4-fold and 2.6-fold, p < 0.0001) versus respective unstimulated fibroblasts (Figure 2C). However, a difference in α-SMA+ cells upon IL-6 stimulation between fibroblasts from both tissues was not observed. IL-6 increased the number of SM-derived fibroblasts (p < 0.0001), depicted as Crystal Violet-stained cells, whereas no difference in cell count was seen following IL-6 stimulation of LV-derived fibroblasts (p < 0.0001) (Figure 2D). IL-6 did not affect collagen deposition, in neither LV- nor SM-derived fibroblasts (Figures 2E, F).




Figure 2 | IL-6 stimulation leads to differential regulation of α-SMA in left ventricle (LV)- and skeletal muscle (SM)-derived fibroblasts. mRNA expression of α-SMA, ECM components, and modulators (Col1a1, Col3a1, Col5a1, LOX, and LOXL2) normalized to GAPDH and the respective basal condition of (A) LV-derived (black) and (B) SM-derived (red) fibroblasts after 24-h culture with basal medium without IL-6 (basal condition; bright hollow circle) or with 10 ng/ml of IL-6 (dark filled circle); n = 36, N = 6, Mann–Whitney/Welch’s test. (C) Percentage of gated α-SMA+ cells (flow cytometry data) of LV-derived (black) and SM-derived (red) fibroblasts after 24-h culture with basal medium without IL-6 (basal condition; bright hollow circle) or with 10 ng/ml of IL-6 (dark filled circle); n = 18, N = 3, Kruskal–Wallis/one-way ANOVA. (D) Cell number assessed via Crystal Violet assay and absorption at 595 nm from LV-derived (black) and SM-derived (red) fibroblasts after 24-h culture with basal medium without IL-6 (basal condition; bright hollow circle) or with 10 ng/ml of IL-6 (dark filled circle). Total collagen content of LV-derived (black) and SM-derived (red) fibroblasts after 24-h culture with basal medium without IL-6 (basal condition; bright hollow circle) or with 10 ng/ml of IL-6 (dark filled circle) measured via Sirius Red assay and absorption at 540 nm (E) unnormalized and (F) normalized to cell number (Crystal Violet assay data); n = 30, N = 3, Kruskal–Wallis/one-way ANOVA; all data are presented as mean ± 95% CI and tested with post-hoc Benjamini–Hochberg correction; adjusted p-values: **p < 0.01, ***p < 0.001.





IL-6 stimulation leads to the attraction of different monocyte subsets to left ventricle- versus skeletal muscle-derived fibroblasts

To determine the capacity of IL-6 to stimulate LV- and SM-derived fibroblasts to attract monocytes, the expression of different chemokines in LV- and SM-derived fibroblasts following IL-6 stimulation was analyzed. An impact of IL-6 on CCL2, CCL7, and Cx3CL1 gene expression could not be found in neither LV- nor SM-derived fibroblasts (Figures 3A, B). However, in response to IL-6 stimulation, the secreted CCL7 in the supernatant of cultured LV- and SM-derived fibroblasts was increased (1.3-fold, p = 0.0183) and tended to be higher in LV-derived fibroblasts versus basal conditions (1.2-fold; not significant). In parallel, IL-6 stimulation raised Cx3CL1 by 1.1-fold (p = 0.0306) in the supernatant of LV-derived fibroblasts, whereas no changes were detected in the supernatant of SM-derived fibroblasts (Figures 3C–E). CCL2 and CCL7 have been identified as chemokines attracting pro-inflammatory monocytes, whereas Cx3CL1 attracts anti-inflammatory monocytes (35, 36) CCL2/Cx3CL1 and CCL7/Cx3CL1 ratios were calculated. Whereas the CCL2/Cx3CL1 ratio did not differ among the LV and SM groups, the CCL7 to Cx3CL1 ratio was 3.0-fold (p = 0.0196) increased in stimulated SM-derived fibroblasts compared to the respective LV group (Figures 3F, G), indicating that—upon IL-6 stimulation—fibroblasts from the SM attract a higher proportion of pro-inflammatory monocytes compared to fibroblasts from the LV.




Figure 3 | IL-6 stimulation leads to secretion of anti- and pro-inflammatory chemokines in left ventricle- and skeletal muscle-derived fibroblasts. mRNA expression of CCL2, CCL7 and CX3CL1 normalized to GAPDH and the respective basal condition of (A) LV-(black) and (B) SM- (red) derived fibroblasts after 24 h culture with basal medium without IL-6 (basal condition; hollow circle) or with10 ng/ml IL-6 (filled circle); n=36, N=6, Mann-Whitney/Welch’s test; Protein expression of (C) CCL2, (D) CCL7 and (E) CX3CL1 in the supernatant and ratio of (F) CCL2 and CX3CL1 and (G) CCL7 and CX3CL1 normalized to total protein content measured via bicinchoninic acid assay and respective basal condition of LV (black)- and SM (red)-derived fibroblasts after 72 h culture with basal medium without IL-6 (basal condition; bright hollow circle) or with 10 ng/ml IL-6 (dark filled circle); n=24, N=4, Kruskal-Wallis/One-Way ANOVA; All data are presented as mean ± 95 % CI and tested with post hoc Benjamini-Hochberg correction; adjusted p-values: *p < 0.05.



Following the observed differences in chemokine expression profile, we further analyzed the potential to attract different monocyte subsets by performing a migration assay. We found a 1.4-fold (p = 0.0197) higher attraction of Ly6Chi cells toward supernatant of unstimulated SM- versus LV-derived fibroblasts. The higher ratio of CCL7/Cx3CL1 in the supernatant of IL-6-stimulated SM-derived versus LV-derived fibroblasts went along with a 2.1-fold (p < 0.0001) higher attraction of Ly6Chi monocytes. Furthermore, IL-6 stimulation led to a 1.3-fold (p = 0.0330) lower attraction of Ly6Clo monocytes by the supernatant of SM-derived fibroblasts compared to basal conditions. Compared to IL-6-stimulated LV-derived fibroblasts, the supernatant of IL-6-stimulated SM-derived fibroblasts resulted in a 2.0-fold (p = 0.0009) reduction in Ly6Clo monocytes. In accordance with this, IL-6-stimulated SM- versus LV-derived fibroblasts IL-6 stimulation led to a 4.3-fold (p = 0.0003) increase in attracted Ly6Chi versus Ly6Clo monocytes by the supernatant of fibroblasts from the SM compared to the LV (Figures 4A–C).




Figure 4 | IL-6 stimulation leads to attraction of different monocyte subsets to left ventricle (LV)- versus skeletal muscle (SM)-derived fibroblasts. Percentage of gated (A) CD11b+CD115+Ly6Chi and (B) CD11b+CD115+Ly6Clo monocytes and (C) ratio of Ly6Chi versus Ly6Clo monocytes attracted by the medium of LV-derived (black) and SM-derived (red) fibroblasts after 72-h culture with basal medium without IL-6 (basal condition; bright hollow circle) or with 10 ng/ml of IL-6 (dark filled circle), n = 18, N = 3; Kruskal–Wallis/one-way ANOVA. All data are presented as mean ± 95% CI and tested with post-hoc Benjamini–Hochberg correction; adjusted p-values: *p < 0.05, **p < 0.01, ***p < 0.001.





IL-6 stimulation induces NLRP3 inflammasome activity in left ventricle- and skeletal muscle-derived fibroblasts

Next, we investigated the potential of LV- and SM-derived fibroblasts to regulate inflammatory processes in the respective tissues in response to IL-6 in more depth. Fibroblasts are the main source of cardiac NLRP3 inflammasome activity (29), whereas the inflammatory potential of SM-derived fibroblasts is still underexplored. Thus, the expression of NLRP3 inflammasome components in LV- and SM-derived fibroblasts was evaluated. Protein expression of NLRP3 was 1.6-fold (p < 0.0001) and 2.0-fold (p < 0.0001) increased as compared to basal conditions in LV- and SM-originated IL-6-stimulated fibroblasts, respectively. Caspase-1 expression was similarly upregulated in stimulated fibroblasts of both tissues (2.1-fold versus 2.5-fold, p = 0.0003 versus p < 0.0001) in LV- versus SM-derived fibroblasts compared to unstimulated cells. In accordance with the previous results, the expression of the end product of the inflammasome formation, IL-1β, was enhanced in stimulated LV- (3.5-fold, p < 0.0001) and SM-derived fibroblasts (4.0-fold, p < 0.0001) compared to respective unstimulated controls. No difference in NLRP3 inflammasome activity was observed between LV- and SM-derived fibroblasts, under neither basal conditions nor IL-6 stimulation (Figure 5A). Following this observation, we further analyzed whether there was a difference in the expression of inflammasome components depending on the α-SMA+ versus α-SMA− fibroblast population. Independent of the expression of α-SMA, the NLRP3 inflammasome activity was increased in LV- and SM-derived fibroblasts upon stimulation with IL-6, and no differences among the fibroblasts of the different tissues were observed (Figures 5B, C).




Figure 5 | IL-6 stimulation leads to upregulation of NLRP3 inflammasome activity in left ventricle (LV)- and skeletal muscle (SM)-derived fibroblasts. Percentage of gated (A) NLRP3+, Caspase-1+, and IL-1β+ cells in the global population; (B) NLRP3+, Caspase-1+, and IL-1β+ cells in the α-SMA+ subpopulation; and (C) NLRP3+, Caspase-1+, and IL-1β+ cells in the α-SMA− subpopulation of LV-derived (black) and SM-derived (red) fibroblasts after 24-h culture with basal medium without IL-6 (basal condition; bright hollow circle) or with 10 ng/ml of IL-6 (dark filled circle), n = 18, N = 3. All data are presented as mean ± 95% CI and tested with post-hoc Benjamini–Hochberg correction; adjusted p-values: **p < 0.01,***p < 0.001.





Left ventricle- and skeletal muscle-derived fibroblasts have a differentially regulated mitochondrial and glycolytic metabolism

Since increased IL-6 is strongly associated with disturbances in metabolism in both the heart and SM (37–40) and since inflammation and cellular metabolism are linked via NLRP3 inflammasome activity (41, 42), we next investigated the impact of IL-6 on the fibroblast’s mitochondrial function and glycolytic function using a Seahorse assay. Under basal conditions, fibroblasts from the SM showed a higher mitochondrial energy consumption characterized by increased basal respiration (1.6-fold, p < 0.0001), ATP production (1.6-fold, p < 0.0001), proton leakage (1.4-fold, p = 0.0498), maximal respiration (1.8-fold, p < 0.0001), and spare respiratory capacity (2.1-fold, p = 0.0301) as compared to LV-derived fibroblasts. In response to IL-6, LV- and SM-derived fibroblasts showed a decreased mitochondrial metabolic activity indicated by reduced basal respiration (1.5-fold versus 1.3-fold, both p = 0.0014), ATP production (1.3-fold versus 1.2-fold, p = 0.0206 versus p = 0.0024) compared to basal conditions. Both proton leakage and spare respiratory capacity were not regulated upon cytokine stimulation with IL-6, in neither LV- nor SM-derived fibroblasts (Figure 6A). We next showed that LV-derived fibroblasts have an increased glycolytic metabolism as compared to fibroblasts from the SM. The glucose-induced overall glycolysis tended to be higher (1.6-fold; not significant), and oligomycin-induced glycolysis (glycolytic capacity) was increased in LV- versus SM-derived fibroblasts (2.1-fold, p = 0.0246). The competence of the LV-derived fibroblasts to adapt to the energy demand (glycolytic reserve; 2-DG-induced glycolysis) was 2.7-fold (p = 0.0087) higher under basal conditions compared to fibroblasts of the SM, further indicating that LV fibroblasts rather rely on glycolytic energy production than SM-derived fibroblasts. IL-6 stimulation did not affect glycolytic function in neither LV- nor SM-derived fibroblasts. Likewise, IL-6 stimulation did not alter other sources of extracellular acidification (non-glycolytic acidification) (Figure 6B). Thus, IL-6 induces a metabolic shift toward reduced mitochondrial energy production rather than altered glycolysis in LV- and SM-derived fibroblasts.




Figure 6 | IL-6 stimulation leads to differential regulated mitochondrial and glycolytic disturbances in left ventricle (LV)- versus skeletal muscle (SM)-derived fibroblasts. Mitochondrial stress test measuring (A) oxygen consumption rate (OCR) describing basal respiration, ATP production, proton leak, maximal respiration, and spare respiratory and glycolytic stress test assessing (B) extracellular acidification rate (ECAR) describing glycolysis, glycolytic capacity, glycolytic reserve, and non-glycolytic acidification normalized to protein amount in μg of LV-derived (black) and SM-derived (red) fibroblasts after 4-h culture with basal medium without IL-6 (basal condition; bright hollow circle) or with 10 ng/ml of IL-6 (dark filled circle); n = 15, N = 3. All data are presented as mean ± 95% CI and tested with post-hoc Benjamini–Hochberg correction; adjusted p-values: * p < 0.05, ** p < 0.01, *** p < 0.001.





Secretion of gp130 receptor in left ventricle- versus skeletal muscle-derived fibroblasts

To obtain insights into the different biological responses in fibroblasts from the LV and SM upon IL-6 stimulation, we analyzed the expression of the IL-6R and gp130. According to our data, IL-6 stimulation did not affect IL-6R expression on mRNA level. However, secretion of the IL-6 co-receptor gp130 tended to be higher in unstimulated (4.3-fold, not significant) and stimulated LV-derived fibroblasts (3.7-fold, not significant) compared to fibroblasts from the SM (Figure 7), suggesting a different potential in the regulation of IL-6 trans-signaling between LV- and SM-derived fibroblasts.




Figure 7 | IL-6 trans-signaling is differently regulated in left ventricle (LV)- versus skeletal muscle (SM)-derived fibroblasts. (A) IL6R mRNA expression normalized to GAPDH and respective control of LV-derived (black) and SM-derived (red) fibroblasts after 24-h culture with basal medium without IL-6 (basal condition; bright hollow circle) or with 10 ng/ml of IL-6 (dark filled circle), n = 18, N = 3, Kruskal–Wallis/one-way ANOVA. (B) Protein expression of gp130 in the supernatant normalized to total protein content measured via bicinchoninic acid assay of LV-derived (black) and SM-derived (red) fibroblasts after 72-h culture with basal medium without IL-6 (basal condition; bright hollow circle) or with 10 ng/ml of IL-6 (dark filled circle). All data are presented as mean ± 95% CI and tested with post-hoc Benjamini–Hochberg correction.






Discussion

In this study, we showed that LV- and SM-derived fibroblasts differ in basal expression of ECM components and chemokines. IL-6 stimulation led to the induction of an α-SMA-expressing phenotype, increased NLRP3 inflammasome activity, and de-regulated mitochondrial metabolism in both tissue fibroblasts, by which LV-derived fibroblasts are characterized with a chemokines profile attracting anti-inflammatory monocytes, whereas SM-derived fibroblasts attract pro-inflammatory monocytes.

Single-cell analysis of fibroblasts from the heart and SM indicates different fibroblast phenotypes and an organ-specific fibroblast-mediated ECM profile (28). Biologically, intra-organ heterogeneity of fibroblasts on a basal level may be related to the diverse microenvironment of the fibroblasts in different tissues, including different surrounding cells, different mechanosensation, and metabolism. Indeed, the LV and quadriceps consist of two different types of muscles (cardiomyocytes versus SM cells) exhibiting a location-dependent physiological environment and cellular demand. In agreement, we show that LV- and SM-derived fibroblasts differ in their basal expression of ECM components and chemokines by which fibroblasts from the SM have a higher expression, except for basal LOXL2 expression, which is reduced compared to fibroblasts from the LV. In addition, while LV-derived fibroblasts seem to be more dependent on glucose metabolism compared to SM-derived fibroblasts, the mitochondrial activity is higher in unstimulated SM- compared to LV-derived fibroblasts.

We next investigated whether LV- and SM-specific fibroblasts differ in their responsiveness to IL-6, analyzing potential distinct biological functions of fibroblasts at different local sites. Stimulation of LV- and SM-originated fibroblasts with IL-6 led to transdifferentiation of fibroblasts from both tissues into an α-SMA-expressing phenotype. In addition to producing and modulating ECM, activated (myo)fibroblasts are well known to strongly influence cardiac inflammation (29, 34). A central function of cardiac fibroblasts is the attraction of immune cells via chemokine expression (34). The comparison of chemokine expression from fibroblasts of both tissues did not show any difference in CCL2 expression between LV- and SM-derived fibroblasts supplemented with IL-6. In contrast, CCL7 expression was increased in IL-6-stimulated LV- and SM-derived fibroblasts, whereas CX3CL1 was only upregulated following IL-6 stimulation in LV fibroblasts. CCL7 is a pro-inflammatory regulator of cardiac remodeling and critical for the recruitment of monocyte subsets in the myocardium (43, 44). CX3CL1 functions in a later phase of the myocardial healing process by mediating the attraction of anti-inflammatory monocytes and subsequent support of tissue repair by modulating the aggregation of activated cardiac (myo)fibroblasts (35). Little is known about the impact of fibroblasts in the SM on inflammation and notably about the influence on the induction of tissue-specific immune responses. Here, we show that IL-6 stimulation increased the release of CCL7 to CX3CL1 in the supernatant of SM-originated fibroblasts, hinting to a possible role of SM-derived fibroblasts driving a pro-inflammatory immune response. This is supported by our migration assay data, illustrating the attraction of more pro-inflammatory Ly6Chi than anti-inflammatory Ly6Clo monocytes versus supernatant of IL-6-stimulated SM fibroblasts. In addition, IL-6 increased NLRP3 inflammasome activity in SM fibroblasts. These findings corroborate the contribution of SM fibroblasts in the less recognized presence of muscle inflammation (8, 9) and pro-inflammatory monocyte presence (10, 45) in muscles of patients with HF and circulating cytokines. Instead, fibroblasts from the LV potentially play an ambivalent role in driving inflammation following IL-6 by, on the one hand, supporting anti-inflammatory immune responses attracting Ly6Clo monocytes and, on the other hand, exhibiting high NLRP3 inflammasome activity, thus supporting pro-inflammatory reactions upon IL-6 stimulation. It further accentuates how LV fibroblasts may act differently on the inflammatory response as previously already shown for TGF-β and IFN-γ (22).

Differences in the responsiveness of LV- and SM-derived fibroblasts to stimulation with IL-6 might be explained by variations in the fibroblast’s IL-6R expression (46, 47), involving signaling over membrane-bound IL-6R (via cis signaling). Following our findings, IL-6R expression did not differ among LV- and SM-derived fibroblasts, although we observed a higher secretion of the natural antagonist of the soluble IL-6R, soluble gp130 receptor (48, 49) by LV- compared to SM-derived fibroblasts. Fibroblasts also respond to trans IL-6 signaling (47), involving the binding of a IL-6/IL-6R complex to the ubiquitously expressed gp130 receptor (50). Thus, differences in trans IL-6 signaling in LV- and SM-derived fibroblasts might be a reason for the diverse response to IL-6. The higher secretion of the natural antagonist of the soluble IL-6R, soluble gp130 receptor (48, 49), by LV- compared to SM- fibroblasts hints at a function of LV-derived fibroblasts in protecting the heart from detrimental systemic effects of IL-6, which is also supported by the chemokine profile in stimulated cells. IL-6 is known to be the first protective during acute cardiac inflammation, but excessive IL-6 during chronic inflammation leads to malignant effects on cardiac function (16, 51). Here, LV-derived fibroblasts might play an important role in mediating the balance between cardio-protection and chronic inflammatory response in the heart. IL-6 induces NLRP3 inflammasome activity and IL-1β production in macrophages (52). IL-1β further drives the production of IL-6, creating a positive feedback loop in fibroblasts (53), which might, due to an excess of local IL-6, lead to a shift in the fibroblast’s phenotype in the heart in the course of systemic inflammation.

In the SM instead, the effect of IL-6 on the fibroblasts rather implicates direct regulation of the immune reaction to pro-inflammatory responses, further demonstrating the location-dependent biological function of fibroblasts from different organs in the context of inflammation. In the SM, it has been shown that IL-6 induced aberrant mitochondrial metabolism (37). This further draws attention to the role of the NLRP3 inflammasome activity in linking metabolism and inflammation not only in the heart (42) but in the muscle as well. The NLRP3 inflammasome is known to become activated upon metabolic disturbances and boosts pro-inflammatory immune reactions via IL-1β, which not only drives myocardial remodeling (42) but also is the hallmark of cachexia, metabolic de-regulation (54, 55). According to the data presented here, IL-6 could be here an important mediator between de-regulated metabolism in cachexia and inflammatory response in fibroblasts from the LV and SM regarding NLRP3 inflammasome activity. Furthermore, on a cellular level, analysis of mitochondrial function revealed that treatment with IL-6 leads to a significant reduction of basal and ATP-linked respiration in fibroblasts from both tissues, indicating either deregulation of ATP use or synthesis of substrates being used for oxidization. In a physiological state, the heart highly depends on the generation of ATP via oxidative phosphorylation in the mitochondria (>95%) and only to a less extent via glycolysis (56). In the SM, fast switches from glycolytic to mitochondrial metabolism allow to metabolically adapt to short-term and sustained activities (57). Disturbances in mitochondrial energy production have been reported in both SM cells and the cardiomyocytes of cachectic mice (19, 58, 59). As a response to disturbed mitochondrial metabolism in HF, a switch to a higher contribution of glycolysis to overall energy production is observed (60). Therefore, we performed a glycolytic stress test to further understand the shifted metabolic processes in IL-6-stimulated fibroblasts. Here, we showed that IL-6 did not affect glycolysis in LV-derived fibroblasts, whereas glycolysis, glycolytic capacity, and reserve tended to be lower in SM fibroblasts following IL-6 stimulation, suggesting a higher sensitivity to change in glycolysis in SM fibroblasts, although with respect to both tissues, IL-6 mainly regulates mitochondrial metabolism, which can further drive the fibroblast’s inflammatory phenotype. This highlights that the NLRP3 inflammasome might be directly regulated either by IL-6 or via disturbances in mitochondrial rather than in glycolytic metabolism in fibroblasts from the LV and SM.

IL-6 is a mediator of systemic inflammatory responses not only in cancer and HF but also in other inflammatory and infectious diseases. For instance, a link between cardiovascular diseases and SARS-CoV-2 infection is represented by high IL-6 levels in patients with severe disease progression. IL-6 is here discussed not only to be a biomarker describing the severity and outcome of the disease but also to play a role as a potential therapeutic target against COVID-19 (61).

Based on our findings illustrating that IL-6 induces NLRP3 inflammasome activity and hence the inflammatory potential of fibroblasts in the SM and LV, fibroblasts might be able to serve as positive feedback amplifiers of local and subsequent systemic IL-1β and IL-6 production, which would lead to severe functional effects in the heart (5). Beneficial effects are shown following NLRP3-, IL-1β-, and IL-6-inhibiting drugs on HF (62, 63), which might therefore be partly explained by the inhibition of the pro-inflammatory potential of LV and SM fibroblasts.

We conclude that SM- and LV-derived fibroblasts differ under basal conditions and following IL-6 supplementation. Their differential responsiveness to IL-6 in terms of attraction of different monocyte subclasses suggests a different contribution of SM and LV fibroblasts to local and (potential) systemic inflammation in cancer, HF, and hereto related cachexia. However, the similar responsiveness of SM and LV fibroblasts related to NLRP3 activation following IL-6 suggests that SM-derived fibroblasts could be potentially used as a tool to mirror the cardiac inflammatory NLRP3 response during cancer progression prior to cardiac damage.
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Ferroptosis is a phospholipid peroxidation-mediated and iron-dependent cell death form, involved in sepsis-induced organ injury and other lung diseases. Yes-associated protein 1 (YAP1), a key regulator of the Hippo signaling pathway, could target multiple ferroptosis regulators. Herein, this study aimed to explore the involvement of ferroptosis in the etiopathogenesis of sepsis-induced acute lung injury (ALI) and demonstrate that YAP1 could disrupt ferritinophagy and moderate sepsis-induced ALI. Cecal ligation and puncture (CLP) models were constructed in wild-type (WT) and pulmonary epithelium-conditional knockout (YAP1f/f) mice to induce ALI, while MLE-12 cells with or without YAP1 overexpression were stimulated by lipopolysaccharide (LPS) in vitro. In-vivo modes showed that YAP1 knockout aggravated CLP-induced ALI and also accelerated pulmonary ferroptosis, as presented by the downregulated expression of GPX4, FTH1, and SLC7A11, along with the upregulated expression of SFXN1 and NCOA4. Transcriptome research identified these key genes and ferroptosis pathways involved in sepsis-induced ALI. In-vitro modes consistently verified that YAP1 deficiency boosted the ferrous iron accumulation and mitochondrial dysfunction in response to LPS. Furthermore, the co-IP assay revealed that YAP1 overexpression could prevent the degradation of ferritin to a mass of Fe2+ (ferritinophagy) via disrupting the NCOA4–FTH1 interaction, which blocked the transport of cytoplasmic Fe2+ into the mitochondria via the mitochondrial membrane protein (SFXN1), further reducing the generation of mitochondrial ROS. Therefore, these findings revealed that YAP1 could inhibit ferroptosis in a ferritinophagy-mediated manner, thus alleviating sepsis-induced ALI, which may provide a new approach to the therapeutic orientation for sepsis-induced ALI.
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Introduction

Sepsis is acute multiple organ dysfunctions induced by the complicated response of the host to intruding pathogenic microorganisms (1, 2), results in expensive hospitalization, and is primarily responsible for hospital mortality (3, 4). The acute systemic inflammatory response arising from sepsis contributes to a cascade of pathological and physiological changes that first spreads to the respiratory system. The lung is especially susceptible to sepsis, which is mediated by inflammation and oxidative stress, leading to acute respiratory distress syndrome or acute lung injury (ARDS/ALI). Sepsis is the dominant cause of ARDS/ALI (6%–42%) (5). ARDS/ALI chiefly manifests as acute inflammation, disruption of endothelial barrier integrity, and injury of the alveolar epithelium, which lead to protein-rich pulmonary interstitial edema and leakage of immune cells into the alveolar cavities (6, 7). Facilitating lung repair and promoting the resolution of lung inflammation are potential therapeutic strategies for ARDS/ALI (7).

Yes-associated protein 1 (YAP1; also regarded as YAP) and transcriptional coactivator TAZ are the essential downstream effectors of the Hippo pathway, which modulates organ development and cell proliferation. The Hippo/YAP1 pathway is a kinase cascade, and YAP1 can be directly phosphorylated and inactivated by the large tumor suppressor 1/2 (LATS1/2), leading to the reservation of YAP1 in the cytoplasm (8). YAP1 could affect the production of autophagosomes and regulate autophagy (9), which are crucial elements of ferritinophagy (10). Previous studies have shown diffuse expression of YAP1/TAZ in multiple tissues, airway and bronchial smooth muscle cells, fibroblasts, and epithelial cells of lung tissue (11–13). YAP1/TAZ expression dysregulation diminished surfactant protein C (SPC) generation, which is a representative element of ARDS (14), and the interaction of TAZ with TTF-1 regulated the activation of SPC in pulmonary epithelial cells (15). Collectively, YAP1/TAZ could bring about lung organogenesis by precisely controlling cell differentiation and proliferation. However, how YAP1 regulates lung epithelial cell proliferation is still indistinct.

As an innovative form of regulated cell death, ferroptosis is described as an iron-dependent phospholipid peroxidation in consequence of reactive oxygen species (ROS) production due to the iron-mediated Fenton reaction (16). Recombinant solute carrier family 7 member 11 (SLC7A11), glutathione (GSH), and glutathione peroxidase 4 (GPX4) are pivotal regulators of the ferroptosis pathway (17). Reductions in GPX4 and GSH levels can be observed during ferroptosis, leading to lipid peroxidation (17, 18). Ferroptosis is mainly regulated by iron homeostasis and oxidative stress, and iron homeostasis is partly controlled by ferritin. Ferritin consists of ferritin light chain (FTL) and ferritin heavy chain 1 (FTH1), the latter being the primary iron-storage protein. Ferritin could be degraded by autophagy (19), which was mediated by nuclear receptor coactivator 4 (NCOA4)—a selective cargo receptor of ferritin. NCOA4-dependent autophagy was defined as ferritinophagy and resulted in increased intracellular iron levels and Fenton reaction (10). One recent research elucidated that the degradation of ferritin was required for ferroptosis cell death of vascular endothelial cells exposed to zinc oxide nanoparticles (20). Bronchial epithelial cell ferroptosis induced by cigarette smoke was closely linked to NCOA4-mediated ferritinophagy (21). Nevertheless, the connection between NCOA4-mediated ferritinophagy and sepsis-induced ALI remains unclear.

Furthermore, the positive effect of YAP1 on pulmonary epithelial cells has already been reported. Research on the intervention of YAP1 in ferroptosis springs up gradually, and the newest study found that YAP depletion could abolish the myocardial protective effect of melatonin by upregulating acyl-CoA synthetase long-chain family member 4 (ACSL4) expression (22). Based on these reports, our study aimed to investigate whether YAP1 was involved in pulmonary epithelial cell ferroptosis in response to LPS stimulation and to explore the underlying mechanism of ferroptosis in sepsis-induced ALI.



Materials and methods


Mice

Male mice (8–12 weeks) were used in this experiment. All mice were on the C57BL/6 background, which were obtained from Cyagen (Suzhou, China). YAP1flox/flox mice were crossbred with Sftpc-CreERT2 mice to generate epithelial-specific YAP1-conditional knockout mice (termed as YAP1f/f). To obtain epithelial-specific YAP1-conditional knockout mice, 6- to 8-week-old mice received tamoxifen (75 mg/kg dissolved in corn oil, once a day) by intraperitoneal injection for 5 days and had a rest for 4 weeks. Then, we successfully obtained the epithelial-specific YAP1-conditional knockout mice. We used only YAP1flox/flox mice as wild-type mice (termed as WT), and they were used as controls. WT mice and YAP1-knockout mice were randomly allotted into the WT+Sham, WT+CLP, YAP1f/f+Sham, and YAP1f/f+CLP groups. All experiments were executed following the criteria of the NIH and authorized by the Animal Ethics Committee of Wuhan University (No. 2021187).



Cecal ligation puncture in mice

The sepsis-associated lung injury model mice were created by cecal ligation and puncture (CLP) according to previous studies (23). After using 50 mg/kg of pentobarbital sodium (1%, Sigma, USA) to anesthetize the experimental mice, about a 1-cm midline incision was operated in the mice’s lower abdomen. The procedure was made to dissociate and ligate the cecum, which was punctured with a 20‐gauge needle twice. After gently squeezing the cecum to push the feces into the abdominal cavity, the cecum was anastomosed and the abdomen was sutured layer by layer. Volumetric resuscitation was performed immediately after surgery with 25 ml/kg of Ringer saline in mice. For the mice in the sham group, the cecum was just turned over when the abdomen was opened, and no treatment was given as mentioned above except closing the abdomen. After the treatment, the mice were administered 1 ml of warming sterile saline for fluid resuscitation immediately. The mice enjoyed free access to food and water and were monitored until sacrificed 24 h after the operation.



Cell models

MLE-12 cells (1 × 105 cells, provided by the ATCCATCC, USA) were cultured with 100 U/ml of streptomycin/penicillin and fetal bovine serum (10%) in DMEM (Gibco, USA) and arranged in an incubator containing 5% CO2 with a suitable temperature (37°C). Cells were seeded in 24-well plates. To overexpress a certain gene—YAP1, the YAP1 overexpression clone lentiviral particle (YAP1 OE) of MLE-12 cells was supplied by GeneChem Co. Ltd. (P40122, Shanghai, China). For the stable overexpression of the YAP1 gene, the cells were cultured in 24-well plates. Transfection of YAP1 was accomplished referring to the working instructions, and cells transfected with scramble were used as controls. Both scramble and YAP1 OE were transfected into the MLE-12 cells for 48 h before LPS stimulation. Following expansion and maintenance, stable MLE-12 cells expressing YAP1 overexpression were used for the subsequent experiments. The transfection efficiency was detected by Western blot, and the nuclear translocation of YAP1 was captured by fluorescence microscopy. To generate pulmonary injury models in vitro, LPS (1 μg/ml, Sigma, USA) was given to the scramble or YAP1 overexpression cells for 24 h (Figures S1A–D). MLE-12 cells were randomly allotted into the control group (Con+Scramble), LPS group (LPS+Scramble), control+YAP1 overexpression-treated group (Con+YAP1 OE), and LPS+YAP1 overexpression-treated group (LPS+YAP1 OE).



Determination of protein content in bronchoalveolar lavage fluid

Bronchoalveolar lavage fluid (BALF) was obtained from the left lung post-experiment. Abiding with the manufacturer’s protocols, after euthanizing the mice, they were fixed, the skin was incised in the middle of the neck, the trachea was isolated, and the right bronchus was ligated. The left bronchus was punctured by a fine needle and fixed with silk thread. Then, 0.5 ml of PBS solution was injected into the bronchus, and the BALF was recovered slowly after 1 min. The above operation was repeated five times. The collected BALF was centrifuged 1,500 rpm at 4°C for 10 min, and the supernatant was recovered and stored at −20°C for protein concentration determination. The content of protein was checked by the commercial bicinchoninic acid protein assay kit (Beyotime, China).



Histological analysis

The lung samples were isolated and fixed with 4% paraformaldehyde for 48 h and then dehydrated by ethanol solution with different concentrations (70%–100%) for 40 min. Following paraffin embedding, the samples were preserved for the subsequent experiments. The sections were sliced into 4 μm sections and placed in xylene, anhydrous ethanol, and alcohol to dewax in sequence. Hematoxylin–eosin (HE) was utilized to stain the lung samples. The slides were dyed with hematoxylin for 5 min and rinsed with water, and then after returning to blue, the slides were stained with eosin for 1–3 min. The degree of lung damage was assessed by two independent technicians who were blinded to the experimental group protocols in line with the recently published criterion (24). The scores were recorded according to the degree of neutrophil infiltration, alveolar and interstitial edema, and hemorrhage in lung tissues. The range of scores was from 0 to 4: 0, normal lung; 1, mild lung injury (less than 25% injury); 2, moderate lung injury (25%–50% injury); 3, broad lung injury (50%–75% injury); and 4, extreme lung injury (more than 75% injury). The individual scores of each criterion were added and calculated as the final lung injury score. The histological photographs were observed by optical microscopy (Nikon, Japan).



Immunohistochemical staining

Lung tissues were paraffin-fixed and incubated overnight at 37°C. Then, these lung sections were deparaffinized and hatched with 3% hydrogen peroxide for 15 min. The slices were heated at microwave treatment and then naturally cooled for 40 min. After performing antigen retrieval, the samples were blocked with 1% BSA for 0.5 h and incubated with primary rabbit anti-NCOA4 (1:100, DF4255, Affinity Biosciences, Jiangsu, China) and anti-SLC7A11 (1:100, DF12509, Affinity Biosciences, Jiangsu, China), respectively, overnight at 4°C. Lastly, homologous fluorescent or biotin-labeled secondary antibodies were incubated with the lung tissues for 2 h at 37°C. The images were captured using a microscope (Nikon, Japan).



Cell viability assay

Following the previous illustration, cell viability was examined by the CCK-8 assay kit (Beyotime, China) (25). The CCK-8 solution (10 μl) was diluted into the working concentration and given into each well of MLE-12 cells and cultured with cells. After 3 h, the microplate reader (PerkinElmer, USA) was used to analyze the absorbance (450 nm).



Transmission electron microscopy

The fresh lung lobe was removed and placed in a fixed solution quickly. Briefly, about 1-mm3 piece of lung sections was fixed in 2.5% glutaraldehyde, and then the samples were fixed with 1% osmium tetroxide for 90 min. Next, the samples were stained with 2% uranyl acetate and in turn dehydrated with a cascade of ethanol series. The slices were embedded in acetone (100%, 4°C) all night and cut into ultrathin slices (100 nm). Lastly, these slices were double-dyed with lead citrate and uranyl acetate. The graphs were observed using an HT-7500 transmission electron microscope (Hitachi Co., Japan).



Determination of reactive oxygen species

MLE-12 cells were suspended by 0.25% trypsin and subsequently centrifuged at 1,500 rpm (4°C, 5 min). The cells were cultured in 24-well plates and received the corresponding treatment at the given time according to the indicated groups. The cells were incubated with the 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescent probe (D6883, Sigma-Aldrich, MO, USA) in a serum-free medium following the manufacturer’s protocols. Shortly, the probe incubation solution should be firstly prepared under dark conditions, and the probe was diluted (1:1,000) to 10 μM of the working concentration. Secondly, the cells were washed with PBS and incubated with a 500-μl probe solution of each well for 15 min at 37°C. Finally, discarding the probe solution and washing it three times, the cells were added with a 400-μl medium. The level of ROS in MLE-12 cells was acquired by a TE-2000 fluorescent microscope (Nikon, Japan) at an excitation (Ex) wavelength of 485 nm and an emission (Em) wavelength of 530 nm.

Lipid ROS was detected by the BODIPY 581/591 C11 reagent (D3861, Invitrogen, California, USA). Briefly, after the indicated treatment, the cells were dyed with a 5-μM reagent and incubated for 30 min. Flow cytometry (BD Accuri C6 Plus, BD Biosciences, USA) and FlowJo software were adopted to detect the lipid ROS level. Quantification of ROS and lipid ROS in individual cells was analyzed and calculated by the software Image-Pro Plus 6.0, (Rockville, USA) and the Con+Scramble group was used for the normalization of the data (regarded as fold change 1).



Determination of reactive oxygen species in lung tissue

The ROS level of lung tissue was evaluated with the dihydroethidium (DHE) fluorescent probe (D7008, Sigma-Aldrich, USA). The lung tissues were fixed in 4% paraformaldehyde for 48 h and dehydrated in gradient sucrose. Then, the samples were embedded in optimal cutting temperature compound (OCT gel) and serially sectioned to 8 μm. The already frozen sections were incubated with 50 μM DHE away from light at 37°C for 30 min and 1 mg/ml DAPI for 10 min. To obtain the images, we used a Nikon TE-2000 fluorescent microscope (Tokyo, Japan) at (Ex/Em) 525 nm/610 nm. Quantification of ROS in lung tissue was analyzed and calculated by the software Image-Pro Plus 6.0 targeted to the hole images, and the WT+Sham group was used for the normalization of the data (regarded as fold change 1).



Determination of mitochondria ROS

MLE-12 cells were seeded in 24-well lucifugal plates, then incubated with 5 μM MitoSOX™ reagent solution (Beyotime, China) for 10 min. The cells were washed two times with PBS, and the level of mitochondria ROS was assessed by a fluorescence microscope (TE-2000, Nikon Co., Japan). Quantification of the mitochondrial ROS in individual cells was analyzed and calculated by the software Image-Pro Plus 6.0, and the Con+Scramble group was used for the normalization of the data (regarded as fold change 1).



Detection of related indicators

The levels of ferrous iron (Fe2+), malondialdehyde (MDA), and glutathione (GSH) in MLE-12 cells and lung tissue lysate were detected by the iron assay kit (MAK025, Sigma-Aldrich, USA), MDA assay kit (S0131, Beyotime, China), and GSH assay kit (S0053, Beyotime, China) according to relevant manufacturers’ protocols.



Western blot

We extracted the lysate from lung tissues or cells in a RIPA buffer, and protein contents were quantified by the BCA protein assay kit (P0011, Beyotime, China). Protein samples (50 μg) from each group underwent the 10% SDS-PAGE gel electrophoresis and then transferred to a PVDF membrane. After being blocked with non-fat dry milk (5%), these blots were hatched with the primary antibodies all night at 4°C. The proteins used in the study were as follows: GPX4 (DF6701, Affinity Biosciences, Jiangsu, China), ACSL4 (1:1,000, A14439, ABclonal Technology, Wuhan, China), SFXN1 (1:1,000, DF12509, Proteintech Group, Wuhan, China), LC3 (1:1,000, AF5402, Affinity Biosciences, Jiangsu, China), NCOA4 (1:10,000, DF4255, Affinity Biosciences, Jiangsu, China), FTH1 (1:1,000, DF6278, Affinity Biosciences, Jiangsu, China), SLC7A11 (1:1,000, DF12509, Affinity Biosciences, Jiangsu, China), YAP1 (1:1,000, DF3182, Affinity Biosciences, Jiangsu, China), or β-actin (BM0627, Boster Biological Technology, Wuhan, China). Finally, the proteins were incubated with HRP-conjugated secondary antibody (1:5,000, Proteintech) at room temperature for 1 h. An ECL kit (Beyotime) was applied to detect the bands, which were assayed by the ImageJ software.



Distribution of ferrous iron in lysosomes

MLE-12 cells were plated in a 96-well culture dish and hatched overnight. After simulating the four groups of cells indicatively, the 50-nM LysoTracker Green (Beyotime, C1047s, China) and 1-μM FerroOrange (Dojindo, F374, Japan) were added to the cells for 30 min to co-stain the cells and incubated at room temperature for 30 min, and then the previous solution was replaced with fresh PBS. After washing with PBS, the samples were incubated with secondary antibodies including rabbit anti-mouse IgG Ab (A11059, Invitrogen), goat anti-rabbit IgG Ab (A-11012, Invitrogen), or DAPI. The cell photographs were captured by a confocal microscope (TCS-SP2, Leica, Germany) to acquire the mitochondrial ferrous iron and green fluorescent lysosomes at Ex and Em wavelengths of 488 and 510–550 nm, respectively. Quantification of the FerroOrange and colocalization in each hole cell were analyzed and calculated by the software Image-Pro Plus 6.0, and the Con+Scramble group was used for the normalization of the data (regarded as fold change 1).



Ferritin and LAMP2

MLE-12 cells were fixed as pre-described and immunostained by anti-ferritin (Abcam, ab75973, UK) and anti-LAMP2 (Proteintech, 66301-1-Ig, USA). Then, the samples were incubated with secondary antibodies or DAPI. MLE-12 cells were photographed using confocal laser scanning microscopy and fluorescence microscopy (TE-2000, Nikon Co., Tokyo, Japan). Quantification of the ferritin and lysosomes in each hole cell was analyzed and calculated by the software Image-Pro Plus 6.0, and the Con+Scramble group was used for the normalization of the data (regarded as fold change 1).



Colocalization of LC3 and ferritin

Firstly, MLE-12 cells with stable YAP1 overexpression were transfected with LC3-GFP (Beyotime, D2815, China) and cultured in eight-well plates for 24 h. Secondly, the cells in each group were treated with LPS and bafilomycin A1 (BafA1) (Abcam, ab120497, UK) for 24 h. Thirdly, the cells were permeated by 0.03% Triton X-100 (Beyotime, China) for 60 min and then fixed and blocked with 0.1% BSA (Beyotime, China) for 1 h. Finally, the primary anti-ferritin (Abcam, ab75973, UK) and secondary antibodies were applied to the medium in turn. MLE-12 cells were analyzed via confocal laser scanning microscopy and evaluated by fluorescence microscopy (Nikon TE-2000, Tokyo, Japan).

For immunofluorescence staining in lung tissues, the samples were fixed in 4% paraformaldehyde for 1 h, washed completely with PBST (1× PBS added with 0.1% Triton X-100) for three times, and permeabilized with 0.1% Triton X-100 for 1 h. Then, the samples were incubated with primary antibodies including anti-LC3 (1:100, AF5402, Affinity Biosciences) and anti-ferritin (1:100, Abcam, ab75973) for 10 h at 4°C. After three times of washing with PBST, the samples were incubated with secondary antibodies, and nuclei were stained with DAPI. After washing again, the samples were imaged with a confocal microscope (Nikon TE-2000).



Co-immunoprecipitation assay

Following the corresponding pretreatment in the indicated groups, the concentration of protein in MLE-12 cells was assessed by the BCA protein (Beyotime, Shanghai, China) assay kit. MLE-12 cells were lysed in mixed buffer (50 mmol/L Tris–HCl, 150 mmol/L NaCl, 1% NP-40, 1 mmol/L NaF, 1 mmol/L EDTA, 1 mmol/L PMSF, 1 mmol/L Na3VO4, and protease inhibitor cocktail). The protein supernatant was hatched with 1–2 μg rabbit polyclonal IgG control antibody and 25 μl resuspended volume of protein A/G plus agarose (Beyotime, P2055) for 1 h. Then, the protein supernatant was incubated with 1 μl anti-NCOA4 (Affinity Biosciences, DF4255, 1:1,000) for 24 h at 4°C. The cells were cultured again lasting 2 h. The immunoprecipitation buffer was washed several times, and 50 μl of SDS-PAGE loading buffer was added and then denatured. Finally, the co-IP assay was performed.



RNA sequence analysis

First, RNA was extracted from CLP or normal lung tissue. Bioanalyzer 2100 system was used to detect RNA purity. Ribo-off rRNA Depletion Kit (N406-02, Vazyme, China) and MGIEasy RNA Library Prep Kit (1000006385, MGI, China) were used to generate sequencing libraries according to the manufacturer’s instructions. Then, after purifying the PCR products with the AMPure XP system, the library quality was analyzed (Agilent Bioanalyzer 2100 system). Finally, the index codes were clustered by Cluster Kit of HiSeq 4000 PE (Illumina, USA), and the sequenced library preparations were performed for 150 cycles on the former platform. Total library constructions and sequencing were implemented at BGI Wuhan. Hierarchical clustered heatmap and genome enrichment analysis were adopted to detect the differential expression of both groups. Differentially expressed genes (DEGs) were displayed for log2 fold change >1 and adjusted p-value <0.05.



Statistical analysis

All data are presented as the means ± standard deviation and analyzed by SPSS software 23.0. Graphs were drawn by GraphPad Prism 8.0. Discrepancies among the four groups were checked by one-way ANOVA analysis. p <0.05 was defined as statistically significant.




Results


YAP1 overexpression prevented ferroptosis in LPS-stimulated MLE-12 cells

We explored that LPS could induce ferroptosis in LPS-treated pulmonary epithelial cells (Figures S2A–D). To delineate the presence of ferroptosis in LPS-induced ALI, MLE-12 cells were transfected with YAP1 overexpressing lentivirus (YAP1 OE). First, we detected the verification of YAP1 overexpression (Figures S3A, B) and nuclear translocation of YAP1 in MLE-12 cells (Figures S3C). Elevated cellular ROS accumulation and lipid peroxidation were not merely the vital origins of ferroptosis but also the hallmarks of ferroptosis. We found that LPS treatment induced remarkable ROS accumulation in MLE-12 cells, which was captured by the enhancement of green fluorescence, while YAP1 overexpression significantly diminished the fluorescence intensity of ROS (Figures 1A, B). In line with ROS tendency, abundant accumulation of lipid ROS was observed in LPS-treated cells; however, YAP1 overexpression partially reversed the lipid ROS accumulation induced by LPS from flow cytometry (Figures 1C, D). Moreover, LPS distinctly gave rise to the mortality of MLE-12 cells; meanwhile, YAP1 overexpression could increase the number of viable cells upon LPS treatment (Figure 1E). The lipid peroxide production (MDA) levels and the content of iron (Fe2+) increased (Figures 1F, H), whereas the levels of GSH declined (Figure 1G) following LPS treatment, both of which are the representative hallmarks of ferroptosis. These aforesaid related markers were converted to beneficial tendency via overexpressing YAP1 in MLE-12 cells (Figures 1F–H). Altogether, these outcomes suggested that LPS induced ferroptosis, which could be partially counteracted by YAP1 overexpression in MLE-12 cells.




Figure 1 | Yes-associated protein 1 (YAP1) alleviated reactive oxygen species (ROS) accumulation and lipid peroxidation in LPS-induced MLE-12 cells. (A) Representative images of fluorescence probes (DCFH-DA) for intracellular ROS production and (B) quantification of ROS fluorescence intensity. (C) Lipid ROS generation was analyzed by using BODIPY 581/591 and determined by flow cytometry in MLE-12 cells treated with the contextual stimuli and (D) quantification of lipid ROS. (E) Cell viability was evaluated by the cell counting kit-8. The contents of MDA (F), GSH (G), and Fe2+ (H) were determined using the indicated commercial kits. Data are expressed as mean ± SD. n = 3; *p < 0.05, **p < 0.01, ***p < 0.001. LPS, lipopolysaccharide; Con, control group; Scramble, negative control; YAP1 OE, YAP1 overexpression.





YAP1 overexpression decreased the amount of intracellular free-divalent iron to inhibit ferroptosis

Divalent metal ion transporter 1 (SLC11A2) mediates the release of Fe2+ into a labile iron pool of cytoplasm. Excessive iron would contribute to the Fenton reaction to produce massive ROS and activate iron-containing enzymes to facilitate lipid peroxidation and ferroptosis. We chose the Fe2+-specific probe FerroOrange to explore whether YAP1 could affect the contents of bioavailable Fe2+. The level of Fe2+ (FerroOrange) remarkably decreased in YAP1 overexpression cells on the basis of the LPS stimuli (Figures 2A, C). We also observed that colocalization of LysoTracker (green) and FerroOrange (red) was strengthened after LPS stimulation, indicating that large amounts of iron were present in lysosomes. However, the location of free Fe2+ in lysosomes was weakened in YAP1 overexpression cells upon LPS stimulation (Figures 2A, B). The number of lysosomes remained the same in each group (Figures S4A), illustrating that the decrease in the amount of lysosomal Fe2+ was independent of the number of lysosomes.




Figure 2 | YAP1 activation inhibited ferroptosis by decreasing the amount of intracellular free ferrous iron. (A) LysoTracker (green) and FerroOrange (red) were shown by confocal imaging in MLE-12 cells stimulated with LPS. The images exhibited the localization of ferrous iron in survival cells. The lysosomes were stained by LysoTracker Green fluorescence. Nuclei were stained with DAPI (blue). (B) Quantification of the fluorescence intensity of FerroOrange colocalized with LysoTracker (green). (C) Quantification of the FerroOrange fluorescence intensity. (D) Representative images of mitochondrial ROS stained with MitoSOX (green). (E) Quantitative results of mitochondrial ROS. (F–I) The expression levels of GPX4 (G), ACSL4 (H), and SFXN1 (I) were shown by WB. Data are expressed as mean ± SD. n = 3; *p < 0.05, **p < 0.01, ***p < 0.001.



SFXN1 (as a mitochondrial amino acid transporter) can facilitate the component of iron utilization traversing the mitochondria (26). In the pathological states, the expression of SFXN1 protein was elevated, combined with the enhancement of iron absorption (27). We explored that mitochondrial ROS sharply increased in LPS-induced cells via the MitoSOX green fluorescence probe. However, YAP1 overexpression could significantly reduce the mitochondrial ROS accumulation in LPS-treated cells (Figures 2D, E). GPX4, which acts as one of the redundant defense mechanisms in the mitochondria, was inhibited after LPS stimulation and turned high level when in alliance with YAP1 overexpression (Figures 2F, G). As shown, apart from diminishing the expression level of ACSL4, YAP1 overexpression could inhibit the expression of SFXN1 when cells accepted LPS inducement (Figures 2F, H, I). To some extent, YAP1 inhibited ferroptosis by reducing free iron and ROS located in lysosomes.



YAP1 overexpression blocked the degradation of ferritin in lysosomes (ferritinophagy) and was localized in autophagosomes

Ferritin is the primary iron-storage protein in mammals and a crucial element in maintaining iron homeostasis and preventing Fenton reaction. Ferritin can alter sequestered iron via the process of autophagy (ferritinophagy). Since YAP1 overexpression decreased the amount of intracellular free-divalent iron (as shown in Figure 2A), we speculated that this process might be linked to ferritinophagy (degradation of ferritin in lysosomes); we thus hypothesized that YAP1 overexpression could interrupt ferritinophagy. To validate the assumption, we carried out immunofluorescence assays to observe the lysosomal location of ferritin. The MLE-12 cells were fixed and immunostained using antibodies of ferritin (red fluorescence) and LAMP2 (green fluorescence). In baseline conditions, the control group with no LPS treatment presented high ferritin fluorescence, indicating a small quantity of degraded ferritin. Surprisingly, upon LPS treatment of the control cells, ferritin fluorescence was substantially decreased due to the degradation of ferritin located in lysosomes. Furthermore, in LPS-stimulated cells, the levels of ferritin were partially restored (YAP1 OE+LPS vs. Scramble+LPS) upon YAP1 overexpression compared to the scramble group (Figures 3A, C). The number of lysosomes was unchanged (Figure 3B). The results suggested that YAP1 inhibited the lysosomal ferritin degradation upon LPS treatment and led to impaired ferritinophagy after LPS-stimulated injury.




Figure 3 | YAP1 restrained the degradation of ferritin in lysosomes to suppress ferritinophagy. (A) Confocal images of ferritin (red) and LAMP2 (green) were shown in LPS-treated MLE-12 cells, while lysosomes were stained with LAMP2 (green). (B) Quantification measurement of lysosome fluorescence intensity. (C) Quantification measurement of ferritin fluorescence intensity. (D–G) Data showed the expression contents of LC3II/LC3I (E), NCOA4 (F), and FTH1 (G). Data are expressed as mean ± SD. n = 3; *p < 0.05, **p < 0.01, ***p < 0.001. NS: no significance, P>0.05.



It had been reported that NCOA4 can combine with FTH1 and targeted ferritin to lysosome for autophagy degradation to release free iron. Blocking autophagy or knocking out NCOA4 inhibits the labile accumulation of iron and ROS associated with ferroptosis and prevents eventual iron-related cell death (28). To further investigate ferritinophagy, we determined the levels of LC3, NCOA4, and FTH1 by Western blotting. We found that the expression of the autophagic marker (LC3) and NCOA4 was elevated in MLE-12 cells exposed to LPS, while YAP1 overexpression declined the expression levels on the basis of LPS stimulation (Figures 3D–F). Along with the fluorescence images, YAP1 overexpression partially recovered the decreasing levels of FTH1 caused by LPS treatment (Figures 3D, G). Overall, YAP1 could inhibit ferritinophagy in LPS-challenged MLE-12 cells.



YAP1 overexpression inhibited ferritinophagy by disrupting the NCOA4–FTH1 interaction

Ferritinophagy (autophagic degradation of ferritin) can promote ferroptosis and is mediated by the cargo receptor NCOA4. The immunofluorescence analysis showed that LPS treatment decreased ferritin fluorescence and enhanced the expression of LC3-GFP in MLE-12 cells. The colocalization fluorescence of ferritin with LC3-GFP was strengthened by LPS exposure, whereas YAP1 overexpression reduced the numbers of LC3-GFP puncta (green puncta) and colocalization puncta of ferritin with LC3-GFP (yellow puncta) in the LPS-treated cells (Figures 4A–C). To further investigate the interaction of NCOA4-mediated ferritinophagy and FTH1, we performed co-IP assays to detect the inner interaction between NCOA4 and FTH1 in the MLE-12 cells. YAP1 overexpression significantly decreased the association of FTH1 with NCOA4 (Figure 4D), suggesting that YAP1 might disrupt the interaction of NCOA4 and FTH1.




Figure 4 | YAP1 inhibited ferritinophagy by disrupting the NCOA4−FTH1 interaction. (A) Cells in the indicated groups were transfected with the LC3-GFP plasmid, and the autophagosome in cells presented green fluorescence puncta. Representative confocal images of cells exhibited fluorescent colocalization (yellow puncta) of ferritin (red fluorescence) with LC3-GFP (green puncta). Cells were treated with LPS for 24 (h) (B) Fluorescence quantification of ferritin colocalizing with autophagosomes (LC3-GFP). The colocalization puncta per cell were calculated. (C) Fluorescence quantification of autophagosomes (LC3-GFP). The autophagosome puncta per cell were calculated. (D) Immunoprecipitation analysis of NCOA4 and FTH1 interaction in MLE-12 cells. IgG was used for control. Data are expressed as mean ± SD. n = 3; *p < 0.05, **p < 0.01, ***p < 0.001.



Taken together, these outcomes hinted that YAP1 inhibited ferritinophagy by suspending the NCOA4–FTH1 interaction in LPS-treated MLE-12 cells.



YAP1 inactivation accelerated ferroptosis activation during CLP-induced acute lung injury

To verify the role of YAP1 with ferroptosis in sepsis-induced ALI in vivo, we used the YAP1 conditional knockout mice for further research. As shown, CLP treatment created significant pathological changes, including alveolar hemorrhage and massive inflammatory cell infiltration, while YAP1 conditional knockout mice suffered larger trauma (Figures 5A, B). Furthermore, YAP1 deletion exacerbated CLP-stimulated pulmonary edema significantly as evidenced by protein leakage in BALF (Figure 5C). These results confirmed that YAP1 was a crucial element in CLP-induced ALI.




Figure 5 | YAP1 deficiency aggravated oxidative stress-mediated lung injury in CLP mice. (A) Histological images of lung samples exhibited by HE staining in mice following CLP, YAP1f/f, and CLP+YAP1f/f treatment. (B) The pathological lesion scores. (C) The content of BALF protein. (D) Representative fluorescent images of ROS staining and the quantification of ROS fluorescence intensity in lung tissue. (E) The certification of YAP1 conditional knockout in mice pulmonary epithelial cells. (F–G) Pulmonary content of MDA (F) and GSH (G) was assessed by the corresponding commercial kit. Data are expressed as mean ± SD. n = 6; *p < 0.05, **p < 0.01, ***p < 0.001.



Similar to MLE-12 cells, to prove the anti-ferroptotic role of YAP1 in CLP-treated mice, we measured the ROS production and lipid peroxidation-related markers (MDA and GSH) with or without YAP1 deficiency in the murine lung tissue. Western blot data exhibited that the YAP1 protein level was significantly decreased in YAP1f/f mice (Figure 5E). CLP treatment markedly increased the generation of ROS and MDA levels and diminished GSH contents, while YAP1 deficiency deteriorated the oxidative damage caused by CLP treatment (Figures 5D–G). Collectively, we considered that YAP1 conditional knockout in mice aggravated pulmonary ferroptosis in response to CLP stimulation.



RNA-seq identified the enriched ferroptosis pathway and upregulated YAP1 in sepsis-induced ALI

To quantify the gene expression profiles of CLP treatment, RNA sequencing (RNA-seq) was performed in lung tissues of CLP mice or sham group. Firstly, we created an overall heatmap of all differentially expressed genes (log2 fold change > 1, Q value < 0.05). Then, we picked out genes that had the most significant differences (top 50) and focused on several target genes. Hierarchical clustered heatmap identified a series of upregulated genes (ALOX12, NCOA4, Fis1, YAP1) linked to ferroptosis and mitochondria fission and mitigation of genes (GPX4, SLC7A11, FTH1) associated with antioxidative stress and anti-ferroptosis (Figure 6A). The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was utilized to determine the most significantly altered signaling pathways involved in CLP-treated lung tissues, including the NF-κB signaling pathway and ferroptosis signaling pathway (Figure 6B). The protein–protein interaction (PPI) regulatory network analysis predicted a high clustering coefficient and potential interaction among several related genes, such as apoptosis, ferroptosis, and mitochondrial fission (Figure 6C). These enrichment genes regulated relevant signaling pathways. The network of KEGG pathways elucidated the potential crosstalk of these different signaling pathways (Figure 6D). The volcano plot also showed DEGs of CLP mice and the sham group (Figure 6E). Taken together, RNA-seq results indicated that YAP1 promoted ferroptosis in CLP mice lung tissue IHC staining showed that CLP stimulation reduced the accumulation of SLC7A11 (brown dye) in the lung tissue, while YAP1 knockout further diminished the content of SLC7A11 (Figure 6F). Moreover, we also observed that CLP stimulation gave rise to the accumulation of NCOA4 (brown dye), and YAP1 knockout exhibited more accumulation of NCOA4 (Figure 6G).




Figure 6 | Gene expression analysis of lung tissue in WT+CLP mice and WT+Sham mice. (A) Hierarchical clustered heatmap of differentially expressed genes (DEGs) in lung tissues between WT+CLP mice and WT+Sham mice, n = 3. (B) The Kyoto Encyclopedia of Genes and Genomes enrichment analysis (KEGG pathway) was adopted to identify the most significantly altered signaling pathways in lung tissues of CLP mice. The differentially expressed genes enriched in the ferroptosis-related pathway, indicating that the ferroptosis signaling pathway was obviously activated, n = 3. (C) Construction of protein–protein interaction (PPI) regulatory network based on DEGs. (D) Network of KEGG pathway based on similarity of their gene expression profiles. These enrichment genes were related to several signaling pathways. (E) The volcano plot shows DEGs between CLP mice and WT mice. Genes colored in red represented dramatically upregulated genes, genes colored in green displayed remarkably downregulated genes, while insignificantly altered genes are colored in gray, log2 FC > 1, Q value < 0.05. (F) SLC7A11 of mouse lung parenchyma was stained by immunohistochemical (IHC) staining. (G) NCOA4 of mouse lung parenchyma was stained by IHC staining.





YAP1 deficiency aggravated CLP-induced ferroptosis and ferritinophagy in lung tissue

The morphological characteristics of ferroptosis were captured with TEM. The photographs revealed that the mitochondrial morphological structures were normal in WT mice and YAPf/f mice without CLP injury. Following the CLP challenge, we observed significant aberrant mitochondria (red arrows in the WT+CLP group and the YAPf/f+CLP group), including reduction and even disappearance of mitochondria cristae and rupture of the mitochondrial outer membrane. Moreover, YAP1 deficiency further worsened CLP-induced mitochondrial damage (Figure 7A). In addition, the protein expression of GPX4 and SLC7A11 linked to ferroptosis and SFXN1 was determined. The data showed the significant upregulation of SFXN1 and downregulation of GPX4 and SLC7A11 during CLP treatment. However, these changes were further aggravated by YAP1 deficiency (Figures 7C–F).




Figure 7 | YAP1 deficiency aggravated CLP-induced ferroptosis and ferritinophagy in lung tissues. (A) Representative images shown by TEM. The red arrow indicates representative mitochondria in WT and YAP1f/f mice lungs treated by CLP or not (n = 3 mice/group). (B) Fluorescence analysis showed representative images of ferritin colocalization (green) with tissue expression of LC3 (red) and quantification fluorescence intensity of LC3. Nuclei were counterstained by DAPI (blue). Light pink fluorescence represented the colocalization of ferritin and LC3. (C–F) Immunoblotting detection of the expression contents of GPX4 (D), SLC7A11 (E), and SFXN1 (F) in mice with indicated treatment. (G–J) Immunoblotting determination of the expression levels of LC3II/LC3I (H), NCOA4 (I), and FTH1 (J) in mice with equivalent treatment. Data are expressed as mean ± SD. n = 6; *p < 0.05, **p < 0.01, ***p < 0.001.



Similar to the colocalization of LC3-GFP with ferritin in MLE-12 cells, we observed the fluorescent localization in CLP-treated mice with the presence or absence of YAP1 deficiency. As expected, YAP1 conditional knockout triggered the autophagy and promoted the degradation of ferritin in CLP-induced ALI (Figure 7B) (Figures S4B, C), indicating that YAP1 might affect ferroptosis by mediating ferritinophagy in sepsis-induced ALI. Western blotting showed that CLP treatment caused increases in LC3II/I ratio and NCOA4 levels and a decline in FTH1 levels. When mice experienced YAP1 conditional deletion, the LC3II/I ratio and NCOA4 climbed to higher levels, and FTH1 presented massive degradation (Figures 7G–J). In summary, our results suggested that the absence of YAP1 was able to aggravate ferroptosis and ferritinophagy in CLP-operated mice.




Discussion

In this study, we unveiled that ferroptosis in pulmonary epithelial cells was generated in sepsis-induced ALI, and YAP1 may be a feasible protective agent that prevents ALI by inhibiting ferroptosis.

To explore the potential regulated mechanism of sepsis-induced ALI, we first performed the RNA sequence analysis. We discovered that the ferroptosis-related pathway was closely linked to the differentially expressed genes, and YAP1 was upregulated in sepsis-induced ALI models. Based on these observations, we picked out the ferroptosis-related genes and YAP1 for further experiments.

Since the term ferroptosis was formally put forward in 2012, related research has experienced exponential growth in the past several years. Ferroptosis is featured by the surplus iron-dependent accumulation of lipid peroxidation, causing membrane damage and non-reversible cell death (29, 30). Multiple cellular metabolic events could regulate ferroptosis, for instance, redox homeostasis, iron load, mitochondrial function, and lipid metabolism, as well as disease-relevant signaling pathways. Abundant evidence indicated that ROS partook in the pathogenesis of septic cardiac or liver injury (28, 31). Intracellular overburden of ferrous iron can lead to the accumulation of lipid ROS, which makes an imbalance of redox in cells and cell death. This study determined the levels of oxidative stress marker and discovered increasing intracellular Fe2+ and lipid ROS in both the MLE-12 cells and lung tissues after stimulation with LPS or CLP.

YAP1, which is an important transcription factor in the Hippo pathway, has been studied extensively and regarded as a potential approach for the onset mechanism of various diseases, such as cancer, atherosclerosis, fibrosis, and inflammation. Currently, YAP1 has been proven to promote alveolar epithelial regeneration and repair in a growing number of studies. The nuclear localization of YAP1 is pervasively distributed in pulmonary structural cells like lung epithelial cells. Homozygous deletion of YAP1 resulted in no new lung bud production, while selective loss of YAP1 disrupted lung branching morphogenesis and reduced cell proliferation (32). YAP could abolish inflammation and regulate pulmonary endothelial cell activation through preventing TRAF6-mediated NF-κB activation (33). In mice with bacterial pneumonia, YAP/TAZ deficiency in epithelial type II cells exhibited long-term inflammatory responses and tardive alveolar epithelial regeneration after lung injury (34). Furthermore, YAP1/TAZ mutant expression decreased the production of surfactant protein C (SPC), which is a representative feature of ALI/ARDS (14). Apart from the role of YAP1 in lung tissue, YAP activation reduced congenital inflammatory response to oxidative stress and necrosis/apoptosis to prevent the liver from ischemia–reperfusion (IR) stress (35). Nuclear YAP1 drove intestinal epithelial cell proliferation, which could cause post-inflammatory epithelial regeneration in ulcerative colitis (36). Hence, considering the protective role of YAP1 in promoting cell proliferation, we explored whether sepsis was a vital process in facilitating the ferroptosis of epithelial cells, which could be concerned with YAP1 activity. Our in-vivo study found that YAP1 deficiency aggravated sepsis-induced lung pathological damage and produced Fe2+ overload and higher MDA levels as well as more ROS accumulation in YAP1f/f mice after CLP. Concurrently, YAP1 overexpression exhibited an anti-ferroptotic ability, as presented by the reduction in ROS accumulation and suppression of lipid peroxidation in vitro. These outcomes reminded us that ferroptosis participates in the genesis and development of sepsis-induced ALI, and YAP1 modulates the process by controlling Fe2+ and lipid peroxidation, which might provide a targeted strategy for mitigating sepsis-induced ALI.

Then, we detected other ferroptosis-related regulators. SLC7A11 and GPX4 were downregulated, while MDA and iron accumulation were upregulated in the LPS-treated human bronchial epithelial cell line (37), indicating that ferroptosis was on the front burner in LPS-induced ALI. ACSL4 is also necessary for facilitating ferroptosis and can insert unsaturated arachidonic acid into the cellular membrane, which produces a mass of lipid ROS. Pharmacological inhibition of ACSL4 can prevent ferroptosis-related diseases (38). In doxorubicin-induced myocardial damage models, YAP could decrease the expression level of ACSL4 (22). In lung adenocarcinoma, YAP diminished intracellular iron levels by promoting FTL transcription through transcription factor CP2 (TRCP2) (39). To clarify the mechanism of ferroptosis in sepsis-induced ALI, a transcriptome study of RNA sequencing was carried out, suggesting that the ferroptosis signaling pathway was involved in the pathogenesis of sepsis-induced ALI. Subsequently, our findings revealed that YAP1 knockdown attenuated the expression of GPX4 and SLC7A11 in CLP-treated mice, and YAP1 overexpression enhanced the expression of GPX4 in vitro and in vivo. YAP1 overexpression limited the expression of ACSL4 in LPS-treated cells. Briefly, YAP1 played a pivotal role in ferroptosis suppression via regulating the ferroptosis mediator in sepsis-induced ALI.

The mitochondria are the main sites of energy metabolism and the apoptotic targets of excessive ROS. Mitochondrial double membrane is the ideal site for ferroptosis. Increased mitochondrial ROS could trigger ferritinophagy and elevate the content of intracellular iron, eventually leading to ferroptosis (20). SFXN1 contributes to iron transportation into the mitochondria and promotes the utilization of erythroid mitochondrial iron. Furthermore, previous research discovered that SFXN1 is closely related to pathologic mitochondrial iron accumulation, which led to sideroblastic anemia (26). In YAP1f/f septic mice, we detected more serious mitochondria damage and a higher expression level of SFXN1. Inversely, YAP1 overexpression blocked the expression of SFXN1 in vitro and allayed the generation of mitochondrial ROS.

Previous findings indicated that suppression of autophagy alleviated ferroptosis (19, 40). The catabolic process of autophagy involves the continuous degradation of substrates in lysosomes for maintaining cell homeostasis in response to hypoxia and stress as well as sepsis attack. Along with the occurrence of ferroptosis, autophagy is motivated, causing the consequent degradation of ferritin via NCOA4–FTH1 binding (41). NCOA4 mediated the autophagic degradation of ferritin in lysosomes; thus, cellular free iron is released to initiate the Fenton reaction. These cascades of reactions could be blocked by NCOA4 inhibition or autophagy disrupting, hence abrogating the accumulation of ferrous iron and ROS due to ferroptosis (42). Fang et al. (43) observed that compound 9a diminished the colocalization of Fe2+ in lysosomes and inhibited the NCOA4–FTH1 reaction. Qi et al. (44) clarified that curcumol could inhibit NCOA4 regulation of ferritinophagy to prevent hepatocyte senescence through the promotion of YAP. Zhang et al. (45) noted that YAP suppression might sensitize ferroptosis by inhibiting FTH1 in lung adenocarcinoma. In our experiments, the colocalization of ferritin and autophagosomes was observed by confocal microscopic evaluation, reflecting that YAP1 overexpression decreased the release of ferrous iron from lysosomes and lysosomal ferritin degradation. Moreover, we also found that YAP1 could inhibit the NCOA4–FTH1 interaction by co-IP assays, which was consistent with a previous report (45). An amount of Fe2+ from ferritin degradation stimulates SFXN1 production in the mitochondrial membrane, which subsequently transports Fe2+ into the mitochondria, triggering the cascade of mitochondrial ROS and eventually contributing to ferroptosis (28). SFXN1-induced mitochondria iron accumulation might be caused by NCOA4-mediated ferritinophagy in apelin-13 myocardiopathy (27). Our current observation supports the theory that YAP1 is linked to the NCOA4–FTH1 interaction. This interaction may affect SFXN1-regulated mitochondrial iron overload and mitochondrial ROS production, ultimately generating epithelial cell ferroptosis. Taken together, these experimental data suggested that YAP1 could suppress FTH1 autophagic degradation mediated by NCOA4, which was crucial for protecting pulmonary epithelial cells from sepsis-induced ferroptosis. Sepsis-induced ALI in mice was probably connected to ferritinophagy-mediated ferroptosis activation.

In conclusion, our results demonstrate the important participation of ferroptosis and YAP1 in the pathophysiology of sepsis-induced ALI. YAP1 disrupted the NCOA4–FTH1 reaction and inhibited NCOA4-mediated ferritinophagy to prevent ferroptosis and subsequent mitochondrial ROS-related dysfunction in septic lung injury (Figure 8). These previous publications raise the possibility that YAP1 may be a protective ingredient of ALI/ARDS, and sustaining the expression of YAP1 could become an emerging therapeutic approach. Notably, elevated YAP levels have been formally confirmed to be related to cancer development. Consequently, one of the future challenges toward the application of YAP1 in lung diseases is activating YAP1 precisely without inducing cancer. Further investigation should be expected to explore the accurate regulation of YAP1 in sepsis-induced pulmonary diseases targeting ferroptosis.




Figure 8 | The mechanism illustration on the involvement of YAP1 in ferritinophagy and ferroptosis in sepsis-induced acute lung injury. Sepsis induces increased intracellular NCOA4 expression, which then has an interaction with ferritin and brings about the autophagic degradation of ferritin. YAP1 can suppress the degradation of ferritin into autophagosomes via inhibiting NCOA4-mediated ferritinophagy, then prevent ferrous iron from transporting into the mitochondria. YAP1 attenuates the accumulation of mitochondrial reactive oxygen species and lipid peroxidation and contributes to protecting mitochondrial function and repressing ferroptosis. Therefore, we conclude that YAP1 is involved in sepsis-induced acute lung injury by regulating the process of ferritinophagy-mediated ferroptosis.
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Purpose

A characteristic problem occurring in COVID-19 is excessive elevations of pro-inflammatory cytokines (e.g. IL-6 and CRP) which are associated with worse clinical outcomes. Stimulation of the vagally-mediated cholinergic anti-inflammatory reflex by slow paced breathing with prolonged exhalation may present a clinically relevant way to reduce circulating IL-6.



Method

Single-center randomized controlled clinical trial with enrolment of 46 patients hospitalized with confirmed severe acute respiratory syndrome Coronavirus 2 (SARS-CoV-2) infection and moderate COVID-19 pneumonia (primary diagnosis). Differences between intervention (4sec inhalation, 6sec exhalation for 20 minutes 3x daily) and control group in IL-6 calculated using multilevel mixed-effect linear regression models with random slope including the covariates relevant comorbidities, COVID-19 medication, and age. Both groups received standard care.



Results

Mean age was 57 years ± 13 years, N= 28 (60%) male, N=30 (65%) with relevant comorbidities. The model including group-by-time interaction revealed a significantly lower trajectory of IL-6 in the intervention group (effect size Cohens f2 = 0.11, LR-test p=.040) in the intention-to-treat sample, confirmed by per-protocol analysis (f2 = 0.15, LR-test p=.022). Exploratory analysis using the median split of practice time to predict IL-6 of the next morning indicated a dose-response relationship with beneficial effects of practice time above 45 minutes per day. Oxygen saturation remained unchanged during slow-paced breathing (95.1% ± 2.1% to 95.4% ± 1.6%).



Conclusion

Patients practicing slow-paced breathing had significantly lower IL-6 values than controls with a small to medium effect size and without relevant side effects. Further trials should evaluate clinical outcomes and an earlier start of the intervention. Slow-paced breathing could be an easy to implement, low-cost, safe and feasible adjuvant therapeutic approach to reduce circulating IL-6 in moderate COVID-19 pneumonia.



Clinical Trial Registration

https://www.drks.de, identifier DRKS00023971, Universal Trial Number (UTN) U1111-1263-8658.
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Introduction

The pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) still occupies politics and health care. Though immunization is available now and knowledge about therapy options has widely progressed, there is still an urgent need especially for cheap, broadly accessible interventions that could be spread globally.

A characteristic problem occurring in coronavirus disease 2019 (COVID-19) are excessive elevations of pro-inflammatory cytokines such as interleukin-6 (IL-6) and C-reactive protein (CRP) which are associated with worse clinical courses (1, 2). Several trials have tested anti-inflammatory agents, including dexamethasone or IL-6 antagonists with beneficial outcomes (3–5). Beside drugs, there exists a clinically relevant, non-pharmaceutical way to reduce inflammation through vagus nerve stimulation (VNS). The latter is involved in the regulation of the immune response via the cholinergic anti-inflammatory reflex (6). Specifically, the efferent vagally mediated reflex arc regulates systemic inflammation and the release of pro-inflammatory cytokines such as IL-6 from acetylcholine-synthesizing T-cells (7). In detail, the nucleus of the solitary tract (NTS) neurons activates the dorsal motor nucleus of the vagus nerve (DMNV) whose efferent fibers trigger the cholinergic anti-inflammatory reflex (8), stimulating the cholinergic motoneurons that project to the splenic nerve in the celiac ganglion. Acetylcholine (ACh), released from the preganglionic terminals, excites celiac neurons and provoke the release of norepinephrine (NE) in the spleen. Then, splenic response inhibits the release of macrophage cytokines, decreasing inflammation (9).

Accordingly, plasma levels of pro-inflammatory cytokines increase with cervical or subdiaphragmatic vagotomy, whereas electrical VNS or acetylcholine administration decrease IL-6 cytokine levels in human and mouse models (7). Therefore, measures of vagal activity and inflammatory parameters such as IL-6, CRP, and tumor necrosis factor α (TNF-α) are strongly correlated (10). In the specific case of infection with SARS-CoV-2, as the cholinergic anti-inflammatory mechanism controls NF-κB action through Acetylcholine coupled to the α7n-Acetylcholin-receptor (11), insufficient vagal activity appears to be the cause of both unhindered viral replication and uncontrolled cytokine release along the virus-driven NF-κB pathway (12). Therefore, increasing vagal activity seems to be a promising therapeutic approach.

The vagus nerve can be stimulated with electric devices (13, 14), whic has been suggested early on in the treatment of Acute Respiratory Distress Syndrome in COVID-19 patients (15).The authors of a randomized controlled study proved feasibility for auricular electrical VNS in 31 patients hospitalized due to COVID-19 and did not report side effects, but were not able to show clinical improvement (16). Two case reports describe decreasing IL-6 and CRP after onset of electrical VNS in four COVID-19 patients suffering from moderate or severe COVID-19-pneumonia (17, 18). However, electrical VNS has the limitation that no device has yet been certified for this anti-inflammatory use, this intervention must be performed by medical professionals, and is therefore limited with respect to personal and financial resources. To our knowledge, no study investigated the effect of non-electrical VNS in patients with COVID-19. A simple way to increase the activity of the vagus nerve is a specific breathing technique with reduced frequency and a prolonged exhalation phase (slow-paced breathing) (19, 20). A recent meta-analysis clearly showed increased vagal and mixed measures of HRV during and after slow-paced breathing interventions (21). The mechanism how slow-paced breathing stimulates vagal activity is described in great detail (22). Though some studies show effects of slow-paced breathing on IL-6, CRP or TNF-α after several days or weeks in patients with hypertension (23) and irritable bowel syndrome (24), the effect of vagal stimulation through slow-paced breathing in infectious diseases was not yet investigated.

Therefore, we performed a randomized controlled trial in patients with moderate COVID-19 pneumonia to investigate the hypothesis whether a breathing technique that increases vagal activity reduces inflammatory levels (primary outcome: IL-6; secondary outcome: CRP, leukocytes) in patients with COVID -19 pneumonia compared to a control group of patients with treatment as usual.



Materials and methods

The present study design is a prospective, two-arm, open-label, single-center randomized controlled trial. The protocol was approved by the Institutional Review Board of Ulm University (No. 3/21, 01/02/2021) and registered prior to screening start at the German Clinical Trials Register (ID: DRKS00023971), Universal Trial Number (UTN) U1111-1263-8658. The study was conducted in compliance with the Declaration of Helsinki, the Guideline for Good Clinical Practice, and local regulatory requirements. All patients provided written informed consent prior to inclusion.


Patients

Inclusion criteria were hospitalization with SARS-CoV-2-pneumonia (primary diagnosis) in non-ICU-wards with a moderate degree of disease according to the definition of the German Robert Koch Institute (RKI) adapted from WHO (www.rki.de/covid-19-therapie-stakob), age of 18 years or older and being able to give written informed consent at study enrollment. The SARS-CoV-2-infection was confirmed by positive polymerase chain reaction (PCR) assay. The following exclusion criteria were applied: 1) Severe and critical COVID-19 pneumonia with respiratory rate>30/min or SpO2<90% on room air (www.rki.de/covid-19-therapie-stakob), or 2) condition after surgery/trauma/acute event (stroke, myocardial infarction, acute COVID-independent infection) in the last four weeks, i.e., other primary diagnoses than COVID-19, or 3) current pregnancy, or 4) patients with pre-existing pulmonary disease who were on oxygen prior to infection (e.g., due to pulmonary fibrosis, COPD), or 5) limited ability to give consent (e.g., due to dementia), or 6) limited ability to perform breathing maneuvers independently (e.g., high frailty), or 7) limited ability to provide self-care (German care level two or three), or 8) insufficient language skills, or 9) seizures in the medical history.



Study design

Screening was performed starting from 23/02/2021 until 17/06/2021 on either the ward for infectious diseases or the temporary ward for patients suffering from COVID-19 at the Clinic for Internal Medicine III (Infectious Diseases, hematology, oncology) of the University Medical Center Ulm (Germany). Consenting patients were randomized in a 1:1 ratio to receive the breathing intervention additional to standard care (intervention group, IG) or standard care only (control group, CG). The randomization list was created prior to screening start by MNJ with blocks of 20, 16, 14, and 16 numbers to account for the adaptive design (see below Statistical methods section) using the software STATA (Stata Corp, College Station Texas, USA) (25) and was not accessible to recruiting study personnel (EMB, SH, MKG).

Standard care consisted of O2 supplementation (non-invasive), dexamethasone, antiviral and antibiotic drugs as well as additional anti-inflammatory medication and other medication on requirement according to the RKI-criteria valid at that time (www.rki.de/covid-19-therapie-stakob). All patients received anticoagulant therapy. Relevant medication is listed in Table 1.


Table 1 | Characteristics of the patients at baseline according to treatment assignment.



Patients randomized to intervention group were asked to perform the 20-minute breathing exercise three times a day with 6 breaths per minute and an inhalation to exhalation ratio of 4:6 seconds (see Supplement material for the instruction) in the hospital bed with the backrest in an upright position. To support the correct technique, the free application BreathBall (https://breathball.com/de/home-de/) was shown on a smartphone. For hygienic reasons, it was preferred that patients used their own smartphone and installed the add-free app. A study smartphone was available for the very few patients without a smartphone (N=2). The application facilitates paced breathing by displaying a decreasing (exhale) and increasing (inhale) ball, combined with sound if preferred. The study personnel monitored the first exercise to guide the correct implementation of the breathing exercise and to assist and register side effects. If the patients were unable to follow the breathing scheme, it was adapted slightly up to a breathing frequency of maximal 10 per minute. Further exercises were to be done independently and the time spent in the exercise was self-recorded. The control group received standard care. Both groups were visited every second day by the study personnel to assure the correct implementation of the breathing exercise, assess symptoms, check for side effects, record the practice times and to collect oxygen saturation, oxygen flow, breathing frequency and one-channel ECG for calculation of heart rate variability measurements (HRV). Blood samples were taken in routine at approximately 8am in the morning and analyzed by the clinical chemistry within four hours by accredited procedures to assess IL-6, CRP, and leucocytes and tumor-necrosis-factor alpha (TNF-α).

Four weeks after discharge, patients were contacted via telephone to assess symptoms and adverse events (follow-up). Follow-up was completed on July 22nd, 2021.



Measures

Oxygen saturation was measured with the pulse oximeter available at the ward for measurement on the finger. Only one blood sample measurement was included per day. If several blood samples were available, we included the measurement closest to 8am. Values below the detection limit (IL6<1.5 pg/ml, CRP < 0.6 mg/l, TNF-α < 8.1 pg/ml) were set to the value of the detection limit.

Breathing protocol adherence was defined as follows: if the breathing intervention was performed at least once autonomously and if the percentage of minutes in paced breathing were at least 50% of the required minutes, i.e., min. 30 minutes per day averaged over the whole stay. Treatment per protocol sample (TPP) included only those patients meeting the adherence criteria.

Adverse events were defined as transfer to ICU or death.

Screening for depressive and anxious symptoms was performed using the PHQ-4 (positive screening if sum score ≥ 3) (26).



Statistical analysis

The Institutional Review Board requested an adaptive design (power of 80% and an alpha of.05). After N=30, N=46 and N=60 of patients, the effect size can be calculated. The intervention can be stopped at N=46 if an effect size of greater than f2=0.16 exists. After N=46, data were reviewed resulting in a significant effect size of f2=0.11 (ITT) and f2=0.14 (TPP). Considering the given seasonal circumstances (infection rate lowering, no further patient admissions) the study was discontinued mid of June 2021 to avoid delay (new patient admissions expected only five months later) and to limit the sample to one wave.

Statistics: For comparisons between the intervention and control group, chi square tests and the Mann-Whitney U test were used if appropriate. For repeated measurements (oxygen saturation, oxygen flow, breathing frequency), multilevel-mixed effect linear regression models were calculated.

Due to a skewed distribution, IL-6, TNF-α, leucocytes, and CRP were natural log-transformed prior to parametric statistical testing to better approximate Gaussian distribution. The level of significance was set a priori to p<.05 (two-sided). Data management and analysis were performed using STATA 15.1 SE (STATA Corp., College Station, Texas, USA).



Trial outcome analysis method

Per outcome, four multilevel mixed-effect linear regression models were calculated and compared, as recommended by a recently published best practice guidance for linear mixed-effects models (27). The covariance was set to unstructured. The first model included random effect only (on the individual level), the second additionally included the main fixed effects for group (IG vs. CG) and time (days since study inclusion). Since clinically meaningful differences existed between the study groups (see Table 1) additional covariates were also included. These were: relevant comorbidities (no vs. yes), COVID-19 pneumonia medication (count), and age (years). The third model additionally included the variable time to the random effect equation. The fourth model additionally included the interaction between group and time in the fixed effect part. The model fit was compared between these four models and parsimonious model improvement was tested using likelihood ratio tests (see Table 2). Additionally, information criteria (Akaike IC and Bayesian IC) were assessed.


Table 2 | Model comparison of intention-to-treat  analysis by outcome (N = 46).



These models were calculated for each outcome and each analysis sample (ITT and TPP). The analyses were restricted to a maximum of thirteen days after study inclusion, because afterwards no observations were available in the IG. This led to a deletion of three observations from three patients of the CG.



Post hoc analyses

Potential dose-response effects from categorized breathing minutes on daily IL-6 values were analyzed in all patients from the intervention group. Daily total breathing minutes were dichotomized at median value (45 minutes). Categorized minutes of breathing were related to blood samples from the following morning to retain temporal relationship. Two multilevel mixed-effect linear regression models were calculated for the primary outcome IL-6. The first model included the categorized practice time in the fixed effect part. The random effect part included the individual slopes as well as the binary practice time as cross-level interaction. Findings for analyses of end points other than the primary end point should be interpreted as exploratory due to the potential for type I error using multiple comparisons.




Results


Study population

Of 131 patients screened, 81 met exclusion criteria (see Figure 1). Main exclusion reasons were invasive procedures, trauma or acute myocardial infarction/stroke during the last four weeks (N=35, 43%), followed by high frailty and dementia (N=23, 28%) and insufficient knowledge of German language (N=16, 20%). Out of the remaining 50 patients, two patients (4%) were not willing to participate. A total of 48 patients (37% out of 131 patients screened) were randomized. Monitoring during the study revealed an exclusion criterion in two patients (severe COVID-19 pneumonia before study entry). Therefore, 46 patients (N=23 patients per group) were available for intention to treat (ITT) analysis. Seven patients in the intervention group practiced less than 50%. Two stopped because they had difficulties with the implementation of the breathing exercise in terms of concentration and technique. Two were transferred to ICU within two days of study entry due to deterioration of COVID-19 pneumonia. Three practiced continuously, but with shorter duration or less frequently, in total less than 50% of the required time. Thus, 16 patients of the IG and 23 of the CG entered the treatment per protocol (TPP) analysis.




Figure 1 | Flowchart Recruitment.



Characteristics of the study samples are shown in Table 1. The study sample was between 23 and 83 years old (57 years ± 13 years), 60% were male. N=30 (65%) had relevant comorbidities. Only one patient was vaccinated against SARS-CoV, as vaccination capacity was very limited at that time in Germany. All patients showed pulmonary infiltrates in thoracic computer tomography. Mean hospitalization length was 9.8 ± 3.1 days (range 5-19 days).

Although no statistically significant differences were found between intervention and control group for baseline variables, clinically relevant differences were apparent. Patients in the intervention group were older (M=58.8 ± 13.2 vs. M=54.3 ± 13.4), had more relevant comorbidities (N= 18, 78% vs. N=12, 52%) and a higher amount of COVID-19- and pneumonia-associated medication during hospital stay (M=2.8 ± 1.0 vs. M=2.3 ± 1.3) (see Table 1).



Primary outcome

Estimated marginal mean course of log-transformed IL-6 for all patients of the ITT-sample (N=46) is shown in Figure 2A. The prediction models included the covariates set to mean (relevant comorbidities (no/yes), count of COVID-19 pneumonia medication, and age (years). Multilevel fixed-effect linear regression models were compared using likelihood-ratio tests (see Table 2). These LR tests identified a random slope model with a group by time interaction as the superior model for IL-6 (LR chi2(13)=23.18; p=.040). The graphical results of the model (marginal means displayed in Figure 1) on average show lower values of IL-6 in the IG (effect size Cohens f2= 0.11, LR-test p=.040). Per-protocol analysis (N=39) confirmed these results (f2= 0.14, LR-test p=.022).




Figure 2 | Trajectories of inflammatory outcomes. Marginal mean prediction of (A) ln(IL-6[pg/ml]), (B) ln(leucocytes[giga/l]), (C) ln(CRP[mg/l)] and (D) ln(TNF-α [pg/ml]) values for IG and CG from multilevel fixed-effect linear regression models with random slope (N = 46 individuals with N = 208 observations; average observations per individual=4.5). Note: Negative ln values translate to parameter values <1. Covariates: relevant comorbidities (no vs. yes), COVID-19 pneumonia medication (count), and age (years). Model predictions were calculated at covariate mean values.



Supplemental Table 1 and Supplemental Figure 1 showcase the change in the High and Low frequency bands of HRV from 5 minute resting phase pre-intervention, during intervention (4x 5 minutes) and 5 minute resting phase post-intervention. An increase in both frequency bands is observed during breathing intervention.



Secondary outcomes

Estimated marginal mean course of log-transformed leucocytes, CRP and TNF-α for all patients of the ITT sample (N=46) are shown in Figures 2B–D. The model comparison for the secondary outcomes Leucocytes, CRP and TNF-α showed no relevant group by time interaction (see Table 2).



Post hoc analyses

To further explore the relationship between slow-paced breathing and IL-6, we modeled a dose-response analysis using the daily minutes of slow-paced breathing to predict IL-6 of the next day. Marginal mean values from adjusted multilevel mixed-effect linear regression models are shown in Figure 3. The model indicates a dose-response relationship with beneficial effects of practice time above 45 minutes a day (b=-.82, 95%CI lower -1.55; upper -.01).




Figure 3 | Dose response analysis using categorized breathing minutes from 22 patients and 61 days. Marginal mean values from multilevel mixed-effect linear regression models adjusted for relevant comorbidities (no vs. yes), COVID-19 pneumonia medication (count), and age (years). Prediction at covariate mean values. Obs. = Observations (Days of breathing practice).





Adverse events

Six patients (N=3, 13% in each study group) were admitted to the ICU, of whom one patient died (CG). All 23 patients practiced at least once. Most patients (N=18, 78%) managed the breathing exercise well. Nine patients (39%) reported the exercise at least from time to time as demanding. Two stopped due to difficulties with the implementation of the breathing exercise in terms of concentration and technique. There was one case of dizziness that resolved by reducing the depth of breathing slightly. Four out of the 23 patients (17%) who practiced at least once complained about coughing especially at the beginning of the exercise, and one had to stop the exercise once due to coughing. Weighted mean breathing frequency at rest was 18.5/min ± 4.5/min (range 10-30.5/min) for IG with no significant difference to the CG (M= 19.2/min ± 3.6/min, range 13.5-28.3/min; p=0.431. During the exercise, mean breathing frequency was 6.4/min ± 1.0/min (range 5.7-10/min) in IG. Six patients felt uncomfortable breathing at 6/min and had adjusted frequencies up to 10/min. 34 patients received nasal oxygen at least once during the hospital stay with a patient weighted mean flow of 1.9l ± 1.8l per min. Oxygen saturation was comparable between IG (95.1% ± 2.1%) and CG (94.7% ± 1.8%) at rest (p=0.444) but marginally increased during slow-paced breathing (95.4% ± 1.6%, p=0.003).




Discussion

This clinical trial of patients with moderate COVID-19 pneumonia showed that slow-paced breathing is effective to reduce IL-6 in COVID-19 pneumonia, though with uncertain clinical importance. Further, the data showed that reducing breathing frequency to 6/min is safe and feasible in moderate COVID-19 pneumonia and did not deteriorate oxygen saturation.

A non-invasive, non-pharmaceutical, not device dependent treatment option in COVID-19 disease has several advantages. The intervention may reduce plasma IL-6 levels without bearing potential side effects of administrated IL-6 receptor antagonists. Costs are low as no devices have to be bought or certified. The technique itself is easy to learn and the exercises can be supported via free apps on the patient’s own smartphone. Therefore, the intervention can be scaled easily by training medical assistance staff that instructs the breathing techniques and supports first practice sessions. This would offer an access to a therapy option not only for industrial, but also for low-income countries.

Slow-paced breathing could be an additional treatment option for patients with moderate covid-19 pneumonia (www.rki.de/covid-19-therapie-stakob) who can still breathe independently. For severely and critically ill patients mostly receiving invasive ventilation, electrical VNS could be another treatment option that should be further evaluated.

Our data adds to the knowledge about the effect of VNS on inflammation marker. To our knowledge, this is the first study showing a statistically significant direct effect of non-invasive VNS via paced-breathing on IL-6 of the following day. The exploratory dose-response analysis proposes a linear relationship with more minutes in slow-paced breathing reducing IL-6 values more the next day. The dose necessary for this effect was 45 minutes of paced breathing a day at a breathing frequency of 6/min with an inhalation to exhalation ratio of 4:6. Though data about the effect of slow breathing in acute inflammation is scarce, the data available for the effect of interventions including slow breathing on IL-6 seems to depend highly on the frequency and duration, with an effect only in studies with at least half an hour of practice daily (28, 29). More detailed studies should further explore the necessary frequency, ratio and dose for a meaningful reduction in IL-6. In addition, the optimal time to start the intervention should be investigated. The patients in our study were already in an advanced stage of the disease. Intervention might be even more effective at the onset of symptoms. A randomized controlled trial in which patients were recruited immediately after PCR testing showed less dyspnea and higher aerobic capacity after 14 days in the breathing exercise group (30).

We cannot distinguish effects of VNS and placebo. Psychosocial interventions have been shown to affect the immune system (31). Though the amount of attention by study personnel was approximately the same in both groups, patients in the IG might have felt more self-efficient and this might have influenced their inflammatory marker. Though this effect would not be triggered by VNS, it would still originate in the central autonomic network and still, the anti-inflammatory pathway would be triggered drug- and device-free. From a patient’s point of view, this is very important. We had a very high rate of patients willing to participate (97.6%) because most patients were very interested in a study that investigates a therapeutic approach without drugs and devices. Furthermore, most patients were very happy to perform the intervention because it was their only possibility to manage their disease. This alleviated their feeling of being helpless and without control, introducing the feeling of self-efficacy.


Limitations

The first limitation is the sample size that could not address clinical outcomes. Second, early discharge was not included in the model. Third, the intervention was not blinded. Another trial could include a sham intervention. Fourth, we did not control objectively the amount of time spent in slow-paced breathing but relied on self-report.



Conclusion

This small, single-center randomized controlled clinical trial showed that reducing breathing frequency to 6/min is effective in reducing IL-6 levels in moderate COVID-19 pneumonia without relevant side effects. Larger RCTs need to confirm these results as well as evaluate clinical outcomes. This would offer access to a therapy option not only for industrial, but also for low-income countries.
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Pulmonary hypertension (PH) is a progressive disease that arises from multiple etiologies and ultimately leads to right heart failure as the predominant cause of morbidity and mortality. In patients, distinct inflammatory responses are a prominent feature in different types of PH, and various immunomodulatory interventions have been shown to modulate disease development and progression in animal models. Specifically, PH-associated inflammation comprises infiltration of both innate and adaptive immune cells into the vascular wall of the pulmonary vasculature—specifically in pulmonary vascular lesions—as well as increased levels of cytokines and chemokines in circulating blood and in the perivascular tissue of pulmonary arteries (PAs). Previous studies suggest that altered hemodynamic forces cause lung endothelial dysfunction and, in turn, adherence of immune cells and release of inflammatory mediators, while the resulting perivascular inflammation, in turn, promotes vascular remodeling and the progression of PH. As such, a vicious cycle of endothelial activation, inflammation, and vascular remodeling may develop and drive the disease process. PA stiffening constitutes an emerging research area in PH, with relevance in PH diagnostics, prognostics, and as a therapeutic target. With respect to its prognostic value, PA stiffness rivals the well-established measurement of pulmonary vascular resistance as a predictor of disease outcome. Vascular remodeling of the arterial extracellular matrix (ECM) as well as vascular calcification, smooth muscle cell stiffening, vascular wall thickening, and tissue fibrosis contribute to PA stiffening. While associations between inflammation and vascular stiffening are well-established in systemic vascular diseases such as atherosclerosis or the vascular manifestations of systemic sclerosis, a similar connection between inflammatory processes and PA stiffening has so far not been addressed in the context of PH. In this review, we discuss potential links between inflammation and PA stiffening with a specific focus on vascular calcification and ECM remodeling in PH.
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Introduction

Pulmonary hypertension (PH) comprises a group of diseases in which the mean pulmonary artery pressure (mPAP) exceeds 25 mmHg at rest according to current guidelines (1). Recently, the 6th World Symposium on PH has recommended to lower this cutoff further to 20 mmHg (2). The World Health Organization (WHO) classifies PH into five groups based on identifiable cause and risk factors (3). Although the treatment of pulmonary arterial hypertension (PAH) (WHO Group 1) has entered the stage of targeted therapy, the 5-year survival rate of patients with PAH is still only approximately 50% (4), presumably due to the multifactorial pathophysiological mechanisms of PAH, which evade targeting by a single pharmacological drug, in particular at the advanced disease stage (5). Therefore, identification and therapeutic targeting of common upstream mechanisms that trigger multiple downstream cellular and molecular processes governing pulmonary vascular remodeling in different PH groups remains the ultimate goal for an improved care of PH patients.

Lately, pulmonary perivascular inflammation has gradually gained increased attention as an early common hallmark across different PH groups. In the early stage of the disease, PAH patients and corresponding animal models not only display an accumulation of immune cells such as macrophages (6, 7) and mast cells (8) in their lungs (9), but also have elevated levels of inflammatory mediators in their pulmonary circulation (10, 11) (Figure 1). In most forms of PH, this inflammatory response is predominantly localized to the pulmonary adventitia (7). In fact, changes in the adventitia, which consists of a complex mix of heterogeneous cells, tend to precede those in other vascular compartments and are required for vascular remodeling (12). In PAH, this spatial predilection has been linked to the fact that fibroblasts in the pulmonary adventitia exhibit a pro-inflammatory phenotype with an increased expression of inflammatory mediators that drive the recruitment of innate immune cells (7, 13, 14). The resulting perivascular inflammation is now considered to constitute a critical pathomechanism orchestrating remodeling from the outside-in not only in PH associated with disorders of the immune system, such as connective tissue disease-associated pulmonary arterial hypertension (CTD-PAH) (15), but also in other forms of PAH (11, 16) as well as in PH due to left heart disease (PH-LHD) (17). In parallel, the adventitia releases a myriad of factors that regulate differentiation, proliferation, apoptosis, migration, and collagen synthesis by other cells in the vessel wall, while adventitial fibroblasts can transform to myofibroblasts and migrate into the intima through the medial layer (12). As such, it has been proposed that inflammatory processes alter vascular and immune cell metabolism, ultimately enhancing pulmonary artery (PA) remodeling and aggravating PH (Figure 1).




Figure 1 | Proposed role of inflammation in PA stiffening; The development of PH is associated with an inflammatory response in the pulmonary vasculature, characterized by immune cell infiltration and the secretion of immune factors. ECM stiffening, especially proximal large pulmonary vascular sclerosis, occurs in the early stages of PH and has a prognostic value for patient outcome and later calcification, and is driven by inflammation. Prolonged angiosclerosis, in turn, further promotes an inflammatory response that exacerbates pulmonary vascular calcification and thickening. PH, pulmonary hypertension; ECM, extracellular matrix; PA, pulmonary artery.



Concomitantly over the past decade, PA stiffening has emerged as an early hallmark, pathomechanism, and predictor of morbidity and mortality in PH (18–20). Vascular stiffening, defined as increased resistance of the arterial wall to deformation during blood influx, is a consequence of pathological vascular remodeling that can occur in both large proximal arteries and small distal arteries and arterioles. The mechanical consequences of these structural changes are decreased compliance in proximal PAs, and increased resistance to blood flow (pulmonary vascular resistance, PVR) in distal PAs (21). PA compliance (PAC) is essential to transform the pulsatile blood flow that enters the large conduit arteries via the Windkessel effect into the nearly laminar flow at the level of the distal pulmonary vascular tree. As such, PAC reduces right ventricular (RV) afterload and maintains near-constant lung perfusion over the cardiac cycle. In line with the impact of PAC for RV function, invasive or non-invasive assessment of PAC (or capacitance) has revealed PA stiffening in PAH patients as a sensitive predictor of pathological RV remodeling and mortality (21–24). It has further been proposed that stiffening of proximal PAs, through elevation of pulse-wave velocity and the shear stress exerted by the blood, promotes injury and remodeling in distal vessels, thus driving the pathology of PH in a positive feed-forward loop (25). Such interdependency between proximal and distal PA regions would predict that pathological remodeling should occur in parallel in large and small vessels. Indeed, work by Stuart R. Reuben first identified a hyperbolic relationship between PAC and PVR (26). The product of PAC × PVR yields the resistance–compliance (RC) time, which is considered to remain almost constant in PH patients of WHO class I (PAH), III (PH due to chronic lung disease), IV (chronic thrombo-embolic PH), or V (PH with unclear multifactorial mechanisms) and independent of medical therapy (27). Interestingly, however, for patients with WHO class II PH (PH due to left heart disease), RC time is reduced, i.e., for any given PVR, the corresponding PAC is lower as compared to PH patients from other causes. Notably, this reduction in RC time is also associated with an increase in RV afterload (27). This interesting finding may indicate distinct pathomechanisms and/or a higher degree of stiffening in proximal PAs in PH patients with underlying left heart disease as compared to other forms of PH; yet, this notion remains to be rigorously tested and mechanistically explored.

Conversely, mechanical communication between proximal PAs and the distal pulmonary vasculature may also promote restoration of pulmonary vascular homeostasis. Evidence of such a reverse remodeling process derives from a few clinical studies in patients with congenital heart disease and PH due to intracardiac left-to-right shunts causing lung overperfusion. In these patients, surgical banding of the PA—performed with the intent to protect the proximal PA from excessive pressure and flow—could successfully improve PH and, in some cases, reverse vascular remodeling in distal arteries (28, 29).

A growing number of studies reporting techniques to estimate stiffness of proximal PAs in vivo show promise for the use of PA stiffness estimates as a prognostic tool in PH. Most commonly, PA stiffness is estimated by calculation of pulmonary arterial capacitance as ratio of stroke volume over pulmonary pulse pressure, assessed by either cardiac catheterization or non-invasively by echocardiography (20, 30–37), or by calculation of a stiffness index as change in PA pressure (again assessed by right heart catheterization) divided by the corresponding change in PA diameter (determined by real-time imaging modalities, such as cardiac magnetic resonance imaging) (18, 38).

Artery stiffening in cardiovascular disease is mainly attributed to remodeling of the extracellular matrix (ECM) and/or calcification within the arterial wall (39–42) (Figure 1). In particular, PAH is characterized by remodeling of the ECM and thickening of all three layers of the PA wall (43), which ultimately reduces arterial compliance. PAs of PAH patients exhibit an increased deposition of interstitial collagen, including collagen I, collagen XIV, and basement membrane-specific collagens, especially collagen IV (43–45). Additionally, increased expression of other ECM proteins such as elastin and fibronectin, or the matricellular ECM protein tenascin-C by dedifferentiated adventitial fibroblasts has been reported in PAH patients (46). Increased production and deposition of ECM constituents in PAs is considered to occur as an adaptive response to increased digestion of medial and basement membrane (BM) ECM by matrix metalloproteinases (MMPs), which have been found to be increased in PAH (47) and IPAH patients (45). The elevated expression of collagens by endothelial cells (ECs), smooth muscle cells (SMCs), and adventitial fibroblasts is associated with increased collagen-cross-linking by lysyl oxidases (LOXs) (48). In addition, proteolytic enzymes also induce degradation of elastic fibers, which are challenging to rebuild despite increased elastin gene expression due to the multicomponent complex 3D structure of these fibers (49–53). As such, PA stiffening emerges as a progressive imbalance of collagen over elastin fiber components in the PA wall.

Vascular stiffening has also been attributed to vascular calcification (40), a pathological deposition of solid minerals within the intima or media of arterial walls (54) (Figure 1). Importantly, pulmonary vascular calcification has been associated with transdifferentiation of SMCs into osteogenic-like lineages, driven by the activity of the pro-osteogenic transcription factor Runt-related transcription factor 2 (RUNX2) (55). As such, increased nuclear expression of RUNX2 in PA SMCs not only activates expression of calcification-related biomineralization genes (56), but also promotes cell proliferation and resistance to apoptosis by activating hypoxia-inducible factor-1α (HIF-1α) (55).

Stiffening of proximal PAs in PAH patients (18, 57) increases pulse pressure and shear stress in the pulmonary vasculature. Of relevance, these alterations in biomechanical forces acting upon the lung vascular wall can induce pro-inflammatory responses in ECs of distal PAs (58, 59) and promote the aggregation of immune cells (58). This includes inflammatory cell recruitment and release of immune-cell-derived cytokines, such as IL-6 (60, 61) and TNF (62) and bioactive enzymes, including MMPs (46), which may, in turn, promote vascular remodeling and stiffening processes, thus establishing a progressive vicious cycle. Such interplay between inflammation-triggered signaling events that, in turn, initiate wound healing processes and ECM remodeling, ultimately culminating in tissue fibrosis and scar formation, is well established in cardiac and systemic vascular diseases (63–65). In PH, however, the cause–effect relationship between inflammatory signaling and vascular stiffening has so far neither clinically nor experimentally been addressed. As such, the present review aims to link known inflammatory responses in PH to processes related to vascular stiffening, namely, ECM remodeling and vascular calcification, identified in either PH or other vascular diseases and vice versa. Proposed links and relevant literature are summarized in Table 1 and will be discussed in detail below. As such, we intend to highlight the potential relevance of a pathophysiological axis between inflammation and PA stiffening, and to incite mechanistic studies to address this conceptual gap in our present understanding of PH.


Table 1 | Inflammatory mediators associated with vascular stiffening.





Inflammation-induced arterial wall thickening and ECM remodeling

PA stiffening and inflammatory responses are both paramount characteristics of PH. While inflammation is commonly associated with PH in both animal models and clinical scenarios, little is known about the role of inflammation in inducing vascular remodeling in PH. Only a limited number of studies have so far addressed the role of inflammation in promoting the production of ECM components (154), namely, collagens (155), fibronectin (156), and tenascin-C (156) in PH. Yet, in other cardiovascular diseases, the connection between inflammation and increased vascular stiffness has been better characterized: here, inflammatory processes have been shown to promote arterial stiffening through a variety of mechanisms, including the induction of endothelial dysfunction and BM stiffening, increased proliferation of SMCs (49)—resulting in arterial wall thickening and reduced compliance—and remodeling and stiffening of the ECM in different segments of the arterial wall.

In PH, elevated pressure and high pulsatile flow as a consequence of reduced vascular compliance can be sensed by ECs of the pulmonary vascular bed. Specifically in hypoxia-induced PH, ECs produce elevated levels of the inflammatory cytokines IL-1β (9) and IL-6 (9, 60), and express increased levels of immune cell adhesion molecules including vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and P-selectin (9). Concomitantly, other vascular resident cells, such as SMCs and fibroblasts, respond to biomechanical cues by altered secretion of immune factors including inflammatory cytokines such as monocyte chemoattractant protein-1 (MCP-1), stromal cell-derived factor 1, and CCR5 (71) (Table 1). These inflammatory mediators can, in turn, induce PA remodeling and stiffening (9, 71, 157). While the links between increased inflammation and PA remodeling are so far little understood in PH, we will delineate in the following existing connections between key inflammatory signals and vascular stiffening in systemic cardiovascular diseases, with the aim to translate this knowledge into an advanced understanding of the potential role of inflammation in PA stiffening in PH.

Several key inflammatory signals induce PA remodeling by dysregulating the behavior and function of both ECs and SMCs in PH, ultimately leading to arterial wall thickening and stiffening. Among these, IL-6 and TNF were found to be increased in plasma, lung, pulmonary arteries and veins, as well as in PA ECs in both patients and animal models of various PH groups (Table 1). In PAH patients (60) and in PH-LHD rat models (61, 81), IL-6 contributes to PA remodeling by inducing medial wall thickening via SMC proliferation and muscularization of the distal pulmonary arterial tree due to migration of SMCs into precapillary arterioles (60, 61, 81) (Table 2; Figure 2), potentially affecting arterial compliance by increased wall thickening. In the pulmonary adventitia, fibroblasts activate recruited macrophages through paracrine IL-6 signaling, initiating a pro-inflammatory and pro-fibrotic phenotype that is associated with an increased inflammatory response and vascular remodeling in PH (7). Notably, IL-6 is a sensitive marker for systemic inflammation in cardiovascular disease (60, 88). In rheumatoid arthritis (164) and acute ischemic stroke (165), elevated levels of IL-6 in patient serum were associated with aortic stiffening as estimated by pulse-wave velocity, which could be significantly reduced by therapeutic infusions of the anti-IL-6 receptor antibody tocilizumab (164).


Table 2 | Potential links between factors associated with PA stiffening and immune responses in PH.






Figure 2 | Potential links between inflammatory mediators and mechanisms of pulmonary arterial ECM remodeling and vascular calcification in PH. As described in detail in the manuscript text, perivascular accumulation of immune cells is a characteristic feature of PH. Inflammatory cells such as macrophages produce MMPs that promote ECM degradation and remodeling. Inflammatory cytokines such as IL-6 and TGF-β drive the proliferation of PA SMCs. Stimulation of fibroblasts by inflammatory mediators increases the expression of collagens, elastin, and fibronectin, further promoting PA stiffness. Activated immune cells and inflammatory mediators promote SMC transdifferentiation and enhance the expression of biomineralization genes, thus driving vascular calcification. BMPR2 downregulation, especially in response to the inflammatory factor TNF, promotes endothelial cell mesenchymalization and may as such contribute to the development of pulmonary vascular calcification. A detailed discussion of the proposed signaling pathways is provided in the manuscript text. ECM, extracellular matrix; MMPs, matrix metalloproteinases; SMC, smooth muscle cells; PH, pulmonary hypertension; PA, pulmonary artery; BM, basement membrane.



Similarly, elevated TNF in rodent models of PAH and PH-LHD has been shown to result in increased PA EC and SMC proliferation and medial wall thickening (61, 166), which have been attributed to suppressed BMPR-II signaling in PAH (166). Due to its effects on SMC hyperplasia, TNF may also promote PA stiffening in PH; however, direct correlations between TNF levels and PA stiffness in PH have yet to be established. In other cardiovascular and inflammatory diseases, e.g., arteriosclerosis, TNF is an established key mediator of vascular remodeling (61, 62). Patients with inflammatory artheropathies, namely, rheumatoid arthritis, ankylosing spondylitis, and psoriatic arthritis, who received anti-TNF treatment with either adalimumab, etanercept, or infliximab, showed a reduction in aortic stiffness as assessed by pulse-wave velocity and augmentation index as compared to untreated controls (107, 167). Hence, pharmacological inhibition of inflammatory mediators such as IL-6 and TNF in PH could potentially reduce pulmonary vascular cell proliferation and PA thickening and may therefore present a targeted therapy for PA stiffening.

Furthermore, pro-inflammatory mediators can induce vascular stiffening in cardiovascular diseases by increased production of ECM components, namely, fibrillar and non-fibrillar collagens and fibronectin by resident vascular cells (168). After myocardial infarction as well as in ischemic and non-ischemic heart failure, pro-inflammatory mediators such as TGF-β (74, 169) and IL-1β (170) induce the conversion of fibroblasts into myofibroblasts, which can produce abundant ECM proteins (168) (Tables 1, 2; Figure 2). In PH, adventitial myofibroblasts contribute to PA remodeling and stiffening (46) via the production of structural ECM components such as collagens, elastin, fibronectin, and dynamic ECM constituents, including tenascin-C and osteopontin (43, 46, 74) (Table 2; Figure 2). Tenascin-C and osteopontin, in turn, increase fibroblast and SMC proliferation, contributing to myofibroblast conversion and medial thickening, and therefore vascular stiffening (43, 46, 171) (Figure 2). Activated macrophages recruited to the pulmonary adventitia may express ECM proteins such as collagen type I, thereby contributing to ECM stiffening in PH (172). In animal models of MCT-induced PH, NADPH oxidase 4 (Nox4) has also been found to be upregulated in the pulmonary adventitia, where it promotes TGF-β-mediated expression of matrix collagens by adventitial fibroblasts and, as such, ECM stiffening (172). Similarly, collagen deposition by resident fibroblasts into the adventitia was also found to be increased in an animal model of chronic hypoxic PH and resulted in a thicker and stiffer arterial wall (172–174). In order to form insoluble rigid fibers, excessive fibrillar collagens are then further cross-linked by cross-linking enzymes (43, 175). Specifically, elevated expression of LOX in SMCs and lysyl oxidase-like enzyme (LOXL) expression in adventitial fibroblasts leads to increased collagen cross-linking and PA stiffening in PAH (176). Moreover, adventitial fibroblasts per se exhibit a pro-inflammatory phenotype in PH, including the recruitment and activation of adventitial macrophages (7) and production of pro-inflammatory markers, such as the chemokines MCP-1, SDF-1, RANTES/CCR5, CCR7, CXCR4, and the co-stimulatory molecules CD40 and CD40L (7, 71). This secretory activity can, in turn, create another feedback loop that triggers further inflammation and, hence, ECM remodeling.

Apart from elevated levels of circulating inflammatory mediators, increased mPAP in PH also induces activation of the pro-inflammatory NF-κB signaling pathway in PA ECs and SMCs (58, 133, 157) (Figure 2). Based on studies in systemic cardiovascular diseases, such activation of NF-κB emerges as a potentially important step in PA stiffening. As such, nuclear NF-κB was shown to increase the expression of aortic collagen type I in a murine model of type 2 diabetes, resulting in aortic stiffening as measured ex vivo by pressure myography (177). Interestingly, these effects were mediated by an NF-κB-dependent overexpression of RUNX2, a key transcription factor relevant not only for ECM remodeling [through increased expression of ECM collagens by SMCs (177)], but also in the context of vascular calcification (55, 177) (as discussed below) (Figure 2). It may be speculated that activation of NF-κB could exhibit similar effects in PH, thus contributing to PA stiffening through ECM remodeling and vascular calcification.

Inflammation-induced overproduction of ECM components in cardiovascular diseases is rivaled by elevated proteolytic ECM degradation via a parallel increase in MMPs (46). In PH, activated macrophages and myofibroblasts in the adventitia secrete MMPs, specifically MMP-2 (154, 162), MMP-9 (6, 162), MMP-10 (47), and MMP-19 (6, 154), while tissue inhibitors of metalloproteinases (TIMPs) appear downregulated (46, 162) (Table 2; Figure 2). MMP-2 (50) and MMP-9 (49) degrade elastin, thereby decreasing vessel compliance, resulting in arterial stiffening (49–52). Furthermore, degradation of elastic fibers and other ECM components such as BM collagens, interstitial collagens, fibronectin, and several proteoglycans by MMPs, facilitates migration of adventitial fibroblasts and myofibroblasts into the media and intima, which, in turn, promotes PA stiffening and vascular stenosis (46, 154) (Table 2). Similarly, neointimal formation via increased proliferation and migration of SMC from the media into the intimal regions of the arterial wall is likewise facilitated by MMP-regulated ECM degradation (52, 178) and promotes vascular stenosis and stiffening (178). Products of ECM proteolysis—the matrikines [recently reviewed in detail by Mutgan et al. (179)]—can, in turn, serve as pro-inflammatory mediators, which accentuate inflammation and may, as such, create another positive feedback loop (43). Furthermore, ECM degradation allows for circulating serum factors to enter the media and stimulate serine elastase production by SMCs (178). These serine elastases aid elastin degradation and the release of activated growth factors, such as fibroblast growth factor (FGF) and TGF-β that, in turn, increase collagen, fibronectin, and tenascin-C production by SMCs and fibroblasts (43)—again furthering PA stiffening (Table 2). In other cardiovascular diseases such as ischemic heart failure, immune cells like macrophages, lymphocytes, and mast cells secrete MMPs that remodel the vascular and cardiac ECM in response to mechanical stress (168). In arteriosclerosis, elevated levels of both MMP-2 and MMP-9 were associated with increased arterial stiffness and cardiovascular disease risk, which has been attributed to their ability to degrade the elastic laminae in arteries (180, 181). Accordingly, MMP-2 knockdown reduces arterial stiffening of carotid arteries in mice by decreasing elastin degradation in the tissue (182).

As such, activation of immune cells and inflammatory pathways, and arterial wall thickening and ECM remodeling may reciprocally stimulate each other. Targeting inflammatory processes in cardiovascular diseases, for example, aortic aneurysms, has shown beneficial effects on key mechanisms of ECM remodeling such as elastin degradation, MMP expression, and macrophage infiltration (183). As such, a better understanding of the specific players and molecular pathways involved in this mutual interaction may reveal novel and potentially personalized targets for future PH therapy.



Pulmonary arterial calcification and inflammation

Biologically induced mineralization is an integral part of human physiology and tissue homeostasis that involves extracellular and intracellular mechanisms to direct the nucleation, growth, and location of the deposited minerals. In disease conditions, these processes may become dysbalanced due to changes in the local or global calcium milieu, DNA damage, endoplasmic reticulum stress, oxidative stress, or metabolic disorders—i.e., processes that are frequently associated with inflammatory responses—and ultimately result in pathological tissue or blood vessel calcification (184, 185). Mechanistically, these factors lead to (or are accompanied by) phenotypic conversion of various cell types into osteoprogenitor cells via de novo or increased expression, respectively, of the potent transcription activator RUNX2, which triggers the expression of downstream calcification-promoting proteins such as alkaline phosphatase (186–188). In comparison to systemic arteries, vascular calcification of the PA is scarcely addressed, yet it is actually a common feature in patients with severe prolonged PH (189), advanced PH, and PH with chronic renal failure (190) or end-stage renal disease (191). In fact, detection of peripheral PA calcification by computed tomography (CT) (192) predicts long-term outcome in PH (193) and in patients with atrial septal defect and Eisenmenger’s syndrome (194).

In the context of PAH, a critical role in the regulation of PA calcification has been attributed to a microRNA-204-dependent upregulation of RUNX2 that, in turn, activates HIF-1α, leading to PA SMC hyperproliferation, resistance to apoptosis, and subsequent transdifferentiation into osteoblast-like cells (55). A second study reported that hypoxia-induced circular RNA CDR1 promotes osteogenic transdifferentiation of human PA SMCs by sponging microRNA-7-5p, and consequently upregulating its downstream targets calcium/calmodulin-dependent kinase II-delta (CAMK2D) and calponin 3 (CNN3) (195). Third, PA calcification has been linked to hypoxia, in that hypoxia decreases the expression of serine protease granzyme B stored in the granules of T lymphocytes and natural killer cells, which inhibits store-operated calcium channels (SOCCs) as the main source of calcium mineral by attenuating non-canonical Wnt signals in SMCs, thus increasing calcification of the PA (141). Independent of the underlying pathway, calcification ultimately increases vascular stiffness and reduces the compliance of the pulmonary arterial wall, which is a manifestation of poor prognosis in PH (21).

In the systemic vasculature, inflammatory signals—as seen in PH—have been shown to regulate vascular calcification processes. Specifically, TNF promotes osteogenic differentiation and calcification of bovine aortic SMCs by inducing the expression of osteoblast markers, such as osteoblast-specific factor 2 (Osf2), activator protein 1 (AP1), and cAMP-responsive element-binding protein (CREB) via activation of cAMP signaling (104). Likewise, treatment of aortic SMCs with IL-1β or IL-6 caused a dose-dependent increase in alkaline phosphatase activity and increased cell mineralization in vitro (196). Interestingly, expression of the inflammatory cytokines IL-6, TNF, and MCP-1 is epigenetically regulated in various tissues by bromodomain protein 4 (BRD4) (86), which modulates the chromatin landscape and activates gene expression by scaffolding transcription factors at gene promoters and/or superenhancers. Notably, BRD4 is upregulated in PA SMCs of PAH patients and in lungs or distal PAs of rat PH models, and is posttranscriptionally regulated by microRNA-204 (87), which is concomitantly involved in PA calcification (55), providing for an additional epigenetic link between inflammation and vascular calcification. More importantly, the RUNX2 gene promoter has been shown to be under direct control of BRD4 during osteoblast differentiation (197) as well as in cancer (198), suggesting that BRD4 may serve as a “master-regulator” of both inflammation and vascular calcification in parallel. In line with this notion, BRD4 inhibition attenuated pulmonary and coronary artery remodeling in experimental PH, and this protective effect was associated with reduced levels of IL-6 and MCP-1 (199, 200).

Although studies linking calcification and inflammation in PH are scarce, cytokines have been implicated in the regulation of calcification in the extra-pulmonary vasculature. Importantly, vascular calcification also seems to be closely interconnected with ECM remodeling and stiffening (201), as SMC mineralization directly correlates with the production of collagen I and fibronectin and elastin degradation, while the latter forms scaffolds for calcium incorporation (201–203). These findings suggest that upstream inflammation may also promote vascular calcification through ECM remodeling.



Pulmonary arterial endothelial-to-mesenchymal transition and inflammation

While our interrogation of vascular calcification processes has at large focused on SMCs, it is important to keep in mind that ECs are also involved. In various cardiovascular diseases, ECs lose their characteristic morphology and undergo a shift toward a mesenchymal phenotype (204), a process that is termed endothelial-to-mesenchymal transition (EndoMT) and that is notably modulated by inflammation. Specifically, inflammatory cytokines such as IL-1β or TNF have been shown to induce EndoMT in PA ECs. In turn, these EndoMT cells start to secrete inflammatory cytokines including IL-4, IL-6, IL-8, IL-13, and TNF at much higher concentrations as compared to normal PA ECs (205), thus establishing a potentially vicious feed-forward loop. In line with the notion of inflammation-driven EndoMT in PH, activation of the pro-inflammatory NF-κB signaling pathway in a mouse model of monocrotaline (MCT)-induced PH was found to upregulate miR-130a, which induced loss of bone morphogenetic protein receptor type 2 (BMPR2), increased expression of High Mobility Group AT-hook 1 (HMGA1), and ultimately EndoMT in lung microvascular ECs (206). It is important to highlight that although EndoMT has been extensively documented in pulmonary and systemic ECs exposed to inflammatory mediators in vitro, the extent and relevance of EndoMT in vivo in recent studies using lineage tracing technologies remains controversial: By use of double transgenic mice stably expressing green fluorescent protein (GFP) in all ECs, Suzuki and colleagues detected GFP in 14.3 ± 1.8% of mesenchymal (CD144-CD45-CD326-) cells, indicating substantial EndoMT (207). Similarly, endothelial lineage tracing using transgenic vascular endothelial-cadherin Cre recombinase or Tie-2 Cre mice intercrossed with mTomato/mGreen fluorescent protein double-fluorescent Cre reporter mice revealed abundant endothelial lineage-marked cells in the neointima where they expressed smooth muscle α-actin and smooth muscle myosin heavy chain following induction of PH by monocrotaline pyrrole (208). Yet, a recent lineage tracing study in chronic hypoxia and allergen-induced models of lung vascular remodeling showed retention of endothelial lineage-specific marker expression profiles without any indication of cell-type conversion (209). Notably, the recognition of limited or partial EndoMT does not necessarily conflict with its potential functional relevance in PA stiffening, but simply suggests that this relevance may potentially relate more to the release of proliferative, hypertrophic, and profibrotic signals—i.e., mediators of processes that will ultimately promote PA stiffness—by partial EndoMT cells rather than to the actual generation of significant mesenchymal cell mass via this mechanism. Indeed, a similar role is increasingly recognized for epithelial–mesenchymal transition in tissue fibrosis (210).

Over and above that, EndoMT may link inflammation to vascular calcification and, thus, PA stiffening in PH. Specifically, studies in aortic ECs show that inflammatory cytokines such as TNF and IL-1β modulate EndoMT and downregulate the expression of BMPR2 and JNK signaling, thereby sensitizing ECs for BMP9-induced osteogenic differentiation that culminates in mineralization (141). Similar regulatory mechanisms may drive PA EC calcification in different types of PH, and PAH patients with BMPR2 mutations or BMP signaling pathway impairments (104) would be expected to be specifically vulnerable in this scenario given the association of impaired BMPR2 signaling with EndoMT (211). Lineage tracing studies in the systemic circulation support a role for EndoMT in vascular calcification, showing, e.g., that a subset of endocardial cells can undergo endocardial-to-mesenchymal transition resulting in calcification of mouse and human cardiac valves (212) or that vascular ECs can transition into osteogenic cells (213), which can be prevented by inhibition of glycogen synthase kinase 3 (GSK3) (214). The role of EndoMT (or partial EndoMT) in vascular calcification in the pulmonary circulation and in the contact of PH has, however, so far not been addressed.



Potential clinical relevance

While current PH therapies (i.e., prostacyclins, phosphodiesterase inhibitors, calcium channel blockers, endothelin receptor antagonists, or soluble guanylate cyclase stimulators) focus primarily on alleviating vasoconstriction as a symptomatic approach (215), the long-term therapeutic goal is to shift towards targeting mechanisms of disease onset and progression, including vascular remodeling and inflammation (215). In this regard, targeting the immune–PA stiffening axis may present a particularly promising strategy in light of the predictive and pathomechanistic role of PA stiffening in PH, and the armamentarium of immunomodulatory therapies already in clinical use or in development. In the systemic circulation, anti-inflammatory therapies have shown promise to reduce arterial stiffening in inflammatory artheropathies such as rheumatoid or psoriatic arthritis (167). Specifically, TNF antagonists, such as adalimumab, etanercept, or infliximab, represent established anti-inflammatory therapies in (auto-)immune conditions (216) that have explicitly lowered aortic stiffness in patients with inflammatory artheropathies (107, 167).

As such, immunomodulatory treatments are increasingly considered as potential therapeutic strategies for the treatment of PH. Yet, despite promising findings in preclinical models (8, 146, 215, 217), results from clinical trials have so far shown only modest benefit (149, 218, 219), thus stressing the need for more personalized approaches. Given the discussed link between immune responses, ECM remodeling, and vascular calcification, PA stiffness may present a promising biomarker to identify and monitor patients who may profit from immunomodulatory therapies; yet, assessment of PA stiffness in clinical trials is presently rare. Preclinical models, however, highlight the potential promise of anti-inflammatory therapies to target PA stiffness: For example, inhibition of carbonic anhydrases by acetazolamide or ammonium chloride (NH4Cl) as a potential treatment for inflammation in PH was able to prevent SMC dedifferentiation and proliferation in a Sugen5416/hypoxia rat model (220). Other anti-inflammatory therapies, such as treatment with resveratrol, were similarly able to prevent PA remodeling and stiffening in chronic hypoxic rats (215), while inhibitors of the renin–angiotensin system such as captopril or losartan reduced the production of ECM components including interstitial collagen and the expression of MMP-2 and MMP-9 in PAH, thereby attenuating PA stiffening (215). Hence, targeting inflammation with a specific focus on PA stiffness may provide for a pathomechanism-based and individualized therapy to treat PH—a notion that should be considered and, ideally, may be tested in appropriate preclinical and clinical trials.
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Inflammation and a dysregulated immune system are common denominators of cancer and cardiovascular disease (CVD). Immuno-cardio-oncology addresses the interconnected immunological aspect in both cancer and CVD and the integration of immunotherapies and anti-inflammatory therapies in both distinct disease entities. Building on prominent examples of convergent inflammation (IL-1ß biology) and immune disbalance (CD20 cells) in cancer and CVD/heart failure, the review tackles both the roadblocks and opportunities of repurposed use of IL-1ß drugs and anti-CD20 antibodies in both fields, and discusses the use of advanced therapies e.g. chimeric antigen receptor (CAR) T cells, that can address the raising burden of both cancer and CVD. Finally, it is discussed how inspired by precision medicine in oncology, the use of biomarker-driven patient stratification is needed to better guide anti-inflammatory/immunomodulatory therapeutic interventions in cardiology.
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Introduction

Initially focused on the detrimental effects of cancer therapies on the cardiovascular system, the field of cardio-oncology has expanded, and further investigates the commonalities between cancer and CVD. In this regard, there is accumulating evidence that inflammation and a dysbalanced immune system are common triggers in the pathogenesis of cancer and CVD. This concept is covered in immuno-cardio-oncology, which beyond the use of immunotherapies or anti-inflammatory therapies to counteract cancer or cancer therapy-related side effects also addresses the interconnected immunological aspect in both cancer and CVD, and the hereto-related potential of integrating immunomodulatory strategies in both disease entities. Important in this context is the raising appreciation that cancer and CVD/heart failure interact in a bidirectional manner with low-grade inflammation as common trigger. Improved cancer prognosis and survival rate due to the success of recently implemented onco-therapies, allowed the awareness that among survivors, CVD is the leading cause of noncancer-related mortality (1). For lung cancer, it has been reported that 89% of the patients have an increased risk of developing atherosclerotic heart disease compared to those not afflicted with cancer (2, 3). In general, a low-grade chronic inflammation provoked by the release of pro-inflammatory cytokines (tumor necrosis factor-α, interleukin (IL)-1β, IL-6, and interferon-γ), chemokines, and soluble factors by the primary tumor cells and cells of the microenvironment into the bloodstream is suggested to stimulate CVD and heart failure (4). On the other hand, there is epidemiological evidence that CVD patients are more prone to develop cancer (5, 6), stating CVD as an oncogenic risk factor (7, 8). This is further supported by experimental findings illustrating that failing hearts stimulate tumor growth (9–12) (reverse cardio-oncology) independent of hemodynamic impairment (10), via epigenetically driving myeloid cells in hematopoietic reservoirs toward an immunosuppressive state and inducing monocytosis (9) and via the release of inflammation markers like the matricellular protein periostin (11). The relevance of secreted tumor-promoting factors is further corroborated by the observation that heart failure and inflammation markers are associated with new onset cancer incidence among participants with heart failure (10). This bidirectional interaction of cancer and CVD with inflammation and a dysregulated immune system as common denominators offer the opportunity to transfer knowledge, technologies and concepts from the haema-/oncology field to the cardiovascular field and vice versa. It further opens avenues to accelerate the repurposed use of approved anti-inflammatory and immunomodulatory therapies, including advanced therapies e.g. chimeric antigen receptor (CAR) T cells, that can treat both disease entities (13).

With the activation of IL-1ß signaling and dysregulation of CD20 B immune cells being prominent examples illustrating the common involvement of inflammation and a dysregulated immune balance in cancer and CVD, this minireview addresses how further inspired by the CANTOS trial, anti-IL-1ß drugs are beyond CVD and heart failure, evaluated in cancer, and how vice versa the anti-CD20 monoclonal antibody (rituximab), the first therapeutic antibody approved for oncology patients, is evaluated in the context of CVD and heart failure. Next, the repurposed use of advanced therapies is discussed, to finally comment the roadblocks and challenges for anti-IL-1ß and anti-CD20 repurposed strategies in cancer and CVD, and the lessons learned for improved therapies, including the relevance of biomarker-driven stratification and treatment of patients.



Convergence of inflammation and immune cell disbalance in CVD, heart failure and cancer and repurposed therapies


IL-1ß biology and anti-Il-1ß therapies

The landmark CANTOS (Canakinumab Anti-Inflammatory Thrombosis Outcome Study) trial (14), the largest cytokine inhibition trial ever completed, providing compelling proof for the inflammatory hypothesis in atherothrombosis, further evidenced that inflammation is an important trigger and valuable target in both CVD and cancer. Along with the primary observation that rates of cardiovascular events were lower in canakinumab-treated patients compared to the placebo group, further investigations revealed that IL-1ß antagonism reduced the incidence of lung cancer and cancer-related mortality (15), accentuating convergence in IL-1ß biology in CVD and cancer. Canakinumab treatment did not alter all-cause mortality, which was due to offsetting effects of reduced cancer mortality but increased fatal infections. Finally, the outcome of CANTOS was FDA rejection and European license withdrawal. The full reasons for the rejection have not been disclosed by Novartis, which do not further pursue canakinumab for cardiovascular indications, but test now its anti-cancer potential in patients with no-small-cell lung cancer (16). The high pricing of canakinumab (ca. 200,000 €/year in the United States), further favors its use for (no-small-cell lung) cancer rather than for a common indication as a secondary prevention following myocardial infarction (MI) (17).

IL-1ß is generated by the Nod-like receptor protein 3 (NLRP3) inflammasome, a multiprotein complex, part of the innate immunity, which gets activated following dangerous associated molecular patterns, like the alarmins S100A8 and S100A9 (18, 19), tobacco (20) and cholesterol crystals (21), as well as by pathogen associated molecular patterns (PAMPs), like coxsackievirus B3 (22, 23) and human papillomavirus (24), covering a broad spectrum of triggers present in or provoking both CVD/heart failure and cancer (25). Oxidized LDL and cholesterol crystals are DAMPs which activate the NLRP3 inflammasome and lead to IL-1ß secretion. IL-1ß subsequently drives atherogenesis at different stages. It increases the adhesion and homing of pro-inflammatory monocytes as well as the expression of matrix metalloproteinases, the latter boosting plaque rupture (21). IL-1ß release following MI leads to myelopoiesis and splenic monocytosis (26). Hereby, it triggers the homing and infiltration of monocytes to the atherosclerotic plaque, supporting the so called “cardiovascular continuum” and begetting subsequent MI (27). The CANTOS study was built on this concept and the hypothesis that anti-IL-1ß antagonism could blunt the recurrence of cardiovascular events. Beyond atherosclerosis and ischemic heart disease, the NLRP3 inflammasome and downstream cytokines IL-1ß, IL-18, to IL-6 play a key pathogenic role in non-ischemic, inflammatory heart disease [myocarditis (22, 28–30), pericarditis (31)] and the progression to heart failure (32, 33).

Evidence states that polymorphisms in the NLRP3 inflammasome gene are linked with CVD and cancer development (25). Clonal hematopoiesis, the occurrence of recurrent somatic mutations in leukemia-associated genes, most commonly in DNMT3A, TET2, and ASXL1, promoting expansion of clonal populations of hematopoietic stem or progenitor cells, is associated with hematologic malignancies like acute leukemia and can also occur in the absence of overt hematologic transformation. In fact, the latter, so called clonal hematopoiesis with intermediate potential (CHIP), contributes causally to the development of CVD and doubles the risk for CVD, whereas clonal hematopoiesis only accounts for 0.5% of hematologic cancers (34, 35). Intriguingly, loss of the TET2 gene in hematopoietic cells, encoding an epigenetic regulatory protein involved in DNA methylation, accelerates atherogenesis involving increased NLRP3-mediated IL-1ß signaling (36). In addition, an explorative study demonstrated that presence of CHIP variant TET2 clones may predispose patients to improved outcomes with targeted anti-IL-1ß therapy (37). Clonal hematopoiesis is an age-dependent risk factor for leukemia and CVD and can occur without candidate driver mutations (38). It is further common in patients with non-hematologic cancers following radiation or chemotherapy where it is associated with an increased risk of hematologic cancers and adverse clinical outcome (39).

In cancer, NLRP3 and IL-1ß drive cancer progression by different means, involving promotion of tumorigenesis, angiogenesis, immunosuppression, and metastasis (40). NLRP3, IL-1ß and downstream IL-6 are further activated following cancer therapies including doxorubicin (41–44), tumor cell-targeting CAR T cells (45, 46) and immune checkpoint inhibitors (47, 48), contributing to the cytokine release syndrome and cardiac toxicity. The relevance of NLRP3 and IL-1ß in cancer progression and cancer therapy-related (cardiac) detrimental effects form the rationale of several clinical trials currently investigating the efficacy of anti-IL-1ß drugs, mainly the IL-1ß antagonist canakinumab and the natural anti-ILR antagonist, anakinra, as anti-cancer therapy alone, or in combination with CAR T cells or the checkpoint inhibitors anti-PD1 or anti-PDL1 (40). Clinical trials directed to investigate the anti-cancer effect of specific NLRP3 inflammasome inhibitors which either target components of its canonical signaling pathway or are specific to the NLRP3 protein, have not been performed so far (49). This might be explained by the complexicity of NLRP3 in cancer and stresses the need for further preclinical studies. Indeed, beyond tumorigenic effects, also anti-tumorigenic effects of the NLRP3 inflammasome have been reported depending on the type of cancer (49). This involves among others the NLRP3-mediated release of IL-18 and subsequent promotion of natural killer cell tumoricidal activity (50, 51). The tumor-suppressive function of the NLRP3 inflammasome has mostly been demonstrated for colon cancer where its preventive role is achieved by tumor immunosurveillance, maintaining epithelial integrity, producing mucus and suppressing the proliferation of intestinal epithelial cells (52). It is the result of cell type-specific responses, which altogether determine the propensity for tumorigenesis in colon cancer (53). Several single-nucleotide polymorphisms in the NLRP3 region associated with hypoproduction of IL-1β and decreased NLRP3 expression are associated with susceptibility to Crohn’s disease (54), which is a strong risk factor for colon cancer. In addition, individuals with polymorphisms in NLRP3, and caspase 1 have a greater risk of gastric cancer when they are infected with Helicobacter pylori, displaying the interplay between genetic and environmental factors in tumorigenesis (55). Further evidence from cancers with virus-triggered etiology and inflammasome genetics in susceptibility to cancer development suggests that the NLRP3 inflammasome may have a protective role in virus-associated cancers (24, 56). Though, further investigations are needed to solidate this hypothesis. A dysregulated inflammasome signaling and dysbiosis both affect intestinal inflammation and cancer development, accentuating that in addition to genetic factors, environmental factors such as diet influence the ecology of the gut microbiota, inflammasome activation, and cancer (52).

Related to heart failure, a phase 1B trial with the specific NLRP3 inhibitor dapansutrile (OLT1177) has been completed in patients with stable systolic heart failure (https://clinicaltrials.gov/ct2/show/NCT03534297, accessed October 2021). The non-specific NLRP3 inhibitor, colchicine, a microtubule destabilizer traditionally used for the treatment and prevention of gouty arthritis, has been shown to exert anticancer effects in vitro and in animal models. In addition, colchicine decreased the risk of incident all-cause cancers in male patients with gout (57). A pilot trial of colchicine in urothelial cancer and other solid tumors is ongoing (NCT05279690). Colchicine is also first-line therapy for first and recurrent pericarditis. Its cardiobeneficial effect is and has been explored in different clinical trials ranging from acute MI (58) over stable coronary artery disease (59) to stable systolic heart failure (60). The benefit of colchicine in community-treated patients with PCR-proven COVID-19 advocates its use in those at risk of complications like myocarditis (61). Three clinically approved biologics for blocking IL-1, of which none of the 3 have an indication for CVD at the present time: canakinumab, anakinra, and the soluble chimeric Fc fusion protein of IL-1R1 and IL-1R3, rilonacept, have been and are currently under evaluation in trials over the wide range of CVD. The IL-6 (with IL-6 being downstream IL-1) antagonist, tocilizumab, which blocks soluble and membrane‐bound IL‐6R, exerts beneficial effects in a high‐risk population (rheumatoid arthritis patients), even as it increases total cholesterol and low‐density lipoprotein levels (62). Its potential has also been demonstrated for refractory severe immune checkpoint inhibitor associated myocarditis (63). Reduction in biomarkers of inflammation and thrombosis relevant to atherosclerosis has been shown in individuals with chronic kidney disease and elevated levels of C-reactive protein, following treatment with the novel IL-6 ligand inhibitor, ziltivekimab (64). The NLRP3 inflammasome activator, S100A9 has been identified as a promising biomarker and therapeutic target for different cancers (19, 65, 66) as well as for MI (67) and myocarditis (18, 68), accentuating the relevance of evaluating the potential of anti-S100A9 compounds in clinical studies of cancer (19) and heart failure (69).



CD20 B cells and anti-CD20 therapies

The chimeric mouse/human CD20-targeting monoclonal antibody (mAb) rituximab (RTX), the first therapeutic antibody approved for oncology patients, has since its initial approval in 1997, improved the prognosis of various B cell malignancies (70). About one million patients worldwide are given anti-CD0 antibodies such as RTX for the treatment of B cell-associated diseases. In clinical practice, CD20 depleting agents are not only approved for B cell-related cancers, but also increasingly used on- and off-label for autoimmune diseases, such as rheumatoid arthritis, multiple sclerosis and systemic lupus erythematosus (71). Though, RTX in patients with hematological cancers and autoimmune disease has been associated with both atrial and ventricular arrhythmias (72) and acute myocardial ischaemia (73). Its use in CVD is untested and currently contraindicated.

The transmembrane phospholipid protein CD20, which appears on surface in the physiological maturation from pre-B to mature B lymphocytes, is also expressed on B cell-derived malignancies. Anti-CD20 mAb acts by depleting normal and malignant B cells. Anti-tumor activity of anti-CD20 has been attributed to 4 main mechanisms: antibody-dependent cellular toxicity, complement-dependent cytotoxicity, antibody-dependent phagocytosis, and FcR-dependent mechanisms. Though, despite two decades of clinical use, there is still incomplete understanding of the mechanisms behind RTX efficacy, and the biological function of CD20. Part of the complexity is the importance of the cellular microenvironment and circulatory dynamics of B cells in the efficiency of CD20 mAb-directed therapies (74). In non-B cell derived cancers, presence of CD20+ B cells in tertiary lymphoid structures around tumors is predictive of improved cancer outcome and response to checkpoint blockade (75, 76). It is suggested that the B cells might contribute to the anti-tumor response by producing antibodies against the tumors (76), or they express regulatory potency, but further studies are needed to understand the specific anti-tumor mechanism. Nevertheless, this finding addresses the dichotomous role of CD20+ B cells depending of the microenvironment and immune context, accentuating the complexity of translating CD20+ immunotherapies in cancer.

Beyond their role in cancer, there is accumulated evidence that B cells, both directly (by differentiating into plasma cells and secreting antibodies) and indirectly (by antigen presentation and cytokines/chemokines secretion), play an essential role in the progression of atherosclerosis and heart failure (77–79). Several subsets of B cells exist which differentially affect atherosclerosis (80). B1 (B1a and B1b) cells are considered atheroprotective via their release of primarily IgM natural antibodies against oxidation-specific epitopes that block the uptake of oxidized LDL by macrophages, preventing foam cell formation and facilitating the clearance of apoptotic cells (81, 82). In contrast, B2 cells (marginal zone and follicular B cells) are proatherogenic via the release of proatherogenic (auto)antibodies (79, 83). B regulatory cells have been reported to protect against atherosclerosis via inducing immunosuppressive T regulatory cells (84), but their importance remains controversial (85). Innate response activator B cells exert proatherogeneic effects by promoting myeloid activation (80, 86). In mice, CD20-mediated B cell depletion affects predominantly B2 cells, while B1 cells are relatively maintained (87), and is atheroprotective (79, 83). In patients, RTX-treatment has been associated with reduced endothelial dysfunction (88), decreased intima-media thickness (89) and lower arterial stiffness (90).

In the heart, anti-cardiac autoantibodies contribute directly to cardiac injury by functional or cytotoxic effects following target cell binding as well as indirectly by the formation of antigen-antibody complexes and related complement activation and inflammation [for review (77)]. Experimental evidence illustrates the involvement of mature B lymphocytes in the mobilization of inflammatory monocytes into the heart after acute MI in mice, leading to increased infarct size and deterioration of cardiac function (78). In frame with the shown protective effect of RTX in this experimental acute MI setting, an early phase experimental medicine trial, recently demonstrated safety and feasibility of a single infusion of RTX given acutely in patients with ST-elevation MI (STEMI) (91) i.e. targeting the initial inflammatory phase of damage seen in acute MI. In patients with dilated cardiomyopathy, the frequency of TNF-α-secreting B cells is increased and positively correlates with procollagen type III (92). In chronic states, RTX has been successfully applied in a case series of patients with inflammatory cardiomyopathy (93), and improved survival in cardiac allograft patients with antibody-mediated rejection (94). Though, accelerated allograft vasculopathy with RTX after cardiac transplantation has also been demonstrated (95). Safety of RTX is currently evaluated in a phase II, single-centered, single group, prospective clinical trial in stable patients with functional class III/IV according to the NYHA classification with HFrEF with an inadequate response to treatment (96).




(Repurposed) use of advanced therapies

CAR T cell therapy has achieved durable clinical responses in patients with CD19-expressing refractory and relapsed B cell malignancies and CD269 (B-cell maturation antigen (BCMA))-expressing multiple myeloma cells and is increasingly investigated as a therapeutic option of other malignancies (97). Despite their clinical success, the use of CAR T cells can result in significant toxicities that are directly associated with the induction of powerful immune effector responses. This includes the induction of a potentially life-threatening cytokine release syndrome, which can lead to cardiovascular manifestations as tachycardia, hypotension, reduced ejection fraction and cardiogenic shock. Pretreatment with anti-inflammatory drugs, like anti-IL-6R mAb, new gene-editing technologies of ex vivo CAR T cell generation decreases this risk. In addition, next-generation of designed bispecific CD3-engager antibodies, targeting endogenous T cells to a defined target cell with high efficiency but limited side effects (98) opens new opportunities to use in cancer and non-cancer diseases without enhanced risk of CVD or even to treat CVD/heart failure by immune targeting (99).

Intriguingly, cardiac fibroblasts are the main source of NLRP3 inflammasome activity in the heart (100), whereas the NLRP3 inflammasome in cancer-associated fibroblasts links tissue damage with inflammation in breast cancer progression and metastasis (101). The raising relevance of fibroblasts as inflammatory supporter cells, together with their well-recognized importance as extracellular matrix-producing cells in both heart failure and cancer (102), identify fibroblasts as potential novel target cell in advanced therapies counteracting heart failure and cancer. Therefore, selective targeting “inflamed” fibroblasts would be a major breakthrough. Very recently, Rurik et al. designed a highly innovative immunotherapy strategy to generate transient CAR T cells that can recognize the fibrotic cells in the heart by in vivo RNA-delivery technology. Analysis of a mouse model of heart failure revealed that the approach was very successful in reducing fibrosis and restoring cardiac function (103).



Lessons from and opportunities for repurposed use of anti-IL-1ß and anti-CD20 therapies

Lessons from NLRP3/IL-1ß and CD20 cells in cancer and CVD indicate their complexity in the pathogenesis of both separate disease entities. Their contribution to the pathogenesis is time- and context-dependent, depending on the microenvironment and immune contexture, and for NLRP3/IL-1ß may even be cell-dependent. The dichotomous response of IL-1ß and CD20 cells on cancer and CVD/heart failure addresses the difficulty of immunotherapies within each field and of translating immunotherapies from one field to the other. On the other hand, findings from the CANTOS study illustrating how IL-1ß antagonism may reduce cardiovascular events and the incidence of lung cancer underscore the possibility of killing two birds with one stone. Though, further studies are needed to clarify whether, based on the current knowledge related to the involvement of the NLRP3 inflammasome in cancer progression and cancer-therapy (doxorubicin, CAR T cells, checkpoint inhibitors,…)-related cardiac toxicity and side effects, this statement also accounts for anti-IL-1ß drugs as combination therapy with an anti-cancer treatment. The double anticancer and cardioprotective effect of anti-IL-1ß drugs let raise the hypothesis that combination of an anti-IL1ß drug with an anti-cancer therapy will allow to decrease the dose of the primary anti-cancer drug and herewith related deleterious effects. Therefore, further preclinical investigations are needed evaluating both the anti-cancer effect and the cardioprotective potential of the adjuvant anti-IL-1ß drug via the use of translational models, i.e. tumor-bearing mice treated with the anti-cancer drug. A large limitation of studies exploring the protective effect of anti-IL-1ß on doxorubicin-induced cardiotoxicity so far was that mainly non-tumor bearing mice were used, lacking the contribution of the tumor-associated inflammation on cardiac dysfunction. Furthermore, many studies were/are often directed at exploring only one of both aspects, be it the oncologist investigating the anti-cancer aspect and the cardiologist evaluating the cardioprotective effect of the drug, underscoring the necessity of interdisciplinary investigations.



Biomarker-driven stratification

Learning from precision medicine in oncology and the disappointing results from past clinical trials with anti-inflammatory therapies in CVD and heart failure reflecting the diversity of inflammation in those patients (69), has led to the recognition of the need for patient stratification to better guide anti-inflammatory/immunomodulatory therapeutic interventions in the cardiology field (104). In fact, the outcome of the CANTOS trial (14), is partly built on the specific inclusion of post-MI patients with a residual inflammatory risk mirrored by high sensitive C-reactive protein levels, reflecting high IL-1ß levels (105), and their hereto treatment with the IL-1ß antibody canakinumab. Another example illustrating the power of biomarker-driven therapies, here the treatment of patients with a specific immune profile with a hereto-connected immune cell-targeted strategy, follows from virus-negative inflammatory cardiomyopathy patients with endomyocardial biopsies positive for CD20-positive B cells. Evidence from a case series illustrated that the clinical course of those patients, refractory to a classical immunosuppressive therapy with prednisolone and azathioprine, improved following repurposed treatment with the anti-cancer drug RTX (93).

Despite the ability to identify and quantify specific immune cell subsets in endomyocardial biopsies of patients with suspected myocarditis/inflammatory cardiomyopathy, aetiology-specific therapies for myocarditis/inflammatory cardiomyopathy are still in their infancy (106, 107). This might be partly explained by the tools used to diagnose myocarditis/inflammatory cardiomyopathy, which is – following the ESC guidelines – based on the quantification of CD3 and CD68/Mac-1 infiltrating cells in endomyocardial biopsies via immunohistochemistry (≥ 14 leukocytes/mm2 including up to 4 monocytes/mm2 with the presence of CD3 positive T-lymphocytes ≥ 7 cells/mm2) (108). This classical diagnostic work-up does not differentiate between T cell subsets (e.g. Treg/Teff), nor between pro- and inflammatory monocytes. This calls for a further defined and standardized evaluation of immune cells subtypes, gene expression profiles, or imaging to better mirror the cardiac immune homeostasis in those patients, allowing better patient stratification and differentiation of the stage in the pathogenesis. In this regard it is important to address that immune signatures (109) or ratios (Treg/Teff; pro-/anti-inflammatory monocytes) better reflect the immune status, not being restricted to only one specific marker or target, which due to redundancy of inflammation may be compensated via other inflammatory signaling pathways. Novel technologies initially used in the (immuno)-oncology field, including single cell (nucleus) sequencing, multiplex immunofluorescence, and mass cytometry may here be of value to close the current gaps related to the diagnosis of myocarditis based on immunohistochemistry. This does not imply their integration per se in daily diagnostic procedures. Though, screening of clinical samples via those state-of-the art techniques may identify novel diagnostic targets, which may then be integrated in routine diagnostic procedures.



Conclusion

Deeper understanding of the interaction between inflammation, cancer, CVD/heart failure – addressed in immuno-cardio-oncology – opens new options for preventing negative effects of cancer and cancer therapies on the heart on the one hand and for repurposing novel targeted therapeutic options and concepts from the cancer field for treating CVD (or vice versa) on the other hand (Figure 1). Hereto, further investigations are needed to disentangle context- and tissue-specific inflammation among the diversity of cancer types and CVD/heart failure.




Figure 1 | Immuno-cardio-oncology – anti-inflammatory and immunomodulatory strategies in CVD/heart failure and cancer. Inflammation and a dysbalanced immune system, provoked by risk factors such as smoking, age, diabetes mellitus and obesity, are common triggers in the pathogenesis of cancer and CVD/heart failure. Anti-cancer therapies comprise strategies directed to activate the immune response e.g. checkpoint inhibitors, to deplete tumor cells (anti-CD20, CAR T cells, CD3 engager), and cytostatic drugs e.g. doxorubicin, of which checkpoint inhibitors, CAR T cells and doxorubicin provoke cardiac inflammation. In contrast, immunosuppressive therapies like corticosteroids and B7-antagonists are used for the treatment of CVD and heart failure. Repurposed (immune) cell depletion strategies (anti-CD20, CD19 antibodies, CAR T cells, CD3 engager) have entered the cardiology field. Anti-inflammatory therapies (e.g. anti-IL-1ß drugs) are under investigation for the treatment of cancer, cancer therapy-related inflammation and CVD/heart failure.
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The circadian clock is closely associated with inflammatory reactions. Increased inflammatory cytokine levels have been detected in the airways of nocturnal asthma. However, the mechanisms that contribute to the nocturnal increase in inflammatory responses and the relationship with circadian clock remain unknown.


Methods

Inflammatory cytokine levels were measured in asthma patients with and without nocturnal symptoms. Allergic airway disease was induced in mice by ovalbumin (OVA), and different periods of light/dark cycles were used to induce circadian rhythm disorders. Serum shock was used to stimulate the rhythmic expression in human bronchial epidermal cells (16HBE). The expression and oscillation of circadian clock genes and inflammatory cytokines in 16HBE cells subjected to brain and muscle ARNT-like protein-1 (BMAL1) and Forkhead Box A2 (FOXA2) knockdown and treatment with a FOXA2 overexpression plasmid were assessed.



Results

Serum IL-6 was found to be significantly higher in asthmatic patients with nocturnal symptoms than those without nocturnal symptoms. The OVA-induced asthma model with a circadian rhythm disorder and 16HBE cells treated with serum shock showed an increase in IL-6 levels and a negative correlation with BMAL1 and FOXA2. The knockdown of BMAL1 resulted in a lower correlation between IL-6 and other rhythm clock genes. Furthermore, knockdown of the BMAL1 and FOXA2 in 16HBE cells reduced the expression and rhythmic fluctuations of IL-6.



Conclusions

Our findings suggest that there are increased IL-6 levels in nocturnal asthma resulting from inhibition of the BMAL1/FOXA2 signalling pathway in airway epithelial cells.
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Introduction

Asthma is a heterogeneous disease of the airways involving a variety of cells and cellular components. Its clinical presentation includes recurrent wheezing, shortness of breath, chest tightness, coughs that vary over time and in intensity, and variable airflow limitations (1). One asthma symptom that worsens at night is nocturnal asthma, which affects nearly 30–70% of patients (2, 3). Nocturnal asthma also appears to be associated with an increased risk of mortality as 50–68% of asthma-related deaths and respiratory arrest occurred at night (4, 5). Previous studies have demonstrated a circadian variation in the fractional exhaled nitric oxide (FeNO) and lung function in nocturnal asthma (6–8), which may be triggered by inflammations in the airways at night. FeNO has emerged as an important biomarker of T helper 2 (Th2)-mediated airway inflammation in asthma (9). Nocturnal asthma is therefore associated with a significant increase in airway inflammation at night.

The circadian clock (approximately 24 h) is a collection of intrinsic, endogenous physiological oscillators that are found in almost all lung tissue cells (10). The circadian clock system plays a crucial role in the regulation of nearly all physiological activities. Disordered circadian rhythms therefore have severe consequences on human health. The disruption of circadian clock machinery leads to the dysregulation of the inflammatory response (11). Night shift workers with disrupted circadian rhythms eventually experience autoimmunity (a mistimed rise in IL-6), which compromises host defence mechanisms (12). The genes involved in circadian rhythms include period (PER1-2), cryptochrome (CRY1-2), nuclear receptor subfamily 1, group D, member 1 (NR1D1), CLOCK, and BMAL1. Mice lacking BMAL1 gene expression in myeloid cells have been found to exhibit markedly increased inflammation when challenged with OVA (13). An improved understanding of the correlation between circadian and inflammatory cytokines may therefore allow for strategies to be devised for the prevention, treatment, and recovery from asthma.

In this study, we detected inflammatory cytokines in asthma patients with and without nocturnal symptoms and found that inflammatory factors, such as IL-6, were increased in the peripheral blood of patients with nocturnal asthma. We further explored the relationship between circadian clock genes and inflammatory cytokines in a disordered circadian rhythm using OVA-challenged mice and cellular serum shock models. In addition, we discovered a negative regulatory effect of FOXA2 on IL-6 and determined that FOXA2 is involved in the circadian clock genes that co-regulate the rhythmic fluctuations of IL-6.



Materials and methods


Human samples

This study was approved by the Ethics Committee of the Affiliated Hospital of Nanjing University of Chinese Medicine (approval number 2019NL-024-02). All patients provided informed consent.

We retrospectively analysed the medical records of patients with asthma who were admitted to the Affiliated Hospital of Nanjing University of Chinese Medicine (Nanjing, Jiangsu, China) from November 2019 to December 2021. The inclusion criteria for patients with asthma included a clinical diagnosis of asthma according to the Global Initiative for Asthma Guidelines (2021) (14).

Patients with combined serious primary diseases or missing data were excluded from the analysis. The data that were assessed included baseline clinical data, pulmonary function tests, comorbidities, immunoglobulin E (IgE), routine blood tests, blood biochemistry, and cytokine measurements. Treatment decisions were made by the designated physician throughout the study period and were not influenced by the protocol for the study.

Nocturnal asthma, which is defined by symptoms that include coughing, wheezing, and dyspnoea, worsens at night and disturbs sleep (15). Blood samples from all patients were therefore collected in the morning between 4–5 A.M. Blood was collected from asthma patients with nocturnal symptoms on the days of attacks. Serum samples were frozen and stored at –80 °C.



Animals

All of the protocols involving animal use were approved by the Animal Ethics Committee of the Affiliated Hospital of Nanjing University of Traditional Chinese Medicine (NO:2021 DW-07-02). Thirty-six BALB/c mice (female, 18-22g, aged 6–8 weeks, Laboratory Animal Center of Jiangsu Academy of Traditional Chinese Medicine) were acclimatised in a specific pathogen-free room (temperature: 22°C ± 2°C, humidity: 55% ± 5%) with free access to food (irradiation feed) and water (sterilized). The animal experiments were performed in compliance with the ARRIVE guidelines.



OVA-induced mouse asthma model

The OVA-induced asthma model was established based on a previously described method (16). In brief, all mice were randomly assigned into two groups (control group n=6; asthma group, n=30). mice received intraperitoneal (i.p.) administrations of 100 µg of OVA complexed with 20 µg of alum (Sigma-Aldrich, St Louis, US) or saline on days 0 and 14. The mice were further challenged with 1 mg of OVA or saline intranasally (i.n.) on days 14, 25, 26, and 27 (Figure S1).



Circadian rhythm disorder mouse model

The circadian rhythm disorder mouse model used in this study was performed as previously described in other studies (17–19). On day 14 of asthma model construction, asthma group mice were randomly separated into five cohorts after sensitisation and challenge, with six mice per group. The control group (N) and normal asthma group (A) were housed with 12 h dark/12 h light (DL12) cycles. The mice from the other asthma group were individually housed with 3.5 h dark/3.5 h light (DL3.5) cycles, 24 h dark/24 h light (DL24) cycles, all-day darkness (DD), and all-daylight (LL) until day 28. Darkness began at 6:00 p.m. Lavage fluid, sera, and lung tissue were collected at 6:00 p.m. on day 28 (Figure S1).



Lung tissue analysis

Mice were anesthetised with pentobarbital (50 mg/kg). Blood plasma was collected by the abdominal aortic method. The cervical muscles and blood vessels were bluntly separated. The trachaeas were exposed by surgically opening the neck regions with minimum incisions. The lungs were lavaged using a trachaeal tube with 500 μL of chilled phosphate buffered saline (Servicebio, Wuhan, China) and a syringe while gently massaging the lung area to ensure adequate rinsing. This procedure was repeated three times. The collected bronchoalveolar lavage fluid (BALF) was immediately centrifuged at 500×g for 5 min at 4°C. The supernatant was stored at 4°C for further analysis. Flow cytometry was used to analyse the different cell types in the BALF (20). After collecting the BALF, the thoracic cavities of the mice were cut open. The inferior lobes of the left lungs in each group were removed and fixed in 4% paraformaldehyde aqueous solution (Servicebio) for the immunohistochemistry and haematoxylin-eosin (HE) staining procedures. The right lungs were immediately snap-frozen in liquid nitrogen and stored at –80°C until the total RNA and protein extractions for real-time quantitative polymerase chain reaction (RT-qPCR) and Western blot could occur.



Cell culture

Human bronchial epithelial cells (16HBE) and human embryonic kidney cells (293T) were obtained from the cell bank of the Chinese Academy of Sciences (Shanghai, China). 16HBE cells were cultured with RPMI 1640 media (Gibco, New York, USA) and 293T cells cultured with Dulbeccos’s modified Eagle’s medium (DMEM; Gibco), both containing 10% foetal bovine serum (FBS; Evergreen, Hangzhou, China), 100 mg/L penicillin, and 100 mg/L streptomycin (Gibco) in a 5% CO2 incubator at 37°C. When cells grew to 70%-80% confluence, they were passaged using trypsin-ethylenediaminetetraacetic acid (Gibco).



Serum shock

Serum shock-induced synchronisation was performed based on a previously described method (21, 22). In brief, 16HBE cells were seeded in medium plates with 1×106 cells/plate and cultured in serum-free RPMI 1640 medium (Biological Industries, Haemek, Israel) for 24 h prior to the experiments. On the day of the experiments, the culture media were replaced with RPMI 1640 medium containing 50% horse serum (Yuanye, Shanghai, China) for 2 h. The media were then replaced with serum-free RPMI 1640. The cells were harvested and assayed at different time points (0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, and 44 h) following serum shock and labelled as ZT0–ZT44, respectively.



Cell transfection

The 16HBE cells were seeded in 6-well plates. Follow-up experiments were performed when cell confluence reached 80%. Silent shRNAs (Hanbio, Shanghai, China) were transfected using the LipoFiter transfection reagent (Hanbio) in serum-free media. The cells were then transferred to 10% FBS-containing RPMI 1640 medium 6 h after transfection. After culturing for another 24 h, the positive populations were selected using Blasticidin S (Beyotime, Shanghai, China). The target sequences of the shRNAs have been listed in Table S1. The FOXA2 overexpression plasmid was purchased from iGene Biotechnology Co., Ltd. The 16HBE cells were transfected with the plasmid using Lipofectamine 8000 (Beyotime) according to the manufacturer’s instructions. Twenty-four hours after transfection, the medium was replaced with RPMI 1640 medium containing 10% FBS, and the cells were cultured for another 24 h. Gene silencing and overexpression were tested at the mRNA and protein levels.



ELISA

The human and mice blood samples were collected and centrifuged at 3000 rpm for 10 min at 4°C to obtain serum samples. The culture supernatant was harvested after serum shock at different time points. After centrifugation, the supernatant was taken and stored at –80°C. The serum levels of OVA-IgE were measured using an anti-OVA IgE ELISA kit (Cayman, Michigan, US). Interferon-α (INF-α), IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IL-13, IL-17, IL-1β, and tumour necrosis factor (TNF)-α were quantified using ELISA kits (Multi Sciences, Hangzhou, China) following the manufacturer’s instructions.



Immunohistochemistry

The mouse lung specimens were dehydrated, embedded in paraffin, and cut into 4-µm-thick sections. After deparaffinisation and rehydration, the sections were incubated with 3% hydrogen peroxide for 10 min to inactivate the endogenous peroxidase activity. After antigen retrieval, membrane permeabilisation was induced using 0.1% Triton X-100 in PBS for 20 min. The sections were blocked with 10% goat serum for 1 h. The slides were then incubated over night at 4°C with the primary antibodies (BMAL1, 1:200, Proteintech, 14268-1 and IL-6, 1:200, Affinity, DF6087). The secondary antibody consisting of HPR-labelled goat anti-rabbit IgG (1:200, Proteintech, S0001) was added and incubated for 1 h. Proteins were visualised with DAB (brown). Nuclei were counterstained with haematoxylin (blue).



Hematoxylin-eosin staining

The dewaxing and antigen retrieval steps were the same as those used for immunohistochemistry. First, the sections were stained with haematoxylin solution for 5 min and rinsed with tap water for 5 min. The sections were then differentiated in 1% acid alcohol for 30 s and washed again with tap water. In the bluing step, the sections were immersed in saturated lithium carbonate solution for 1 min and rinsed with tap water. Finally, the sections were counterstained with eosin Y solution for 3 min.



Western blot

The lung tissues were cut into small pieces. An appropriate amount of RIPA lysis buffer (Beyotime) containing a protease and phosphatase inhibitor mixture (Bimake, Houston, TX, US) and grinding steel balls were added and placed in a grinder to produce the homogenate. The homogenate was centrifuged at 12000× g for 20 min at 4°C. Supernatants were obtained after centrifugation. Protein concentrations were measured using the BCA protein detection kit (Beyotime). The whole cell lysates were added to a sodium dodecyl sulfate loading buffer, boiled for 10 min, and stored at –80°C. The proteins were isolated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to PVDF membranes using a membrane transfer apparatus. The membranes were blocked with 5% skimmed milk at room temperature. The corresponding primary antibodies (BMAL1, 1:1000, proteintech, 14268-1; IL-6, 1:1000, affinity, DF6087; FOXA2, 1:1000, abcam-ab108422) were then added. The membranes were incubated overnight at 4°C. After washing with Tris-buffered saline with 0.1% Tween® 20 Detergent (TBST) on the second day, the corresponding HRP-labelled goat anti-rabbit IgG antibody (1:5000, Proteintech, S0001) was added and incubated for 2 h. Finally, the protein bands were visualised following colouration with an enhanced chemiluminescence (ECL) reagent. Using GAPDH as the internal reference, the grey values of the target protein bands and the ratio of the grey values to the internal reference protein were analysed using ImageJ software.



Quantitative reverse transcription PCR

Partial lung lobes of mice and 16HBE cells were collected, and total RNA was extracted using an RNA Extraction Kit (Vazyme, Nanjing, China). cDNA was synthesised using a reverse transcription kit and stored at –20°C. The primer sequences for each gene have been listed in Table S2. The qPCR was performed using an ABI 7500 fast fluorescent quantitative PCR instrument. The thermocycling conditions were as follows: pre-denaturation at 95°C for 5 min, followed by 95°C for 10 s and 60°C for 30 s for 40 consecutive cycles. Using β-actin as an internal reference, the data were processed according to the calculation method of the relative expression amount = 2 −△△ Ct to compare the changes in the mRNA expression levels of the samples in each group.



Luciferase reporter assays

The 293T and 16HBE cells were seeded into 96-well plates. They were transfected with IL-6 luciferase reporters, the pRL-TK vector, and the FOXA2 overexpression plasmid or blank pcDNA using LipoFiter3.0 (Hanbio). Twenty-four hours later, the medium was removed, and the cells were collected for luciferase activity measurements using the Dual-Lumi™ II Luciferase Reporter Gene Assay Kit (Beyotime) according to the manufacturer’s instructions. Firefly luciferase values were normalised to the Renilla luciferase values.



Statistical analysis

For the statistical analyses, we used SPSS21.0 (IBM Corp., Armonk, NY, USA). Sex, allergic history, corticosteroid therapy, and comorbidities comprised the qualitative data that were analysed using Fisher’s exact test. Shapiro-Wilk and Levene’s tests were used to confirm the normal distribution and homogeneity of variances of the quantitative data. Independent sample t-tests and a one-way analysis of variance (ANOVA) were used to compare the groups after the relevant conditions had been met. Tukey’s multiple comparisons analysis method was used to compare the experimental and control groups. The Kruskal-Wallis test was performed on datasets with unequal variances. Pearson’s correlation coefficient was used to determine the strength of the link between inflammatory cytokines and rhythm clock genes.

The Benjamini-Hochberg algorithm was used to adjust the p-values for the false discovery rate. All statistical tests were two-sided, and p < 0.05 was considered statistically significant



Role of Funders

The Funders did not have any role in study design, data collection, data analyses, interpretation, or writing of the report.




Results


Serum IL-6 expression is elevated in asthma patients with nocturnal symptoms

Between November 2019 and December 2021, 45 patients were diagnosed with asthma and admitted to our hospital. Patients without sufficient data (n = 7) and those with combined serious primary diseases (n = 1) were excluded. Eighteen asthma patients with nocturnal symptoms and 18 patients without nocturnal symptoms were included in the study. The baseline clinical, demographic, and biological characteristics of the patients (age, sex, BMI, heart rate, breathing rate, temperature, allergic history, corticosteroid therapy, pulmonary function tests, comorbidities, IgE, routine blood tests, and blood biochemistry) were similar between the groups, as shown in Table 1. The IL-6 levels for the asthma patients with nocturnal symptoms were markedly higher than those for patients without nocturnal symptoms (7.45 ± 6.57 vs. 2.81 ± 1.49 pg/mL, p = 0.002). In addition, the TNF-α levels were higher in the asthma patients with nocturnal symptoms (3.39 ± 1.90 vs. 2.09 ± 1.80 pg/ml, p = 0.043), but the between-group differences in the inflammatory cytokines, except IL-6 (adjusted p = 0.022), were not statistically significant after correction using the Benjamini–Hochberg method (Table 2).


Table 1 | Demographic and clinical characteristics of the patients.




Table 2 | Inflammatory cytokines of asthma patients with or without nocturnal symptoms.





Serum IL-6 expression is elevated in asthmatic mouse models with circadian rhythm disorders

The nocturnal asthma symptoms of coughing, wheezing, and dyspnoea are accompanied by circadian variations in airway inflammation, and the circadian clock may be responsible for this variability (23, 24). Therefore, we used different periods of light/dark cycles to induce circadian rhythm disorders in asthmatic mice and investigated the correlation between inflammatory cytokines and rhythm clock genes. The asthmatic mice lost weight (Figure 1A), had a significantly higher number of inflammatory cells in the BALF (Figure 1B), a marked increase in the infiltration of inflammatory cells and airway smooth muscle thickness (Figure 1C), and increased OVA-specific serum IgE levels (Figure 1D). However, these results did not differ from those of the asthmatic mice with circadian rhythm disorders. This indicates that different periods of light/dark cycles do not increase lung pathological changes in asthmatic mice. We further analysed the inflammatory cytokines in the sera of the mice and found that 24 h dark/24 h light cycles increased TNF-α levels (Figure 1I). Four different periods of light/dark cycles all increased IL-6 levels in the sera of asthmatic mice (Figure 1E), which was similar to the inflammatory cytokine results of the asthmatic patients. We did not observe significant differences in IL-4, IL-5, and IL-13 levels after the asthmatic mice had undergone different periods of light/dark cycles (Figures 1F–H).




Figure 1 | Effects of light-induced disturbances of rhythm on airway inflammation in the lung tissues of OVA-challenged mice. (A) Body weight variations at the end of the experiment in each group of mice. (B) Flow cytometric analysis of cell populations in the BALF of mice. (C) H&E staining of sections from OVA-challenged mouse lung tissue. Magnification: 100× (upper panel) and 200× (lower panel). Scale bar: 100 μm. (D) ELISA analysis of IgE levels in serum. (E–I) RT-qPCR analysis of the mRNA levels of inflammatory cytokines (IL-6, IL-13, IL-4, IL-5, and TNF-a) in the lung tissue. N=control group; A=OVA group; DD=OVA + all-day darkness group; LL= OVA + all-daylight; DL3.5= OVA + 3.5 h dark/3.5 h light group; DL24= OVA + 24 h dark/24 h light group. All data are presented as the mean ± standard error of the mean (SEM) of 6 mice per group, *p < 0.05, **p < 0.01, compared with the control group. #p < 0.05. One-way ANOVA with Tukey’s multiple comparison analysis method.





Potential relationship between IL-6 and circadian clock genes

The altered expression of circadian clock genes has been observed in asthmatic patients with nocturnal symptoms (13). In our mouse model of asthma with circadian rhythm disorders, the circadian clock genes were also altered. Compared to the asthmatic mice in the 12 h dark/12 h light cycles, those who did not undergo these cycles exhibited an upregulation in the transcriptions of the circadian clock genes CLOCK, CRY1, CRY2, PER2, and NR1D1 (Figures 2A–F). We further investigated whether the upregulated circadian clock genes were associated with inflammatory cytokines. Interestingly, only IL-6 and TNF-α were most closely associated with the circadian clock genes, which suggests that an increase in IL-6 and TNF-α in asthmatic patients with nocturnal symptoms may be related to circadian clock genes (Figure 2G). The correlation coefficient and p-value have been listed in Table S3. Serum shock was used to stimulate the rhythmic expression of circadian clock genes in the 16HBE cells. Figures 3A–F shows that the transcription of CLOCK, CRY1, CRY2, PER2, and NR1D1 displayed oscillatory activity in a period of 24 ± 4 h. The transcription of IL-6 also displayed oscillatory activity that converged with the circadian clock genes (Figure 3G). However, serum shock did not seem to stimulate the rhythmic expression of IL-4, IL-5, IL-13, and TNF-α mRNA (Figure 3H–K). Correlational analyses revealed that only IL-6 and TNF-α were closely associated with the circadian clock genes following the serum shock in the 16HBE cells, which was also reflected in the asthmatic mice with circadian rhythm disorders (Figure 3L and Table S4).




Figure 2 | Association between circadian clock genes and inflammatory cytokines in mouse lung tissues. (A–F) RT-qPCR analysis of the mRNA levels of inflammatory cytokines (CLOCK, CRY1, CRY2, PER1, PER2, and NR1D1) in lung tissue. (G) Heat map of the matrix coefficient correlation of each circadian clock gene and inflammatory cytokines. The stronger Pearson’s correlation coefficients (r) are represented in red. N=control group; A=OVA group; DD=OVA + all-day darkness group; LL= OVA + all-daylight; DL3.5= OVA + 3.5 h dark/3.5 h light group; DL24= OVA + 24 h dark/24 h light group; BLAF= bronchoalveolar lavage fluid. All data are presented as the mean ± SEM of 6 mice per group, *p < 0.05, **p < 0.01, compared with the control group. #p < 0.05, ##p < 0.01 compared with the OVA group. One-way ANOVA with Tukey’s multiple comparison analysis method, Pearson’s correlation coefficient.






Figure 3 | Serum shock induces circadian clock gene and inflammatory cytokine expression and association in 16HBE cells. (A–F) RT-qPCR analysis of the mRNA levels of circadian clock genes (CLOCK, CRY1, CRY2, PER1, PER2, and NR1D1) in 16HBE cells in response to serum shock synchronisation. (G–K) RT-qPCR analysis of the mRNA levels of inflammatory cytokines (IL-6, IL-13, IL-4, IL-5, and TNF-a) in 16HBE cells in response to serum shock synchronisation. (L) Heat map of the matrix coefficient correlation of each circadian clock gene and inflammatory cytokines. The stronger Pearson’s correlation coefficients (r) are represented in red. ZT= zeitgeber time. All data shown are representative data of one out of at least 3 independent experiments, Pearson’s correlation coefficient.





BMAL1 is the key core clock gene that drives circadian rhythms and suppresses IL-6 mRNA expression

BMAL1 is the principal driver of the molecular clock in mammals, and its deletion ablates rhythmic oscillatory activity (25). Therefore, we aimed to further clarify whether BMAL1 is involved in the regulation of IL-6 and whether it interferes with the correlation between other circadian clock genes and IL-6. The immunohistochemistry analysis revealed that BMAL1 and IL-6 were mainly expressed in the airway epithelial cells of mice. Compared to the normal group, BMAL1 was reduced in the lung tissue of the asthmatic mice, and it was further reduced in the non-12 h dark/12 h light cycles (Figure 4A). The levels of IL-6 showed an opposite trend in the lung tissue and sera of the mice (Figures 4A, C). BMAL1 expression was negatively correlated with IL-6 expression in mouse airway epithelial cells (r = –0.464, p = 0.004) (Figure 4B). Consistent with the IHC findings, Western blot analysis confirmed the protein levels of BMAL1 and IL-6 in the lungs of the mice (Figures 4D–F). To investigate the effects of BMAL1 knockdown on the expression of IL-6, we infected cultured 16HBE cells with a lentiviral vector encoding a shRNA targeting BMAL1 (BMAL1 shRNA) and lentiviral control (control shRNA). BMAL1 mRNA and protein levels decreased by approximately 80% and 60%, respectively, compared to cells infected with the control shRNA (Figures 4G–I). The knockdown of BMAL1 significantly increased the mRNA (2.8-fold increase) and protein (2.2-fold increase) levels of IL-6 in 16HBE cells (Figures 4H–J). After the serum shock, the protein level of BMAL1 displayed oscillatory activity with a period of 20 ± 4 h. IL-6, on the other hand, displayed opposite oscillatory activity and also showed a 20 ± 4 h cycle. The correlation analysis showed that BMAL1 was strongly negatively correlated with IL-6 and had a correlation coefficient of –0.716 (p = 0.001). Interestingly, the oscillatory activity of IL-6 was greatly diminished after the knockdown of BMAL1 (r = –0.172, p = 0.233) (Figures 4K–M).




Figure 4 | BMAL1 regulates the expression and rhythm fluctuations of IL-6. (A) Immunohistochemistry staining of BMAL1 and IL-6 in the mouse lung tissue of each group. Magnification: 200×. Scale bar: 50 μm. (B) Correlational analyses between BMAL1 and IL-6 protein expression levels in mouse lung tissue. (C) ELISA analysis of serum IL-6 in the mouse lung tissue of each group. (D) Western blot analysis of the protein levels of BMAL1 and IL-6 in the mouse lung tissue of each group. ImageJ software was used to quantify the BMAL1 (E) and IL-6 (F) bands. The mRNA (G) and protein (H) levels of BMAL1 expression in 16HBE cells with BMAL1 shRNA and control shRNA by RT-qPCR and Western blot, respectively. ImageJ software was used to quantify the BMAL1 bands (I). RT-qPCR and Western blot analysis of IL-6 mRNA (J) and protein (K) levels of control shRNA and BMAL1 shRNA cells. IL-6 bands were quantitatively analysed by ImageJ software (L). Western blot analysis of the protein levels of BMAL1 and IL-6 in control shRNA and BMAL1 shRNA cells in response to serum shock synchronisation (M), IL-6 and BMAL1 bands were quantitatively analysed by ImageJ software (N). (O) Correlational analyses between BMAL1 and IL-6 protein expression levels in control shRNA and BMAL1 shRNA cells. N=control group; A=OVA group; DD=OVA + all-day darkness group; LL= OVA + all-daylight; DL3.5= OVA + 3.5h dark/3.5h light group; DL24= OVA + 24h dark/24h light group; IHC, Immunohistochemistry. Data of animal experiment are presented as the mean ± SEM of 6 mice per group. Data of cell experiment shown are representative data of one out of at least 3 independent experiments. *p < 0.05, **p < 0.01, compared with the control group or control shRNA cells. #p < 0.05, ##p < 0.01 compared with the OVA group. One-way ANOVA with Tukey’s multiple comparison analysis method, and independent samples t-tests, Pearson’s correlation coefficient.



We further explored the correlation between inflammatory factors and other rhythm clock genes after the knockdown of BMAL1. The RT-qPCR analysis showed that the knockdown of BMAL1 significantly decreased and disrupted the circadian rhythms of the negative clock genes (Figures 5A–F) and elevated the transcription of IL-6 and IL-5 at each time point (Figures 5G, J). However, there were no significant effects on the transcriptional expression of, or periodic changes in, IL-4, IL-13, and TNF-α (Figures 5H, I, K). Furthermore, the knockdown of BMAL1 resulted in a lower correlation between IL-6 and TNF-α with the rhythm clock genes (Figure 5L and Table S5).




Figure 5 | BMAL1 knockdown results in lower correlation between circadian clock genes with rhythm clock genes. (A–F) RT-qPCR analysis of the mRNA levels of circadian clock genes (CLOCK, CRY1, CRY2, PER1, PER2, and NR1D1) in control shRNA and BMAL1 shRNA cells in response to serum shock synchronisation. (G–K) RT-qPCR analysis of the mRNA levels of inflammatory cytokines (IL-6, IL-13, IL-4, IL-5, and TNF-a) in control shRNA and BMAL1 shRNA cells in response to serum shock synchronisation. (L) Heat map of the matrix coefficient correlation of each circadian clock gene and inflammatory cytokines in BMAL1 shRNA cells. Stronger Pearson’s correlation coefficients (r) are represented in red. ZT, zeitgeber time. All data shown are representative data of one out of at least 3 independent experiments. Pearson’s correlation coefficient.





FOXA2 participates in the BMAL1 co-intervention of the circadian rhythm of IL-6

FOXA2 is required for normal airway epithelial differentiation. Its deletion leads to Th2-mediated pulmonary inflammation during postnatal development (26). In our study, the expression of FOXA2 decreased in the lung tissue of OVA-sensitised mice. Compared to the OVA-sensitised mice in the 12 h dark/12 h light cycles, those who underwent the non-12 h dark/12 h light cycles further exhibited downregulated FOXA2 (Figures 6A, C, D). We also found a negative correlation between FOXA2 and IL-6 transcription in the lung tissue of mice (r = –0.629, p = 0.001) (Figure 6B). To further confirm the negative regulatory effect of FOXA2 on IL-6, we examined the expression of IL-6 when FOXA2 was overexpressed and knocked down using the FOXA2 plasmid and recombinant FOXA2 lentivirus vectors in 16HBE cells. Transfected 16HBE cells with a FOXA2 plasmid and FOXA2 mRNA and protein levels increased by approximately 14-fold and 2-fold, respectively, while IL-6 decreased by approximately 50% compared to cells infected with the control plasmid (Figures 6E–I). In contrast, Figures 6J–N shows that the knockdown of FOXA2 significantly improved the expression of IL-6. To demonstrate the function of FOXA2 in IL-6 regulation, co-transfection with the IL-6-luc and FOXA2 plasmids was performed. The transient transfection of FOXA2 significantly decreased luciferase expression compared with the empty vector in the 16HBE and 293T cells (Figure 6O). After serum shock, the protein level of FOXA2 displayed oscillatory activity, while IL-6 displayed an opposite oscillatory activity with a 24 ± 4 h cycle. The correlation analysis showed that the expression of FOXA2 was significantly negatively correlated with IL-6 expression (r = –0.349, p = 0.037). Nevertheless, the oscillatory activity of IL-6 was greatly diminished when FOXA2 was knocked down (r = –0.036, p = 0.836) (Figures 6P–R).




Figure 6 | FOXA2 regulates the expression and rhythm fluctuations of IL-6. (A) RT-qPCR analysis of the mRNA levels of FOXA2 in lung tissue. (B) Correlational analyses between FOXA2 and IL-6 mRNA expression levels in lung tissue. (C) Western blot analysis of the protein levels of FOXA2 in mouse lung tissue of each group. ImageJ software was used to quantify FOXA2 (D). RT-qPCR analysis of the mRNA levels of FOXA2 (E) and IL-6 (F) after the transfection of 16HBE cells with a FOXA2 over-expression (FOXA2 plasmid) and control plasmid. Western blot analysis of the protein levels of FOXA2 and IL-6 in 16HBE cells transfected with the FOXA2 and control plasmids (G). ImageJ software was used to quantify FOXA2 (H) and IL-6 (I) bands. RT-qPCR analysis of the mRNA levels of FOXA2 (J) and IL-6 (K) expression in 16HBE cells with FOXA2 shRNA and control shRNA. Western blot analysis of the protein levels of FOXA2 and IL-6 in 16HBE cells transfected with FOXA2 shRNA and control shRNA (L), ImageJ software was used to quantify FOXA2 (M) and IL-6 (N) bands. (O) Luciferase reporter assay analysis of the luciferase expression in the 16HBE and 293T cells transient transfection of FOXA2 and empty vector. Western blot analysis of the protein levels of FOXA2 and IL-6 in control shRNA and FOXA2 shRNA cells in response to serum shock synchronisation (P), IL-6 and FOXA2 bands were quantitatively analysed by ImageJ software (Q). (R) Correlational analyses between FOXA2 and IL-6 protein expression levels in control shRNA and FOXA2 shRNA cells. The left ordinate and the right ordinate represent the relative protein expression of IL-6 in control shRNA cells and FOXA2 shRNA cells, respectively. N=control group; A=OVA group; DD=OVA + all-day darkness group; LL= OVA + all-daylight; DL3.5= OVA + 3.5 h dark/3.5 h light group; DL24= OVA + 24 h dark/24 h light group. Data of animal experiment are presented as the mean ± SEM of 6 mice per group. Data of cell experiment shown are representative data of one out of at least 3 independent experiments. *p < 0.05, **p < 0.01, compared with the control group, control plasmid or control shRNA cells. #p < 0.05, ##p < 0.01 compared with the OVA group. One-way ANOVA with Tukey’s multiple comparison analysis method, and independent samples t-tests, Pearson’s correlation coefficient.



These results suggest that FOXA2 may function as a negative regulator in the regulation of IL-6 by rhythm clock genes. We further explored the expression of FOXA2 in BMAL1-knockdown 16HBE cells. The oscillatory activity of FOXA2 greatly disappeared after the serum shock in BMAL1-knockdown 16HBE cells (Figure 7A). A significant decrease in the expressions of FOXA2 mRNA and protein were observed after the knockdown of BMAL1 (Figures 7B–D). In addition, we found that IL-6 had a weakened increase by transfecting the FOXA2 overexpression plasmid in BMAL1-knockdown 16HBE cells (Figure S2). Subsequently, the 16HBE cells were subjected to the knockdown of FOXA2 and BMAL1. The double knockdown of FOXA2 and BMAL1 caused a significant increase in IL-6 levels (Figures 8A–C). Furthermore, after the serum shock, the IL-6 transcription and secretion levels were significantly upregulated in BMAL1- and FOXA2-knockdown 16HBE cells compared to single FOXA2 or BMAL1 stable depletion cells (Figures 8D, E).




Figure 7 | BMAL1 regulates the expression and rhythm fluctuations of FOXA2 in 16HBE cells. (A) Western blot analysis of the protein levels of FOXA2 in BMAL1 shRNA cells in response to serum shock synchronisation. The mRNA (B) and protein (C) levels of FOXA2 expression in 16HBE cells with BMAL1 shRNA constructs and control shRNA by RT-qPCR and Western blot, respectively. ImageJ software was used to quantify FOXA2 bands (D). by RT-qPCR and Western blot, respectively. ImageJ software was used to quantify BMAL1 bands (g). ZT, zeitgeber time. All data shown are representative data of one out of at least 3 independent experiments, *p < 0.05 compared with control shRNA cells, independent samples t-tests.






Figure 8 | Double FOXA2 and BMAL1 stable depletion causes a significant increase of IL-6. The mRNA (A) and protein (B) levels of IL-6 in 16HBE cells transfected with control shRNA, FOXA2 shRNA, BMAL1 shRNA, and FOXA2+BMAL1 shRNA by RT-qPCR and Western blot, respectively. ImageJ software was used to quantify the IL-6 bands (C). RT-qPCR (D) and ELISA (E) analysis of mRNA and secretion levels of IL-6 in 16HBE cells transfected with control shRNA, FOXA2 shRNA, BMAL1 shRNA, and FOXA2+BMAL1 shRNA cells in response to serum shock synchronisation. ZT, zeitgeber time. All data shown are representative data of one out of at least 3 independent experiments, *p < 0.05, **p < 0.01 compared with control shRNA cells. #p < 0.05, ##p < 0.01 compared with FOXA2+BMAL1 shRNA cells. One-way ANOVA with Tukey’s multiple comparison analysis method, and independent samples t-tests.






Discussion

The master pacemaker of the mammalian circadian clock is located in the hypothalamic suprachiasmatic nucleus (SCN). Intrinsically photosensitive retinal ganglion cells (ipRGCs) that respond to the lighting cycles and pass this information on to the SCN involve a complete network of clock genes (27). Complexes of the BMAL1-CLOCK transcription factor bind to cis-acting elements known as the E-box and activate the transcription of the PER1, PER2, CRY1, CRY2, NR1D1, and NR1D2 clock genes (28). The CRY and PER proteins form heterodimers and translocate back into the nucleus, inhibiting transcriptional activation by BMAL1-CLOCK to form the core negative feedback loop. Accompanied by the degradation of PER and CRY proteins, the repression of BMAL1 is gradually released, and a new PER/CRY transcription cycle is subsequently formed (29). BMAL1-CLOCK also forms a second core loop involving the NR1D1/2 nuclear receptor genes, which allows for the rhythmic expression of BMAL1 (30).

Light and darkness are the primary regulators of the circadian clock in mammals. With urbanisation and the rapid development of lighting systems, long-term exposure to artificial light leads to the breakdown of the circadian rhythm balance in the body and contributes to sleep disorders, gastrointestinal system disorders, accelerated aging, neurodegenerative disorders, obesity, cancer, and worsening asthmatic severity (31–33). Although the mechanisms by which circadian clocks contribute to these diseases are unclear, the diseases share common mechanisms, such as inflammation, which can further disrupt circadian rhythms (34). Mice carrying a clock gene mutation or deletion have exacerbated airway inflammation conditions. For example, mice lacking BMAL1 in myeloid cells have been found with increased lung inflammation, eosinophil infiltration, and inflammatory cytokines in their lungs and sera (35). The deletion of BMAL1 or disruption of the circadian clock environment exacerbates acute viral bronchiolitis caused by the Sendai and influenza A viruses in mice (36). Chronic jetlag has also been found to affect tumour-bearing mice and increases inflammation in the hypothalamus and liver, suggesting that the inflammatory signatures in the body can be further magnified by circadian disruption (33). Therefore, asthma with circadian rhythm disturbances may amplify the inflammatory signatures of the body, leading to inadequate asthma control and triggering of attacks at night.

Abnormal 12 h dark/12 h light cycles have been used to induce animal models with circadian rhythm disturbances. Adult male rats exposed to prolonged light for 12 consecutive weeks showed the upregulated relative mRNA expression of PER2, CRY2, and NR1D1 and downregulated mRNA expression of PER1, CRY1, BMAL1, and CLOCK (18). The expression of PER1 and PER2 in rat livers lost rhythmicity in a constant light environment, while the expression of NR1D1 maintained rhythmicity (37). Asthmatics showed increased rhythmic gene amplitudes (38). Furthermore, the circadian oscillation of BMAL1 content in the SCN of rats in constant darkness was stronger, and the peak/trough ratios were higher than those of rats undergoing 12 h dark/12 h light cycles (39). Although a consensus has been reached on the role of rhythmic disturbances in nocturnal asthma attacks, animal models of rhythmic disturbances are not the same (35). BMAL1-deficient mice have been used for rhythm research to show the disappearance of rhythmic oscillations, which is inconsistent with asthmatic rhythm gene expression patterns (40). In this study, we used four abnormal 12 h dark/12 h light cycles to induce rhythm disturbances in OVA-challenged mice, which showed varying degrees of downregulated BMAL1 expression and upregulated IL-6. This may explain the concomitant increase in IL-6 in patients with nocturnal asthma.

Nocturnal asthma symptoms are associated with inflammation in the lung tissue. Previous studies have confirmed an increase in inflammatory cell populations and cytokines in the BALF of patients with nocturnal asthma (41–43). This inflammatory response, its induced airway epithelial damage, and small airway spasms may be important factors in the etiology of nocturnal asthma. By comparing the blood samples of asthmatic patients with and without nocturnal symptoms between 4–5 A.M., we found that the expression of IL-6 in patients with nocturnal asthma attacks was significantly higher than that in asthmatic patients without nocturnal symptoms. TNF-α also presented a significant difference in asthmatic patients with and without nocturnal symptoms, but it did not show a significant difference after adjustment by the Benjamini-Hochberg correction method for p-values. These results were the same as those obtained by Tom et al. (42), and may be related to insufficient sample size. The relationship between rhythmic genes and inflammation involves a complex traffic network. The dysregulation of the clock leads to dysregulated inflammation. Since inflammation can directly affect circadian rhythmicity, this constitutes a vicious cycle (44). We hope to use IL-6 as an example to provide research ideas for the study of circadian clock genes that regulate changes in airway inflammation.

The transcription factor BMAL1, an essential component of the molecular clock, regulates the upregulation of IL-6 in lipopolysaccharide-exposed microglia and plays a role in microglial inflammatory responses (45). The loss of BMAL1, or jetlag-sensitised mice, acts on the NF-κB/NLRP3 axis to promote inflammation, which exacerbates Propionibacterium acnes-induced skin inflammation (46). In addition, BMAL1 plays an important role in critical limb ischemia by activating IL-10, which transcriptionally suppresses inflammation and promotes angiogenesis via the transcriptional regulation of vascular endothelial growth factor expression (47). However, the role of BMAL1 in regulating lung inflammation remains unclear. Here, we found that the loss of the BMAL1 gene can lead to increased IL-6 expression and loss of rhythm in airway epithelial cells while reducing the correlation between IL-6 and other negatively regulated circadian clock genes. This suggests that the disorder of circadian clock genes and low expression of BMAL1 may lead to an increase in cytokines such as IL-6 and induce nocturnal asthma symptoms.

The transcription factor FOXA2, which belongs to the forkhead family, is involved in the development of lung tissues and is highly expressed in the airway epithelial cells of mature lungs. The deletion of FOXA2 has been found to cause goblet cell metaplasia and Th2-mediated lung inflammation in respiratory epithelia (48, 49). FOXA2 is expressed at low levels in asthmatic patients and is negatively correlated with the expression of mucins, such as MUC5AC and CLCA1 (48). FOXA2 is negatively correlated with IL-6 in patients with chronic rhinosinusitis. Increasing the expression of FOXA2 inhibits IL-6-induced MUC5AC production (50). The secretion of TNF-α, IL-1β, and IL-6 is inhibited in MLE-12 cells with low FOXA2 expression, and oxidative stress-induced apoptosis is also reduced (51). We also found a negative correlation between FOXA2 and IL-6 in OVA-challenged mice and the 16HBE cell serum shock model. Interestingly, FOXA2 also displayed oscillatory activity in serum shock, suggesting that FOXA2 may be involved in the transcriptional regulation of IL-6 by circadian clock genes.

The molecular clock also plays an important regulatory role in mammalian embryonic development. The disruption of BMAL1 in mammals during embryonic development can lead to a reduced lifespan, locomotor activity level, body weight, and fertility (52). The activation of FOXA2 is severely hindered during the differentiation of BMAL1-knockdown mouse embryonic stem cells (53). Differentiated human colon adenocarcinoma cells have been found to correlate with decreased levels of FOXA2 upon treatment with shBMAL1. In turn, BMAL1 overexpression has no effect on FOXA2 expression (54). Here, we observed the lower expression and reduced rhythms of FOXA2 in 16HBE cells after BMAL1 suppression. We further noted the synergistic inhibitory effects of the double knockdown of FOXA2 and BMAL1 on the expression and oscillation of IL-6 in 16HBE cells. This study confirmed that BMAL1 inhibits the expression and oscillations of IL-6 in airway epithelial cells by regulating the transcription factor FOXA2 (Figure 9).




Figure 9 | BMAL1 inhibited the expression and reduced the oscillation of IL-6 in airway epithelial cells by regulating the transcription factor FOXA2. This autoregulatory feedback loop cycles between the CLOCK/BMAL1 transcriptional activator complex and its repressors PER/CRY and NR1D1 to constitute the molecular clock oscillator in the airway epithelium, that drives the oscillatory activity of FOXA2. FOXA2 could bind to the promoter region of IL-6 and down-regulate its expression, resulting in periodic oscillations in the secretion level of IL-6.



To the best of our knowledge, our findings are the first to demonstrate that there is a correlation between the increase in IL-6 inflammatory factors and rhythm clock genes in patients with nocturnal asthma. Mechanistic investigations supported the activation of BMAL1/FOXA2 pathway in reducing the secretion of IL-6 in airway epithelial cells. Targeting the BMAL1/FOXA2 pathway therefore represents a potential therapeutic option for inhibiting the increase of airway inflammation at night in asthmatic patients with nocturnal symptoms.
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Background

The activation of NLRP3 inflammasome in macrophages has been proven to play a crucial role in the development of cardiovascular diseases. THP-1 monocytes can be differentiated to macrophages by incubation with phorbol-12-myristate 13-acetate (PMA), providing a suitable model for in vitro studies. However, PMA has been shown to have effects on the levels of IL-1β, the main mediator of NLRP3 inflammasome, while the effects on the other mediators of the inflammasome have not been reported before.



Methods

THP-1 monocytes were incubated without (THP-1), with 5ng/ml PMA for 48h (PMA48h) or with 5ng/ml PMA for 48h plus 24h in fresh medium (PMArest). Morphological changes and the expression of macrophage surface markers (CD14, CD11b, CD36 and CD204) were evaluated by flow cytometry. Changes in intracellular levels of inflammasome components (NLRP3, ASC, pro-caspase-1, pro-IL1β) were analyzed by western blot and release of mature IL-1β in cell supernatant was analyzed by ELISA. ASC speck formation was determined by immunofluorescence.



Results

After 48h incubation with PMA or subsequent rest in fresh medium, cells became adherent, and the differential expression of CD36, CD11b, CD14 and CD204 compared to THP-1 cells confirmed that PMArest resemble macrophages from a molecular point of view. Changes in the levels were detected in PMA48h group for all the NLRP3-related proteins, with increase of NLRP3 and pro-IL-1β and secretion of mature IL-1β. In PMArest, no pro-IL-1β and lower amounts of mature IL-1β were detected. No ASC speck was found in PMA treated groups, but the addition of a second stimulus to PMArest resulted in ASC speck formation, together with IL-1β production, confirming the responsiveness of the model.



Conclusion

Differentiation of THP-1 with 5ng/ml PMA followed by 24h resting period provides a model that morphologically and molecularly resembles macrophages. However, even at low concentrations, PMA induces production of IL-1β. The 24h rest period provides for down-regulation of pro-IL-1β in PMArest group, without affecting its ability to respond to a second stimulus through activation of inflammasome.
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1 Introduction

The Nod-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome is a multiprotein complex that mediates caspase-1 activation, via apoptosis-associated speck like protein containing a caspase recruitment domain (ASC), in response to microbial infection and cellular damage. Upon assembly of the inflammasome, ASC is mobilized from his soluble cytoplasmic form to assemble into a large singular protein complex of about 1µm diameter, termed “speck”, essential for caspase-1 activation, thus playing a critical role in innate immune response (1). Indeed, activated caspase-1 is involved in the maturation of proinflammatory cytokines, such as interleukin-1β (IL-1β) and IL-18, and in the promotion of pyroptotic cell death (pyroptosis), through cleavage and activation of gasdermin D.

Activation of the NLRP3 inflammasome has been shown to contribute to the development of a number of cardiovascular diseases (CVDs), representing a key pathogenetic mechanism in the formation and progression of atherosclerosis, and in the myocardial response to ischemic and nonischemic injury (2, 3). Moreover, in the last decade the effectiveness of NLRP3 inhibitors as therapeutic treatment for CVDs has been extensively investigated (4, 5).

The growing interest in the role of NLRP3 inflammasome in the onset of CVDs has given rise to a copious amount of in vitro studies investigating the mechanisms underlying its activation and regulation. Among the models employed, peripheral blood mononuclear cell (PBMC) and monocyte cell lines, such as THP-1 and U937, are the most frequent (6–10). PBMC are routinely used to derive monocytes and macrophages, while THP-1 can be differentiated into macrophage-like cells by using phorbol 12-myristate 13-acetate (PMA). After exposure to PMA, THP-1 cells start to adhere to culture plates and show morphological and functional changes, including flat and amoeboid shape and increased cell surface expression of macrophage markers, resulting in a phenotype that resembles PBMC-derived macrophages (11). The advantages of using THP-1 cell line over human PBMC-derived monocytes or macrophages have been recently reviewed by Chanput et al. (12), and include: a higher growing rate compared to that of PBMC-derived macrophages, stability in cell sensitivity and activity also when cultured for long term (up to passage 25), possibility to be stored for years in liquid nitrogen, and a homogeneous genetic background, thus facilitating the reproducibility of findings. Moreover, contamination with other blood components when isolating PBMC from buffy coat should be taken into account.

Although the convenience of using THP-1 cells as a model is widely accepted, when referring to the method used for the differentiation of THP-1 monocytes into macrophages, the lack of a standardized protocol may give rise to inconsistent and non-reproducible results among different studies. The multitude of applied protocols in the literature ranges from 5 to 400ng/mL PMA for 1–5 days of incubation (13–15), without concern for possible upregulation of some genes and changes in cytokine profile (16, 17). Indeed, PMA has been proven to have dose-dependent effects on the level of several molecules, included IL-1β (18–20). When aiming to investigate the activation of NLRP3 as a response to a specific treatment or to a particular experimental condition, it appears clear that the use of PMA as a differentiation agent deserves careful considerations. High concentrations or long exposure may represent potential sources of bias, making unclear if the triggering or release of the molecules of interest are a result of the biological question or of the bias itself. In this case, as IL-1β is one of the outcomes of PMA exposure, the use of IL-1β alone as primary read out of inflammasome activation may be biased.

In this paper, we investigated the effect of exposing THP-1 to PMA at 5ng/ml for 48h, with or without a rest period of 24h without stimulus, on the main components of NLRP3 pathway. This differentiation protocol has been previously reported to be the minimum amount of PMA sufficient to induce stable differentiation without undesirable gene upregulation upon secondary stimuli (20). However, the effect on the main mediators of the NLRP3 pathway has never been reported. An optimized protocol may provide an in vitro macrophage model that is not only practical to use but can also better reflect the physiologic conditions with minimized risk of biased results.



2 Material and methods


2.1 Cell culture and treatment

THP-1 (ATCC® TIB202™, Virginia) monocytes were cultured in RPMI-1640 complete medium with L-glutamine, 25 mM HEPES (Corning, Virginia) containing 10% FBS (Sigma Aldrich, Germany) and 1% penicillin/streptomycin (10000 units penicillin + 10mg streptomycin/ml, Sigma Aldrich, Germany), plated at a density of 2 x 105 cells/ml in T25 flasks (Eppendorf, Germany), and incubated at 37°C in 5% CO2. Cells from passage p8 to p20 were used for the study.

THP-1 monocytes were induced to differentiate to macrophages-like cells (MLCs) by incubation of 5 x 105 cells in a 6-well plate in 2ml complete medium without (THP-1) or with 5ng/ml of PMA (Stemcell technology, Switzerland) in dimethyl sulfoxide (final concentration 0.1%, DMSO, Sigma Aldrich, Germany) for 48h (PMA48h), or with 5ng/ml PMA for 48h plus 24h in fresh medium (PMArest). DMSO to a final concentration of 0.1% was added to THP-1 group to exclude differences in marker expressions due to the presence of DMSO. The chosen dose of 5ng/ml PMA has been previously reported as the minimal concentration of PMA for stable differentiation since cell adherence, a hallmark of differentiation, is unstable at lower concentration (19).

THP-1 cells differentiation to MLCs was evaluated at 48h (PMA48h) after incubation with PMA and 24h after stimulus removal (PMArest) by means of adherence test and fluorescence-activated cell sorting (FACS) analysis, as described below.

To obtain a positive control for the validation of the methods used to study the inflammasome activation, THP-1 cells were seeded in the presence of PMA 50ng/ml overnight followed by incubation with lipopolysaccharide (LPS) from Escherichia coli O26: B6 ≥10000EU/mg (Sigma Aldrich, Germany) (5µg/ml in phosphate-buffered saline, PBS) for 3h in complete media (CTLR+). The CTRL+ sample was only used for methods validation and not included in the statistical analysis.



2.2 Adherence test

The adherence test was performed after 48h incubation with 5ng/ml PMA in PMA48h group and after 24h rest in fresh medium for THP-1 and PMArest groups. The medium was collected in 15ml tubes and non-adherent cells were centrifuged at 200 xg for 4min at room temperature. The supernatant was collected and stored at -20°C until further ELISA analysis; non-adherent cells were resuspended in 200µl medium and counted to determine the adherence percentage. Adherent cells were detached by trypsinization with 1ml Trypsin EDTA 0.25% (Sigma Aldrich, Germany) for 10min at 37°C, collected by centrifugation, resuspended in 200µl medium, and counted. Results are expressed as percentage of total counted cells.

An automated Corning Cell Counter (CytoSMART Technologies, Netherland) was employed to calculate the number and viability of cells after trypan blue (Sigma Aldrich, Germany) staining.

Non-adherent cells, for THP-1 group, and adherent cells, for PMA48h and PMArest groups, were then pelleted again and stored at -20°C until western blot analysis.

Changes in morphology were detected by hematoxylin and eosin staining. Cells were seeded at a density of 150000 cells/ml in a 24-wells and treated as reported above. At collection time, cells were fixed in formalin 4%, washed twice in PBS, then stained as previously described (21). Images were acquired by Axio Imager.Z1 (Zeiss, Germany) and analyzed by ZEN software (v3.4, blue edition, Zeiss, Germany).



2.3 Fluorescence-activated cell sorting analysis

To confirm the differentiation into macrophages, morphological changes and macrophage marker expression were characterized on THP-1 (non-adherent) and PMA48h and PMArest (adherent) cells by FACS.

The combined positive staining for CD36, CD14, CD11b, and CD204 determined the differentiation into MLC (14, 20, 22, 23). Briefly, cells were collected as reported for adherence test, pelleted by centrifugation at 200 xg for 4min at room temperature, washed twice with wash buffer (5% FBS in PBS), and incubated for 30min at 4°C in wash buffer containing conjugated antibodies: anti-CD36 – PE (1:1000), anti-CD14 – APC (1:500), anti-CD11b - PE-Vio® 770 (1:500), and anti-CD204 - Vio® Bright FITC REAfinity (1:500) or isotype control antibody (IgG2a – PE, IgG2a – APC, IgG2b - PE-Vio® 770, IgG1- Vio Bright FITC REAfinity) (Miltenyi Biotec, Germany). Following incubation, samples were centrifuged at 200 xg for 4min at room temperature and pellets were resuspended in wash buffer.

A BD FACS Canto™ II Cell Analyzer (BD Biosciences, US) was employed. For every sample, 50000 events were recorded. Cells were gated by forward scatter – area (FSC-A) vs side scatter – area (SSC-A), then by SSC-A vs side scatter-width (SSC-W) and by FSC-A vs forward scatter – width (FSC-W).

Flow cytometric data were analyzed by FlowJo™ software (v10.7.2, BD, Ashland, OR, USA).



2.4 Inflammasome mediators analysis

To evaluate the effect of PMA treatment on the NLRP3 inflammasome, the levels of inflammasome mediators were assessed in THP-1, PMA48h and PMArest.

Commercially available ELISA kits were used to measure the levels of secreted human IL‐1β (Human IL-1beta/IL-1F2), and caspase-1 (Human Caspase-1/ICE) (Quantikine ELISA Kit, R&D System, Minnesota, USA) in undiluted cell media, according to the manufacturer’s instructions.

Western blot analysis was used to detect NLRP3, ASC, pro-caspase-1, pro-IL-1β, and caspase 8 in cell lysate. Cell pellet was lysed by addition of 200µl RIPA lysis buffer (Thermo Scientific, Germany) containing protease inhibitor cocktail (cOmplete, Sigma Aldrich, Germany). The cell debris and nuclei were removed by centrifugation at 12000 xg for 20min at 4°C.

The protein concentration in cell lysates was determined using the Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific, Germany). Proteins were denatured in 1x Laemmli buffer (Tris-HCl 63 mM, Glycerol 10%, SDS 2%, Bromophenol blue 0.01%, 2-Mercaptoethanol 5%; pH 6.8) by heating for 10min at 95°C, were then resolved by SDS-PAGE, with 8-12% (wt/vol) separating gels, and transferred to PVDF membrane. Nonspecific sites on PVDF membrane were blocked with 5% non-fat milk powder (VWR, Belgium) in TBS + 0.1% Tween for 1h at room temperature. The membranes were then incubated overnight at 4°C with primary antibodies diluted 1:1000 in blocking solution or 5% BSA in TBS + 0.1% Tween: pro-IL-1β (ab216995), NLRP3 (ab263899), and pro-caspase-1 (ab179515) (Abcam, UK), ASC/TMS1 (#13833), and caspase-8 (#9746, Cell signalling technology, Massachusetts, USA). Proteins were detected by incubation with HRP-conjugated secondary antibodies at half of the primary antibody concentration, and protein bands were visualized by ECL western blotting detection reagents (Amersham Pharmacia Biotech, UK) and enhanced chemiluminescence (ECL Chemocam imager, Intas science imaging, Germany). β-actin (ab8229, Abcam, UK) served as loading control protein (24) to normalize western blot results and was analyzed following the same protocol at a dilution of 1:1000.



2.5 Responsiveness test

To test if, at the end of the 24h after PMA stimulus removal, PMArest cells were able to respond to secondary stimuli and activate the inflammasome, the PMArest group was further treated with LPS at 1 or 5µg/ml for 3h alone or followed by treatment with nigericin (NIG, #66419, Cell signalling technology, Massachusetts, USA) at 5 or 10µM for 45min (25, 26). The activation of canonical inflammasome was evaluated by analysis of pro-IL-1β and released IL-1β, as described above, in PMArest treated with LPS or with LPS+NIG, compared to untreated PMArest.



2.6 Detection of ASC specks

Due to the large size of ASC specks, their detection can be performed by imaging-based techniques. To determine if the treatment with PMA is associated with ASC specks oligomerization, immunofluorescence was used, as previously described (26). Briefly, THP-1 were seeded at a density of 150000 cells/ml in a 24-wells plate containing a glass coverslip per well, and treated as reported above to obtain the following experimental groups: PMA48h, PMArest, PMArest treated with LPS at 1 or 5µg/ml for 3h alone or followed by treatment with NIG at 5 or 10µM for 45min. At the collection time, cells that adhered to the coverslip, were washed in PBS and fixed in PBS-buffered formalin 4% for 30min at 37°C, then blocked in blocking/permeabilization (block/perm) buffer (10% goat serum, 1% FBS, and 0.5% Triton-x100 in PBS) for 30min at 37°C. The cells were then incubated with anti-ASC/TMS1 (#13833) primary antibody at 1:1000 dilution in block/perm buffer for 1h at room temperature. The staining for ASC was performed by incubation with conjugated secondary antibody, goat-anti-rabbit-PE (#79408, Cell signalling technology, Massachusetts, USA) at 1:2000 in block/perm buffer for 1h at room temperature. Nuclei were stained by incubation with Hoechst 34580 (Chemodex, Switzerland) at 1:1000 dilution in PBS for 30min at room temperature. Images were acquired by Axio Imager.Z2 (Zeiss, Germany) and analyzed by ZEN software (v3.4, blue edition, Zeiss, Germany). Unspecific signal due to secondary antibody has been excluded by immunofluorescence analysis of the CTRL+ incubated with the secondary antibody alone in absence of primary antibody (Neg CTRL).



2.7 Statistical analysis

For FACS, western blot and ELISA analyses, every treatment condition was replicated in 3 different wells in the same row of the plate (technical replicates). The row represented the experimental unit. To obtain three biological replicates the experiments were repeated three times in different plates with three different cell passages and freshly prepared stimuli (N=3). Data are shown as mean of the 3 biological replicates. Descriptive statistical analysis and graphs of the results were performed by GraphPad Prism 8 Software (San Diego, CA, USA).

For the analysis of ASC specks, the images are representative of three technical replicates.




3 Results


3.1 PMArest stably differentiated into MLCs

Differentiation from monocyte to macrophage is associated with morphological changes, such as an increase in size and granularity, as well as cell adhesion, a hallmark of macrophages (11). Representative micrographs showing morphological changes associated with differentiation are reported in Figure 1A. After induction by 5ng/ml PMA for 48h, 98.1% of counted PMA48h cells became adherent, with a viability of 94.4%. Following 24h rest after PMA stimulus removal, 87.1% of PMArest cells were adherent and showed a viability of 97.3%, compared to 99.4% of viability in THP-1 group. Alongside adherence, the treatment with PMA resulted in cells adopting a stellate or a spindle-like morphology after 48h and subsequent rest. Moreover, the hematoxylin and eosin staining resulted in a purple staining for the PMA treated cells, compared with THP-1 assuming a lighter pink staining, indicating changes in cytoplasmic and granular composition.




Figure 1 | Assessment of the differentiation into macrophage-like cells. (A) Representative hematoxylin and eosin staining of THP-1 monocytes incubated without (THP-1), with 5ng/ml PMA for 48h (PMA48h) or with 5ng/ml PMA for 48h plus 24h in fresh medium (PMArest). All the micrographs were taken at the same magnification and reported with the same scale (scale bar = 50µm). (B) Representative forward (FSC-A) and side light scatter plot (SSC-A) of THP-1, PMA48h and PMArest. (C) Representative FACS analysis of THP-1 (yellow), PMA48h (green) and PMArest (blue) cells stained using anti- CD36, CD11b, CD14, or CD204 conjugated antibodies. For each marker, the expression was assessed by comparison with matched isotype control (red). Upper: histogram plots of marker expression (y: percentage of stained cells normalized by mode; x: fluorescence intensity); lower: mean value of the percentage of total events expressing the single markers. Data are shown as mean of three independent experiments in different plates with three different cell passages and freshly prepared stimuli (N=3).



Morphological changes were confirmed by FACS analysis by comparing the FSC-A and SSC-A of the 3 groups. PMA48h and PMArest showed a gradual increase in size (FSC-A) and granularity (SSC-A) compared to the THP-1 cells (Figure 1B). Moreover, while for PMA48h group heterogeneity in size and granularity was detected, PMArest resulted in a homogenous cell population.

The differential expression of macrophage specific surface markers was assessed by FACS. Figure 1C shows the histogram plots for each marker expression in THP-1, PMA48h and PMArest, assessed by comparison with matched isotype control, and the mean value of the percentage of total events expressing the single markers. THP-1 monocytes showed no surface expression of CD14, and CD204 and low surface expression of CD36, the latter being higher expressed in both PMA48h and in PMArest. In contrast to THP-1, both PMA48h and PMArest exhibited surface expression of CD204, while surface expression of CD14 was only detected in PMArest. All the treatment groups showed expression of CD11b, with enhanced intensity in PMArest.



3.2 IL-1β level dropped down in PMArest

To determine if NLRP3 inflammasome activation occurred as a consequence of PMA treatment, we compared the detection of NLRP3, ASC, pro-caspase-1, and pro-IL-1β in cell lysate and release of mature IL-1β in the supernatant of THP-1, PMA48h and PMArest. Representative results for western blot analyses of cell lysate and the relative ratio of the detected proteins to the loading control are shown in Figures 2A, B, respectively. Western blot analysis confirmed that levels of pro-IL-1β (predicted band size 31kDa) and NLRP3 (predicted bands size 118kDa) were undetectable in THP-1 cells, while treatment with PMA stimulated the production of both pro-IL-1β and NLRP3 in PMA48h group. Along with the enhanced production of NLRP3, a different expression pattern was detected for ASC and for the zymogen forms of caspase-1 (predicted band size 45-42kDa) in PMA48h group compared to THP-1, with 3 times lower relative amount of ASC and 2.5 times lower amount of the 42 kDa band of pro-caspase-1 in PMA48h. On the other side, a higher relative expression of the 45kDa band of pro-caspase-1 was detected in PMA48h compared to THP-1 cells. However, no mature form of caspase-1 (predicted band size 10-12kDa) was detected by western blot in the cell lysate of any of the groups.




Figure 2 | NLRP3 inflammasome mediators analysis. (A) Representative results of western blot analyses for NLRP3, ASC, pro-caspase-1, pro-IL-1β, and β-actin in cell lysate of THP-1 monocytes incubated without (THP-1), with 5ng/ml PMA for 48h (PMA48h) or with 5ng/ml PMA for 48h plus 24h in fresh medium (PMArest). The positive control (CTLR+) for the validation of western blot was obtained by incubation of THP-1 cells with PMA 50ng/ml overnight followed by incubation with 5µg/ml LPS for 3h in complete media. (B) Relative ratio of the expression of the target proteins to the loading control (β-actin), detected by western blot analysis in cell lysate of THP-1, PMA48h, and PMArest cells. (C) ELISA analysis of IL-1β in supernatant of THP-1, PMA48h, and PMArest cells. Data are shown as mean of three independent experiments in different plates with three different cell passages and freshly prepared stimuli (N=3).



In PMArest group, after 24h resting period without PMA, the level of pro-IL-1β became undetectable again, and a decrease in NLRP3 level compared to PMA48h was detected. In contrast, the levels of ASC and pro-caspase-1 remained comparable to the PMA48h group.

In accordance with western blot analysis, secreted IL-1β was not detectable in the supernatant of THP-1, while released IL-1β was found in the supernatant of PMA48h. Levels of IL-1β dropped in PMArest group compared to PMA48h (Figure 2C). No released active caspase-1 was detected by ELISA in the supernatant of any of the groups (data not shown). The validity of the ELISA assays was confirmed by analysis of IL-1β and caspase-1 in the supernatant of the CTRL+, in which a concentration of 308 ± 27pg/mL and of 328pg/mL, respectively, was measured.



3.3 PMArest were responsive to canonical activation of inflammasome

To test the ability of the PMArest cells to respond to a canonical inflammasome activation stimulus, cells were treated with LPS at 1 or 5µg/ml alone or followed by NIG at 5 or 10µM. The results of the responsiveness test are reported in Figure 3. At any of the conditions tested, after treatment, PMArest were able to produce and release IL-1β, as confirmed by the presence of pro-IL-1β in the cell lysate (Figure 3A) and the higher levels of the cytokine in their supernatant (Figure 3B), compared to untreated PMArest. Although a little increasing trend was found in the groups treated with NIG compared to groups treated with LPS alone, not a clear dose dependent response was found.




Figure 3 | Responsiveness of THP-1 monocytes incubated with 5ng/ml PMA for 48h plus 24h in fresh medium (PMArest) to canonical inflammasome stimulus. (A) Relative ratio of the expression of pro-IL-1β to the loading control (β-actin), detected by western blot analysis in cell lysate and (B) ELISA analysis of IL-1β in supernatant of PMArest untreated or treated with LPS at 1 or 5µg/ml for 3h alone or followed by NIG at 5 or 10µM). Data are shown as mean of three independent experiments in different plates with three different cell passages and freshly prepared stimuli (N=3).





3.4 ASC specks were not immunodetected in PMArest

Oligomerization of ASC into specks, as a readout for inflammasome activation (1), was investigated in PMA48h, PMArest, PMArest treated with LPS at 1 or 5µg/ml alone or followed by NIG at 5 or 10µM. Representative results are shown in Figure 4. Since no appreciable differences were found among different concentrations of LPS and NIG, only the results relative to LPS 5µg/ml alone (PMArest+LPS) or followed by NIG at 10µM (PMArest+LPS+NIG) are reported in Figure 4 and discussed. The remaining results are shown in Supplementary Figure 3. The staining for ASC is represented in white and nuclear staining (Hoechst) in blue. Activation of the inflammasome is characterized by a change in ASC status from diffuse cytoplasmic form to a speck, visualized as a singular perinuclear structure. The method was validated on our CTRL+ control in which a low amount of cytoplasmic ASC was detected along with several speck-like perinuclear bright dots. In PMA48h and PMArest groups, no speck structures were detected, and ASC showed a broad, weak cytosolic distribution. After treatment PMArest cells with LPS alone, showed an amount of diffuse ASC decreased compared to untreated PMArest and few specks were detected. In PMArest treated with LPS+NIG, cytoplasmic ASC was barely detectable, and instead they showed a high number of specks.




Figure 4 | Immunofluorescence analysis of ASC specks. Representative results of ASC speck formation in (from top to bottom) THP-1 cells incubated with PMA 50ng/ml overnight followed by incubation with 5µg/ml LPS for 3h (CTRL+), 5ng/ml PMA for 48h (PMA48h), 5ng/ml PMA for 48h plus 24h in fresh medium (PMArest), PMArest treated with 5µg/ml LPS for 3h (PMArest+LPS), and PMArest treated with 5µg/ml LPS for 3h + 45min with 10µM nigericin (PMArest+LPS+NIG). Cells were fixed and stained with anti-ASC antibody, followed by staining with PE-coniugated secondary antibody (false colored in white). Nuclei were stained by incubation with Hoechst 34580 (colored in blue). As a negative control (Neg CTRL), cells were incubated with the secondary antibodies alone. All the micrographs were taken at the same magnification and reported with the same scale (scale bar = 20µm).






4 Discussion

The study aimed to assess the validity of THP-1 derived macrophages as a model to study the activation of the NLRP3 inflammasome. Several models are employed to study the inflammatory response of monocytes and macrophages, included primary PBMCs and monocyte cell lines. Due to donor variability and technical issues in long term handling of primary cells in vitro, THP-1 has been widely accepted as a macrophage model after differentiation by PMA treatment. However, the conditions used for differentiation, particularly the concentration of PMA and the duration of treatment, vary widely in the published literature, though a dose-dependent effect of PMA on the expression of inflammatory cytokines was already proved (20, 27). Indeed, PMA is a structural analogue of diacylglycerol, a potent activator of protein kinase-C (PKC) (28). PKC enzyme family comprise 10 cytosolic isoforms that upon activation are translocated to the plasma membrane, where they play a critical role in different signal transduction pathways and in the regulation of cell growth and differentiation. In particular, the activation of certain isoforms of PKC by PMA results in the induction of pro-inflammatory cytokines synthesis, among which IL-6, TNF-α, and IL-1β (29).

In our model, the differentiation of THP-1 into MLCs was obtained by treatment with 5ng/ml PMA for 48h, followed by a rest period of 24h without PMA stimulus (PMArest). The chosen dose was reported to be the minimal concentration of PMA for stable differentiation (20). Moreover, since PMA has dose-dependent effects on monocytes, it is better to use lower dosages with longer incubation time (30), thus a 48h incubation time was chosen. The differentiation into MLCs was confirmed by adherence, morphological changes, and surface expression of macrophage markers (Figure 1). From a morphological point of view, 87% of PMArest cells were adherent and an increase in size and granularity was observed, in line with previous studies (27). The differential combined positive staining for CD36, CD11b, CD14 and CD204 compared to THP-1 cells indicated that PMArest cells resemble macrophages also from a molecular point of view. This result is consistent with previous studies, in which CD36 in particular is often used as a marker of THP-1 differentiation into macrophages (22–24), and also reported to be expressed in alveolar macrophages isolated from COPD patients (31). CD11b has been formerly described as a macrophage specific marker in both human macrophages (32) and THP-1 derived macrophages (14, 15, 22). Our data confirmed the expression of CD11b at higher intensity in our PMArest population. CD14 is a membrane glycoprotein expressed on cells of the myelomonocyte lineage, mainly by macrophages. Increased CD14 expression in PMA-treated compared to untreated THP-1 cells has been previously described and partly explains the better response of macrophages to LPS and Aβ1-42 compared to monocytes (20). The lack of expression of CD14 in PMA48h group, along with heterogeneity in granularity and size detected by FACS analysis might indicate that the differentiation is still incomplete in this group. Noteworthy, the expression of CD14 was increased in PMArest, indicating a completed differentiation into MLC even at low concentration of PMA and validating the reported differentiation method. To check if the lack of CD14 in PMA48h group, compared to PMArest, may be due to the exposure length to PMA or to the time after the start of the PMA stimulus, we performed the FACS analysis for the expression of CD14 including a group of THP-1 cells treated with the same concentration of PMA for 72h. As reported in the Supplementary Figure 1, the percentage of cells expressing CD14 remains low (22%) also after 72h with PMA stimulus at 5ng/ml, while in the PMArest group about 70% of cells expressed the marker. This result suggests that not the timing after stimulus, but the resting period itself may play a role in the differentiation of THP-1 into MLCs.

NLRP3 inflammasome activation requires two signals, a priming signal that is typically provided by microbial components or endogenous cytokines and mediated by TLR4 activation and a second signal involving potassium ion efflux, lysosomal damage, particulate matter or reactive oxygen species generation. The priming signal may lead to the upregulation of NLRP3, which is thought to exist under resting conditions at too low concentrations to initiate inflammasome activation, and pro-IL-1β, which is not constitutively expressed in resting macrophages. The second signal causes the assembly of the inflammasome, a complex including NLRP3, ASC, and pro-caspase-1, with subsequent activation of caspase-1. Active caspase-1 cleaves pro-IL-1β and pro-IL-18 into their mature and biologically active forms (33). In THP-1 cells, PMA treatment has been shown to induce expression of IL-1β in a dose-dependent manner (20, 34). This aspect must be taken carefully into account when using the THP-1 derived macrophages as a model for the study of the inflammasome activation. In accordance with previous studies, our results confirm that even minimal amounts of PMA can induce the expression of pro-IL-1β in cell lysate and the secretion of IL-1β in the supernatant (Figure 2), thus PMA may provide not only for the priming but also for the second signal for the activation of the inflammasome.

Moreover, we report here for the first time the effect of PMA on the other mediators of the inflammasome, showing that the production of pro-IL-1β occurs alongside the overexpression of NLRP3 and decreased intracellular levels of pro-caspase-1 and ASC (Figure 2). Surprisingly, we were unable to detect any mature form of caspase-1, neither in the cell lysate, nor in the supernatant. Caspase-1 is normally present intracellularly in zymogen form, and after proteolytic cleavage, a tetrameric enzyme, (p20/p10)2, forms. The active subunits can be detected extracellularly, thus acting as a marker for inflammasome activation in vitro (35). Although the performed ELISA assay was validated by the analysis of caspase-1 in the CTRL+ sample, no appreciable level of the active enzyme was detected in any of the experimental groups, even in presence of released IL-1β in PMA48h group. One explanation may be that the activation of the NLRP3 inflammasome by PMA may be mediated by another caspase. Indeed, pro-IL-1β maturation and activation can be mediated by caspases other than caspase-1 or by other cell-type specific proteases, as recently reviewed by Pyrillou et al. (36). In particular, in dendritic cells and macrophages, cell stressors can promote caspase-8 dependent activation of NLRP3, and caspase-8 can provide proteolytic maturation of IL-1β in a caspase-1 independent manner (37). To address this hypothesis, we also analyzed the expression of caspase-8, however, no band for active caspase-8 in any experimental group was found (data not shown). Another explanation may be related to instability of the mature caspase-1. A previous study reported a very short half-life of the mature enzyme, with a full activity of about 9min. The authors related the rapid loss of activity to the instability of the quaternary structure of the active enzyme, resulting in loss of caspase-1 tetramers (38). On the other side, Shamaa and colleagues (39) distinguished between the activity of the enzyme in the cell extract, in which once activated, caspase-1 induced robust activity that was totally lost within an hour, and the activity of the released caspase-1, which is sustained even after immunodepletion of the enzyme. In our study, the time of collection, may have limited our chance to detect the enzyme through immunoblotting assay. An analysis of caspase-1 activity could help to fill the gap of understanding in the release of IL-1β in absence of its proteolytic enzyme.

To better understand the activation status of the inflammasome in PMA48h and PMArest, the formation of ASC specks was analyzed. ASC speck formation has been used as a readout for the inflammasome activation, since it serves as a signal amplification mechanism for inflammasome-mediated cytokine production, required for processing of IL-1β (1, 40). The speck formation is a quick process, so that upon activation the cytosolic levels of ASC drop down and all cytosolic ASC can be incorporated into a speck in <3min (41). In our study, western blot analysis showed a decrease of ASC levels in cell lysate of both PMA48h and PMArest groups compared to THP-1 cells, however ASC specks were not present in none of the two groups (Figure 4). Again, the observation timing may have limited our possibility to detect them. We then performed an extra analysis on THP-1 cells treated with 5ng/ml of PMA for 4h, 12h and 24h, but in none of the groups the ASC specks were detected (Supplementary Figure 2). This data, together with the missed detection of active caspase-1, may suggest that the PMA treatment at 5ng/ml provides the first signal for inflammasome activation, and so the substrates and changes in the intracellular levels of its mediators, but we are not able to prove if it also provides for its assembly in the functionally activated form. In conclusion, the presence of mature IL-1β in the PMA48h is open for further research, out of the scope of this work.

Of note, after 24h rest, no pro-IL-1β and only low amounts of released IL-1β were detected, suggesting that the rest allows for the removal of the inflammasome substrate. Since the release of IL-1β is considered by many authors as the primary outcome of the NLRP3 inflammasome activation, the 24h rest is mandatory to reduce the levels of IL-1β to the basal conditions and exclude biases in the interpretation of the results after exposure to subsequent stimuli. However, NLRP3 is still present, although at lower relative amount, and levels of pro-caspase-1 and ASC remain comparable to those in PMA48h group. We further evaluated the validity of the PMArest as a model for the study of the inflammasome, not only morphologically and molecularly similar to macrophage, but also able to respond to stimuli, by analyzing the ASC formation and the release of pro-inflammatory cytokines after canonical stimulation (LPS+NIG). The decrease of cytosolic ASC together with presence of ASC specks, in particular in PMArest cells treated with LPS followed by NIG, confirmed the ability of these cells to respond to stimuli by activation of the inflammasome. Moreover, the analysis of IL-1β demonstrated that, although the cytokine is not detected in untreated PMArest, the treatment with LPS alone or in combination with nigericin activates an inflammatory response leading to the production (pro-IL-1β) and the release (IL-1β) of the investigated cytokine (Figure 3). Again, the expression of CD14 may make PMArest cells more responsive to LPS compared to undifferentiated THP-1 (20, 42), so that also in the absence of the nigericin stimulus, the cells respond by complete activation of the inflammasome. This confirms our protocol as a valuable non-biased model for the study of the NLRP3 inflammasome, which can be used in the future to analyze other canonical stimuli, such as ATP, oxidized LDL or monosodium urate (MSU) crystals, where IL-1β can be used, but not exclusively, as readout parameter.

We conclude that treatment of THP-1 with 5ng/ml PMA followed by 24h rest period without PMA provides the differentiation into MLCs, from both a morphological and molecular point of view. A 24h rest period without PMA stimulus allows for a complete differentiation into a homogeneous population of MLCs and for the removal of IL-1β, but does not affect the responsiveness of the cells to subsequent stimuli, thus providing a non-biased in vitro model for the study of NLRP3 inflammasome.
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Variable Asthma patients with nocturnal Asthma patients without nocturnal p-value
symptoms (n = 18) symptoms (n = 18)
Age (y), mean(range) 59.61 + 14.58 (24-87) 61.50 + 11.46 (47-83) 0.464
Sex
Male (%) 10 (55.56%) 4(22.22%) 0.086
Female (%) 8 (44.44%) 14 (77.78%)
BMI (kg/m?), mean (range) 23.55 + 3.20 (16.65-26.67) 24.63 + 3.54 (19.77-33.3) 0.248
Heart rate (bpm), mean (range) 86.94 + 16.01 (56-119) 82.94 + 6.73 (76-100) 0.495
Breathing rate (br/min), mean (range) 19.17 + 1.79 (16-22) 18.44 + 1.42 (16-20) 0.188
Temperature (°C), mean (range) 36.35 + 0.38 (35.8-37.4) 36.42 +0.29 (36.0-37.2) 0.406
Allergic history (%) 12 (66.67%) 9 (50.00%) 0.500
Corticosteroids therapy (%) 14 (77.78%) 9 (50.00%) 0.164
FEV1 (%predicted), mean (range) 79.88 + 26.42 (24.5-107.4) 68.48 + 17.83 (31.1-102.9) 0.138
FEV1/FVC, mean (range) 74.73 + 15.71 (36.48-98.36) 68.49 + 15.52 (39.0-98.82) 0.239
Comorbidities
Hypertension (%) 5 (27.78%) 6 (33.33%) >0.999
COPD (%) 6(33.33%) 4(22.22%) 0.711
Coronary heart disease (%) 3 (16.67%) 1 (5.56%) 0.603
IgE (IU/mL), mean (range) 242.28 + 367.93 (10-1421) 304.44 + 397.42 (8-1410) 0.656
Routine blood test
'WBC (10°/L), mean (range) 8.24 +2.64 (5.01-11.81) 6.96 + 2.18 (4.6-11.74) 0.121
RBC (10'%/L), mean (range) 4.39 £ 0.55 (3.53-5.43) 4.18 £ 0.50 (3.43-5.38) 0.244
HGB (g/L), mean (range) 132.17 + 15.82 (98-162) 12261 + 14.68 (84-152) 0.069
PLT (10°/L), mean (range) 201.11 * 50.35 (72-300) 237.28 + 108.31 (133-541) 0.944
EQY%, mean (range) 2.79 + 4.38 (0-17) 7.19 + 12.63 (0-53.5) 0.171
LYM%, mean (range) 20.01 + 9.56 (4.4-36.1) 25.79 + 9.67 (3.4-46.8) 0.080
NEUT%, mean (range) 69.89 + 13.02 (51.9-94.2) 61.86 + 11.96 (38.8-92.8) 0.062
Blood biochemistry
AST (U/L), mean (range) 16.89 + 5.98 (9-28) 15.89 + 4.43 (9-25) 0.572
ALT (U/L), mean (range) 17.39 + 8.49 (10-46) 15.33 + 5.54 (8-27) 0.610
TP (g/L), mean (range) 65.75 + 6.48 (54.93-78.41) 64.45 + 5.93 (55.46-82.02) 0.628
ALB (g/L), mean (range) 40.79 + 4.58 (30.4-47.8) 40.76 + 3.91 (32.3-49.8) 0.978
GLOB (g/L), mean (range) 24.36 +5.10 (15.7-37.1) 23.00 + 6.28 (18.1-45) 0.145
ALP (U/L), mean (range) 74.86 + 28.04 (14-126) 70.89 + 16.62 (42-106) 0.609
CREA (umol/L), mean (range) 65.72 + 14.45 (47.9-99.9) 60.13 + 16.67 (32.3-101.3) 0.290
UREA (mmol/L), mean (range) 5.68 + 2.00 (3.06-11.32) 5.16 + 1.40 (2.43-7.92) 0.370

Data are presented as the mean + SEM or percentages and were compared using Fisher’s exact test, Kruskal-Wallis test, or independent sample t-tests. No significant differences were
observed between the groups.

ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate amino transferase; BMI, body mass index; COPD, chronic obstructive pulmonary disease; CREA,
creatinine; EO, eosinophils; FEV1, forced expiratory volume in 1 second; FEV1/FVC, forced expiratory volume in one second/forced vital capacity; GOLB, globulin; HGB, hemoglobin
count; IgE, immunoglobulin E; LYM, lymphocytes; NEUT, neutrophils; PLT, platelet; RBC, red blood cell count; TP, total protein; WBC, white blood cell count.
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Variable

IL-5 (pg/mL), mean (range)
IFN-0. (pg/mL), mean (range)
IL-2 (pg/mL), mean (range)
IL-6 (pg/mL), mean (range)
IL-1B (pg/mL), mean (range)
IL-10 (pg/mL), mean (range)
IL-8 (pg/mL), mean (range)
IL-17 (pg/mL), mean (range)
IL-4 (pg/mL), mean (range)
IL-12 (pg/mL), mean (range)
TNF-o. (pg/mL), mean (range)

Asthma patients with nocturnal

symptoms (n = 18)

4.25 + 9.56 (0.19-39.85)
220 + 1.90 (0.4-7.12)
1.51 £ 0.36 (0.99-2.20)
745 + 6.57 (1.35-28.65)
9.31 + 6.22 (0.94-17.08)
1.52 £ 0.71 (0.79-3.81)
343 + 3.43 (0.09-11.77)
1.72 £ 0.74 (0.49-2.82)
1.28 £ 0.59 (0.27-2.33)
1.21 £ 0.67 (0.26-2.66)
3.39 + 1.90 (0.78-7.05)

Asthma patients without nocturnal

symptoms (n = 18)

509 + 8.62 (02-30.5)
1.60 + 0.77 (0.3-3.74)
1.45 + 0.57 (0.59-3.01)
281 + 149 (0.66-6.53)
7.86 + 10.87 (0.47-42.6)
1.65 + 0.92 (0.45-4.15)
321 + 474 (0.14-19.83)
1.42 + 0.48 (0.31-1.99)
1.26 + 0.43 (0.35-1.67)
1.23 + 0.71 (0.01-3.01)
209 + 1.80 (0.58-6.8)

p-value

0.079
0.420
0.749
0.002**

0.126
0.622
0.645
0.156
0.761

0.941

0.043*

adjust p-value

0.290
0.770
0.915
0.022*
0.347
0.887
0.887
0.343
0.941
0.941
0.237

Data are presented as mean values + SEM, the two groups were compared with Kruskal-Wallis test or independent samples t-tests. The Benjamini-Hochberg algorithm was used to adjust p-

values. *p < 0.05, **p < 0.01 compared with asthma patients without nocturnal symptoms.
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Urea (mg/dl) 34 (24.5; 52.5)
NT-proBNP (ng/l) 468 (251; 2318)
CRP (mg/d)) 62.1(37.7; 103.5)
Hemoglobin (g/dl) 11.7 (10.1; 13.4)
Leukocytes (n/nl) 9.3(6.7;11.8)
Lymphocytes (n/nl) 1.22 (0.87; 1.96)
Lymphocytes (% of leukocytes) 12(9.7;23.2)
Thrombocytes (nV/pl) 279 (209; 321)
Mean platelet volume (fl) 10.3 (9.7; 10.9)
INR 1.07 (1.00; 1.25)
aPPT (s) 36.4 (31.4; 43.3)

Data about laboratory values of COV°S and COV™ in median values with quartiles are shown.

COVP°® (n = 50)

0.90 (0.66; 1.16)
48 (27.3; 64.5)
498 (125; 1834)
69.8 (18.9; 126.9)
10.9 (0.3; 21.4)
85(6.8; 12.6)
1.06 (0.74; 1.50)
13.2 (8; 18.1)
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Intervention group (N = 23) Control group (N = 23)

Mean (or N) Standard Deviation Mean (or N) Standard Deviation

(or %) (or %)

Age [years] 58.8 132 54.3 13.4
Sex [male] 14 61% 14 61%
Ethnicity:

German [N, %] 10 43% 9 39%
Turkish [N, %) 5 22% 2 9%
Russian [N, %] 3 13% 5 22%
Other [N, %) 5 22% 7 30%
BMI [kg/m’] 306 5.1 302 6.1
Living in partnership [N, %] 18 78% 16 70%
Active Smoking [N, %] 1 4% 1 4%
Regular physical activity [N, %] 9 39% 9 39%
Working status: working [N, %] 13 57% 13 57%
Practicing a relaxation method at least once a week [N, %] 0 0% 2 9%
Self-rated health (last 6 months) 6.9 26 7.5 2.6
Screened positive for depressive symptoms [N, %] 2 9% 5 22%
Screened positive for anxious symptoms [N, %] 3 13% 5 22%
CT Thorax/X-ray Bipulmonale infiltrates [N, %] 23 100% 22 96%
No. of patients with relevant comorbidities* N, %] 18 78% 12 52%
Diabetes [N, %] 5 22% 4 17%
Hypertension [N, %] 12 52% 9 39%
Asthma [N, %] 4 17% 1 4%
Obesity (BMI>30) [N, %] 13 57% 13 57%
Medication at admission: total number 34 4.1 2.0 2.3
Asthma spray [N, %] 3 13% 2 9%
Beta-blocking agent [N, %] 7 30% 5 22%
IL-6 (pg/ml) at inclusion 297 124 339 11.8
CRP (mg/l) at inclusion 82.6 19.9 60.4 11.4
TNF-a (pg/ml) at inclusion 84 0.7 9.4 1.0
IL-1b (pg/ml) at inclusion 6.7 16 3.6 1.0
Number of COVID-19- and pneumonia-associated medication 28 1.0 23 13
In detail:

Dexamethason [N, %] 21 91% 19 83%
Casirivimab/Imdevimab (monoclonal antibodies) [N, %] 5 22% 1 4%
Ruxcoflam [N, %] 5 22% 5 22%
Antiviral agent (Remdesivir) [N, %] 13 57% 11 48%
Antibiotics [N, %] 20 87% 17 74%
Virus variant

Wildtype [N, %] i 4% 1 4%
B 1.1.7 alpha [N, %] 11 48% 11 48%
Unknown [N, %] 11 48% 11 48%
Temporary COVID-19-only ward [N, %] 8 35% 8 35%
Ward for infectious diseases [N, %] 15 62% 15 65%
Hospital stay [days] 10.1 29 9:3 32

*cardiovascular, renal, respiratory, autoimmune disease, diabetes.





OPS/images/fimmu.2022.844701/fimmu-13-844701-g001.jpg
thrombocyte aggregation
with TRAP [AUC]

200

—
(S}
o

_
o
o

2]
o

p=0.003

negative positive
COVID status

w

150

with ADP [AUC]

thrombocyte aggregation

1004

3
=

p=4.1e-05

negative positive
COVID status

()

thrombocyte aggregation
with AA [AUC]

200

—-
0
o

5
o
o

p=0.019

negative positive
COVID status





OPS/images/fimmu.2022.844701/fimmu-13-844701-g002.jpg
o
Q]

) o Vo]

[Qwybu] saxajdwod
uiquiodyjue-uiquioay

positive

negative

COVID status





OPS/images/fimmu.2022.844701/table1.jpg
COoV™9 (n = 37) COVP°* (n = 50) Mann-Whitney U or Chi-squared test
Demographics
Age (years) 73 (58; 81) 69 (54.8; 76.5) 0.078
Men (% per group) 57% 70% 0.259
BMI (kg/m?) 25.1 (23.2; 29.9) 28.7 (24.7; 76.5) 0.1030
Patients on ICU (% per group) 22% 40% 0.104
Respiratory rate (breaths per minute) 18 (16.25; 19) 18.7 (18; 21.3) 0.078
Heart rate (beats per minute) 77 (70; 88.5) 81.5(72.8; 94.8) 0.259
Systolic blood pressure (mmHg) 131 (116; 149.5) 1285 (110; 140) 0.103
Diastolic blood pressure (mmHg) 75 (66; 85.5) 70 (60; 80) 0.141
Preexisting conditions
Coronary artery disease (% per group) 32.4% 14% 0.065
Arterial hypertension (% per group) 67.6% 62% 0.655
Diabetes (% per group) 48.6% 58% 0.632
Dyslipidemia (% per group) 29.7% 28% 1
COPD (% per group) 35.1% 6% 0.001

Data about demographics and preexisting conditions of COVP°S and COV™® absolute numbers or median values with quartiles are shown.
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Acetylsalicylic acid (% per group)

Clopidogrel (% per group)

Prophylactic anticoagulation (% per group)
Intermediate dose anticoagulation (% per group)
Therapeutic dose anticoagulation (% per group)
Statins (% per group)

ACE blocker (% per group)

Angiotensin Il receptor blocker (% per group)
Beta blocker (% per group)

Aldosterone antagonist (% per group)

Diuretics (% per group)

Oral glucocorticoids (% per group)

Remdesivir (% per group)

Tocilizumab (% per group)

Inhalative bronchodilators (% per group)

COV™? (n = 37)

32.4%
0%
56.8%
8.1%
35.1%
24.3%
35.1%
16.2%
46%
13.5%
50%
19%
0%
0%
59.5%

COVP®® (n = 50)

36%
4%
24%
32%
44%
24%
24%
22%
28%
6%
38%
56%
2%
2%
84%

Mann-Whitney U or Chi-squared test

0.821
0.505
0.003
0.009
0.51
1
0.339
0.591
0.113
0.277
0.383
0.001
1
1
0.014

Data about concomitant medication of COVP®S and COV™ in absolute numbers are shown.
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Assessed for eligibility (n=131)

Excluded (n=83)

¢ meeting exclusion criteria (n=81):
invasive procedures, trauma or acute myocardial
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insufficient knowledge of German language (N=16)
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Factors associated with PA stiffening
Caveolin-knockout mice show increased PA stiffness (158).

5-HT inhibition prevents hypoxia-induced PH and vascular remodeling of PAs in mice
(160).

SMC overproliferation causes arterial thickening and distal PA muscularization leading to
arterial stiffening in PH mice (60).

MMP-overexpression and activation lead to degradation of elastin fibers in the PA wall
and arterial stiffening in PAH patients (162).

Myofibroblasts in PH overexpress ECM components (i.e., collagens, fibronectin, tenascin-
C, etc.) (163).

Potential link to immune responses in PH

Caveolin-1 inhibits adventitial macrophage-induced inflammation in mouse
aortic vessels (159).

5-HT is widely expressed on immune cells such as dendritic cells, and
triggers the release of IL-1 and IL-6 (161).

IL-6 overexpression in inflammation triggers SMC hypertrophy in PAs (60).

Activated macrophages secrete MMP-2 (162), MMP-9 (162), MMP-10 (47),
and MMP-19 (6, 154) in PAH.
IL-6 upregulates MMP-9 expression in SMCs in PAH (60).

TGF-B increases collagen, fibronectin, and tenascin-C production by SMCs
and fibroblasts (43).

IL-6 and TGF-B induce differentiation of fibroblasts to myofibroblasts (21,
46, 71).
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Cytokines, immune cells, and adhesion molecules in PH

Category/name

Cytokines IL-1f

IL-2

IL-6

IL-10

IL-12

IL-17

TNF

L4
L7
L8
IL-13
IL-18
21
IL-33
IEN-y

CCL2 (MCP-1)/
CCR2

CCL7/CCR7

CX3CL1/CX3CR1
CCL4

CCL5 (RANTES)/
CCR5

CCL11

CCL12 (SDF-1)
CXCR1
CXCR4/CXCL12
CXCL9

CXCL13

CD40

Immune
cells

Macrophages

CD4"CD25"Foxp3*
regulatory T cells

NK cells

T cells

Neutrophil cells

Mast cells

B cells
Dendritic cells
Eosinophils

Other
mediators

C-reactive protein
(CRP)

Intercellular
adhesion molecule-
1 (ICAM-1)

Vascular cell
adhesion molecule-
1 (VCAM-1)
Macrophage
inflammatory
protein-1o.

Cell/tissue type of increased
mediator abundance in PH
patients/animal models

Lung (66-69), Plasma (70), Fibroblasts
(71), CTEPH-EC (72)

Plasma (76)

Plasma (70, 76, 78-80), Lung (61, 66-69,
81-83), Serum (16, 61, 84, 85), SMC
(84), Pulmonary veins (61), PA (61),
Exhaled breath condensate (85),
Fibroblast (71)

Plasma (79, 80, 91), Lung (69)

Plasma (79, 93), Serum (94, 95)

Lung (83), Plasma (79), CD4+T cell (97)

Plasma (70, 99-101), Lung (61), Serum
(61, 102), Pulmonary veins (61), PA (61),
EC (103)

Lung (108), Plasma (79, 109)

Plasma (79)

Exhaled breath condensate (85), Plasma
(79, 80), EC (72, 103)

Lung (108), Plasma (109)

Lung (66, 110)

Lung (82)

Lung (111, 112), Serum (113)

Plasma (76, 109)

Lung (114), SMC (115), Macrophage (115,
116), Fibroblast (71), CTEPH-EC (72),
Plasma (91, 99)

Plasma (79), Serum (94), Fibroblast (71)

Lung (114), Serum (94)

Plasma (79)

PAEC (119), Plasma (79), PASMC (115,
120), Macrophages (115), Fibroblasts (71),
Lung (121), CTEPH-EC (72), PAH-EC
(122)

Plasma (79)

Fibroblasts (71), Lung (121)

Lung (121)

Fibroblasts (71), Lung (123, 124)

Plasma (80)

Plasma (80), Serum (125)

Fibroblasts (71), Serum (126), Lung (127)

Bone marrow (128), Lung (81, 129, 130),
CTEPH-EC (131, 132), Alveoli (128),
Blood (133)

Plasma (76)

Plasma (76), CTEPH-EC (132), Blood
(140)

Plasma (76)
Lung (142)

Blood/bone marrow (144)

Lung (8, 146-148), CTEPH-EC (132),
Blood (149)

Lung (8)

Lung (69)

Lung (150)

Plasma (91, 99, 116)

Plasma (93)

Plasma (93), Fibroblasts (71), Lung (121),
CTEPH-EC (72)

Plasma (91)

WHO-
defined PH

group

1(68, 69, 71), III
(66, 67, 70), IV
(72)

1(76)

1(16, 68, 69, 71,
76, 79, 80, 83,
84), I (61, 81),
111 (66, 67, 70,
78, 82, 85)

1(69, 79, 80), IV
(o1

1(79, 93-95)

1(79, 83), IIT
©7)

1(100, 101), It
(61), III (70),
1V (99, 102)

1(79, 108), T
(109)

1(79)
1(79),

I (85),

1V (72, 80)
1(108), T
(109)

T (66, 110)
III (82)
1(111, 112),
1 (113)
1(76), 111
(109)

Ti(715 235,
116), III
(114), IV (72,
91, 99)

1(71, 79, 94)

1(94),

111 (114)
1(79)

1(71, 79, 115,
119-122),

I (120),

1V (72,91,
99)

1(79)

1(71, 121)
1(121)
1(71,123), I
(123, 124)
1(80), IV (80)
1(80, 125), IV
(125)

1(71), 11
(126)

I, 111 (127)
1(115,128,
129, 133, 134),
11 (81), 11T
(130), IV
(131, 132)

1(76, 138), Il
(139)

1(76, 140), IV
(132)

1(76), 11
(142)

1(144), 111
(144)

1(8, 147-
149), 11 (8,
146),

I (8), IV
(132)

1(8)

1(69)
1(150)
1(116), IV
(91,99)

1(93)

1(71,93,
121), IV (72)

v (91)

Regulation of vascular stitfening-related pathways

Atherosclerosis

IL-1B is associated with calcium content and calcification of the aortic
wall (73).

Cardiovascular disease

IL-1B and TGF-B initiate the transdifferentiation of cardiac fibroblasts to
myofibroblasts that produce elevated levels of collagens after cardiac
injury (74).

Aortic calcification

IL-1B and TNF modulate EndoMT of aortic ECs and make ECs more
sensitive to osteogenic transdifferentiation by BMP-9 in vitro,
predominantly by reducing BMPR2 expression and increasing JNK
signaling (75).

Aortic stiffening

In mice, IL-2 reduces angiotensin II-mediated inflammation and aortic
stiffening via activation of CD4"CD25"Foxp3" regulatory T cells (77).

1L-6 in PH-LHD

In a rat model of PH-LHD, macrophage accumulation and increased IL-
6 production were observed in the lung (8, 81). IL-6 activates STAT3
signaling, inducing PA SMC overproliferation (81).

1L-6 and calcification in PAH

MicroRNA-204 regulates BRD4 expression, which upregulates IL-6 and
drives vascular calcification in PAH (86, 87).

Coronary artery disease (CAD)

CAD patients have increased osteoprotegerin, osteopontin, and IL-6
levels in serum (88).

Hypertension-induced aortic stiffening

Positive correlation between IL-6 and aortic stiffness (89)

Arterial stiffening in chronic kidney disease (CKD)

1L-6 levels in patient plasma are positively correlated to arterial wall
stiffness (90).

Vascular remodeling in PH

IL-6 promotes SMC proliferation and migration in PH, leading to
medial wall thickening in distal PAs (60). IL-6 upregulates MMP-
expression in PH, promoting ECM remodeling (60).

IL-6 depletion attenuates lung vascular remodeling in a rat MCT model
of PH (8).

Aortic stiffness

IL-10 knockout mice develop aortic stiffening due to increased COX-2
activity and resulting thromboxane A2 receptor activation (92).

Atherosclerotic cardiovascular disease

In CVD patients, TL-12 serum levels positively correlate with arterial
stiffness (96).

Psoriasis

IL-17 increases aortic stiffness by reducing lipoprotein trafficking (98).

Aortic calcification

TNF induces osteoblast markers and enhanced osteoblast differentiation
and calcification in bovine aortic SMCs by activation of the cAMP
pathway (104).

Psoriasis

The anti-TNF monoclonal antibody adalimumab reduces carotid arterial
stiffness (105).

Estrogen deficiency in postmenopausal women

The TNF inhibitor etanercept reduces carotid arterial stiffness (106).
Inflammatory artheropathies

In a controlled clinical study, patients with rheumatoid arthritis,
ankolysing spondylitis, and psoriatic arthritis that received anti-TNF
therapies (either adalimumab, ethanarcept, or infliximab) exhibited less
aortic stiffness, assessed by aortic pulse wave velocity and augmentation
index (107)

Not studied in the context of vascular stiffening

Hypertension-induced aortic stiffness

Positive correlation between MCP-1 levels in patient plasma and aortic
stiffness estimated by echocardiography (89).

Arterial stiffening in chronic kidney disease (CKD)

Positive correlation between angiopoietin-2 in serum of CKD patients
and aortic stiffness. Angiopoietin-2 induces CCL2 in ECs (117)

Abdominal aortic stiffness
HIF-10. deficiency in vascular smooth muscle cells suppresses CCL7,
which increases macrophage infiltration (118).

Not studied in the context of vascular stiffening

PAH

Infiltrated macrophages express MMP-10, resulting in ECM remodeling
and PA stiffening (47).

Thoracic aorta stiffening in CKD

ETA receptor blockade reduces macrophage infiltration, aortic stiffness
and calcification in rats (135).

Aortic stiffness in obesity

Peroxisome proliferator-activated receptor y (PPARY) activation by
pioglitazone attenuates MMP-12 in macrophages in vitro, and reduces
aortic stiffness in vivo (136).

Aortic stiffness in abdominal aortic aneurysm

Angiotensin II promotes the recruitment of M2-like macrophages in the
aorta of IL12p40-deficient mice, which promote medial remodeling and
aortic stiffening through increased TGF-B production (137).

Aortic stiffening

In vivo CD4"CD25"Foxp3” regulatory T-cell stimulation in mice
reduces angiotensin-1I mediated aortic remodeling and stiffening (77).
PA calcification

Granzyme B from nature killer cells increases calcification in smooth
muscle cells (SMCs) under hypoxia (141)

HIV-related arterial stiffening

CD4" and CD8" T-cell exhaustion is associated with arterial stiffness
(143).

Vasculature stiffening

Oxidized low-density lipoprotein (OxLDL) and stiffer substrates

promote neutrophil transmigration in vitro (145)

Not studied in the context of vascular stiffening

Arterial stiffening

Higher CPR levels are associated with increased arterial stiffness (151).
Arterial stiffening in CKD

Plasma angiopoietin-2, which induces ICAM-1 in ECs (117), correlates
with arterial stiffness in CKD.

Matrix stiffness

Stiff matrices induce ICAM-1 clustering in ECs, which promotes
immune cell recruitment (152).

Atherosclerosis

MicroRNA-1185 correlates with arterial stiffness and VCAM-1
expression (153).

Not studied in the context of vascular stiffening
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DV Obs  Model Model Fixed  Random eftects Model fit LR Test against

Number specification Effects nested
added
Subjects  Item AIC BIC LL dfmodel  df X*>  Prob
(ID) (Day) LR-test >X
IL-6 In[pg/ 208 1 RE only - intercepts - 684.1391  694.1518 -339.06957 3 - - -
mi] (min. 2 M1 + FEmain  Group + intercepts - 682.5409 7492917 -321.2705 20 17 3560 0.0052
2, avg effects Day
45,
max 3 M2 + RE - intercepts  intercepts 6743049 747.7307 -315.1524 22 2 1224 0.0022
10) 4 M3 + Group X intercepts  intercepts 677.1227 793.9366 -303.5614 35 13 23.18  0.0395
Interaction Time
Leucocytes 214 1 RE only - intercepts - 195.8852 2059832  -94.94262 3 - - -
(In[giga/l)) ~ (min. 2 M1+ FE main ~ Group + intercepts - 1277382 1950577  -43.86911 20 17 10215 <0.0001
2, avg effects Day
47,
max 3 M2 + RE - intercepts  intercepts 111.1439 185.1954 -33.57196 22 2 2059 <0.0001
10) 4 M3+ Group X intercepts intercepts 124.6047 239.0478 -28.30233 34 12 1054 05688
Interaction Time
CRP (In 222 ) RE only - intercepts - 718.8937 7291018  -356.4469 3 - - -
(mg/) ~ (min. 2 M1 + FE main ~ Group + intercepts - 5894273 6574808 -274.7136 20 17 16347 <0.0001
2,avg effects Day
48,
e 3 M2 + RE - intercepts  intercepts 504.5118 579.3707 -230.2559 22 2 88.92  <0.0001
10) 4 M3 + Group X intercepts intercepts 5164878 635.5815 -223.2439 35 13 1402 03722
Interaction Time
TNF-o. (In 151 1 RE only - intercepts - 189.4543 1985061 -91.72714 3 - - -
[pg/ml]) ~ (min. 2 Ml + FE main  Group + intercepts - 1829308 2432764 7146538 20 17 4052 0.0011
1, avg effects Day
34,
max 8) 3 M2 + RE - intercepts  intercepts 170.7575 237.1376 -63.37873 22 2 1617 0.0003
4 M3 + Group X intercepts  intercepts 175.1232 274.6934  -54.5616 33 11 17.63  0.0905
Interaction Time

df, degrees of freedom; DV, Dependent Variable; Obs, Observations in model (not Participants); LL, log-likelihood; LR-Test, Likelihood ratio test; AIC, Akaike’s information criterion; BIC,
Schwarz’s Bayesian information criterion; X?, CHI*-value.
BOLD lines indicate favored model.
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Epitope HLA-A*0301 TCR Non-bond interactions

LYS1 (N) TYR7 (OH) H-bond
LYST (N) TYR171 (OH) H-bond
LYS1 (N2) GLN62 (OET) H-bond
LYS1 (N2) TYR159 (OH) H-bond
LYS1 (N2) GLUB3 (OE2) Salt bridge
LYS1 (N2) TRP167 (AR) Pi-cation
VAL2 (CG1) TYR7 Hydrophobic
VAL2 (N) GLUB3 (OE1) H-bond
PHE3 (AR) TYR159 (AR) Hydrophobic
PHE3 (AR) TYR99 (AR) Hydrophobic
PHE3 (N) TYR99 (OH) H-bond
PHE3 (OH) TYR159 (OH) H-bond
HIS5 (AR) LEU156 (AR) Hydrophobic
HIS5 (ND1) GLN155 (OE1) H-bond
PHES (AR) ALAG9 (AR) Hydrophobic
ARG7 (NH1) GLU152 (OE2) Salt bridge
ARG7 (NH2) GLU152 (OE2) H-bond
ARG7 (NH2) GLU100 (OE2) Salt bridge
VAL8 (CG1) ALA99 (CB) Hydrophobic
VALS (O) LYS146 (N2) H-bond
VALS (CG2) VALT6 (CG1) Hydrophobic
LYS9 (OXT) LYS146 (N2) Salt bridge
LYS9 (N) ASP77 (OD2) Salt bridge
LYS9 (N2) ASP116 (OD2) Salt bridge
LYS9 (N2) ASP77 (OD1) H-bond
LYS9 (0) THR143 (OG1) H-bond
LYS9 (O) TYR84 (OH) H-bond

Intermolecular non-bond interactions established by the predicted epitope with HLA-A*0301 and TCR as identified by Discovery Studio 4.0 (Dassault Systémes 2018). A three-letter amino
acid code followed by position number is used. Atoms involved in the interaction are reported in standard PDB atom names.
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Phylum Genus Accession Protein

Actinobacteria  Actinomyces WP_075414257.1 Hypothetical protein
Actinomyces BAV83756.1 Hypothetical protein
Actinomyces WP_073708799.1 Oligoribonuclease
Propionibacterium WP_055345539.1 ABC transporter ATP-binding protein
Propionibacterium SCQ71317.1 Nod factor export ATP-binding protein |
(nodulation ATP-binding protein I)
Propionibacterium SCQ60498.1 ABC daunorubicin resistance transporter, ATP-

binding component (precursor)

Firmicutes Ruminococcus WP_028510096.1 Hypothetical protein
Ruminococcus CDE11995.1 cRISPR-associated protein Csd1 family
Ruminococcus WP_118609816.1 Sensor histidine kinase*

Proteobacteria  Rickettsiales RPF74257.1 Glucose-1-phosphate thymidylyltransferase*
Rickettsiales MARS56391.1 Hypothetical protein CMM93_04335
Rickettsiales MBJ94827.1 Hypothetical protein CMP23_10205

Cyanobacteria Cyanobacteria WP_068817593.1 RibD family protein [Phormidesmis priestleyi]*
Cyanobacteria WP_015194555.1 RibD family protein [Stanieria cyanosphaera]®
Cyanobacteria WP_095722341.1 RibD family protein [Calothrix elsteri]

*Best candidate sequences as epitopes triggering the activation of T cells at thefirst episode of NSTEMI.

Peptide
sequence

VFLHFR
VFLHFR
FLHFR
IFLHFRGK
IFLHFRGK

IFLHFRGK

LHFRVK
VFLRFRV
KVFLEFSVK
KVFLHRVK
IFLHFR
VFMHFR
VFLHYRVK
VFLHYRVK
VFLHYRVK

Max
score

24

24

21
22.7
22.7

22.7

23.1
22.3
22.3
24.8
21.8
21.4
26.9
26.9
26.9

Total

score cover (%) value

24

24

21
22.7
22.7

22.7

23.1
223
22.3
24.8
21.8
21.4
26.9
26.9
26.9

Query E-
66 4.7
66 4.7
55 55
88 12
88 1.2
88 1.2
66 13
T 26
100 26
100 1.9
66 22
66 31
88 3.0
88 3.0
88 3.0

Identity
(%)

100
100
100
75
75

75

100
85.71
77.78
88.89
83.33
83.33
87.50
87.50
87.50
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P75+1.5*IQR
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P75+1.5"IQR

Prevalence  HC [%] SSc[%] P value

S1PR1-aAb 2.7 17.1 <0.0001

S1PR2-aAb 3.6 19.0 < 0.0001

S1PR3-aAb 8.3 21.5 <0.0001
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Rheumatology Departments Univ. of Liibeck & Charité Berlin

In.vent Diagnostica

Diagnosis Systemic sclerosis n=158 Healthy controls n=30 Healthy controls n=303
Sex

Female, n (%) 116 (73.9%) 19 (63.3%) 171 (56.4%)

Male, n (%) 41 (26.1%) 11 (36.7%) 132 (43.6%)

Age, median (range) [y] 63 (26-84) 52 (22-59) 32 (19-63)

BMI, median (range) [kg/m2] 24 (16-48) = =

Disease duration, median (range) [months] 84 (0-588) - -

Missing values were excluded from the calculation.
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SSc
n=158
Cutanous manifestation
Limited, n (%) 91 (58%)
Diffuse, n (%) 59 (38%)
Sine scleroderma, n (%) 7 (4%)
mRSS, 6 (0-39)

median (range)
Pulmonary & cardiac involvement

NTproBNP [ng/L], median 206 (5-

(range) 19066)

PAH, n (%) 58 (37%)
ILD, n (%) 75 (48%)
Autoantibodies**

anti-topoisomerase-1 (Scl70) 50 (33%)
Ab, n (%)

anti-RNA-Pol-Ill Ab (ARA), n 13 (8%)
(%)

anti-centromere-CENP-B Ab, 63 (41.4%)
n (%)

anti-citrullinated-peptide Ab, n - 30 (54.5%)
(%o)**

S1PR1-aAb S1PR2-aAb S1PR3-aAb
positive* n=27 negative n=131 positive* n=30  negative n=128 positive* n=34 negative n=124
(17.1%) (82.9%) (19%) 81%) (21.5%) (78.5%)
23 (85.2%) 68 (52.3%) 4 (48.3%) 77 (60.2%) 13 (39.4%) 78 (62.9%)
4(14.8%) 55 (42.3%) 14 (48.3%) 45 (35.2%) 19 (57.6%) 40 (32.3%)
0 (0%) 7 (5.4%) 1(3.4%) 6 (4.7%) 1(3.0%) 6 (4.8%)
4(0-24) 6(0-39) 5(0-27) 6 (0-39) 5(0-27) 6(0-39)
296 (46-4884) 196 (5-19066) 135 (5-19066) 235 (29-14414) 135 (5-4884) 242 (29-19066)

9(33.3%)
11 (40.7%)

4 (15.4%)
2 (7.4%)
21 (75%)

6 (66.7%)

49 (37.4%)
64 (49.6%)

46 (36.2%)
18.7%)
42 (33.6%)

24 (52.2%)

15 (50%)
17 (60.7%)

11 (39.3%)
2 (7.4%)
1 (40.7%)

10 (71.4%)

43 (33.6%)
58 (45.3%)

39 (31.2%)
11 8.7%)
52 (41.6%)

20 (48.8%)

16 (47.1%)
23 (71.9%)

16 (48.5%)
4 (12.5%)
9 (29.0%)

8 (53.3%)

42 (33.9%)
52 (41.9%)

34 (28.3%)
9 (7.4%)
54 (44.6%)

22 (55%)

Missing values were excluded from the calculation; mRSS, modified Rodnan-Skin-Score; ILD, interstitial lung disease; *P75+1.5xIQR, **all were antinuclear Ab (ANA) positive, ***positive:

>7 L/ml.
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