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Editorial on the Research Topic
 Pulmonary hypertension in the modern era: Science and clinical practice, Volume II




In 2021, this journal launched a Research Topic dedicated to translational science and clinical practice in pulmonary hypertension. Volume I of this topic was highly successful, with many valuable contributions from scientists across the globe. Because not all submitted papers could be accommodated in this first Volume, Frontiers in Medicine released Volume II of this topic on Pulmonary Hypertension.

Pulmonary hypertension is a devastating condition of high pulmonary pressures and right heart failure that, if untreated, leads to premature death. Research into disease mechanisms and optimal treatment remain of highest importance. In this volume, researchers from China, the United States and Europe provide important new insights into the diagnosis and management of pulmonary hypertension. First, in a study from Kunming, China, the microbiome in broncho-alveolar lavage fluid is compared between normal controls and pediatric patients with pulmonary arterial hypertension (PAH) associated with congenital left to right shunts (Ma et al.). The authors show an altered spectrum of microbes in pediatric PAH patients that is strongly correlated to a disturbed metabolomic profile. They speculate that metabolomic biomarkers may inform on clinical diagnosis, treatment, and prognosis of pediatric PAH patients. This volume also contains two valuable contributions on the diagnosis of chronic thromboembolic hypertension (CTEPH). Clinical scientists from Stanford University, Palo Alto, USA, conducted a survey to assess agreement amongst clinicians for initial therapy choice in patients with pulmonary hypertension in the context of chronic lung disease, or group 3 pulmonary hypertension (Thomas et al.). Although management guidelines discourage the routine use of PAH-targeted therapies in these patients, over 90% of respondents agreed that they would treat cases with severe group 3 pulmonary hypertension with some form of PAH-targeted therapy. For mild pulmonary hypertension and mild lung disease cases, <50% of respondents chose to start PAH-specific therapy. There was overall poor agreement between respondents in the choice to use mono-, double, or triple combination therapy with PAH-specific agents. This study shows wide practice variation and a strong need for further studies in this field. Le Pennec et al. from France address the current lack of consensus on the use of specific criteria for the interpretation of Ventilation/Perfusion (V/Q) lung scintigraphy to screen for CTEPH. In a group of 226 patients with newly diagnosed pulmonary hypertension, of whom one quarter were ultimately diagnosed with CTEPH, the optimal diagnostic cut-off for interpretation was 2.5 segmental mismatched perfusion defects. An interpretation based on perfusion defects only provided similar sensitivity but lower specificity. As scintigraphy retained its central position in the diagnosis of CTEPH in the new ERS/ESC pulmonary hypertension guidelines, this study provides valuable additive guidance for a proper diagnosis of CTEPH. Shahin et al. from Sheffield, UK, described the use of cardiac magnetic resonance the assess prognosis and predict the response to pulmonary endarterectomy (PEA) in CTEPH. While right ventricular ejection fraction predicted outcome in patients not undergoing PEA, measures of left atrial volume index were associated with outcome after PEA surgery. This study highlights the prognostic value of imaging cardiac structure and function in CTEPH and the importance of considering left heart disease in patients considered for PEA.

The COVID-19 pandemic has brought forth a new disease entity whose long-term impact on public health continue to evolve as many survivors are now suffering from Post-Acute Sequelae of SARS-CoV-2 (PASC), a condition in which individuals experience a wide range of physical and mental symptoms after their initial infection. The manuscript by Oliveira et al. focuses on the cardiopulmonary sequelae of COVID-19 infection which include right ventricular dysfunction, pulmonary hypertension, thrombosis, and lung fibrosis. Acknowledging the many knowledge gaps pertaining to these topics, the authors provide a list of research priorities to direct attention to the most urgent questions to be addressed in an effort to anticipate the health care needs that these patients will require as the pandemic continues to evolve over the next few years.

Moving from clinical to the basic sciences, the study by Kyi et al. included in the collection tackles the contribution of cellular senescence in triggering vascular cell accumulation in the distal pulmonary arterioles of PAH patients. In a series of elegant experiments, the investigators demonstrate that accumulation of the senescence marker p16INK4a in pulmonary endothelial cells drives the production of endothelial-derived growth factors (e.g., PDGF) that promote the expansion of smooth muscle cells in the medial layer, a phenomenon that can be attenuated in p16 fl/fl-Cdh5(PAC)-Cre ERT2 (p16 iΔEC) mice after tamoxifen induction. These studies provide compelling evidence that targeting senescence could be a viable therapeutic strategy in the management of PAH. Further, the study by Lin et al. takes a bioinformatics-based strategy to interrogate four publicly available datasets in an effort to identify prospective biomarkers and therapeutic targets in PAH. Among the genes identified in their robust analysis, TXNRD1 was selected for validation given its predictive performance and correlation with several hemodynamic parameters of PAH. Beyond the identification of TXNRD1, the most important aspect of the work is the demonstration that application of bioinformatics can accelerate the discovery of new mechanisms and targets using accumulating datasets being generated from Omics studies.

Continuing to uncover molecular mechanisms driving hyper-proliferation of pulmonary vascular cells in PAH, recent study by Jiang et al. investigated the role of lipogenesis in increased proliferation and apoptosis resistance of PAH PA smooth muscle cells. The authors found that, in contrast to healthy subjects, distal PA smooth muscle cells from PAH patients' lungs have enhanced lipogenesis, which is supported by up-regulation of key fatty acid synthesis enzymes ATP-citrate lyase, acetyl-CoA carboxylase, and fatty acid synthase. Importantly, the authors demonstrate that active lipogenesis is required for increased proliferation and survival of PA smooth muscle cells in PAH and provide strong evidence that there is a mechanistic link between glycolysis, lipogenesis, and the proliferation of human PAH PA smooth muscle cells, which is regulated by SIRT7/JNK-Akt axis. This study offers strong molecular basis for further investigations to determine the potential attractiveness of targeting abnormal lipogenesis to reduce pulmonary vascular remodeling and PAH.

Inflammation plays important role in PAH pathogenesis and supports multiple molecular and metabolic abnormalities involved in the initiation and progression of this deadly disease. The review article from Foley et al. discusses the role of inflammasome activation in the pathogenesis of PAH. Inflammasomes are multi-protein complexes that initiate and amplify immune responses induced by infectious or sterile inflammatory stimuli. Aberrant activation of inflammasomes has been implicated in various pulmonary and cardiovascular diseases. This timely and important review provides detailed overview of our current knowledge about inflammasome activation in immune and resident pulmonary vascular cells as it relates to the pathogenesis of PAH. The authors also provide in depth discussion of potential drug development to inhibit inflammasomes and their downstream effectors to treat PAH. Further emphasizing important role of inflammation and translational significance of transforming growth factor-β (TGF-β) superfamily signaling in dysregulated vascular cell proliferation in PAH, Andre et al. provide comprehensive review of the TGF-β superfamily mechanisms in PAH pathogenesis and expertly summarize the interaction of TGF-β superfamily signaling with the inflammation and mechanobiological forces. The authors also discuss emerging therapeutic strategies to restore SMAD signaling and reverse pulmonary vascular remodeling and overall PAH.

The right ventricle (RV) dysfunction is one of the most important determinants of survival in patients with pulmonary hypertension, but the age-related RV changes either in health or disease are not well-understood. To note, aging is associated with alterations in pulmonary vasculature and RV hemodynamics, and there is higher prevalence of pulmonary hypertension in the elderly. Using male Sprague-Dawley rats as a model, Sharifi Kia et al. report their pilot findings demonstrating effects of healthy aging on the structure, function, and biomechanical properties of RV. Specifically, the authors provide strong evidence suggesting that healthy aging could promote RV remodeling via increased peak pressures, cardiomyocyte loss, fibrosis, fiber reorientation, and altered mechanical properties. These findings improve our understanding of age-related changes in the RV fitness, which may play important role in response to disease, and call for further investigations to determine how age contributes to the disease progression in patients with pulmonary hypertension.
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Background: Pulmonary hypertension is a complication of chronic lung diseases (PH-CLD) associated with significant morbidity and mortality. Management guidelines for PH-CLD emphasize the treatment of the underlying lung disease, but the role of PH-targeted therapy remains controversial. We hypothesized that treatment approaches for PH-CLD would be variable across physicians depending on the type of CLD and the severity of PH.

Methods and Results: Between May and July 2020, we conducted an online survey of PH experts asking for their preferred treatment approach in seven hypothetical cases of PH-CLD of varying severity. We assessed agreement amongst clinicians for initial therapy choice using Fleiss' kappa calculations. Over 90% of respondents agreed that they would treat cases of severe PH in the context of mild lung disease with some form of PH-targeted therapy. For cases of severe PH in the context of severe lung disease, over 70% of respondents agreed to use PH-targeted therapy. For mild PH and mild lung disease cases, <50% of respondents chose to start PH-specific therapy. There was overall poor agreement between respondents in the choice to use mono-, double or triple combination therapy with PH-specific agents in all cases.

Conclusion: Although management guidelines discourage the routine use of PH-targeted therapies to treat PH-CLD patients, most physicians choose to treat patients with some form of PH-targeted therapy. The choice of therapy and treatment approach are variable and appear to be influenced by the severity of the PH and the underlying lung disease.

Keywords: pulmonary hypertension, chronic lung disease, vasodilators, survey, group 3 PH


INTRODUCTION

Pulmonary hypertension (PH) associated with chronic lung disease (PH-CLD) is a subgroup of group 3 PH associated with significant morbidity and mortality (1, 2). Although PH-CLD is relatively common, the pathophysiology is quite diverse and complex, and even mild PH in the setting of CLD has been associated with reduced functional status and worse outcomes (3). Diagnosis of PH-CLD remains challenging even for the most experienced medical professionals. When patients have a diagnosis of CLD and PH, the clinician must use data from lung imaging, pulmonary function tests, and right heart catheterization (RHC) to confirm the diagnosis and phenotype of patients according to disease severity. As such, PH-CLD presents many diagnostic and therapeutic challenges to even the most experienced clinicians.

Current consensus guidelines recommend treating the primary lung disease and advise against routine use of PH-targeted drugs in PH-CLD (1). However, clinicians may favor treating PH-CLD empirically with pulmonary vasodilators, although the clinical benefit of monotherapy or combination therapy in this setting remains controversial. In April 2021, following the results of the INCREASE study, inhaled treprostinil became the first and only drug approved by the Food and Drug Administration (FDA) for the treatment of PH associated with interstitial lung disease (ILD) (4). For other PH-targeted therapies, the data remains controversial and may even indicate that certain drugs increase the risk of complications in PH-CLD. For example, the use of ambrisentan and riociguat is contraindicated in patients with PH associated with idiopathic pulmonary fibrosis (IPF) and idiopathic interstitial pneumonia based on clinical studies demonstrating an increased incidence of morbidity related to these drugs (5, 6). As such, it is advisable to avoid empirical use of endothelin receptor antagonists and riociguat in PH-CLD.

At present, there is limited data on the practice patterns of physicians who treat PH-CLD in terms of their approach to using PH-targeted agents. A 2015 survey of treatment practices for non-Group 1 PH patients at national PH referral centers reported that 80% of Group 3 PH received PH-targeted therapy (7). Since then, there has been no reassessment to determine whether the attitudes toward PH-CLD have changed following the publication of the 2018 6th World Symposium on PH (6th WSPH) proceedings (8). Moreover, despite the safety concerns with use of endothelin receptor antagonists or riociguat (5, 6), it is unclear whether physicians rely on these drugs when choosing to empirically treat patients with CLD or whether they favor the use of mono- or combination therapy in a manner similar to the current standard of care for Group 1 PH patients.

Given the lack of consensus regarding the use of PH-targeted therapies in CLD, we hypothesized that agreement to treat with PH-targeted drugs would be higher in cases of severe PH-CLD and that use of monotherapy would be preferred over combination therapy. Our goal was to understand the current attitudes among PH professionals regarding the treatment of PH-CLD and how disease severity dictates the decision to choose a specific approach to treatment.

It must be noted that this study reflects the attitude of physicians toward the use of PH medications to treat PH-CLD prior to the publication of the INCREASE trial and approval of inhaled treprostinil for PH-ILD in April 2021.



METHODS

We created an online survey to gather information on the treatment preferences of clinicians who manage PH-CLD. The survey was created using the Qualtrics survey tool provided by Stanford University. The survey was reviewed by the Stanford University Institutional Review Board and granted exempt status. The survey included eight demographic questions on clinician training backgrounds, experience with PH-CLD, and institution location and type (see Appendix I for survey details). We submitted the survey for dissemination to the following organizations' email listservs: the Pulmonary Hypertension Clinicians and Researchers (PHCR) network, the American College of Chest Physicians (ACCP), and the American Thoracic Society (ATS) pulmonary circulation assembly. We chose these listservs because they are well-known organizations with broad distribution to the PH clinician community. The survey was conducted between May and July 2020, and respondents were asked to complete the survey only once. Responses were anonymous, and all data was stored in the secure online Qualtrics database.

The survey included seven hypothetical cases designed by PH and ILD experts at Stanford University. We chose to focus the clinical cases on IPF and chronic obstructive pulmonary disease (COPD) as these two disease entities are commonly representative of PH-CLD. Each case included the patient's age, biological sex, CLD diagnosis, WHO functional class, pulmonary function test (PFT) values, echocardiography results, RHC hemodynamics, and 6-min walk distance (6MWD) (see Figure 1 for an example case, and the Appendix for the survey including all cases). Cases were based on the current definitions of PH-CLD from the 6th World Symposium on Pulmonary Hypertension (1): (1) CLD without PH: mPAP <21 mmHg, or mPAP 21–24 with PVR <3 WU, (2) CLD with mild PH: mPAP 21–24 mmHg with PVR > 3 WU, or mPAP 25–34, (3) CLD with severe PH: mPAP > 35 mmHg, or mPAP > 25 mmHg and low cardiac index (CI <2.0 l/min/m2). The cases were created using different combinations of mild to severe CLD and PH and designed to be straightforward regarding the severity of both the lung disease and the PH. Four cases were created with “severe” PH, defined as an mPAP > 35 mmHg. Of these cases, two were paired with a “mild” CLD diagnosis (i.e., Group 1 PH-like phenotype), and another two were “severe” PH paired with advanced CLD. The case designs are summarized in Figure 2.


[image: Figure 1]
FIGURE 1. Example PH-CLD case from the survey (case 1—Mild IPF/Mild PH).



[image: Figure 2]
FIGURE 2. PH-CLD phenotypes for each of the seven hypothetical cases. Severe PH was defined as a mPAP > 35 mmHg, severe IPF was defined as FVC < 70%, and severe COPD was defined as FEV1 <60%. These values were based on the 6th WSPH Group 3 task force recommendations (1).


We included other variables to make the overall clinical picture clear and to eliminate the possibility of other etiologies of PH [i.e., connective tissue diseases (CTD) or chronic thromboembolic pulmonary hypertension (CTEPH)]. To keep the survey as short as possible, we chose not to include the combination of severe COPD and mild PH because the treatment choice variability was likely to be relatively low (i.e., most would choose no PH-targeted treatment).

After reading the cases, clinicians were first asked, “What would be your initial therapeutic approach to treating pulmonary hypertension in this patient?” The answer choices for this question were “no medical therapy,” “single-agent therapy,” “double agent therapy,” or “triple agent therapy.” If they chose no medical therapy, the survey proceeded to the next case. If they decided on single, double or triple agent therapy, respondents were asked to pick a specific combination therapy regimen [e.g., phosphodiesterase-5 inhibitor (PDE5 inhibitor), endothelin receptor antagonist (ERA), or prostacyclin analog]. See the Appendix for complete answer choices.

The primary analysis was agreement amongst clinicians for initial therapy choice (i.e., 0 vs. 1 vs. 2 vs. 3 drug therapy) for each of the 7 cases. This analysis was done using Fleiss' kappa calculations (9) amongst all survey respondents who answered all seven cases. As a sensitivity analysis, Fleiss' kappa was also calculated amongst US practicing clinicians. Additionally, Fleiss' kappa was calculated for the subset of IPF and COPD cases. Finally, Fleiss' kappa was calculated separately for both pulmonologists and cardiologists. Fleiss' kappa values can range from −1 to 1, with negative values indicating more disagreement than expected by chance, positive values below 0.40 suggesting poor agreement beyond what is expected by chance, and values >0.75 suggesting excellent agreement (10). All analyses were conducted with R version 3.5.1, and the “likert” R package (11) version 1.3.5 was used to plot responses by case.



RESULTS

Demographic characteristics for respondents who responded to at least one of the cases are shown in Table 1. Hundred clinicians responded to at least one survey question, 87 clinicians responded to at least 1 case, and 76 clinicians completed the entire survey. Though we disseminated the survey to three international organizations, most respondents (92%) reported practicing in the United States. Responses provided for each of the seven cases were analyzed globally (Figure 3) and specialty (Figure 4).


Table 1. Demographic characteristics of the survey respondents.
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FIGURE 3. Plot of the responses to each of the seven cases.



[image: Figure 4]
FIGURE 4. Plot of the responses to each of the seven cases by specialty.


In cases with severe PH (regardless of the severity of the lung disease), clinicians were more likely to choose some form of PH therapy (71–94%) rather than no therapy. Over half (58–66%) of the clinicians chose no PH therapy in the three cases with mild PH. In the “Group 1-like" cases [Case 3 (mild IPF and severe PH) and Case 6 (mild COPD and severe PH)], more than 90% of clinicians chose some form of PH treatment. In Case 3, 39% of clinicians chose single-agent therapy, 48% chose double agent therapy, and 7% chose triple agent therapy, for a total of 94% of clinicians selecting some form of PH therapy. In Case 6, 33% of clinicians chose single-agent treatment, 50% chose double agent therapy, and 8% chose triple agent therapy, for a total of 91% of clinicians selecting some form of PH therapy.

In the other cases [Case 4 (advanced IPF and severe PH) and Case 7 (severe COPD and severe PH)], more than 70% of clinicians chose some form of therapy. In Case 4, 37% of clinicians chose single-agent treatment, 23% chose double agent therapy, and 12% chose triple treatment, for a total of 73% of clinicians chose some form of PH therapy. In Case 7, 37% of clinicians chose single-agent treatment, 24% chose double agent therapy, and 11% chose triple treatment, for a total of 71% of clinicians selecting some sort of PH therapy.

In the cases of mild PH [Case 1 (mild IPF and mild PH), Case 2 (advanced IPF and mild PH), and Case 5 (mild COPD and mild PH)], over half (58–66%) of the clinicians chose not to start PH therapy.


Fleiss' Kappa Analyses

Fleiss' kappa calculation for the overall analysis yielded a value of 0.12 (Table 2). This value is consistent with poor overall agreement among the 76 clinicians who completed all 7 cases regarding choosing between the number of therapies (i.e., 0, 1, 2, or 3 PH therapies). Agreement for IPF specific case questions (Cases 1, 3, and 4) and COPD-specific case questions (Cases 5, 6, and 7) was also poor with kappa values of 0.13 and 0.10, respectively (Table 2). We excluded Case 2 (advanced IPF and mild PH) from this analysis because its corresponding case (severe COPD and mild PH) was not included in the survey. The Fleiss' kappa for survey respondents who reported practicing in the US and who completed the entire survey (n = 70) was similarly low (0.11) for all cases, which is consistent with poor agreement among US clinicians (Table 3). We also calculated Fleiss' kappa for pulmonologists (n = 53) and cardiologists (n = 23) who completed the entire survey (Tables 4, 5). The Fleiss' kappa for pulmonologists (0.13) was slightly higher than that of all survey respondents, and the Fleiss' kappa for the cardiologists (0.07) was slightly lower than that for all survey respondents.


Table 2. Fleiss' Kappa calculations for all respondents who completed the entire survey (n = 76).

[image: Table 2]


Table 3. Fleiss' Kappa calculations for US respondents who completed the entire survey (n = 70).
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Table 4. Fleiss' Kappa calculations for respondents who identified as pulmonologists and completed the entire survey (n = 53).
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Table 5. Fleiss' kappa for survey respondents who identified as cardiologists and completed the entire survey (n = 22).

[image: Table 5]



Individual Medication Choices for Severe PH Cases

We describe Cases 3 and 6 (mild lung disease with severe PH) as a “Group 1-like” phenotype. In Case 3 (mild IPF and severe PH), 39, 48, and 7% of clinicians chose single, double, and triple agent therapy, respectively. Of those clinicians who chose single-agent therapy (n = 32), 52% chose a PDE5 inhibitor, 45% chose an inhaled prostacyclin analog, 3.2% chose an endothelin receptor antagonist (ERA), and a single respondent did not choose a specific therapy. Of those clinicians who chose double agent therapy (n = 39), 55% chose the combination of a PDE5 inhibitor and an ERA, 32% chose the combination of a PDE5 inhibitor and an inhaled prostacyclin analog, and the remainder of clinicians chose various other combinations. There was no predominant combination for those who decided on triple agent therapy (n = 6), with clinicians selecting multiple combinations of PDE5 inhibitors, ERAs, oral/inhaled/IV/SQ prostacyclins, and riociguat. See Figure 5 for a visual representation of the individual answer choices for Case 3.


[image: Figure 5]
FIGURE 5. Individual medication choices for case 3 (mild IPF and severe PH), N = 82.


In Case 6 (mild COPD and severe PH), 33, 50, and 8% of clinicians chose single, double, and triple agent therapy, respectively. Of those clinicians who chose single-agent therapy (n = 25), 52% chose a PDE5 inhibitor, 28% chose an inhaled prostacyclin analog, and 12% chose an ERA. The remainder chose either an oral or IV/SQ prostacyclin. Of those clinicians who chose double agent therapy (n = 38), 58% chose the combination of PDE5 inhibitor and an ERA, 29% chose the combination of a PDE5 inhibitor and an inhaled prostacyclin analog, and the remainder of clinicians (n = 5) chose various other combinations. For those who decided on triple agent therapy, there was again not a predominant medication combination. See Figure 6 for a visual representation of the individual answer choices for Case 6.
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FIGURE 6. Individual medication choices for case 6 (mild COPD and severe PH), N = 76.


In Case 4 (advanced IPF and severe PH), 37, 24, and 12% of clinicians chose single, double, and triple agent therapy, respectively. Of those clinicians who chose single-agent therapy (n = 30), 53% chose an inhaled prostacyclin analog, and 40% chose a PDE5 inhibitor. Of those clinicians who chose double agent therapy (n = 19), 74% chose the combination of a PDE5 inhibitor and an inhaled prostacyclin analog. Of those who decided on triple agent therapy (n = 10), there was no predominant combination.

In Case 7 (severe COPD and severe PH), 37, 24, and 11% of clinicians chose single, double and triple agent therapy, respectively. Of those clinicians who chose single-agent therapy (n = 28), 50% chose a PDE5 inhibitor, and 43% chose an inhaled prostacyclin analog. Of those clinicians who chose double agent therapy (n = 18), 39% chose the combination of PDE5 inhibitor and an inhaled prostacyclin analog, and 33% chose the combination of a PDE5 inhibitor and an IV/SQ prostacyclin analog. Of those clinicians who chose triple agent therapy, the predominant therapy choice was the combination of a PDE5 inhibitor, an ERA, and an IV/SQ prostacyclin analog. See the Appendix for all answer choices to every case.




DISCUSSION

In this study, we sought to characterize treatment preferences for PH-CLD. We hypothesized that there would be a wide variation in treatment practices among clinicians who treat this patient population. In cases with mild PH (mPAP <35 mmHg), clinicians predominantly chose no medical therapy, whereas in cases with severe PH (mPAP > 35 mmHg), clinicians were more likely to select PH therapy regardless of the severity of CLD. More than 90% of clinicians chose to treat patients with severe PH and mild CLD, while >70% chose to treat patients with severe PH and advanced CLD with PH-targeted therapies. There were clear patterns in selecting some form of medical treatment for the severe PH cases and no medical treatment for the mild PH cases. However, the Fleiss' kappa analysis of treatment strategy (i.e., 0 vs. 1 vs. 2 vs. 3 drug therapies) revealed poor overall agreement among clinicians regarding the initial treatment strategy. Our data shows that many clinicians would be inclined to treat PH-CLD with PH-targeted therapies even though these drugs, with the notable exception of inhaled treprostinil, are not approved for this indication.

Some observations in the choice of PH-targeted therapy are worth highlighting in light of reports questioning the safety of certain drugs and the approval of inhaled treprostinil almost a year after the survey was conducted. In the two cases with a “Group 1-like PH” phenotype, PDE5 inhibitors were the predominant choice, regardless of whether the clinician chose single, double or triple agent therapy. Several studies have been conducted to determine whether the treatment of COPD or ILD patients with PH with sildenafil offers some clinical benefit, but the data remains inconclusive (12–17). Interestingly, in case 3 (mild IPF and severe PH), many clinicians chose dual therapy with a PDE5 inhibitor and an ERA, despite evidence that the use of ERAs could worsen hypoxia without an increase in efficacy (18, 19). The ARTEMIS-IPF study was terminated prematurely because an interim analysis indicated that ambrisentan-treated patients with IPF were more likely to have disease progression and require hospitalizations due to respiratory decompensation (5). Of note, a parallel study to study ambrisentan in PH-CLD (ARTEMIS-PH) was also terminated by the results were never published. Regarding prostacyclins, there was a preference toward using inhaled prostacyclins as either monotherapy or in combination with other drugs (most often PDE5 inhibitors). This preference may have been motivated by multiple studies predating the recently completed INCREASE study suggesting that inhaled treprostinil can improve hemodynamics and functional capacity in PH-CLD (20–22). Of note, there was similarly poor agreement for the IPF vs. COPD cases and among both pulmonologists and cardiologists. The lack of agreement between disease subgroups or subspecialists likely reflects the wide variation in treatment practices, regardless of chronic lung disease type or training background.

Our study differs from the 2015 Trammel et al. (7) in several important ways. Besides capturing the present attitudes of clinicians familiar with the new 6th WSPH clinical definition of group 1 and group 3 PH (8), our survey is based on the use of hypothetical yet “real world” cases to assess the level of agreement amongst individual experts in their decision to treat or not to treat PH-IPF and PH-COPD. In contrast, the 2015 survey was designed to collect information from respondents on their diagnostic approach, their definition of “out of proportion” PH-CLD, and the percentage of non-group 1 patients treated with either single or combination PH-targeted therapy at their centers. This approach predated the current clinical classification of group 3 severity proposed by Nathan and colleagues at the 6th WSPH, which was used to design our cases (1). Also, it is worth noting that the 2015 Trammel study also included group 2 PH patients, another group for which no treatment guidelines currently exist. Despite their differences, our study complements the data captured in the 2015 survey by Trammel and should serve as a benchmark for future surveys on attitudes to PH-CLD treatment following the approval of inhaled treprostinil for PH-ILD.

There are several limitations to our study. We recognize that these are simplified cases and treatment plans that don't necessarily reflect complex real-world clinical scenarios and include common comorbidities and other treatment options such as pulmonary rehabilitation, palliative care, and lung transplant. We also acknowledge that the lack of details regarding the clinical context of individual cases may have led clinicians to select specific approaches that may not reflect their approach to management. Also, as this was a convenience sample, we were unable to calculate the response rate or characterize the non-respondents and likely selection bias. The respondents were overwhelmingly from the United States, and thus our survey results cannot be generalized to any other countries.

Despite these limitations, this survey data provides important information regarding current clinician treatment practices for the use of PH-targeted therapy in PH-CLD. We found that most clinicians chose to treat severe PH in patients with severe lung disease, despite a lack of treatment guidelines or approved medical therapies at the time of this survey. We strongly recommend that all clinicians closely adhere to published guidelines for patients with PH-CLD, which emphasize early referral to PH centers of comprehensive care and individualized treatment planning by experienced clinicians.

While our survey was administered before the results of the INCREASE trial had been published or the FDA had approved inhaled treprostinil, our data show that inhaled therapy is already part of many clinicians' treatment practices in PH-CLD. Use of inhaled prostanoids in PH in COPD patients also appears to be favored and reflects the interest in this treatment modality currently being tested in the ongoing PERFECT study evaluating the safety and efficacy of inhaled treprostinil in COPD patients (NCT03496623).



CONCLUSION

Most clinicians who care for PH-CLD patients associated with IPF and COPD favor empirical therapy with PH targeted therapy despite the lack of consensus guidelines. The decision to offer treatment may be guided by the severity of the PH independent of the status of the CLD. Whereas, respondents favored the use of inhaled prostanoids, overall agreement regarding the use of one or multiple drug classes was low. Given the number of respondents that chose to use ERAs, it is vital to educate the medical community regarding the risks associated with PH-targeted therapies in PH-CLD. Thus, our results raise concern regarding the lack of proper guidance for the use of PH therapies in PH-CLD and stress the need for updated and perhaps better-informed guidelines.
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Healthy aging has been associated with alterations in pulmonary vascular and right ventricular (RV) hemodynamics, potentially leading to RV remodeling. Despite the current evidence suggesting an association between aging and alterations in RV function and higher prevalence of pulmonary hypertension in the elderly, limited data exist on age-related differences in RV structure and biomechanics. In this work, we report our preliminary findings on the effects of healthy aging on RV structure, function, and biomechanical properties. Hemodynamic measurements, biaxial mechanical testing, constitutive modeling, and quantitative transmural histological analysis were employed to study two groups of male Sprague-Dawley rats: control (11 weeks) and aging (80 weeks). Aging was associated with increases in RV peak pressures (+17%, p = 0.017), RV contractility (+52%, p = 0.004), and RV wall thickness (+38%, p = 0.001). Longitudinal realignment of RV collagen (16.4°, p = 0.013) and myofibers (14.6°, p = 0.017) were observed with aging, accompanied by transmural cardiomyocyte loss and fibrosis. Aging led to increased RV myofiber stiffness (+141%, p = 0.003), in addition to a bimodal alteration in the biaxial biomechanical properties of the RV free wall, resulting in increased tissue-level stiffness in the low-strain region, while progressing into decreased stiffness at higher strains. Our results demonstrate that healthy aging may modulate RV remodeling via increased peak pressures, cardiomyocyte loss, fibrosis, fiber reorientation, and altered mechanical properties in male Sprague-Dawley rats. Similarities were observed between aging-induced remodeling patterns and those of RV remodeling in pressure overload. These findings may help our understanding of age-related changes in the cardiovascular fitness and response to disease.

Keywords: right ventricular remodeling, aging, right ventricular biomechanics, ventricular structure, hemodynamics


INTRODUCTION

Healthy aging is associated with alterations in right ventricular (RV) structure and function in subjects with no underlying cardiopulmonary disease (1–5). Aging has been shown to result in pulmonary artery (PA) remodeling (6, 7) and increased pulmonary vascular resistance (5, 8). Echocardiographic studies on RV function have found a strong positive correlation between aging and PA systolic pressures (9, 10). This, in turn, may lead to increased RV afterload and RV remodeling (11, 12), altered contraction dynamics (13), and decreased global and segmental RV systolic strains (14). Previous work has demonstrated that healthy aging results in diminished RV hypertrophy in response to pressure overload (11, 15). Age-related differences exist in the survival rates of pulmonary hypertension (PH) patients in which older patients show more severe characteristics with poor response to therapeutic interventions (16, 17).

In recent years, biomechanical analysis techniques have been employed to better understand the underlying mechanisms of RV remodeling (18–21) and have closely linked RV biomechanics to physiological function (22). Despite the evidence suggesting an association between aging and alterations in RV structure/function, the literature has focused on younger animal models and limited data exist on age-associated differences in RV biomechanics. Similar to RV adaption to pressure overload in PH, alterations in PA resistance and systolic pressures with healthy aging have the potential to trigger RV remodeling, leading to altered organ, tissue, and fiber-level biomechanics.

In this work, we present our pilot findings on the effects of healthy aging on RV biomechanical properties. Our study provides preliminary insights into how healthy aging may modulate RV remodeling and lays the groundwork for future studies to further evaluate the age-related differences in RV response to pressure overload.



METHODS

The data acquired during this study are available from the corresponding author on reasonable request. A total of 15 male Sprague-Dawley rats corresponding to young (controls, ~11 weeks, weighing 327 ± 9 g, nControl = 9) and old (~80 weeks, weighing 789 ± 3 g, nAging = 6) age groups were studied using a multi-scale biomechanical analysis framework. Historical data from a recent study in our laboratory (18) was used for the control animals in this work. An ~70-week age difference was considered sufficient to study the effects of healthy aging on RV structure/function in the absence of pathological events arising with senescence in older animals, previously reported to begin at ~85 weeks in rats (23). The young and old rats in this work correspond to ~15 and 55 years in human age, respectively (23). 11-week old rats were chosen for our control group to facilitate comparison of our findings on the effects of aging with previous work on RV biomechanics in murine models, which typically utilize rats of this age (19, 24, 25). Figure 1 summarizes the experimental procedures and analysis techniques used in this study. As further demonstrated in Supplementary Figure 1, n = 6 animals were dedicated to each group to study the effects of aging on RV hemodynamics, morphology, and biomechanical properties. Histological analysis for the aging cohort, was performed on a sub-set (n = 3) of the 6 animals used for hemodynamics and biomechanical analysis, mainly due to the limited availability of aging animals. In the control group, however, we were able to have 3 separate animals dedicated to histological analysis. Hemodynamic and morphological measurements were performed on these 3 additional control animals, in order to confirm normal RV function. All animal procedures were approved by University of Pittsburgh's IACUC (protocol# 18113872 and 19126652).


[image: Figure 1]
FIGURE 1. The framework used to study RV remodeling with healthy aging. In vivo terminal invasive hemodynamic measurements were performed on young controls and aging Sprague-Dawley rats, followed by harvesting the heart and morphological measurements, biaxial mechanical testing, constitutive modeling, and quantitative transmural histological analysis. The blue dots in the “Morphological Measurement” panel demonstrate the boundaries of the RV free wall, while the Circ-Long coordinate system indicates the orientation of square specimens harvested for mechanical testing. RV, Right ventricle; OT, Outflow tract; Circ, Circumferential; Long, Longitudinal.



Hemodynamic and Morphological Measurements

Using standard techniques (19), in-vivo terminal invasive pressure catheterization was performed on both groups (nControl = 8; nAging = 5). Open-chest hemodynamic measurements were performed under anesthesia induced via inhalation of isoflurane, while the animals were placed on a heated table (37°C) and monitored using a rectal probe. Pressure waveforms were then acquired using a conductance catheter and analyzed for common hemodynamic metrics of RV function. Due to lack of cuvette calibration of catheters for conversion of volume measurements from relative-volume-units to absolute measurements, only pressure-based hemodynamic data are reported and compared in the current work. RV heart rate was calculated by evaluating the periodicity of the waveforms (peak-to-peak time). Peak pressures were characterized as the maximum pressure experienced by the RV during a cardiac cycle (Pmax), while end-diastolic pressures were identified as pressures at the point of the maximum second derivative of the waveforms, [image: image]. Load-dependent measures of RV contractility and relaxation were, respectively, calculated by evaluating the maximum and minimum of the time derivatives of pressure waveforms ([image: image]max and [image: image]min). Contractility index was then obtained using the ratio of [image: image]max over the maximum pressure experienced by the RV over a cardiac cycle (RV peak pressure; Pmax). Additionally, the time-constant of RV relaxation (tau) was calculated as (26):

[image: image]

Where P represents the RV pressure waveform beginning at [image: image]min until the minimum RV pressure experienced during a cardiac cycle (Pmin), B is an intercept, t represents the time during a cardiac cycle, and τ (tau) is the time-constant of RV relaxation, measured via linear regression of equation 1 to the acquired pressure waveforms in MATLAB (Mathworks, Natick, MA). Hemodynamic parameters for each animal were evaluated using average measurements from at least three consecutive cycles, except for tau, which was obtained from a single beat (due to limitations of our custom hemodynamic analysis subroutines for estimation of tau).

Following hemodynamic measurements, the heart was harvested and arrested by placement in cardioplegic solution (27). Subsequently, the RV free wall (RVFW) was dissected and measurements were acquired for the Fulton index [ratio of RV weight to weight of the left ventricle (LV) + intraventricular septum] and RVFW thickness (nControl = 9, nAging = 6). All measurements were performed in air, at room temperature (23°C), using a scale (0.1 mg readability; Mettler-Toledo International Inc., Columbus, OH) and a thickness gauge (0.025 mm precision; L. S. Starrett Company, Athol, MA).



Biomechanical Characterization

Following morphological measurements, square specimens with a circumferential-longitudinal orientation (Figure 1) were harvested from the RVFW to undergo biaxial mechanical testing (nControl = 6, nAging = 6). Specimens were mounted on a BioTester testing device (CellScale, Waterloo, ON, Canada), using a suture and pulley mechanism for minimal shear loading (28). Samples were then submerged in modified Krebs solution with 2,3-Butanedione monoxime and oxygen to ensure tissue viability (27). Our previous work (19) has shown that this media bath can effectively maintain tissue viability up to 90 min, via passive diffusion. All measurements in this study were concluded within 45–80 min of harvesting the heart.

RVFW mechanical properties were characterized using multi-protocol displacement-controlled biaxial loading scenarios (1:1, 1:2, 2:1, 1:4, 4:1, 1:6, and 6:1 displacement ratios). Previous work has demonstrated that this loading protocol can effectively capture the biaxial RVFW properties under a wide range of possible strains (18, 27, 29), generating adequate data for parameter characterization of constitutive models. Each specimen underwent 15 cycles of 1:1 displacement-controlled preconditioning, before the start of data acquisition. Four visual tracking markers were placed on the epicardial surface of the RVFW specimens and marker displacements (recorded using a CCD camera) were post-processed via standard techniques (27, 29, 30) to obtain the deformation gradient tensor (F), using a four-node finite-element approximation (31). Components of the Green–Lagrange strain tensor (E) were then calculated as [image: image], where I is the identity tensor. Biaxial force measurements and initial specimen dimensions were used to obtain the 1st Piola-Kirchhoff stress tensor (P) by calculating the ratio of forces in the deformed configuration over the cross-sectional area in the reference configuration. The 2nd Piola-Kirchhoff stress tensor (S) was then evaluated as S = F−1P. Stress-strain data was post-processed under a plane-stress approximation, using a finite deformation analysis framework in Mathcad (PTC, Needham, MA).

Using previously established techniques (19, 32), equibiaxial strain-controlled responses of RVFW specimens were interpolated from the acquired multi-protocol displacement-controlled experimental data via biharmonic spline interpolations in MATLAB (Supplementary Figure 2). As previously discussed, equibiaxial strain-controlled responses are accompanied by unique tissue kinematics with no fiber rotations (33) and, therefore, could be used to estimate fiber-level mechanical properties from tissue-level measurements, independent of fiber orientation and splay (19, 21, 32). Effective fiber-ensemble (EFE) stresses, representing the fiber-level response of combined collagen and myofiber bundles, were then estimated from tissue-level measurements as (19, 32):

[image: image]

Here, SEFE represents the EFE stress of the combined collagen-myofiber bundles, and (S11)Equibiaxial and (S22)Equibiaxial are the interpolated biaxial tissue-level 2nd Piola-Kirchhoff stresses under equibiaxial strains, respectively, in the circumferential and longitudinal directions. We assumed the initial nearly-linear, low-strain portion of the EFE stress-strain responses to be mostly dominated by myofibers, while collagen fibers dominated the high-strain response following recruitment (18, 34) (Supplementary Figure 3). To categorize the data before and after collagen recruitment, equation 2 was differentiated with respect to EFE strain (EEFE), to evaluate the changes in EFE stiffness ([image: image]; where TMEFE is the EFE stiffness). For specimens in both groups, we observed a relatively constant-stiffness region (relatively linear stress-strain behavior, dominated by myofibers), followed by beginning of collagen recruitment and an abrupt increase in EFE stiffness (Supplementary Figure 4). The strain at which collagen fibers begin recruitment was defined as the point where there is a significant elevation in EFE stiffness compared to the stiffness trends prior to that point. This was quantified as the point where TMEFE (EFE stiffness) was significantly elevated outside of the Z = 4.417 confidence interval of the distribution of TMEFE measurements before that point. A Z-value of 4.417 (99.999% confidence interval) was chosen as a threshold for maximal confidence in the detected increase in stiffness, avoiding false detection of collagen recruitment strain due to potential fluctuations in the low-strain data, resulting from data acquisition noise. The EFE strain at the n + 1th point of the EFE stiffness-strain plot (Supplementary Figure 4) was defined as the collagen recruitment strain, if:

[image: image]

Here, (TMEFE)n+1 is the EFE stiffness at the n + 1th point of the EFE stiffness-strain data (Supplementary Figure 4). The right-hand side of the inequality represents the upper bound of the TMEFE confidence interval based on the TMEFE data up to the nth point. The beginning of collagen recruitment was defined as the first point where the inequality in equation 3 is satisfied. The EFE stress-strain data before collagen recruitment was then used for myofiber stiffness estimations, using a rule-of-mixtures approach (18, 19, 35):

[image: image]

Where (TMEFE)Before Collagen Recruitment is the slope of the line fitted to the initial low-strain portion of the EFE stress-strain curve (Supplementary Figure 5), ϕMyofiber and ϕCollagen represent the myofiber and collagen area fractions in RVFW specimens (measures of tissue content; acquired from histological measurements), and TMMyofiber and TMCollagen are the effective myofiber and collagen stiffnesses, respectively. Assuming the initial portion of the stress-strain data to be dominated by myofibers (minimal collagen recruitment, TMCollagen = 0), effective myofiber stiffness for each specimen was estimated as:

[image: image]

Additionally, a non-linear anisotropic constitutive model (36) was used to model the response of the RVFW specimens in each cohort:

[image: image]

Here, W is the strain energy density, E11 and E22, respectively, represent the circumferential and longitudinal (apex-to-base) Green-Lagrange strains, B0 is a scaling factor and b1, b2 and b3 are metrics for the circumferential, longitudinal and in-plane coupling stiffness of the RVFW, respectively (19). 2nd Piola–Kirchhoff stress components were obtained by differentiating equation 6 with respect to Green-Lagrange strain:

[image: image]

Where (S11)Model−Predicted and (S22)Model−Predicted are the model-predicted stress components in the circumferential and longitudinal directions, respectively. Using equation 7 and the acquired multi-protocol experimental stress-strain data, model parameters were estimated for each specimen using a trust-region-reflective non-linear least-squares optimization algorithm in MATLAB, to minimize the difference between model-predicted and experimentally acquired data. A R2 measure was used to evaluate the goodness of fit. Cohort-specific strain energy maps in the low-strain and high-strain regions were then generated by taking the average of all strain energy distributions in the circumferential-longitudinal strain space for specimens in each cohort, facilitating holistic model-based evaluation of RVFW biomechanical properties over a wide range of loading scenarios.



Quantitative Histological Analysis

Transmural histological staining was performed on a sub-group of specimens (nControl = 3, nAging = 3) to quantify the effects of aging on RV fiber architecture. Sample sizes were chosen based on our previous work showing minimal between-sample variabilities in RV content and fiber architecture (18, 19). Specimen fixation was carried out using 10% neutral buffered formalin followed by staining of RVFW specimens using Masson's trichrome, resulting in collagen fibers stained in blue and myofibers in red/pink. A total of 11–17 sections were obtained for each specimen, from epi to endocardium, at 50–75 μm increments. Transmural area fractions of collagen and myofibers were then quantified via manual RGB-based thresholding of the histological images (collagen: blue, myofibers: red/pink) to analyze the effects of aging on RVFW composition. Area fractions were calculated as the ratio of the area occupied by respective blue/red pixels, divided by the total area within the region of interest. In addition, cardiomyocyte width was measured from the histological data to investigate the role of aging in RV hypertrophy (40 measurements performed on each specimen at different sites along the myofibers). Furthermore, similar to previous work (18), the orientation of RVFW collagen and myofibers and the coherency of collagen fiber distributions were quantified transmurally, using gradient-based image analysis techniques (37). Following segmentation of histological sections based on the appropriate RGB threshold, local image gradients at each section were used to construct the structure tensor of the gradient map in order to analyze the transmural orientation of RVFW collagen and myofibers (18, 19, 37):

[image: image]

Here, T is the symmetric positive-definite structure tensor, R(x,y) is a gaussian weighting function which specifies the integration region of interest (37), and Ix and Iy are the partial spatial derivatives of the histological image (I), respectively, in x and y directions. The 1st eigen vector of T indicates the dominant fiber orientation at each histological section (19, 37). For all data presented in this work, 0° corresponds to the circumferential direction, while +90° points toward the apex-to-base (longitudinal) direction. Moreover, using the eigen values of the structure tensor in equation 8, collagen fiber coherency was evaluated as:

[image: image]

where λ1 and λ2 correspond to the 1st and 2nd eigen values of the structure tensor T (37). 0% collagen fiber coherency corresponds to a sparse (non-coherent), randomly distributed fiber architecture, while 100% coherency indicates a highly-aligned, tightly packed, continuous (coherent) collagen fiber distribution (38).

A total of 66 histological sections were analyzed for the control and aging groups. We performed linear interpolations to report the histological data on an equally-spaced grid, against normalized tissue thickness (0–100% thickness). In case of data categorization (Epi, Mid and Endo groups), the data between 0 and 20% thickness were used for the epicardium, while the data between 80 and 100% thickness correspond to the endocardium. Orientation analysis and image segmentation were performed using the OrientationJ toolbox (37, 39) in ImageJ (imagej.nih.gov).



Statistical Analysis

Data are presented with mean ± standard error of the mean. Sample normality and homogeneity of variances were assessed using the Shapiro–Wilk test and Bartlett's test of homoscedasticity. Circular statistics was employed for fiber orientation analysis, using the Watson–Williams test in the CircStat toolbox (40) in MATLAB. For all other data, in case of normality and homoscedasticity, a two-sided unpaired student's t-test was used for statistical comparisons, while non-normal distributions were compared using Mann–Whitney U-tests. For all purposes, p < 0.05 was considered statistically significant. Statistical analyses were performed in the R software package (R Foundation for Statistical Computing, Vienna, Austria).




RESULTS


RV Hemodynamics and Morphology

Healthy aging did not show an effect on the heart rate (Figure 2A; 271.5 ± 11.7 vs. 292.3 ± 14.1 BPM for Aging-vs.-Control; p = 0.326). Aging resulted in increased RV peak pressures (Figure 2B; 26.8 ± 0.9 vs. 23.0 ± 0.9 mmHg for Aging-vs.-Control; p = 0.017), while showing a modest non-significant effect on end-diastolic pressures (Figure 2C; 1.9 ± 0.4 vs. 1.3 ± 0.1 mmHg for Aging-vs.-Control; p = 0.085). Effects of aging on the load-dependent measures of RV contractility and relaxation are shown in Figure 2D. Aging significantly increased [image: image]max (1,611.7 ± 90.5 vs. 1,063.8 ± 101.7 mmHg/s for Aging-vs.-Control; p = 0.004) but did not demonstrate any effects on [image: image]min (−823.9 ± 60.4 vs. −814.7 ± 85.5 mmHg/s for Aging-vs.-Control; p = 0.940). Increased contractility index was observed for the aging group (Figure 2E; 60.1 ± 2.2 vs. 45.8 ± 3.5 1/s for Aging-vs.-Control; p = 0.012), while the time-constant of RV relaxation (tau) remained unchanged (Figure 2F; 10.7 ± 1.6 vs. 9.9 ± 0.8 ms for Aging-vs.-Control; p = 0.595).


[image: Figure 2]
FIGURE 2. Hemodynamic measures of the effects of healthy aging on RV (A) Heart rate, (B) Peak pressure, (C) End-diastolic pressure, (D) [image: image]max (positive side) and [image: image]min (negative side), (E) Contractility index, and (F) The preload-independent measure of relaxation (tau). Healthy aging significantly increased RV peak pressures and the load-dependent measures of RV contractility ([image: image]max and contractility index), while not affecting the heart rate, end-diastolic pressures (EDP), and relaxation function ([image: image]min and tau). Error bars represent standard error of the mean (SEM). *Indicates p < 0.05. RV, Right ventricle; BPM, Beats per minute; EDP, End-diastolic pressure; [image: image]max and min, Load-dependent measures of RV contractility and relaxation; n.s, Non-significant.


Healthy aging led to increased RVFW thickness (0.90 ± 0.05 vs. 0.65 ± 0.05 mm for Aging-vs.-Control; p = 0.001), while not affecting the Fulton index (0.26 ± 0.03 vs. 0.27 ± 0.01 mg/mg for Aging-vs.-Control; p = 0.140). Moreover, aging was associated with decreased RV and LV weight normalized to body weight ([image: image]: 0.05 ± 0.007% vs. 0.06 ± 0.003% for Aging-vs.-Control, p = 0.026; [image: image]: 0.18 ± 0.007% vs. 0.23 ± 0.009% for Aging-vs.-Control, p = 0.0005). Specimen-specific RVFW thickness and Fulton index measurements are reported in Supplementary Table 1.



RVFW Biomechanical Properties

Aging demonstrated a bimodal effect on the RVFW biaxial properties by resulting in increased circumferential and longitudinal stiffness under lower strains, while progressing to decreased biaxial stiffness at higher strains (Figure 3A). A similar effect was observed on the EFE (effective fiber-ensemble) stress-strain properties of combined RVFW collagen-myofiber bundles (Figure 3B). Using a rule-of-mixtures approach, this translated into increased effective myofiber stiffness (Figure 3C; 159.5 ± 23.6 vs. 66.2 ± 5.2 kPa for Aging-vs.-Control; p = 0.003), while no significant effects were observed on collagen recruitment strain (Figure 3D; 11.9 ± 0.7% vs. 10.4 ± 0.9% for Aging-vs.-Control; p = 0.197). Specimen-specific constitutive model parameters for each group are shown in Supplementary Table 2. Overall, the employed model showed an acceptable fit quality (R2) to our experimental data (R2 = 0.95 ± 0.01 and 0.96 ± 0.01 for Aging and Control, respectively). Age-specific strain energy maps, representing the combined effects of all model parameters, are demonstrated in Figures 3E,F for each cohort at the low-strain and high-strain regions.


[image: Figure 3]
FIGURE 3. Effects of healthy aging on (A) Biaxial mechanical properties of RV myocardium, (B) Effective fiber-ensemble (EFE) mechanical properties of combined collagen-myofiber bundles, (C) Effective myofiber stiffness, (D) Collagen recruitment strain, (E) Strain energy maps of the RVFW in the low-strain region (circumferential-longitudinal strain space), and (F) Strain energy maps of the RVFW in the high-strain region. Healthy aging modulates the biomechanical properties of the RVFW in a bimodal manner by resulting in increased circumferential and longitudinal stiffness under lower strains, while progressing to decreased biaxial stiffness at higher strains. Significant myofiber stiffening was observed with healthy aging. Specimens in the aging cohort demonstrate higher levels of strain energy at equivalent levels of deformation compared to controls in the low strain region (indicating RVFW stiffening), while showing lower strain energy in the high-strain region (indicating a more compliant RVFW). Error bars represent standard error of the mean (SEM). *Indicates p < 0.05. RV, Right ventricle; RVFW, Right ventricular free wall; 2nd P-K Stress, 2nd Piola-Kirchhoff stress; Circ, Circumferential; Long, Longitudinal; EFE 2nd P-K Stress, Effective fiber-ensemble 2nd Piola-Kirchhoff stress.




Quantitative Transmural Histology

Representative histological sections for each group are demonstrated in Figure 4A. Aging resulted in increased cardiomyocyte width (Figure 4B; 25.42 ± 0.34 vs. 14.94 ± 0.64 μm for Aging-vs.-Control; p = 0.0001). Quantifying the transmural orientation of RVFW fibers revealed myofiber (Figure 4C) and collagen (Figure 4D) reorientation toward the longitudinal direction at sub-endocardial levels. Overall, myofibers showed similar orientations to collagen fibers. Aging significantly shifted the overall orientation of myofibers (circular mean of transmural fiber angles, dotted lines in Figure 4C) by 14.6° toward the longitudinal direction (Figure 4E; p = 0.017). Similarly, the overall orientation of collagen fibers was shifted by 16.4° (p = 0.013). Aging also resulted in cardiomyocyte loss and decreased myofiber area fractions at both epicardium (Figure 4F; 90.8 ± 0.3% vs. 95.3 ± 0.7% for Aging-vs.-Control; p = 0.004) and endocardium (Figure 4F; 82.4 ± 1.5% vs. 95.3 ± 1.9% for Aging-vs.-Control; p = 0.007). Furthermore, aging led to RVFW fibrosis and increased collagen area fractions at epicardium (Figure 4G; 5.3 ± 0.4% vs. 3.4 ± 0.3% for Aging-vs.-Control; p = 0.015) and the mid-ventricular region (Figure 4G; 5.0 ± 0.4% vs. 3.4 ± 0.3% for Aging-vs.-Control; p = 0.037). Analyzing the coherency of collagen architectures revealed decreased coherency at the endocardium (Figure 4H; 10.4 ± 1.1% vs. 19.7 ± 1.1% for Aging-vs.-Control; p = 0.003), while showing no effects on the other regions.


[image: Figure 4]
FIGURE 4. Histological analysis of the effects of healthy aging on RV structure. (A) Representative transmural histological sections of the RVFW (Red/Pink: Myofiber, Blue: Collagen) and effects of aging on (B) Cardiomyocyte hypertrophy (myocyte width), (C) Transmural myofiber orientations, (D) Transmural collagen fiber orientations, (E) Dominant myofiber orientations, (F) Transmural myofiber content (area fraction), (G) Transmural collagen content (area fraction), and (H) Transmural collagen fiber coherency. Healthy aging results in cardiomyocyte hypertrophy, in addition to reorientation of sub-endocardial collagen and myofibers toward the longitudinal direction. This is accompanied by cardiomyocyte loss, RVFW fibrosis, and decreased collagen fiber coherency. Error bars represent standard error of the mean (SEM). *Indicates p < 0.05. RV, Right ventricle; RVFW, Right ventricular free wall; Epi, Epicardium; Mid, Mid-ventricular region; Endo, Endocardium.





DISCUSSION

In this pilot study of the effects of healthy aging on RV remodeling, we found aging associated with (1) increased RV peak pressures and contractility; (2) increased RVFW thickness in proportion to increased LV size; (3) longitudinal reorientation of collagen/myofibers, with transmural cardiomyocyte loss and RVFW fibrosis; and (4) increased effective myofiber stiffness. The increase in RV peak pressures (Figure 2B) is consistent with previous reports of increased PA pressures with healthy aging (9, 10). Increased PA pressures impose an increased afterload on the RV, leading to elevated RV pressures. Furthermore, cardiomyocyte width (Figure 4B) and RVFW thickness (Supplementary Table 1) increased with aging, leading to increased organ-level contractility (Figures 2D,E). Interestingly, these changes are similar to those seen in a PH model in young animals (18). Increased RVFW thickness was accompanied by reduced ratios of RV and LV weight normalized to body weight of the animals. This indicate RV growth with aging that is not proportional to the increase in body weight (reduced [image: image] ratio), similar to previous reports of LV growth (41). Moreover, consistent with prior work (12, 42), reduced cardiomyocyte area fraction (Figure 4F) and RVFW fibrosis (Figure 4G) were noted with aging. Reduced cardiomyocyte area fraction in the RVFW increases the hemodynamic load on the remaining myocytes (43), possibly explaining the observed hypertrophy and stiffening patterns (Figures 4B, 3C).

Histological analyses revealed reorientation of endocardial collagen and myofibers, resulting in a longitudinal shift in dominant transmural fiber orientations (Figure 4E). Similar patterns of longitudinal fiber reorientation have been reported with PH (18, 34). Unlike PH, where elevated RV pressures may stimulate transmural fiber reorientation (20, 44), fiber realignment in aging may have different underlying mechanisms. A potential candidate, pending further investigation, is RV fiber reorientation due to volumetric growth of the RVFW with healthy aging (kinematic shift). Further analysis using growth-and-remodeling frameworks may facilitate decoupling the effects of growth-induced reorientation from fiber remodeling due to other mechanisms.

Fiber reorientation (Figures 4C,D) and increased transmural change in fiber angles with aging led to a less anisotropic biaxial mechanical response (Figure 3A) with bimodal alterations in RVFW biaxial properties (Figure 3). Specimens in the aging cohort demonstrated higher levels of strain energy at equivalent levels of deformation compared to controls in the low-strain region (indicating RVFW myofiber stiffening), while showing lower strain energy in the high-strain region (indicating more compliant collagen in the RVFW) (Figures 3E,F). Moreover, aging led to increased effective myofiber stiffness (Figure 3C). Potential underlying mechanisms of myofiber stiffening include myocyte remodeling due to cell loss, as well as reduced titin phosphorylation (45). Increased myofiber stiffness and reduced tissue-level ventricular stiffness at high strains have been previously documented in separate studies on age-related LV remodeling (46, 47). Despite alterations in tissue-level properties, the time-constant of RV relaxation (tau) did not show any changes with aging. It should be noted that, in addition to passive tissue properties, RV relaxation velocities can also affect tau and alterations in relaxation velocities have the potential to offset the changes in mechanical properties at the organ level. However, no direct measurement of relaxation velocities was performed in this work. Interestingly, we have previously observed myofiber stiffening to be accompanied by an increase in tau in response to PH in male Sprague-Dawley rats (19). A potential explanation for the observed differences with healthy aging compared to PH could be the severity of elevations in RV pressures and higher levels of hypertrophy in PH compared to aging-induced remodeling, that may manifest in concurrent changes in myofiber-level RV relaxation velocities and myocyte stiffening, affecting the time constant of RV relaxation at the organ-level. The underlying mechanisms of the observed effect warrant further cell and fiber-level investigation of aging-induced alterations in RV myocyte mechanics in future work.

No effects on the collagen recruitment strain (measure of collagen crimp) were observed with healthy aging (Figure 3D). However, aging led to RVFW fibrosis and increased collagen area fractions (Figure 4G). Despite an increased collagen content with similar levels of crimp to young controls, tissue-level stiffness of the specimens in the aging group was reduced in the high-strain region, when collagen fibers are recruited. This indicates a potential reduction in the intrinsic fiber-level stiffness of collagen fibers with aging. Additionally, reduced collagen fiber coherency was detected at the endocardial levels (Figure 4H), indicating a more sparse and isotropic distribution of collagen fibers (38). This has the potential to affect the load transfer mechanism of endocardial collagen, contributing to reduced stiffness at the tissue level. Ongoing research focuses on evaluation of lysyl oxidase-mediated alterations in collagen cross-linking with healthy aging, as a potential mechanism of reduced collagen network stiffness.

There are limitations to the experimental and modeling techniques used in this study. We only analyzed the effects of healthy aging in male animals. Previous work has shown sex-related differences in RV mechanics in PH (48–50), mainly due to the protective effects of the female sex hormone 17β-estradiol (estrogen). Recent studies on sex difference in RV-PA coupling in the setting of PH and heart failure with preserved ejection fraction have demonstrated superior adaptive remodeling in female patients leading to preserved RV-PA coupling at rest and under exercise, while male patients demonstrated impaired contractile function in response to increased afterload and lower RV-PA coupling (51, 52). While, the exact underlying mechanisms of the observed effects remain unknown (52) and, to the best of our knowledge, to date no data exist on sex-related differences in RV biomechanics with healthy aging, estrogen-mediated effects have the potential to affect the observed patterns in our work via altered adaptation in the myocyte contractile apparatus, potentially leading to different levels of structural and biomechanical remodeling. Sex-related difference in RV remodeling with healthy aging is an important topic necessitating further investigation in future studies. Moreover, as a first step toward better understanding of the effects of healthy aging on RV remodeling, the current work evaluated the changes in RV mechanics in the absence of analyzing LV structure/function and pulmonary hemodynamics. Due to the interdependence of RV and LV function (53), the observed effects may not be independent of potential age-related changes in LV hemodynamics or biomechanical properties. Biventricular analysis of the effects of healthy aging on RV and LV structure, function, and biomechanics, as well as pulmonary mechanics, is an important topic to be investigated in future research. Despite low variability and strong statistics, the small sample size of our pilot study limited our ability to investigate detailed interactions between aging, gender, and disease, which will require future studies with larger sample sizes. Furthermore, lack of molecular studies to evaluate the underlying mechanisms of the observed effects at the tissue and fiber level remains another limitation of the current work, requiring further investigation in future studies. We employed a phenomenological constitutive model for analyzing our biomechanical data; future work will focus on structurally-informed constitutive models of RV myocardium (21) to couple the histologically measured tissue architecture to biaxial properties. Different batches of staining solution used for each group resulted in different shades of cardiomyocyte staining for control vs. aging (red vs. pink). However, this had minimal effects on our findings as segmentation thresholds for myofibers and collagen were individually selected for each histological section. While, to the best of our knowledge, there has been no reports of biaxial testing-induced permanent alterations in soft tissue fiber architectures, lack of a dedicated group for histological analysis of the aging cohort remains a limitation of this work.

In summary, our results demonstrate that healthy aging may modulate RV remodeling via increased peak pressures, cardiomyocyte loss, fibrosis, fiber reorientation, and altered mechanical properties. While this can help our understanding of age-related changes in the cardiovascular fitness and response to disease, these findings need to be considered in light of potential sex-differences in RV remodeling and the limitations of the current work.
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Inflammasomes are multi-protein complexes that sense both infectious and sterile inflammatory stimuli, launching a cascade of responses to propagate danger signaling throughout an affected tissue. Recent studies have implicated inflammasome activation in a variety of pulmonary diseases, including pulmonary arterial hypertension (PAH). Indeed, the end-products of inflammasome activation, including interleukin (IL)-1β, IL-18, and lytic cell death (“pyroptosis”) are all key biomarkers of PAH, and are potentially therapeutic targets for human disease. This review summarizes current knowledge of inflammasome activation in immune and vascular cells of the lung, with a focus on the role of these pathways in the pathogenesis of PAH. Special emphasis is placed on areas of potential drug development focused on inhibition of inflammasomes and their downstream effectors.
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THE INFLAMMASOME

Inflammasomes are multi-protein complexes involved in sensing both endogenous and exogenous cellular stress (Figure 1) (1). Inflammasomes can respond to a variety of pathogen-associated molecular patters (PAMP's) and damage-associated molecular patters (DAMP's) based on the identity of the pattern recognition receptor (PRR) within the complex (2). In general, inflammasome pathways consist of a receptor, adaptor, and effectors. Five receptor proteins have been confirmed to form the “canonical” inflammasomes to date: nucleotide-binding oligomerization domain (NOD), leucine-rich repeat (LRR)-containing proteins (NLR) family members NLRP1, NLRP3, and NLRC4 as well as the proteins absent in melanoma 2 (AIM2) and pyrin (3). In addition to the canonical pathways, there is also the non-canonical pathway in which caspase-4/5 in humans and caspase-11 in mice are activated directly by intracellular triggers (4). Recognition of inflammatory stimuli results in the activation and oligomerization of the complex that often includes the adaptor protein, apoptosis associated speck-like protein (ASC). The oligomerization with ASC, which contains a caspase recruitment domain (CARD), establishes the activation platform for the pro-inflammatory caspase that facilitates the formation of the functional inflammasome complex (5). The NLRP3 inflammasome is the best characterized and will be the pathway of focus in this review.


[image: Figure 1]
FIGURE 1. The NLRP3 Inflammasome Pathway. A two-signal model for NLRP3 inflammasome activation. (A) Priming, signal 1, is accomplished by extracellular ligands through receptors such as Toll-like receptors. This results in activation of transcription factor NF-κB and subsequent upregulation of inflammasome machinery and pro-inflammatory components. (B) Activation, signal 2, which can be achieved by a variety of stimuli resulting in the assembly of the inflammasome complex. Activated caspase-1 cleaves inflammatory cytokines, including pro-IL-1B and pro-IL-18 into their active forms. Additionally, GSDMD is cleaved to allow for N-terminal oligomerization and pore formation at the plasma membrane for release of mature cytokines. (C) In some conditions, the cell can undergo pro-inflammatory cell death termed pyroptosis, with frank rupture of the cell, and subsequent release of large macromolecules into the extracellular space, including danger-associated molecular patterns like HMGB1, and pro-inflammatory molecules like ATP, histones, and nucleic acids. The red rectangles indicate steps in the inflammasome pathway that can be targeted pharmacologically, and current agents that work at these steps.


The formation of the NLRP3 inflammasome complex allows the proximity-induced autocatalytic activation of pro-caspase-1 to cleaved caspase-1. The role of caspase-1 downstream is the cleavage of cytokines such as pro-IL-1β and pro-IL-18 to their biologically active forms. Caspase-1 additionally cleaves gasdermin D (GSDMD), a protein in which the N terminal subunits assemble into a multi-unit complex to form a plasma membrane pore. The inner diameter of this pore is 21.5 nm and is the main route of egress for mature cytosolic cytokines into the extracellular space (6). Largely non-selective, the GSDMD pore allows free passage of appropriately sized molecules between the cytosol and the extracellular space. In some conditions, these pores lead to lytic cell death, termed pyroptosis (7). This pro-inflammatory cell death pathway requires the protein ninjurin-1 (NINJ1) through a mechanism that has yet to be defined in detail (8). Following cell membrane rupture, larger proteins such as the potent signaling molecule high-mobility group box 1 (HMGB1) are released into the extracellular environment, propagating inflammatory signals to neighboring cells (9). While this process is best described in immune cells, evidence exists for inflammasome activation in non-immune cells as well, including vascular endothelial cells (10–12).


Triggers and Effectors

The most commonly described stimulus for inflammasome activation in vitro involves two steps: a priming step followed by an activation trigger (13). The priming signal is accomplished by extracellular ligands for Toll-like receptors (TLRs), such as bacterial lipopolysaccharide, and results in the activation of the transcription factor NF-κB. This signal upregulates NLRP3, pro- IL-1β, and other inflammasome components, as those proteins are not expressed at a sufficient level in a resting cell for activation (13).

The NLRP3 inflammasome is activated by a wide variety of stimuli that are different in both their physical structure and their chemical nature. As a result of these differences, it is suspected that these diverse stimuli all converge in a common cellular event that activates the inflammasome (5). Potassium efflux through the plasma membrane is critical to multiple NLRP3 inflammasome activators such as bacterial pore-forming toxins and extracellular ATP. Effectively serving as a type of DAMP, extracellular ATP activates the purinergic P2X receptor 7 (P2X7), which is an ion channel selective for Na+, K+, and Ca2+ ions. The ATP-gated receptor initiates the depletion of the K+ concentration in the cell (14). Furthermore, the decrease of K+ concentration in the cell alone is sufficient for inflammasome activation (15). The potassium sensor for the NLRP3 pathway is still an area of investigation. However, there is some work that demonstrates NEK7, of the NIMA-related kinase family, as an essential protein that acts downstream of potassium efflux leading to the association of NEK7 with NLRP3 for the assembly of the inflammasome and subsequent activation (16, 17).

Mitochondrial dysfunction, resulting in production of mitochondrial reactive oxygen species (mtROS) and release of mitochondrial DNA, is considered another activator of the NLRP3 pathway. Gross et al. demonstrated that mtROS led to NLRP3 activation in a K+ independent mechanism (18). Mitochondrial DNA, which can be oxidized by mtROS showed similar findings of inflammasome activation in mouse bone marrow derived macrophages (BMDM's) (19). The link between mitochondria and inflammasomes is of special interest given the known role of mitochondrial dysfunction in PAH. Indeed, mitochondrial DNA can directly activate both the NLRP3 and AIM2 inflammasomes (20). The proliferative phenotype of PAH can be at least partially attributed to mitochondrial metabolism. The Warburg phenomenon—glycolysis and lactate metabolism even in the presence of oxygen—allows cells to maintain a highly proliferative state [reviewed in (21)]. Furthermore, mitochondrial fission stimulates fibroblast proliferation in the vasculature and right ventricle, driving adverse remodeling (22). Interestingly, these phenomena link to both activation and regulation of inflammasomes. The oligomerization of GSDMD is controlled by the Ragulator-Rag complex upstream of the master metabolic regulator, mTOR (23). Linking through the mitochondria, GSDMD pore formation was enhanced by mitochondrial dysfunction, as seen through loss of mitochondrial membrane potential and mROS production (23). Together, these data suggest that conditions favoring mitochondrial dysfunction, as seen in PAH, favor inflammasome activation. Additionally, treatments targeting metabolic dysfunction, such as metformin, are under intensive investigation clinically (24).




PULMONARY ARTERIAL HYPERTENSION

Pulmonary Hypertension (PH) is highly fatal disease defined by a mean pulmonary arterial pressure >20 mmHg at rest (25). Pulmonary Arterial Hypertension (PAH) is classified by the World Health organization as Group 1 PH, and is characterized by elevated pulmonary vascular resistance and lung vascular remodeling (26). This remodeling consists of alterations in the structure and growth of all three layers of the vessel—the intima, media and adventitia—resulting in the high pulmonary vascular resistance, right ventricular failure and ultimately death (27). In recent years, the importance of inflammation in the pathogenesis of pulmonary hypertension has received greater attention. The immune cell infiltrates observed in diseased vessels in both human and animal models of PH include cells such as T cells, B cells, neutrophils, macrophages, and others (27). In addition to the presence of autoantibodies, both PH animal models and PAH patients have shown high levels of cytokines that are relevant to the effectors of inflammasome activation (28). The presence of inflammasome products in PAH patients, as well as the efficacy of cytokine blockade in treating PAH in patients and animal models have provided the rationale for targeting inflammasomes in PAH therapy. In the remaining sections, we will review pre-clinical and clinical evidence for blocking inflammasomes in PAH, and will suggest future targets for such a strategy (Figure 2).


[image: Figure 2]
FIGURE 2. Inflammasome action in the lung vascular environment. Immune cells (such as macrophages) and non-immune cells (endothelial cells) can respond to stress, activate the inflammasome pathway and undergo pyroptosis. The release of pro-inflammatory cytokines through the GSDMD pore, such as IL-1B, can propagate inflammation in neighboring cells by inducing their own transcription in a paracrine fashion. As such, the innate immune response can be amplified through the lung vasculature. In addition, these activated cells can (1) release other potent signaling molecules, such as HMGB1, into the environment following lytic cell death, (2) increase smooth muscle cell (SMC) proliferation in the medial layer of the vessel, and (3) release cytokines such as IL-6 that recruit other inflammatory cells to the vessel wall. Overall, this creates a vicious inflammatory cycle that, over time, contributes to the characteristic pulmonary vascular remodeling seen in PAH patients.



Pre-clinical Evidence

The NLRP3 inflammasome and its downstream components have been investigated in the context of many pulmonary diseases such as COPD, asthma, cystic fibrosis and pulmonary fibrosis (29–32). There are multiple lines of in vitro and animal model evidence implicating inflammasomes in the pathogenesis of PAH (Table 1). Following chronic hypoxia, mice lacking the inflammasome adaptor, ASC, were protected from elevated right ventricular systolic pressure (RVSP) and right ventricular hypertrophy (33). Furthermore, ASC−/− mice demonstrated no pulmonary increase in caspase-1, IL-18, or IL-1β abundance, in contrast to wildtype controls. Surprisingly, NLRP3 knockout mice developed disease to a similar extent as wildtype, with no significant difference in right ventricular systolic pressure (RVSP) or cytokine levels (33). These data are consistent with possible compensation for loss of an individual inflammasome type by others, since loss of NLRP3 has no effect, but loss of ASC which is required for most inflammasomes, is protective.


Table 1. Pre-clinical and clinical evidence for inflammasomes in PAH.
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Downstream of inflammasome activation, IL-1β and its receptor, IL-1R, are involved in the pathogenesis of PH in animal models. Within hours of exposure to hypoxia, IL-1β, IL-1R, and the IL-1R adaptor, MyD88, are upregulated in the lungs of mice (34). Knockout mice lacking either MyD88 or IL-1R are protected from hypoxic PH, as are those treated with the IL-1R receptor blocker, anakinra (34). Either genetic or pharmacological blockade of IL-1R reduced macrophage infiltration into hypoxic mouse lungs. In cultured pulmonary artery smooth muscle cells, IL-1β stimulated proliferation in an IL-1R and MyD88 dependent fashion (34). Together, these results indicate a key role for signaling through IL-1R in PH. Interestingly, blockade of IL-1β also has the beneficial effect of inhibiting upstream inflammasomes. There are several possibilities for how this effect evolves. There is potential for upstream negative feedback, but more intriguingly, the role of MyD88 and NF-κB sets up the possibility of breaking a cycle of self-amplification of inflammasome signaling. While IL-1β is a product of inflammasome activation, its receptor engages MyD88 and NF-κB, in a similar manner to TLR. Therefore, IL-1β can then induce its own upregulation in both an autocrine and paracrine manner. Blockade of the IL-1R, hence, can break this cycle, leading to profound dampening of this system. Indeed, the involvement of TLR signaling in inflammasome pathways opens a variety of potential routes to targeting important mechanisms of PAH development pharmacologically. TLR4, downstream of HMGB1, is known to drive PAH development in multiple models (35, 36). Additionally, NF-κB, downstream of TLR4 and MyD88, induces the expression of IL-6, itself sufficient for driving PH development in mice (37). Lastly, an important “gut-lung axis” has been identified, whereby bacterial lipopolysaccharide from the gut stimulate adverse remodeling and inflammation in the lung in PAH and heart failure (38). Together, these systems all converge upon the same signaling players, setting up a tempting possibility whereby breaking this chain via inflammasome inhibition may target multiple important pathogenic pathways in PAH.

Downstream of canonical inflammasome activation, the adaptor protein ASC, and the serine protease, caspase-1, are activated and begin cleaving further downstream substrates. In addition to the data presented above, both of these proteins are involved in PH development in model systems. The double stranded RNA kinase (PKR) is upregulated by Type 1 interferons, and is typically activated during viral infection (39). PKR has been shown to directly bind NLRP3, and loss of PKR inhibits release of IL-1β, IL-18, and HMGB1 (40). Recently, PKR was found to be activated in the pulmonary vessels of both monocrotaline-treated and Sugen-hypoxia treated rats (41). PKR inhibition prevented PH development in these models, and was found to block ASC activation and subsequent release of IL-1β and HMGB1 (41). Mechanistically, PKR was found to promote HMGB1 and cytokine release from endothelial cells, leading to proliferation of cocultured smooth muscle cells (41). These data add a significant regulatory protein to the inflammasome pathway, which can potentially be targeted clinically.

Caspase-1 inhibition has also been explored in PH models. As expected, caspase-1 knockout mice are relatively protected from hypoxic PH, and caspase-1 induced smooth muscle cell proliferation (42). Of note, re-introduction of exogenous IL-1β and IL-18 in caspase-1 knockouts restored the PH phenotype, suggesting that downstream cytokine release is the key role of caspase-1 in this model. Clearly, blockade of canonical inflammasomes can inhibit a variety of important proteins in PH models, and are the subject of substantial clinical and translational inquiry.

While the majority of work in the field focuses on inflammasome activation in macrophage, several other cell types have been shown to also express and activate this pathway, including neutrophils (43), epithelial cells (44), and interestingly for PAH, endothelial cells (45). In acute lung injury models, pulmonary artery endothelial cells were shown to activate inflammasomes and undergo pyroptosis (46). These results establish an intriguing possibility whereby inflammasome activation has an immune effect, as well as a direct effect on the pulmonary vasculature, stimulating cell death, cytokine release, elevated intracellular calcium concentration, and other critical events of known importance in the pathogenesis of PAH. Targeting such a mechanism may, therefore, have pleiotropic effects in a complex disease like PAH.




CLINICAL EVIDENCE

Broadly speaking, the importance of inflammation in vascular remodeling in PAH is well-accepted (25, 27, 47). Evidence for the importance of inflammasome activation in PAH patients comes from both biomarkers and interventional studies (Table 1). Indeed, inflammasome activation is broadly applicable to a wide variety of pulmonary diseases (1). In PAH, levels of HMGB1—itself released from pyroptotic cells—are elevated in patients with idiopathic or congenital heart disease-associated PAH (36, 48). Serum IL-1β is elevated in PAH patients and has been shown to correlate with worse outcomes (49). Proof of principle for IL-1β blockade, taken from the preclinical studies detailed above, allowed for the CANTOS trial to examine this approach in patients with atherosclerosis (50). In this large randomized controlled trial, IL-1β blockade with canakinumab decreased both recurrent cardiac events and indices of inflammation. This approach has now been tested in PAH patients, albeit on a smaller scale. Six patients with PAH and right ventricular failure were given anakinra, an IL-1R antagonist. While hemodynamic measures were unchanged over the 3-month study, there was a significant improvement in heart failure symptoms, and a decrease in C-reactive protein levels (51).

Attempts at clinical translation of inflammasome-based therapies will likely grow rapidly in the coming years. Indeed, a variety of drugs are poised for trial, or have themselves entered trials already. The priming step of inflammasome activation largely depends on toll-like receptor-mediated activation of NF-κB (52). To this end, the NF-κB inhibitor bardoxolone, has been in Phase 3 trial in PAH patients, although this trial was recently stopped due to safety concerns surrounding COVID-19 (NCT 02657356). NLRP3 itself can be inhibited by drugs such as MCC-950, which has also shown efficacy in models of cardiac ischemia, aortic disease, and other inflammatory conditions (53, 54). Effective in a variety of models and species, MCC-950 may prove to be an important clinical therapeutic in the future (55). The catalytic action of caspase-1 itself can be targeted by the pro-drug VX-765 [reviewed in (56)]. Further downstream, the effector pore of inflammasome activation, gasdermin D, can be targeted by necrosulfonamide, or the repurposed drug, disulfiram (57, 58). Downstream effectors released from the gasdermin D pore can also be targeted, including the use of anakinra or canakinumab to block IL-1β, or tocilizumab to block IL-6. All of these drugs are undergoing extensive clinical investigation. Together, a wide variety of drugs are under investigation that target inflammasome activity at nearly all steps in the pathway. However, their tolerability, specificity, and overall immunosuppressive side effects will need to be carefully considered and monitored.



SUMMARY

Inflammasome activation interfaces with PAH across several important elements. Pro-inflammatory cytokines, lytic cell death, leukocyte infiltration, and even endothelial dysfunction can all be stimulated via the activation of inflammasomes in the lung vasculature. Fittingly, this area is an intensive research focus across the continuum of basic translational science and clinical trials. Given the multiple potential points of pharmacological intervention available, inflammasome targeting may prove to be a viable treatment option for PAH patients in the future. Fine-tuning this system, as with all potentially immunosuppressive therapies, will be a key consideration going forward.

Importantly, PAH represents a syndrome arising from a huge range of inciting etiologies. One of the key challenges going forward will be in determining the precise populations that are most likely to benefit from inflammasome-targeted therapy. Important work remains in characterizing biomarkers of inflammasome activation in patients with PAH arising from diverse causes. Several such efforts are underway currently, and have reported novel potential groupings of PAH patients based on sequencing efforts (59, 60). Once a systematic assessment has been made, clinical trials can begin in targeted populations most likely to derive benefit from these translational therapies.
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Pulmonary arterial hypertension (PAH) is a rare disease characterized by high blood pressure in the pulmonary circulation driven by pathological remodeling of distal pulmonary arteries, leading typically to death by right ventricular failure. Available treatments improve physical activity and slow disease progression, but they act primarily as vasodilators and have limited effects on the biological cause of the disease—the uncontrolled proliferation of vascular endothelial and smooth muscle cells. Imbalanced signaling by the transforming growth factor-β (TGF-β) superfamily contributes extensively to dysregulated vascular cell proliferation in PAH, with overactive pro-proliferative SMAD2/3 signaling occurring alongside deficient anti-proliferative SMAD1/5/8 signaling. We review the TGF-β superfamily mechanisms underlying PAH pathogenesis, superfamily interactions with inflammation and mechanobiological forces, and therapeutic strategies under development that aim to restore SMAD signaling balance in the diseased pulmonary arterial vessels. These strategies could potentially reverse pulmonary arterial remodeling in PAH by targeting causative mechanisms and therefore hold significant promise for the PAH patient population.

Keywords: activin A, SMAD1/5/8, SMAD2/3, PAH, TGF-β, BMP, BMPRII, cell proliferation


TGF-β SUPERFAMILY DYSREGULATION IS A CRITICAL COMPONENT OF PAH

In pulmonary arterial hypertension (PAH), pathologic vascular remodeling distorts the gross- and micro-scale structure of the pulmonary arterial vasculature, severely disrupting blood flow patterns throughout the cardiopulmonary circulation. The primary pathology is thought to originate in the small distal arterioles, in which uncontrolled proliferation of vascular cells results in narrowing and occlusion of the vascular lumen. Loss of luminal space in turn increases pulmonary vascular resistance and pulmonary arterial pressure, leading to strain on the right cardiac ventricle and ultimately to heart failure (1).

Multiple cell types of the pulmonary arterial wall contribute to vascular remodeling in PAH (Figure 1) (2). Smooth muscle cells (SMCs) over-proliferate and thereby thicken vessel walls and cause vascular muscularization, including around the distal arterioles where SMCs are not normally found. Endothelial cells (ECs) also over-proliferate and in later stages of disease can form neointimal lesions that obstruct distal arterioles (3). Accordingly, targeting the proliferation of SMCs and ECs to treat PAH has been the subject of extensive efforts over the last two decades. Studies on the platelet-derived growth factor receptor pathway, which is strongly upregulated in the distal pulmonary arteries of PAH patients and contributes to over-proliferation (4), have suggested that reversal of pathology is clinically achievable (5, 6)—although safer alternative strategies are desirable (7). Research into PAH disease mechanisms has also highlighted the critical roles of other signal transduction pathways, especially those of the transforming growth factor-β (TGF-β) superfamily, which interact with inflammatory processes and biomechanical forces to regulate EC and SMC proliferation.


[image: Figure 1]
FIGURE 1. Cellular, molecular, and biomechanical progression of PAH in the pulmonary arterial wall. Under normal conditions, the pulmonary distal arterioles comprise an intimal monolayer of ECs and are largely devoid of a medial layer with SMCs. Laminar blood flow patterns promote BMPRII-pathway signaling in ECs and maintain vascular quiescence (1). Genetic mutations or combined insults lead to insufficient BMPRII levels and SMAD1/5/8 signaling in multiple vascular cell types. Early events during PAH pathogenesis include the onset of vascular wall stiffening and inflammatory responses, including infiltration by diverse inflammatory cell types. Apoptotic ECs appear early but are progressively replaced by apoptosis-resistant and hyperproliferative ECs, which ultimately form disorganized neointimal lesions (2–4). SMAD2/3 pathway-activating ligands including TGF-β, activin A, GDF8, and GDF11 become upregulated and contribute to arterial remodeling. Gremlin-1, a key pathogenic protein in PAH, reduces BMPRII-pathway signaling by antagonizing specific BMPs. SMCs accumulate in the medial layer, causing distal muscularization. Fibroblasts in the adventitial layer become activated and synthesize fibrotic extracellular matrix. PVR, pulmonary vascular resistance; mPAP, mean pulmonary arterial pressure.


The TGF-β superfamily features more than 30 ligands, which together regulate a great variety of developmental and homeostatic processes in all major organs including the vasculature (8). Indeed, dysregulation of TGF-β superfamily signaling has been implicated in numerous cardiomyopathies and vasculopathies, including atherosclerosis, vascular calcification, Marfan syndrome, Loeys-Dietz syndrome, and hereditary hemorrhagic telangiectasia, in addition to PAH (9–12). Typically, binding of a dimeric TGF-β superfamily ligand promotes assembly of a heterotetrameric signaling complex comprising two type I and two type II receptor serine/threonine kinases. Upon ligand binding, the constitutively active type II receptor phosphorylates the type I receptor, activating the type I receptor intracellular kinase domain. Signal is then propagated through various canonical (involving SMAD transcription factors) and non-canonical (or SMAD-independent) pathways. In PAH, recent evidence indicates a signaling imbalance between the two principal canonical pathways, with underactive SMAD1/5/8 signaling occurring alongside overactive SMAD2/3 signaling in pulmonary arterial ECs and SMCs (13). In the remaining sections, we describe how this SMAD signaling imbalance influences the exuberant cell proliferation underlying vascular remodeling and describe therapeutic approaches for either attenuating excessive SMAD2/3 signaling or restoring deficient SMAD1/5/8 signaling in diseased pulmonary vasculature (14–20). The potential involvement of non-canonical TGF-β superfamily pathways in PAH pathogenesis is poorly understood, but these signaling mechanisms have been implicated in related pathological conditions, such as fibrosis, and merit further study. We therefore refer the reader to previous reviews covering non-canonical signaling in disease (21–25).



DEFICIENT SIGNALING IN ANTI-PROLIFERATIVE SMAD1/5/8 PATHWAY

Studies exploring the human genetics of PAH have revealed important insights into PAH pathobiological mechanisms. Mutations in BMPR2, which encodes bone morphogenetic protein receptor type II (BMPRII), were discovered in 2000 as the first known genetic cause of PAH (26, 27). Such mutations account for >70% of inherited PAH cases and 20% of spontaneous cases, by far the largest proportion for any single gene locus (28–30). Reduced levels of BMPRII protein have been found in other forms and etiologies of PAH, even in the absence of BMPR2 mutation, suggesting that this signaling pathway could be a point of convergence among multiple distinct PAH disease etiologies (31–33).

BMPRII pathway activity is important in both pulmonary arterial ECs and SMCs, although the two vascular cell types appear to depend on different BMPRII ligands and on different BMPRII signaling outputs. Circulating bone morphogenetic protein 9 (BMP9) and BMP10 are thought to be critical quiescence factors in the pulmonary arteries and act primarily upon ECs (34). Mice with Bmpr2 ablated selectively in ECs develop PAH-like disease, including proliferating ECs and SMCs, highlighting the importance of BMPRII signaling in the endothelium in particular (35). In addition, BMPRII-deficient human ECs in culture undergo enhanced transformation to a proliferative and synthetic mesenchymal phenotype, suggesting that BMPRII-mediated signaling in the endothelium preserves vascular structure by promoting EC quiescence (36, 37). In contrast, BMP2 and BMP7 promote SMC apoptosis through BMPRII (38), and BMP4 reduces SMC proliferation (39, 40). Thus, loss of BMPRII from SMCs could decrease BMP2/4/7 signaling and result in the accumulation of apoptosis-resistant and hyperproliferative SMCs—hallmarks of distal arterial muscularization in PAH. Gremlin-1, an endogenous antagonist of BMP2/4/7, is markedly upregulated in PAH (Figure 1) (41, 42), which could potentially account for reduced BMPRII pathway activity in patients with normal BMPR2 expression. Notably, recent evidence indicates that BMPRII-deficient macrophages are also important contributors to vascular remodeling in PAH, underscoring the complexity of PAH pathogenesis and the interactions between vascular cell types of different lineages (43).

Interestingly, mutations associated with PAH have also been discovered for several TGF-β superfamily members that interact functionally with BMPRII in pulmonary ECs and SMCs (44, 45). Additional PAH risk genes include those encoding the BMPRII ligands BMP9 and BMP10 (46–48); the BMPRII signaling partners activin receptor-like kinase 1 (ALK1) and endoglin (49–51); the BMPRII transcriptional mediators SMAD1, SMAD4, and SMAD8 (52, 53); and the scaffolding protein caveolin-1 (54–56), which regulates BMPRII signaling through its localization and internalization. Although not all PAH risk factors are associated with BMPRII function, the striking enrichment for TGF-β superfamily members clearly identifies the BMPRII signaling axis as a pathway necessary for pulmonary vascular homeostasis (44). Together, evidence stemming from human genetics and preclinical experiments suggests that the BMP-BMPRII-SMAD1/5/8 pathway performs a protective function and is necessary to prevent vascular cell proliferation and consequent pathologic vascular remodeling (Figure 1). However, it is important to note that experiments in vitro reveal that BMPRII-deficient ECs could gain SMAD1/5 responsivity to TGF-β through lateral signaling (36), suggesting possible additional levels of signaling complexity in a tissue context. It will therefore be important to resolve the states of SMAD1/5/8 and SMAD2/3 phosphorylation in a cell type–specific manner in the lungs of PAH patients.



OVERACTIVE SIGNALING IN PRO-PROLIFERATIVE SMAD2/3 PATHWAY

Whereas the BMPs signal predominantly through the SMAD1/5/8 canonical pathway, other TGF-β superfamily members, notably TGF-β and the activin-class ligands, instead signal mainly through SMAD2/3. Recent evidence has revealed pathogenic roles for multiple SMAD2/3 pathway-activating ligands in PAH vascular remodeling and in the control of vascular cell proliferation (13, 57), providing important new targets for therapeutic development.

In PAH patients, elevated TGF-β levels have been detected in remodeled distal arterioles and in the circulation (Figure 1) (58–60). TGF-β can inhibit apoptosis of SMCs through activation of a non-canonical PI3K/AKT pathway and can promote SMC proliferation through a non-canonical PTEN-dependent pathway (61, 62). Blockade of signaling by one or more TGF-β isoforms using a soluble ligand trap (57), a pan–TGF-β antibody (63), or a TGF-β receptor antibody (64) demonstrates that TGF-β signaling plays a direct role in vascular remodeling and narrowing. Systemic administration of a TGF-β ligand trap decreases phosphorylated SMAD2 in the lungs of a PAH rat model, suggesting that TGF-β exerts at least some of its remodeling effects through canonical signaling in addition to non-canonical pathways (57). Beyond its direct effects in vascular remodeling, TGF-β also induces expression of endothelin-1 (ET-1) by ECs, an additional pathogenic factor in PAH (65). Increased levels of ET-1 reduce BMPRII expression (66), and BMPRII knockdown increases ET-1 (67), suggesting that a positive feedback loop could link diminished BMPRII output with enhanced signaling by TGF-β and ET-1 during PAH pathogenesis.

Activin-class ligands, which include activin A, growth differentiation factor 8 (GDF8), and GDF11, have more recently been implicated in PAH pathogenesis (13). These ligands, like TGF-β isoforms, activate SMAD2/3 signaling and might therefore act in concert with TGF-β, exerting pathogenic effects through overlapping or distinct mechanisms during pathologic vascular remodeling in PAH. Immunohistochemical evidence indicates that activin A, GDF8, and GDF11 are upregulated in small pulmonary arteries of PAH patients and PAH rodent models (Figure 1) (13). As we describe further below, concurrent inhibition of multiple activin-class ligands imparts robust protection in PAH rodent models and in phase 2 clinical trials. The individual contributions made by activin A (68) and GDF11 (69) have been explored in preclinical studies. Activin A in particular appears to play a substantial pathogenic role: it is upregulated by ECs in PAH lung tissues, can perturb EC function in culture, causes BMPRII downregulation, and when overexpressed selectively in mouse ECs can cause PAH-like disease featuring muscularized pulmonary arteries and right heart hypertrophy (68). Selective ablation of Gdf11 in mouse ECs protects against experimental PAH (69), suggesting that GDF11 might act similarly to activin A, a close phylogenic relative (70). Notably, GDF11 can signal through the type I receptor ALK5, better known as the principal SMAD2/3-activating receptor used by TGF-β (71, 72), providing a potential mechanism for convergence of GDF11- and TGF-β-mediated signals. Given emerging evidence of GDF8 involvement in vascular dysfunction and chronic inflammatory disease (11, 12, 73, 74), it will be important in future studies to dissect the pathogenic contributions made specifically by GDF8, if any, to vascular remodeling in PAH. Whether any of the activin-class ligands drive pathologic vascular remodeling processes through non-canonical signaling mechanisms has not yet been investigated to our knowledge.

In addition to their roles in pathologic vascular cell proliferation, TGF-β superfamily ligands also control the excessive deposition of extracellular matrix, or fibrosis, that leads to vascular wall stiffness in later stages of PAH progression (Figure 1) (75). TGF-β1 in particular has long been regarded as a master regulator of fibrosis, but accumulating evidence also implicates TGF-β2 and TGF-β3 isoforms in fibrotic processes potentially relevant to PAH vascular remodeling (58, 76, 77). Individually or in combination, the three TGF-β isoforms are thought to promote myofibroblast differentiation, drive the synthesis and deposition of extracellular matrix proteins, and might stimulate mesenchymal transformation of endothelial or other cell types in the pulmonary arteries (36, 78). Interestingly, lung BMPRII and phosphorylated SMAD1/5/8 levels were found to be decreased in a model of pulmonary hypertension associated with pulmonary fibrosis, suggesting that SMAD signaling balance might coordinately regulate fibrosis together with cell proliferation (79). Many important mechanisms of arterial fibrogenesis in PAH, including the potential involvement of activin-class ligands, require further study. It is clear, however, that PAH pathogenesis is characterized by multiple pathogenic ligands acting in parallel—in complex and potentially combinatorial modes—upon distinct classes of vascular cell types.



INTERPLAY BETWEEN INFLAMMATION AND TGF-β SUPERFAMILY SIGNALING IN PAH

Partial disruption of pulmonary vascular BMPRII signaling is not sufficient to initiate PAH pathogenesis because only a subset of mutation carriers is thought to develop overt disease. For BMPR2 mutation carriers, penetrance is estimated to be ~27% (14–42%) (28–30, 80, 81). As such, additional stimuli have been proposed as “second hits,” which could potentially decrease BMPRII expression or activity below a certain threshold necessary for disease. Inflammation is considered one likely candidate for a second hit in PAH (82, 83). In animal models, inflammation precedes clear evidence of structural alterations and might be a key determinant of disease onset and progression (84). Multiple classes of immune cells, including macrophages, T cells, and neutrophils, have been identified in the vicinity of remodeled pulmonary arteries of PAH patients and PAH rodent models (Figure 1) (85, 86). Furthermore, inflammatory gene signatures have been found in cardiac and pulmonary tissues from patients and animal models of PAH (87).

Multiple lines of evidence indicate a close relationship between inflammation and BMPRII pathway signaling during PAH pathogenesis. For example, mice heterozygous for a Bmpr2 null allele, but not wild-type controls, become more likely to develop PAH-like disease when overexpressing 5-lipoxygenase, which causes a sustained inflammatory response (88). Similarly, Bmpr2 haploinsufficient rats are more prone to inflammation-induced PAH and exhibit evidence of apoptosis-resistant and proliferative ECs and enhanced mesenchymal transformation (89). Impaired BMPRII activity is also associated with pulmonary overexpression of inflammatory mediators including interleukin-6 (IL-6) and granulocyte-macrophage colony-stimulating factor, which are involved in leukocyte recruitment and PAH pathogenesis (90–92). Finally, mice with Bmpr2 ablated from monocyte-lineage macrophages exhibited muscularized pulmonary arteries and increased right ventricular systolic pressure after Sugen-hypoxia treatment while depletion of macrophages with clodronate reversed these parameters (43). Together, these studies suggest that BMPRII-mediated signaling within the pulmonary vasculature normally protects against inflammation-induced vascular remodeling.

If levels of BMPRII activity become deficient, then otherwise innocuous inflammatory signals could initiate a feed-forward loop of pathological signaling by TGF-β (36), activin-class ligands (13), and other proinflammatory cytokines (43). IL-6 is a key inflammatory signal upregulated in the serum and lungs of patients with PAH (93). Transgenic mice overexpressing IL-6 in the lungs exhibit pulmonary arterial muscularization and proliferative arteriopathy, indicating that this molecule regulates multiple pathologic remodeling processes in PAH (90). At least some of these effects in IL-6 transgenic mice are probably mediated by enhanced TGF-β signaling, as IL-6 has been demonstrated to augment TGF-β1 responses by reducing turnover of TGF-β receptors from the plasma membrane (94). The observation that BMPRII pathway signaling normally inhibits IL-6 expression in pulmonary vasculature suggests a potential mechanism by which BMPR2 haploinsufficiency provides a vulnerable setting for runaway inflammatory and fibrotic signaling (95).



INTERPLAY BETWEEN MECHANOBIOLOGY AND TGF-β SUPERFAMILY SIGNALING IN PAH

Biomechanical forces attributable to arterial physical properties and blood flow play prominent roles in vascular remodeling. Together with inflammatory signals, biomechanical forces and TGF-β superfamily signaling interact reciprocally during vascular homeostasis and disease initiation (96). Pathologic vascular remodeling in PAH is characterized both by narrowing of the distal pulmonary arterioles and resultant dilation of the larger, more proximal arteries. Changes in the width of the vessel lumen are accompanied by increased thickness and stiffness of vessel walls, properties that together reinforce the development of turbulent blood flow patterns throughout the pulmonary arterial tree (Figure 1). Turbulent flow itself in turn contributes to dysfunction and excessive proliferation of ECs, leading to neointimal lesions, and vascular occlusion (75). These structural, biomechanical, and proliferative changes could establish a positive feedback loop of pathologic vascular remodeling, especially around vascular branch points where turbulent flow forces are most pronounced. Indeed, neointimal lesions of proliferative ECs are found primarily at branch points (75). Furthermore, detailed temporal analysis in rodent PAH models reveals that arterial stiffening occurs early in the disease process, prior to hemodynamic changes and right ventricular dysfunction, suggesting that vessel wall stiffening is one determinant of disease onset (97).

Changes in the mechanical properties of pulmonary blood flow are interpreted by TGF-β superfamily receptors located in endothelial cells and affect changes in canonical superfamily signaling pathways. For example, steady-state laminar flow, the pattern typical of healthy vasculature, promotes EC quiescence by facilitating activation of the BMPRII-SMAD1/5/8 axis (Figure 1) (98). This signaling pathway prevents cell cycle progression by ECs and contributes to the stabilization of EC cellular junctions, preventing vascular remodeling processes. Laminar blood flow also promotes expression of the key BMPRII partner ALK1 (98) and promotes its association with the coreceptor endoglin, mechanisms that sensitize ECs to BMP9 signaling and aid in BMPRII pathway activation (99, 100). ALK1 therefore acts as a critical molecular link between blood flow and vascular quiescence (101). Furthermore, caveolin-1, itself a PAH risk factor that is regulated by shear stress forces, is required for proper membrane localization of BMPRII (102, 103). In elegant contrast with the quiescence-promoting role for the BMPRII pathway, disturbed flow patterns stimulate arterial remodeling through a mechanism dependent upon endothelial SMAD2/3 and ALK5 signaling (104, 105). These studies suggest an interesting model for the onset of PAH pathogenesis in which loss of BMPRII or one of its signaling partners removes a flow-regulated brake upon SMAD2/3-driven remodeling processes by pulmonary vascular ECs. Inflammation could enhance this pathogenic process by further diminishing BMPRII levels, and remodeling could beget further remodeling by disrupting laminar flow patterns important for BMPRII pathway activity (Figure 1).

TGF-β isoforms are prominent among superfamily ligands that require mechanical activation from a latent state to engage cognate receptors (8). Briefly, TGF-β isoforms are synthesized as inactive precursors consisting of a prodomain—referred to as the latency-associated peptide (LAP)—together with the mature ligand and are attached to extracellular matrix proteins through association with latent TGF-β binding proteins (LTBPs). Release of an active signaling domain from the inert TGF-β/LTBP complex depends upon the physical stiffness of the extracellular environment. Thus, it has long been hypothesized that pathologic TGF-β signaling in PAH and related fibrotic conditions operates through a positive feedback loop of extracellular matrix deposition, increased stiffness, and further TGF-β activation (106, 107). Proper sequestration of latent TGF-β complexes by LTBP proteins is known to be critical for the spatial and temporal regulation of TGF-β activation during homeostasis and disease (108) and might facilitate rapid signaling responses to physical insults. As discussed further below, the many types of proteins that control TGF-β localization and activity, including RGD-integrins, metalloproteinases, and thrombospondin-1, provide potential therapeutic targets for PAH treatment (109).



TARGETING DEFICIENT SMAD1/5/8 PATHWAY SIGNALING

In the two decades since BMPRII deficiency was first implicated in the development of PAH, many approaches to promote SMAD1/5/8 pathway signaling in the pulmonary vasculature have been evaluated in PAH models and, in a few cases, clinically (Table 1).


Table 1. Agents targeting canonical TGF-β superfamily pathways for PAH.

[image: Table 1]


Restoration of BMPRII Expression

Preclinical studies have investigated delivery of the wild-type BMPR2 gene by various methods to remedy BMPRII deficiency (110, 111, 132–134). These studies indicate that delivery of exogenous BMPR2 to the pulmonary vascular endothelium can improve cardiopulmonary parameters in two different rodent models of PAH, in some cases on a preventive basis and in other cases therapeutically. As noted previously (15), two limitations of using viral vectors to deliver BMPR2 to the endothelium are the transient nature of adenoviral transgene expression and the potential for deleterious mutations following genomic integration. Alternative methods of BMPR2 delivery are therefore under investigation (134, 135). BMPR2 gene delivery has not yet been studied clinically.

Epigenetic mechanisms, notably including hypermethylation of the BMPR2 promoter, are implicated in PAH pathogenesis (136). The transcriptional regulator switch-independent 3a (SIN3a), recently found to be dysregulated in PAH patients and rodent models, promotes BMPR2 expression in PASMCs through demethylation of its promoter (112). Increased BMPRII levels in these cells were accompanied by higher levels of pSMAD1/5/8, confirming activation of this pathway. Intratracheal delivery of SIN3a by adenoviral vector restored BMPRII expression, increased levels of pSMAD1/5/8, and improved cardiopulmonary endpoints in two rat models of PAH (112). This virally mediated approach to indirectly elevating BMPR2 expression is associated with the same limitations as those noted above for direct BMPR2 delivery. In addition, as it relies on the endogenous BMPR2 gene, this approach is expected to be more effective in patients with reduced expression of wild-type BMPR2 than in patients harboring BMPR2 inactivating mutations.

Other diverse approaches for elevating BMPRII levels have yielded positive results in preclinical models of PAH. A promising approach involves activation of the orphan nuclear receptor Nur77, which is a key regulator of proliferation and inflammation in vascular cells. Treatment with 6-mercaptopurine increases expression of Nur77, BMPRII, pSMAD1/5/8, and target gene Id3 in pulmonary arterioles in a rat model of severe angioproliferative PAH (114). Moreover, therapeutic treatment with 6-mercaptopurine reversed abnormal vascular remodeling and RV hypertrophy in this model (114). In another approach, an antagonistic modified RNA oligonucleotide (antagomiR), which selectively targets the BMPR2 negative regulator miR-20a, increased levels of BMPRII expression in lung tissue and improved cardiopulmonary parameters in a hypoxia-induced mouse model of PAH (113). A limitation of this study is that it did not evaluate therapeutic treatment in the context of established vascular pathology, which would better model the disease state in PAH patients with ongoing vascular remodeling. Other approaches have increased pulmonary expression of BMPRII in mice harboring certain BMPR2 mutations either by rescuing misfolded BMPRII from the endoplasmic reticulum (115) or by facilitating translational read-through of premature BMPR2 termination mutations (116). Such approaches provide support for future clinical evaluation in PAH patients with specific BMPR2 mutations (116).

Of special note, the herbally-derived agent berberine was reported to improve cardiopulmonary endpoints in a hypoxia-induced mouse model by elevating expression of BMPRII and pSMAD1/5/8 while also reducing expression of TGF-β and pSMAD2/3 (137). Although investigation of target identity and further study are warranted, protective effects of berberine in this model underscore the potential benefit of rebalancing TGF-β superfamily signaling in PAH.



Stimulation With Exogenous BMPs

The finding that exogenous BMP9 can reverse established disease in rodent models of PAH (117) suggested that a similar approach could be beneficial in patients. However, this strategy is controversial because subsequent preclinical studies indicate that the role of BMP9 in pulmonary vascular homeostasis is complex and likely context dependent (118, 138–140). Importantly, loss of BMPRII reverses the endothelial response to BMP9, paradoxically causing enhanced proliferation (138), and BMP9 promotes pulmonary vascular remodeling in mice under conditions of chronic hypoxia (139). Even if these conflicting aspects of BMP9 function were to be resolved in favor of a beneficial role in PAH, the clinical value of this approach would depend on development of BMP9 agonists with extended circulating half-lives to avoid impractical dosing regimens in patients.



Disinhibition of Endogenous BMPs

BMP2, BMP4, and BMP7 exert anti-proliferative effects in pulmonary vessels through SMAD1/5/8 pathway activation. These ligands are selectively inhibited by the endogenous BMP antagonist gremlin-1, which is implicated as an important promoter of pathologic vascular remodeling in PAH (Figure 1) (141). Circulating levels of gremlin-1 stratify survival in PAH patients, hypoxia stimulates gremlin secretion by ECs, and Grem1 haploinsufficiency reduces vascular remodeling in mice exposed to chronic hypoxia (41, 42). In addition, stretch-dependent secretion of gremlin-1 from pulmonary arterial cells is implicated in PAH induced by congenital systemic-to-pulmonary shunts and could potentially explain deficient BMPRII-pathway signaling in the many such patients whose BMPR2 expression is normal (142). Importantly, therapeutic immunoneutralization of gremlin-1 reduces vascular remodeling in a mouse model of PAH (119). Despite its potential as a therapeutic candidate for PAH, anti–gremlin-1 antibody has not been evaluated clinically to our knowledge.



Disinhibition of BMPRII/ALK1 Signaling

The immunosuppressive agent tacrolimus (FK506) has been evaluated more extensively than other activators of SMAD1/5/8 pathway signaling as a potential treatment for PAH. A large-scale screen of FDA-approved drugs identified FK506 as an effective BMPRII signaling activator that disinhibits ALK1 kinase activity through inhibition of the immunophilin FK-binding protein-12 (120). FK506 reversed dysfunctional BMPRII signaling in pulmonary ECs from patients with idiopathic PAH and reversed cardiopulmonary functional deficits and vascular remodeling when administered therapeutically in a rat model of severe angio-obliterative PAH (120). Based on these promising preclinical results, FK506 was assessed in a phase 2a tolerability and safety study in PAH patients (NCT01647945, N = 23), but the results were inconclusive (122) and could warrant follow-up evaluation in a larger patient population. Intriguingly, FK506 treatment at this dose led to substantial improvement and stabilization of cardiovascular function in three patients with end-stage PAH who did not qualify for the foregoing trial (123). Recent findings suggest that targeting the BMPRII pathway with FK506 may exert direct protective effects on the right ventricle independent of its beneficial effects on the pulmonary vasculature (121).



Activation of Downstream Genes in Defective BMPRII Pathway

An alternative strategy to increase SMAD1/5/8 pathway activity is to promote expression of its downstream targets. One prominent target of BMPRII-mediated signaling in the endothelium is apelin (143), a peptide ligand of the apelin receptor whose activation opposes the renin-angiotensin-aldosterone system and regulates cardiovascular functions including hemodynamic homeostasis (144, 145). A genetic approach was used to identify apelin as a target gene of the BMP pathway in endothelial cells, and BMPRII-SMAD1/5/8 signaling was found to mediate downregulation of apelin expression by BMPs in such cells (146). However, the direction of this response is difficult to reconcile with later studies revealing apelin insufficiency in PAH lung and implicating apelin as beneficial in the context of PAH and cardiovascular disease more broadly. For example, circulating apelin levels are reduced in patients with PH, and apelin deficiency worsens hypoxia-induced PH in mice (147). Administration of a stabilized apelin analog, pyroglutamylated apelin-13, improves cardiopulmonary parameters in a monocrotaline rat model of PAH (124). In PAH patients undergoing right heart catheterization (NCT01457170, N = 19), this apelin analog reduced pulmonary vascular resistance and increased cardiac output without reducing mean pulmonary arterial pressure (126). Apelin receptor agonists with extended circulating half-lives are under development (125, 144), but substantial improvement will be needed for their use to become practical in a chronic clinical setting.

Additional agents have been evaluated preclinically as therapeutic activators of downstream targets in the SMAD1/5/8 pathway. One is nutlin-3, a small molecule which stabilizes a BMPRII-dependent transcription factor complex between p53 and PPARγ (peroxisome proliferator-activated receptor gamma) to activate a vasculoprotective gene regulation program downstream of BMPRII that includes the apelin gene (APLN) (127). This approach has been used to regenerate pulmonary microvessels and reverse persistent PH in mice with loss of BMPRII in pulmonary arterial ECs (127). Another therapeutic agent that can promote expression of BMPRII pathway effectors is tyrphostin-AG1296, a small-molecule tyrosine kinase inhibitor identified by screening compounds for improved survival of ECs from PAH patients (148). The tyrphostin-AG1296 mechanism of action remains to be defined but involves combined upregulation of BMPRII, SMAD1/5 coactivators, and cAMP response element-binding proteins, leading to an anti-PAH gene expression signature.




TARGETING OVERACTIVE SMAD2/3 PATHWAY SIGNALING

Inhibitors of the SMAD2/3 pathway have also been explored for treatment of PAH (Table 1) and could theoretically be used in combination with activators of the SMAD1/5/8 pathway as a strategy to rebalance superfamily signaling. As noted for berberine in the preceding section, some individual agents could potentially exert superfamily rebalancing effects through complementary actions on both SMAD pathways, either directly or indirectly through known mechanistic links between them.


TGF-β

TGF-β inhibition was proposed more than a decade ago as a potential therapeutic approach to treat PAH (57, 63, 64, 128, 129, 149–151). Given the prominent roles of TGF-β in fibrotic diseases and cancer, diverse therapeutic approaches for inhibiting TGF-β-mediated signaling are being explored preclinically and clinically for those indications (152, 153) and could potentially be useful for treating PAH. Recent evidence indicates that there could be differential involvement of TGF-β-mediated signaling in patients with idiopathic PAH compared to those with hereditary PAH as well as differential involvement in rodent models of the disease (154).



Inhibition of TGF-β Receptors

Small-molecule inhibitors of ALK5 display efficacy in rodent models of PAH (128, 129) but have not been evaluated in PAH patients due in part to safety concerns and the potential for off-target effects (155). Such tyrosine kinase inhibitors are not selective for ALK5, as they also inhibit the closely related ALK4 and ALK7 receptors, which mediate activin signaling (156). Additionally, ALK5 inhibition is not selective for TGF-β signaling because this type I receptor also mediates signaling by GDF11 (71, 72). An antibody capable of inhibiting both type I and type II receptors for TGF-β was reported to be efficacious in a monocrotaline rat model of PAH (64), but such receptor immunoneutralization has not been evaluated in patients with PAH.



Inhibition of Active TGF-β Isoforms

More selective methods of TGF-β inhibition, including a pan anti–TGF-β antibody and a TGFBRII-Fc fusion protein that selectively sequesters TGF-β1 and TGF-β3, have displayed efficacy in rodent models of PAH (57, 63). Isoform selectivity in the latter case is thought to be advantageous partly due to major involvement of TGF-β2 in cardiac valve homeostasis and thus cardiotoxicity associated with ALK5 inhibition [see citations in ref. (57)]. These approaches for targeting TGF-β isoforms have not yet been evaluated clinically in PAH.



Stabilization of Latent TGF-β

An intensely explored approach to inhibit TGF-β signaling involves stabilization of latent ligand normally sequestered in the extracellular matrix, thereby preventing release of TGF-β and its binding to receptors. Such activation is regulated endogenously by interaction of TGF-β-containing latent complexes with several types of proteins, including integrins, proteases, thrombospondin-1, and glycoprotein-A repetitions predominant protein (GARP) (157–159). Thrombospondin-1 is implicated preclinically in PH caused by either hypoxia or the parasite Schistosoma mansoni, and thrombospondin-1 inhibition by the synthetic tetrapeptide Leu-Ser-Lys-Leu protects mice from PH caused by either factor (130). Further reinforcing the vascular connection, thrombospondin-1 contributes to arterial stiffening caused by disturbed blood flow (160). Although not investigated in experimental PAH, integrin inhibitors and antibody-mediated stabilization of latent TGF-β display efficacy in models of fibrosis or cancer (161–164), providing preclinical support for such approaches generally. Because endogenous mechanisms of TGF-β activation vary depending on cellular and tissue context (158), the therapeutic effects produced by the foregoing approaches would be predicted to differ according to their respective targets. Moreover, such approaches targeting TGF-β regulation would likely produce a subset of the effects seen by directly targeting active TGF-β isoforms and therefore provide precision which could be advantageous in certain contexts.



Inhibition of Activin-Class Ligands

Activin-class members of the SMAD2/3 signaling pathway have only recently been recognized widely as important contributors to PAH pathogenesis. Most prominent is the ligand trapping fusion protein ActRIIA-Fc, also known as sotatercept, which sequesters the activin-class ligands activin A, activin B, GDF8, and GDF11 with high affinity (165). As noted above, at least three of these ligands are upregulated in pulmonary vascular lesions of PAH patients and PAH rodent models (13). Protective administration of a murine ActRIIA-Fc fusion protein in rodent models markedly improves cardiopulmonary parameters and vascular remodeling, and therapeutic administration of this agent in a Sugen-hypoxia-normoxia model with established severe disease effectively alleviates PH and vascular remodeling (13). This activity is attributable in part to anti-proliferative effects on pulmonary arterial SMCs and ECs as well as to enhanced apoptosis in the vascular wall. Improvement in right ventricular structure and function may stem from indirect effects of reduced pulmonary vascular resistance and compliance. However, it could also arise from direct cardioprotective effects of ActRIIA-Fc consistent with those described previously with inhibition of activin receptor-mediated signaling in models of left ventricular failure associated with aging or systemic pressure overload (166, 167).

A phase 2 study of ActRIIA-Fc has been conducted in patients with PAH receiving background therapy (131). In this study (NCT03496207, N = 106), sotatercept produced significant improvement in the primary endpoint, pulmonary vascular resistance. It was also associated with clinically meaningful improvements in 6-min walk distance and circulating levels of N-terminal pro-B-type natriuretic peptide, a marker for cardiac dysfunction. Sotatercept has previously been evaluated in healthy volunteers and patients with conditions characterized by dysfunctional TGF-β superfamily signaling, including anemia associated with myelodysplastic syndromes, anemia associated with β-thalassemia, chemotherapy-induced anemia, end-stage kidney disease, bone loss, and multiple myeloma (168–174). As a result, substantial data are already available regarding sotatercept's safety profile. Ongoing clinical studies of sotatercept in PAH patients include a phase 2 study for detailed characterization of cardiopulmonary status by right heart catheterization with exercise (NCT03738150) and several phase 3 registration-enabling studies (NCT04576988, NCT04811092, NCT04896008). Interestingly, several clinical studies have determined that sotatercept increases circulating hemoglobin concentrations under diverse conditions (169, 171–174). It has been observed that a large proportion of PAH patients exhibits anemia and could therefore receive sotatercept with acceptable erythropoietic effects (175). Further study is required to determine the potential benefits of increasing hemoglobin levels concurrently with targeting cardiopulmonary remodeling in PAH patients, particularly those with anemia.




CONCLUSIONS

Our growing understanding of mechanisms responsible for initiation and progression of PAH has not yet been matched by development of therapies effectively targeting those underlying disease processes. The TGF-β superfamily of ligands and receptors plays a critical role in the development and severity of PAH. More precisely, an imbalance in the intracellular SMAD2/3 vs. SMAD1/5/8 signaling pathways is now widely accepted to be an important contributor. Therapies targeting these two SMAD pathway branches have been evaluated preclinically and are in a few cases in clinical development. Importantly, there are indications that therapeutic interventions targeting the TGF-β superfamily have the potential to be disease modifying. Indeed, preclinical and clinical data generated with an ActRIIA-Fc ligand trap in particular support the view that targeting cellular proliferation through a rebalancing of SMAD activation could be a beneficial therapeutic approach for the underserved PAH patient population.

Further work is needed to establish whether other therapeutic modalities such as those targeting mechanisms of latent ligand activation could be developed to either reduce pro-proliferative or enhance anti-proliferative TGF-β superfamily pathways. Other interesting but underexplored possibilities are that either concomitant modulation of SMAD2/3 and SMAD1/5/8 pathways or combined inhibition of SMAD2/3 pathway-activating ligands (activin-class ligands together with one or more TGF-βs) could provide benefits beyond those observed to date with more restricted approaches. Such combinatorial strategies might also be useful in the context of Group 3 PH, a disease category characterized by pulmonary vasculopathy with fibrotic lung disease, most notably in subgroups associated with interstitial lung disease (PH-ILD) or chronic obstructive pulmonary disease (PH-COPD). In addition, it remains to be determined whether precisely targeting a single intracellular TGF-β superfamily pathway, including canonical and non-canonical effectors, could offer a different therapeutic window or greater ease of use than inhibition of ligand-receptor interactions. Hence, two decades after the seminal observations linking familial PAH with TGF-β superfamily signaling, there are signs that targeting this pathway—now thought to control multiple PAH disease processes—could offer hope for transformative PAH treatments.
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Objective: The diagnosis of chronic thromboembolic pulmonary hypertension (CTEPH) is a major challenge as it is a curable cause of pulmonary hypertension (PH). Ventilation/Perfusion (V/Q) lung scintigraphy is the imaging modality of choice for the screening of CTEPH. However, there is no consensus on the criteria to use for interpretation. The aim of this study was to assess the accuracy of various interpretation criteria of planar V/Q scintigraphy for the screening of CTEPH in patients with PH.

Methods: The eligible study population consisted of consecutive patients with newly diagnosed PH in the Brest University Hospital, France. Final diagnosis (CTEPH or non-CTEPH) was established in a referential center on the management of PH, based on the ESC/ERS guidelines and a minimum follow-up of 3 years. A retrospective central review of planar V/Q scintigraphy was performed by three nuclear physicians blinded to clinical findings and to final diagnosis. The number, extent (sub-segmental or segmental) and type (matched or mismatched) of perfusion defects were reported. Sensitivity and specificity were evaluated for various criteria based on the number of mismatched perfusion defects and the number of perfusion defects (regardless of ventilation). Receiver operating characteristic (ROC) curves were generated and areas under the curve (AUC) were calculated for both.

Results: A total of 226 patients with newly diagnosed PH were analyzed. Fifty six (24.8%) were diagnosed with CTEPH while 170 patients (75.2%) were diagnosed with non-CTEPH. The optimal threshold was 2.5 segmental mismatched perfusion defects, providing a sensitivity of 100 % (95% CI 93.6–100%) and a specificity of 94.7% (95%CI 90.3–97.2%). Lower diagnostic cut-offs of mismatched perfusion defects provided similar sensitivity but lower specificity. Ninety five percent of patients with CTEPH had more than 4 segmental mismatched defects. An interpretation only based on perfusion provided similar sensitivity but a specificity of 81.8% (95%CI 75.3–86.9%).

Conclusion: Our study confirmed the high diagnostic performance of planar V/Q scintigraphy for the screening of CTEPH in patients with PH. The optimal diagnostic cut-off for interpretation was 2.5 segmental mismatched perfusion defects. An interpretation only based on perfusion defects provided similar sensitivity but lower specificity.

Keywords: chronic thromboembolic pulmonary hypertension, ventilation/perfusion scintigraphy, interpretation criteria, CTEPH, planar V/Q scintigraphy


INTRODUCTION

Chronic Thromboembolic Pulmonary Hypertension (CTEPH) is a rare complication of acute pulmonary embolism (PE) leading to severe right ventricular failure and death in the absence of treatment (1). CTEPH is characterized by the presence of macroscopic thromboembolic lesions in the proximal or distal pulmonary arteries and microscopic pulmonary vasculopathy, which obstruct blood flow and increases pressure in the pulmonary arteries (2). The incidence of CTEPH is probably underestimated because of non-specific symptoms and a high proportion of cases with no documented history of PE (3, 4). Diagnosing CTEPH is a major diagnostic challenge. Without treatment, the estimated 5-years survival of patients with CTEPH is poor, around 30% in patients with a mean Pulmonary Artery Pressure (mPAP) >40 mmHg (5, 6). However, in contrast with other groups of PH, CTEPH is potentially curable thanks to various treatment modalities including surgery, balloon pulmonary angioplasty and medical therapy (7–10).

According to the European Society of Cardiology (ESC) and the European Respiratory Society (ERS) guidelines for the diagnosis and treatment of pulmonary hypertension, Ventilation/Perfusion (V/Q) lung scintigraphy is the imaging modality of choice to exclude CTEPH at an early stage of the algorithm for diagnosing PH (10, 11). Indeed, V/Q lung scintigraphy is superior to Computed Tomography Pulmonary Angiography (CTPA), especially with a higher sensitivity (12).

While V/Q imaging has a key role in the screening of CTEPH (13), there is no consensus on the interpretation criteria to be used. According to ESC/ERS recommendations (10, 11), V/Q lung scintigraphy is considered positive for CTEPH if there are mismatched perfusion defects, but with no indication about the size and number of defects. Tunariu et al. demonstrated the superiority of planar V/Q lung scintigraphy over CTPA using the PIOPED criteria for V/Q scan interpretation (12). In this study, a high probability scan (i.e. at least two segmental mismatched perfusion defects) was suggestive of CTEPH while results were unclear for patients with an intermediate probability scintigraphy. In a recent study, Wang et al. used a lower threshold (14). V/Q lung scintigraphy was interpreted as positive for CTEPH if there was at least one segmental or two sub-segmental mismatched perfusion defects, as proposed by the European Association of Nuclear Medicine (EANM) guidelines for the diagnosis of acute PE (14–16). However, the pulmonary artery obstruction in patients with CTEPH is typically diffuse and multi-segmental and a low burden of pulmonary vascular obstruction, e.g., one segmental defect, is very unlikely to cause PH (14). On the other hand, given that V/Q lung scintigraphy is positioned as a screening tool in the diagnosis of CTEPH, a high sensitivity should remain the priority. Furthermore, an imaging technique using a perfusion-only scan along with a low-dose CT acquisitions (Q-LDCT), has been reported to exhibit adequate performance for CTEPH screening compared to V/Q lung scintigraphy, which may question the diagnostic value of V/Q mismatched defects as compared with perfusion defect regardless of the ventilation (17). So far, no study has evaluated and compared the diagnostic performances of V/Q scintigraphy according to interpretation criteria.

The aim of this study was to assess the accuracy of various interpretation criteria of planar V/Q lung scintigraphy for screening of CTEPH in patients with PH.



MATERIALS AND METHODS


Population

The eligible study population consisted of consecutive patients with newly diagnosed PH referred to Brest University Hospital, France for initial assessment, and included in a French National PH registry (authorization number 842063). All patients provided written informed consent.

The diagnosis of precapillary PH was established according to the 2015 guidelines [mPAP ≥ 25 mmHg and pulmonary artery wedge pressure (PAWP) ≤ 15 mmHg measured by right heart catheterization (RHC)] (18). Patients were managed according to ESC/ERS guidelines for the diagnosis and treatment of CTEPH (11), and classified into the different groups of PH based on clinical and imaging data. All patients with a possible CTEPH after initial assessment were referred to the National reference center in Paris Kremlin-Bicêtre, France, for diagnostic confirmation and to assess operability. The diagnosis of CTEPH was confirmed according to ESC/ERS guidelines (11). All patients diagnosed with CTEPH had pre-capillary PH diagnosed with RHC and typical morphological lesions of CTEPH on high resolution CT and/or conventional pulmonary angiography. All patients were followed up for minimum 3 years with multiple check-up review and RHC to assess evolution and avoid misdiagnosis.

Demographic data and history of acute PE were collected from the French PH registry. Hemodynamics results from RHC at initial screening (pulmonary vascular resistances (PVR) expressed in dyn.sec.cm−5 and mPAP expressed in mmHg) were also collected in order to evaluate the correlation between the extent of perfusion defects and the alteration of hemodynamics parameters.



V/Q Scans Acquisition and Interpretation

Planar V/Q lung scans were performed according to the SFMN guidelines on lung scintigraphy protocols (15, 19). Perfusion images were obtained after administration of 140 MBq of 99mTc-macroaggregated albumin. Ventilation images were acquired either after inhalation of 99mTc-Technegas or 81mKr-Krypton gas. Imaging acquisition was performed in six views (anterior, posterior, left and right lateral, left and right posterior oblique).

A retrospective central review of all planar V/Q lung scintigraphy was performed by three nuclear physicians with different level of expertise, blinded to clinical results and to final diagnosis. Interpretation was determined via consensus reading. For each planar V/Q lung scintigraphy, the number, extent (sub-segmental or segmental) and type (matched or mismatched with ventilation images) of perfusion defects were reported. The extent of each defect was assessed visually. A defect was defined as segmental if it involved more than 75% of a segment and sub-segmental if it involved <75% (20).



Data Analysis

Continuous data were expressed as mean ± standard deviation (SD), and categorical data were expressed as frequency and percentage (%). Differences between the two groups were analyzed for significance with the unpaired Student t test for continuous variables and with the Chi2 test for categorical variables.

For each planar V/Q lung scintigraphy, the number of segmental perfusion defects or equivalent (2 sub-segments = 1 segment) was computed. This was performed for mismatched perfusion defects, and for perfusion defects regardless of the ventilation (i.e., mismatched or matched defects). Receiver operating characteristic (ROC) curves were generated and areas under the curve (AUC) were calculated. For determination of the optimal diagnostic cut-off for interpretation, the main criterion was to select a high sensitivity cutoff, as V/Q lung scintigraphy is positioned as a screening tool in the diagnostic algorithm for CTEPH. Then, if various thresholds provided similar sensitivity, the threshold with the highest specificity was chosen. Correlation between the extent of perfusion defects and PAPm/PVR alteration was analyzed using Pearson correlation test.




RESULTS


Population

A total of 288 patients referred to the Brest University Hospital were enrolled in the French National PH registry between January 2004 and January 2019. Among those 288 patients, 62 were excluded from the present study for the following reasons: 5 patients had a well-established diagnosis of a PH attributable to left heart disease with a post-capillary PH on RHC; 19 had V/Q SPECT imaging; three had a perfusion-only scan; images were not available in 28 patients; and seven patients died before undergoing assessment.

A total of 226 patients with newly diagnosed PH, who underwent V/Q planar scintigraphy for the screening of CTEPH, were therefore analyzed. Out of them, 56 (25%) were diagnosed with CTEPH at the reference center in Paris. Among 170 patients (75%) diagnosed with non-CTEPH, 92 were classified in group 1 of PH classification (41%), 24 in group 2 (10%), 40 in group 3 (18%), 4 in group 5 (2%), and 10 were classified as having mixed causes PH (mix from group 1, 2 and 3) (4%). Patients' characteristics in CTEPH and non-CTEPH groups are presented in Table 1.


Table 1. Patient baseline characteristics.
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Patients With CTEPH Diagnosis

Mean age of patients was 68 years old [SD (57–81)]. Mean time between first symptoms and diagnosis was 15 months. Among the 56 patients, 29 patients (39%) had no PE history. Planar V/Q lung scintigraphy was reported with a mean number of mismatched perfusion defects of 6.4 segments [SD (4.5–8.2)] and a mean number of perfusion defects of 6.6 segments [SD (4.7–8.4)]. Figure 1 illustrates a typical planar V/Q lung scintigraphy in a patient with CTEPH. Mean PAPm and PVR were 41.6 mmHg [SD (31.4–51.8)] and 594.2 dyn.sec.cm-5 [SD (274.2–914.2)], respectively. No correlation was found between the extent of perfusion defects and the degree of PAPm or PVR alteration: based on mismatched perfusion defects, correlation coefficients were 0.03 and 0.20 for PAPm and PVR, respectively.


[image: Figure 1]
FIGURE 1. Planar V/Q scintigraphy showing multiple segmental mismatched perfusion defects in a patient with confirmed CTEPH.




Patients With Non-CTEPH Diagnosis

Mean age of patients was 63 years old [SD (53–78)]. Mean time between first symptoms and diagnosis was 15 months. Among the 170 patients, 160 patients (95%) had no PE history. Planar V/Q lung scintigraphy was reported with a mean number of mismatched perfusion defects of 0.3 segments [SD (−0.95-1.6)] and a mean number of total perfusion defects of 1.1 segments [SD (−0.6–3.2)]. Mean PAPm and PVR were 43.2 mmHg [SD (32.4–54.1)] and 595.6 dyn.sec.cm−5 [SD (253.2–937.9)] respectively. Among the 170 non-CTEPH patients, 103 patients had a normal planar V/Q lung scintigraphy with no perfusion defect (mismatched or matched). Planar V/Q lung scintigraphy was normal in 64/92 patients (70%) from group 1, 12/24 patients (50%) from group 2, 21/40 patients (53%) from group 3, 3/4 patients (75%) from group 5, and 3/10 patients (30%) with a mixed cause of PH. Significant differences were found between CTEPH and non-CTEPH patients for PE history (p < 0.0001) and age (p = 0.043). But no significant difference was found between the two groups for PAPm (p = 0.322) and RVP (p = 0.842).



Diagnostic Performance of Planar V/Q According to Various Criteria of Interpretation

ROC curves generated according to the number of segmental mismatched perfusion defects and segmental perfusion defects are presented in Figure 2. Figure 3 shows the histograms of distribution of mismatched segmental perfusion defects (Figure 3A) and segmental perfusion defects (Figure 3B) in the CTEPH and non-CTEPH groups. Sensitivity and specificity of lung scan according to various interpretation criteria are summarized in Table 2.


[image: Figure 2]
FIGURE 2. (A) Segmental mismatched perfusion defects. (B) All segmental perfusion defects (regardless of ventilation). Red points: Cut-off at 2.5 segmental; Blue points: Cut-off at 1 segmental; Black points: Cut-off at 0.5 segmental.



[image: Figure 3]
FIGURE 3. (A) Histogram for V/Q scan interpreted on mismatched perfusion defects. (B) Histogram for V/Q scan interpreted on all segmental perfusion defects (regardless of ventilation). 0 = non-CTEPH patients; 1 = CTEPH patients; Red plots = positive V/Q scan; Blue plots = negative V/Q scan.



Table 2. Sensitivity and specificity according to criteria tested.
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Based on perfusion mismatched defects, AUC was 0.98 (95%CI = 0.97–0.99). The optimal threshold was 2.5 segmental mismatched perfusion defects, providing a sensitivity of 100 % (95%CI 93.6–100%) and a specificity of 94.7% (95%CI 90.3–97.2%). Lower diagnostic cut-offs provided similar sensitivity but lower specificity: 91.8% (95%CI 87.7–95.0%) using 1 segmental mismatched defect (i.e., the EANM criteria) and 89.4% (95%CI 84.9–93.2%) using 0.5 segmental (=1 sub-segmental) mismatched defect, respectively. Out of the 56 patients with CTEPH, 53 patients (95%) had more than 4 segmental mismatched defects.

Based on perfusion defects regardless of ventilation, the AUC was 0.96 (95%CI 0.93–0.98). The optimal threshold was 2.5 segmental perfusion defects, providing a sensitivity of 100% (95%CI 93.6–100%) and a specificity of 81.8% (95%CI 75.3–86.9%). Lower diagnostic cut-offs provided similar sensitivity but lower specificity (See Table 2). Figure 4 illustrates a planar V/Q lung scintigraphy with multiple bilateral perfusion defects matched to the ventilation in a non-CTEPH patient.


[image: Figure 4]
FIGURE 4. Planar V/Q scan showing multiple perfusion defects matched with ventilation impairments: final diagnosis was a PH classified as mix from group 1, 2 and 3 of PH classification, which was confirmed during the follow-up.


Using the optimal positivity threshold (≥ 2.5 segmental mismatched perfusion defects), planar V/Q lung scintigraphy was falsely interpreted as positive for CTEPH in eight patients. Among them, four patients had a final diagnosis of PH due to advanced pulmonary disease with emphysema, chronic obstructive pulmonary disease or fibrosis with both mismatched and matched defects; one patient had pulmonary veno-occlusive disease; one patient was initially diagnosed with CTEPH but was finally classified as PH from undetermined cause during the follow up; one patient had a porto-pulmonary hypertension; and one patient had pulmonary artery abnormality anatomy from congenital cause.




DISCUSSION

Our study confirms the high diagnostic performance of planar V/Q lung scintigraphy for screening CTEPH in patients with PH (12, 14). The optimal diagnostic cut-off for interpretation was 2.5 segmental mismatched perfusion defects, providing a sensitivity of 100% (CI 95% 93.6–100%) and a specificity of 94.7% (95%CI 90.3–97.2%), respectively. Our study also demonstrates the higher diagnostic value of mismatched perfusion defects over perfusion defects (regardless of ventilation) when screening CTEPH, as an interpretation only based on perfusion defects provided similar sensitivity but a lower specificity [81.8% (95%CI 75.3–86.9%)].

Diagnosing CTEPH is a major diagnostic challenge because it is the only curable form of PH (5, 17). Given that the V/Q lung scintigraphy is used as a screening tool for a potentially surgically curable condition, the test should be as sensitive as possible, ideally close to 100%. According to current recommendations (10, 11), all suspected cases of CTEPH on V/Q scan are then referred to an expert center to confirm the diagnosis, which implies additional testing and travels that may be invasive and costly. Therefore, V/Q lung scintigraphy should ideally also have a high specificity in order to limit unnecessary investigations.

In our study, the optimal cut-off was 2.5 segmental mismatched perfusion defects, providing a sensitivity of 100% (CI 95% 93.6–100%) and a specificity of 94.7% (95%CI 90.3–97.2%), respectively. This cut-off is roughly similar to that of a high probability planar V/Q scintigraphy according to PIOPED criteria (i.e., two segments). In the study from Tunariu et al. (12), a high probability V/Q lung scintigraphy had a sensitivity of 96.2% and a specificity of 94.6%, respectively. However, results were not straightforward for patients with an intermediate probability V/Q scintigraphy. Our study clarifies this situation, with no case of CTEPH diagnosed among patients with <2.5 segmental perfusion mismatched defects. In a recent study, Wang et al. (14) used as positivity threshold 1 segmental mismatched perfusion defect or equivalent (i.e., the EANM criteria) and reported 94.2% of sensitivity and 92.8% of specificity. Using the same criteria, we found a sensitivity of 100% (95%CI 93.6–100%) but a lower specificity of 91.8% (95%CI 87.7–95.0%). Finally, using the modified PISAPED criteria, which were also developed for the diagnosis of acute PE, the specificity was 89.4 (84.9–93.2) (21). The pulmonary artery obstruction in patients with CTEPH is typically diffuse and multi-segmental (2). In our study, the pulmonary vascular obstruction in patients diagnosed with CTEPH was 6.3 segmental mismatched perfusion defects on average (~35% of the whole lung), consistent with data from other studies (14). Furthermore, among patients with CTEPH, 95% had at least 4 segmental mismatched perfusion defects (~20% of the whole lung). Accordingly, although the V/Q lung scintigraphy is a screening tool in the management of patients with PH, not considering a single defect as a positive exam seems reasonable.

More recently, new imaging modalities such as CTPA, Magnetic Resonance Imaging (MRI) or perfusion scan with a Low-Dose Computed Tomography (Q-LDCT) have emerged as alternatives to lung scintigraphy to diagnose CTEPH (13). All these techniques rely on the analysis of lung perfusion, without information on ventilation. The need for a ventilation scan is of particular interest with the COVID-19 pandemic as the ventilation procedure increases the potential risk of contamination by the aerosol secretion and the expired air (22). According to our results, an interpretation only based on perfusion images demonstrated similar high sensitivity but lower specificity: 100% (95%CI 93.6–100) and 81.8% (95%CI 75.3–86.9%) using the same 2.5 segments cut-off. Furthermore, an interpretation based on perfusion only would have led to unnecessary refer 20 patients (12%) to the reference center. The higher specificity of mismatched perfusion defects over perfusion defects is also illustrated by the lower number of mismatched perfusion defects (0.3 segments) than of perfusion defects (1.1 segments) in the non-CTEPH group. Finally, no patient with only matched perfusion defects was diagnosed with CTEPH.

In this study, we only focused the analysis on planar V/Q lung scintigraphy and not on SPECT imaging. Based on an expert consensus, the recent ERS statement on CTEPH proposed to perform SPECT imaging and to provide retro-projected planar images from SPECT data. Indeed, SPECT has largely replaced planar lung scintigraphy in nuclear medicine facilities for the diagnostic of PE (15, 23, 24). However, the diagnostic performance of planar images generated from V/Q SPECT is controversial (25) and data for V/Q SPECT in CTEPH are still sparse. Wang et al. recently reported that both techniques were highly effective for detecting or excluding CTEPH in individual patients, with no significant differences in sensitivity or specificity (14). Although both acute PE and CTEPH are caused by the obstruction of pulmonary arteries, their underlying pathologies differ substantially (2). For instance, pulmonary artery obstructions in patients with CTEPH are more diffuse and multi-segmental as demonstrated in our study with 95% of patient with CTEPH displaying more than 4 segmental mismatched perfusion defects. For the diagnosis of acute PE, SPECT has been reported to be more sensitive and to detect more perfusion defects than planar imaging. In that respect, and given that planar V/Q lung scintigraphy is already highly sensitive, the clinical relevance of using SPECT over planar scintigraphy for screening CTEPH may be questionable. The optimal diagnostic cut-off may also be higher with SPECT than with planar imaging. On the other hand, SPECT imaging may facilitate the co-registration with other imaging modality which may be of value for pre and post-operative assessment of patients with CTEPH. SPECT imaging may also better characterize micro-vascular disease by detecting peripherical perfusion amputation (13). Finally, it would be of interest to further assess the additional value of combining a low dose CT to SPECT imaging (SPECT/CT), which may allow to better characterize morphological abnormalities for alternative diagnosis of dyspnea and therefore increase specificity (26).

Surprisingly, no correlation was found between the extent of perfusion defects and PAPm or PVR impairment in patients with CTEPH. As reported by Azarian et al. (27), it could be explained by the presence of extensive microvascular disease associated with mechanical pulmonary vascular obstruction. Indeed, in our study, 3 out of the 11 patients with PVR > 800 dyn.sec.cm−5 showed <6 perfusion defects. In these patients, high PVR may be explained not only by mechanical clots but also by a suspected small-vessel disease.

Our study has some limitations. Firstly, the index test and the reference standard were not completely independent as the result of the V/Q scan was used to classify patients according to the different group of PH, and especially to differentiate CTEPH and non-CTEPH cause of PH. The accuracy of V/Q lung scintigraphy could therefore have been artificially increased (28). However, our reference standard was based on the ERS/ESC guidelines for the diagnosis and treatment of PH (11). All patients with possible CTEPH were addressed to the National reference center in Paris and underwent an independent extensive work-up to assess morphology of the diseased pulmonary arteries with conventional catheter pulmonary angiography or high-resolution CT. In order to avoid misdiagnosis, all patients also had a mean follow-up of 3 years. Secondly, we performed a consensus reading and did not assess interobserver reproducibility. However, principles of interpretation, based on the recognition of mismatched perfusion defects, are similar for CTEPH screening and PE diagnosis and are therefore well-known by nuclear medicine physicians.



CONCLUSION

In this study, we confirm the high diagnostic performance of planar V/Q lung scintigraphy for screening CTEPH in patients with PH. The optimal diagnostic cut-off for interpretation was 2.5 segmental mismatched perfusion defects, providing 100% sensitivity and 94.7% specificity, respectively. We also confirmed the need for a ventilation scan as an interpretation only based on perfusion defects provided lower specificity (81.8%) and would have led to unnecessary additional explorations in 12% of patients.
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Providing prognostic information is important when counseling patients and planning treatment strategies in chronic thromboembolic pulmonary hypertension (CTEPH). The aim of this study was to assess the prognostic value of gold standard imaging of cardiac structure and function using cardiac magnetic resonance imaging (CMR) in CTEPH. Consecutive treatment-naive patients with CTEPH who underwent right heart catheterization and CMR between 2011 and 2017 were identified from the ASPIRE (Assessing-the-Specturm-of-Pulmonary-hypertensIon-at-a-REferral-center) registry. CMR metrics were corrected for age and sex where appropriate. Univariate and multivariate regression models were generated to assess the prognostic ability of CMR metrics in CTEPH. Three hundred and seventy-five patients (mean+/-standard deviation: age 64+/-14 years, 49% female) were identified and 181 (48%) had pulmonary endarterectomy (PEA). For all patients with CTEPH, left-ventricular-stroke-volume-index-%predicted (LVSVI%predicted) (p = 0.040), left-atrial-volume-index (LAVI) (p = 0.030), the presence of comorbidities, incremental shuttle walking test distance (ISWD), mixed venous oxygen saturation and undergoing PEA were independent predictors of mortality at multivariate analysis. In patients undergoing PEA, LAVI (p < 0.010), ISWD and comorbidities and in patients not undergoing surgery, right-ventricular-ejection-fraction-%predicted (RVEF%pred) (p = 0.040), age and ISWD were independent predictors of mortality. CMR metrics reflecting cardiac function and left heart disease have prognostic value in CTEPH. In those undergoing PEA, LAVI predicts outcome whereas in patients not undergoing PEA RVEF%pred predicts outcome. This study highlights the prognostic value of imaging cardiac structure and function in CTEPH and the importance of considering left heart disease in patients considered for PEA.

Keywords: cardiac MRI, chronic thromboembolic pulmonary hypertension, left atrium, survival, left heart disease


INTRODUCTION

Pulmonary hypertension (PH) is heterogeneous and treatment depends on the underlying cause (1). Chronic thromboembolic pulmonary hypertension (CTEPH) is a potentially curable form of PH and a recent meta-analysis has identified a cumulative incidence of 2.9% in patients surviving an acute pulmonary embolism (2). It can also present as PH with no previous evidence of venous thromboembolism (3). It is characterized by non-resolution of thrombus and remodeling of the pulmonary arteries resulting in PH and right ventricular (RV) dysfunction (4) and without treatment a poor prognosis. Pulmonary endarterectomy (PEA), however, provides a potentially curative treatment for selected patients with CTEPH (5) with other options including pulmonary arterial hypertension (PAH) therapies and balloon pulmonary angioplasty (6). Increasingly patients with CTEPH are presenting with comorbidities and additional information that could aid decision making would be helpful.

Several clinical and haemodynamic measurements have been used to assess disease severity and risk stratify patients with PAH. These include an assessment of symptoms (WHO Functional class), exercise capacity (6-min walk test) and measures reflecting RV function including blood based biomarkers (N-terminal pro brain natriuretic peptide) and measures from cardiac catheterization (right atrial pressure, cardiac index and mixed venous oxygen saturation) (7–9). However, some of these measurements are limited by their subjectivity and invasive nature. Nonetheless, a multiparameter risk assessment incorporating a number of these measurements is now recommended in patients with PAH (9) and there is evidence that this approach can also be used in patients with CTEPH (10, 11).

Magnetic resonance imaging using CMR has been shown to have diagnostic value in suspected PH (12–14), prognostic value in PAH (15–17) and in screening for CTEPH using MR perfusion maps (18, 19) and aiding the surgical assessment of CTEPH using MR pulmonary angiography (12, 20). Septal angle, pulmonary artery area and ventricular mass index have additive value in a model to estimate pulmonary artery pressure (14, 21). Measures of RV function including stroke volume, right ventricular end systolic volume and right ventricular ejection fraction predict clinical worsening and mortality and left ventricular measures such as left ventricular end systolic volume predict mortality in PAH (15–17, 22). However, there is limited data on the utility of CMR measures of right ventricular function to aid mortality prediction in CTEPH and to our knowledge no data on the use of left ventricular or atrial measurements.

The aim of this study was, therefore, to assess the prognostic value of gold standard imaging of cardiac structure and function using CMR in a large cohort of patients with CTEPH.



MATERIALS AND METHODS


Patients

Consecutive treatment-naive patients diagnosed with CTEPH who had CMR and right heart catheterization (RHC) up to February 2017 were prospectively recorded in hospital databases as part of the ASPIRE (Assessing the Spectrum of Pulmonary Hypertension Identified at a Referral Center) registry as previously described (23, 24) (ClinicalTrials.gov identifier NCT02565030). Patients' demographics, imaging, and clinical metrics with follow-up data were prospectively collected using a census date of April 29th 2019. CMR and RHC metrics, exercise test, pulmonary function, and treatment were included.

The diagnosis of CTEPH required patients to have undergone RHC with a measured mean pulmonary artery pressure (mPAP) ≥ 25 mmHg at rest and at least one segmental perfusion defect on perfusion lung Q scan or pulmonary artery (PA) obstruction seen by multidetector computed tomography pulmonary angiography (CTPA) or conventional pulmonary angiography with other causes of PH excluded (9).

Following multi-modality imaging patients were discussed at a multi-professional meeting. Patients with CTEPH were subsequently discussed at the national pulmonary endarterectomy MDT at Papworth Hospital, Cambridge where surgical accessibility and suitability for surgery were assessed.

All patients were followed up until the date of death or census date. Ethical approval for this study was granted by our institutional review board (ref c06/Q2308/8). This study was funded by grants from the Wellcome Trust (A.J.S.). The funding body was not involved in the study design or data interpretation.



Cardiac MRI Acquisition

CMR was performed using an eight channel cardiac coil on a GE HDx (GE Healthcare, Milwaukee, WI) whole body scanner at 1.5 T, as previously described (15). Short-axis cine images were acquired using a cardiac gated multislice balanced SSFP sequence (20 frames per cardiac cycle; slice thickness, 8 mm; field of view, 48 cm; matrix, 2563256; BW, 125 kHz/pixel; TR/TE, 3.7/1.6 ms). A stack of images in the short-axis plane with slice thickness of 8 mm (2-mm inter-slice gap) were acquired fully covering both ventricles from base to apex. End-systole was considered to be the smallest cavity area. End-diastole was defined as the first cine phase of the R-wave triggered acquisition or largest volume. Through plane phase contrast imaging was performed orthogonal to the main pulmonary trunk. Phase contrast imaging parameters were as follows: repetition time, TR 5.6 ms; echo time, TE 2.7 ms; slice thickness, 10 mm; field of view, 48 cm, bandwidth, 62.5 kHz; matrix, 256 3128; 20 reconstructed cardiac phases; and velocity encoding of flow, 150 cm/s. Patients were in the supine position with a surface coil and with retrospective ECG gating.



Image Analysis

Image analysis was performed on a GE Advantage Workstation 4.1 with the observer blinded to the patient clinical information, and cardiac catheter parameters. Right and left endocardial and epicardial surfaces were manually traced from the stack of short-axis cine images, using proprietary MR workstation software to obtain RV end-diastolic volume (RVEDV) and RV end-systolic volume (RVESV), and left ventricular (LV) end-diastolic volume (LVEDV) and LV end-systolic volume (LVESV). From end-diastolic and end-systolic volumes, RVEF and LV ejection fraction (LVEF) and RV and LV stroke volumes (SV) were calculated. With the exception of RVEF and LVEF, these measurements were all corrected for age and sex (%pred) based on previously published referenced data (25) and they were indexed for body surface area based on Mostellar formula (26). Based on previous work, SV was considered to be the most accurate from LV volumetry (27) and was used for MRI estimation of RV–PA coupling. For calculation of ventricular mass, the interventricular septum was considered as part of the LV. RV end-diastolic mass (RVEDM) and LV end-diastolic mass (LVEDM) were derived. Ventricular mass index (VMI) was defined as RV mass divided by LV mass, as previously described (28). Maximal and minimal PA areas were measured, and relative area change was defined by the following equation: relative area change = (maximum area – minimum area)/minimum area (29). Reproducibility for CMR measurements in our center has been described previously (15).



Right Heart Catheterization

RHC was performed using a balloon-tipped 7.5F thermodilution catheter (Becton-Dickinson, Franklin Lakes, NJ). RHC was usually performed via the internal jugular vein using a Swan-Ganz catheter. Measurements of right atrial pressure, pulmonary arterial wedge pressure (PAWP), cardiac output (CO) using thermodilution and mixed venous oxygen saturation were also made. Pulmonary vascular resistance (PVR) was calculated as [(mPAP-PAWP) / CO] / 80 and expressed as dyne.s.cm−5.



Pulmonary Arterial Stiffness and Coupling Measurements

As previously described (15, 30–32), RV elastance (Ees) was estimated as mPAP divided by RVESV. PA elastance (Ea) was estimated using mPAP-PAWP divided by LVSV. Ees/Ea by a combined RHC and CMR approach was defined as follows: (mPAP/RVESV)/[(mPAP-PAWP)/LVSV]. CMR estimated Ees/Ea was defined by LVSV/RVESV. Distensibility, a measurement of PA stiffness, was defined as PA relative area change divided by pulse pressure.



Statistical Analysis

Continuous variables were expressed as mean (SD) for parametric variables and median (interquartile range) for non-parametric variables. Categorical data was presented as the number of subjects and percentage. Continuous variables were compared using independent sample t-test. Categorical variables were compared using Pearson's Chi-square test. Survival analysis was conducted using Kaplan-Meier plots and survival was compared using the log-rank test. Survival was calculated from date of diagnosis to date of death or census date to compare survival between the PEA and non-PEA groups. To assess the prognostic value of CMR metrics, survival was calculated from date of CMR to date of death or census date. Univariate Cox proportional hazard regression analysis was used to assess the prognostic value of CMR metrics in terms of biventricular volume, function, mass and PA stiffness metrics in the whole cohort, PEA and non-PEA groups. Hazard ratios (HR) generated from univariate analysis were scaled by dividing the actual individual value of the variable by SD. This is to allow direct comparison of HR. Multivariate Cox proportional hazard regression analysis was performed for predicted CMR variables / MRI coupling measurement, clinical variables and combined CMR and clinical variables. Selected variables were entered into multivariate models if they were reported in literature as predictors of mortality (33, 34), ≤ 10% missing values and a p < 0.200 at univariate analysis. Multivariate models for the whole cohort, PEA and non-PEA groups were generated. To overcome multicollinearity, highly correlated variables (r > 0.80) were entered separately in the models. Receiver operating characteristics (ROC) analysis was used to assess the prognostic significance of the CMR, clinical and combined CMR and clinical models generated on the whole, PEA and non-PEA cohorts and presented with area under the curve (AUC). In order to evaluate the stability (internal validation) of the CMR prognostic model of the whole cohort, PEA group and non-PEA groups, the bootstrap approach with 1,000 bootstrap samples (default settings) was performed (35). In the bootstrap, simple sampling method with bias-corrected and accelerated 95% confidence interval (95% C.I.) type were selected. Locally estimated scatterplot smoothing regression analysis (LOESS) was performed for 1 year mortality, where significance was demonstrated at multivariate analysis, for patients undergoing and not undergoing PEA. All statistical tests were two-sided and a p-value of < 0.050 was considered statistically significant. A Statistical Package for the Social Sciences Program (SPSS) version 26 for Windows (SPSS Inc. Chicago, IL) was used for statistical analysis and for presentation of data GraphPad Prism 8.3.0 (GraphPad Software, San Diego, CA) was used.




RESULTS


Baseline Demographics and Measurements

A total of 375 patients (mean+/-SD age 64+/- 14 years, 185 (49%) females) with CTEPH were included in the analysis. One hundred and eighty-one (48%) patients had PEA. Table 1 shows demographic, RHC, and lung function results and Table 2 CMR, RV-PA coupling metrics and pulmonary stiffness data, for the whole cohort and for the PEA and non-PEA groups. The mean+/- SD time delay between RHC and CMR was 45+/-15 days.


Table 1. Patients demographics and results of baseline investigations for the whole CTEPH cohort, patients undergoing pulmonary endarterectomy, and not undergoing pulmonary endarterectomy.
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Table 2. Cardiac MRI imaging parameters for the whole CTEPH cohort, patients undergoing pulmonary endarterectomy, and not undergoing pulmonary endarterectomy.
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Compared with the non-PEA group, patients in the PEA group were younger (p < 0.001), had a higher incremental shuttle walking distance (ISWD) (p = 0.001), lower RVESVI%pred (p=0.003), lower RVEDMI%pred (p = 0.046), higher forced expiratory volume at 1 min (FEV1) (p < 0.001) and higher forced vital capacity (FVC) (p = 0.003).



Survival Analysis

During the follow up period, 104 (28%) patients died. The median overall survival for the whole cohort was 143 months. Median survival of patients undergoing PEA was higher than patients not undergoing surgery (146 vs. 97 months, 95% C.I. (121–162); p < 0.001). Patients' demographics, CMR, RHC, lung function tests and pulmonary arterial stiffness data between survivors and non-survivors is summarized in Supplementary Table 1. Survivors were younger (p < 0.001) with a higher percentage of females (p < 0.001), had better lung function (p < 0.001), exercise capacity and less likely to have a history of malignancy, coronary artery disease, chronic kidney disease or COPD.



Univariate Analysis of Predictors of Mortality

Univariate Cox proportional hazard regression analysis for CMR metrics and clinical variables for the whole cohort is presented in Supplementary Table 2. Only variables with p < 0.200 are shown. CMR measures of RV size and function [RVEDVI%pred (p = 0.002), RVESVI%pred (p < 0.001), and RVEF%pred (p < 0.001)], LV function [LVSVI%pred (p = 0.001) and LVEF%pred (p = 0.011)], LA volume [LAVI (p = 0.010)] and invasive (p = 0.027) and non-invasive CMR-derived Ea/Ees ratio (p = 0.001), were significant predictors of mortality at univariate Cox regression analysis for the whole cohort. Separate univariate Cox regression analysis was performed for PEA and non-PEA groups and is shown in Tables 3, 4, respectively.


Table 3. Univariate Cox proportional hazards regression analysis in patients with CTEPH undergoing pulmonary endarterectomy (metrics shown where p < 0.20).
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Table 4. Univariate Cox proportional hazards regression analysis in patients with CTEPH not undergoing pulmonary endarterectomy (metrics shown where p < 0.20).
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Multivariate Analysis of Predictors of Mortality

Multivariate Cox proportional hazard regression analysis models of only CMR metrics, clinical variables and CMR metrics and clinical variables (p < 0.200) at univariate analysis are presented in Table 5. In the whole cohort, higher RVESVI%pred (p = 0.007), lower LVSVI%pred (p = 0.001) and higher LAVI (p = 0.001) were independent predictors of increased mortality in the CMR metrics model. The regression equation for the multivariate Cox regression model in the whole cohort is as follows: Expected hazard = (RVESV%pred*0.002)-(LVSVI%pred*0.019) + (LAVI*0.013). In the PEA group, lower LVSVI%pred (p = 0.035) and higher LAVI (p < 0.001) (Expected hazard = (LAVI*0.030) - (LVSVI%pred*0.018) and in the non-PEA group, lower RVEF%pred (p = 0.015) and lower LVSVI%pred (p = 0.024) were independent predictors of increased mortality [Expected hazard = (RVEF%pred*-0.167) - (LVSVI%pred*0.014)]. In the combined model, lower LVSVI%pred (p = 0.040) and higher LAVI (p = 0.033) in the whole cohort, higher LAVI (p = 0.009) in the PEA group and lower RVEF%pred (p = 0.040) in the non-PEA group were predictors of increased mortality.


Table 5. Multivariate cardiac MR metrics, clinical variables, and combined cardiac MR and clinical variables Cox regression model in the whole CTEPH cohort, endarterectomy and non-endarterectomy groups.
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Figure 1 shows Kaplan-Meier survival analysis of the PEA group (LVSVI%pred and LAVI) and non-PEA group (LVSVI%pred and RVEF%pred). LAVI is plotted above and below a value of 41 ml/m2 based on previous work and for other values based on median (36). Figure 2 shows LOESS regression analysis for risk of 1 year mortality for LVSVI%pred and LAVI for patients undergoing PEA and for LVSVI%pred and RVEF%pred for the Non-PEA group.
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FIGURE 1. Kaplan-Meier survival analysis from date of cardiac MR showing the outcome of patients undergoing pulmonary endarterectomy (top) based on left ventricular stroke volume index %predicted (A) and left atrial volume index (B) and for patients not undergoing pulmonary endarterectomy (bottom) based on left ventricular stroke volume index %predicted (C) and right ventricular ejection fraction %predicted (D). Numbers at risk for each group are presented below the plot.
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FIGURE 2. Locally estimated scatterplot smoothing regression analysis (LOESS) for risk of 1 year mortality for patients undergoing pulmonary endarterectomy (top) for left ventricular stroke volume index %predicted (A) and left atrial volume index (B) and patients not undergoing pulmonary endarterectomy for left ventricular stroke volume index %predicted (C) and for right ventricular ejection fraction %predicted (D). Black dots represent status (alive at the bottom and dead at the top). The blue line correspond to a smoothing function fitted by loess regression.




Accuracy, Sensitivity, and Specificity of Prognostic Models

The accuracy of the multivariate Cox models for the whole, PEA and non-PEA cohorts was tested using ROC analysis and presented as AUC. The prognostic accuracy of the CMR model in the whole cohort (AUC, 0.69, p = 0.001), clinical model (AUC, 0.62, p < 0.001) and in the combined CMR and clinical model (AUC, 0.65, p < 0.001). Sensitivity and specificity of the CMR whole cohort model was 71% (95% CI, 65–76) and 62% (95% CI, 52–72) respectively, clinical model 78% (95% CI, 69–86) and 43% (95% CI, 37–50) and for the combined clinical and CMR model 70% (95% CI, 63–76) and 55% (95% CI, 45–65), respectively (Figure 3A). In the PEA cohort, the prognostic accuracy of the CMR model (AUC, 0.73, p < 0.001), clinical model (AUC, 0.69, p = 0.002) and in the combined clinical and CMR model (AUC, 0.76, p < 0.001). Sensitivity and specificity of the CMR PEA model 80% (95% CI, 61–91) and 53% (95% CI, 46–62), respectively, clinical model 72% (95% CI, 65–79) and 65% (95% CI, 46–79) and for the combined model 80% (95% CI, 61–91) and 53% (95% CI, 46–62), respectively (Figure 3B). The prognostic accuracy of the CMR model in the non-PEA group (AUC, 0.63, p = 0.003), clinical model (AUC, 0.63, p = 0.003) and for the combined model (AUC, 0.56, p = 0.030). The sensitivity and specificity were 65% (95% CI, 56–73) and 60% (95% CI, 50–71), respectively for the CMR model, 60% (95% CI, 48–70) and 58% (95% CI, 50–67), respectively for the clinical model and 60% (95% CI, 48–70) and 58% (95% CI, 50–67), respectively for the combined model (Figure 3C).
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FIGURE 3. Receiver operating curves for CMR model (green dashes), clinical model (blue dashes) and combined clinical and CMR models (red dashes) in the whole cohort (A), PEA group (B), and in the non-PEA (C) showing area under the curve (AUC) for overall mortality.




Internal Validation and Bootstrapping

Internal validation was performed using the bootstrap method as previously described. Supplementary Table 3 summarizes the results of the multivariate Cox regression model using the bootstrap method for the whole cohort CMR model. Variables remained significant with no bias after performing 1,000 bootstraps using bias corrected and accelerated confidence intervals. Similarly, variables for CMR prognostic model for the PEA and non-PEA groups remained significant after the bootstrap method (All p < 0.050).




DISCUSSION

To our knowledge this is the first study to demonstrate that CMR has prognostic value in patients with CTEPH. We have also highlighted the importance of considering left heart disease in patients considered for PEA, by showing the prognostic value of LAVI in patients undergoing PEA, whilst confirming the value of established prognostic markers of RV function in patients with CTEPH who do not undergo PEA.

Despite extensive study of the potential value of CMR in patients with PAH, where measures of RV function are strongly prognostic (15, 17, 25, 37–43), there is only limited data on the use of CMR in patients with CTEPH with large cohort studies in CTEPH primarily reporting on the utility of clinical, exercise and haemodynamic measures to predict mortality (24, 34, 44). Studies using CMR in CTEPH (45, 46) have focussed on changes in CMR metrics following PEA. Schoenfeld et al. (45) showed an improvement in RV mass and function 12 days post PEA and Mauritz et al. (46) showed an improvement in RV systolic wall stress 6 months post PEA. Non cardiac focused MRI based techniques such as MR pulmonary perfusion maps and MR pulmonary angiography for the screening of CTEPH and surgical planning have also shown to have diagnostic value (12, 18–20, 47). Combining CMR with MR pulmonary perfusion maps and MR pulmonary angiography provides a potential one-stop shop for comprehensive cardiopulmonary of evaluation of suspected PH with MR imaging, providing information on the likelihood of PH, its severity and potential causes.

In this study we have shown that a number of measures reflecting RV function, including RVESVI%pred which is strongly prognostic in PAH (15, 25) and RVEF (%pred), were predictors of mortality in the whole cohort (Supplementary Table 1) and in those not undergoing PEA (Table 5), at univariate analysis. At multivariate analysis LVSVI %predicted, a measure of global cardiac function was an independent predictor of outcome in the whole cohort whilst RVEF%pred a measure of RV function was an independent predictor of outcome in patients not undergoing PEA. Increases in RV afterload in idiopathic PAH impair RV function resulting in reductions in LVSVI which has been shown to have prognostic value (39) and aid monitoring of treatment (40). In contrast, neither RV size nor RV functional metrics prior to PEA were predictors of mortality in patients undergoing surgery at univariate analysis. In carefully selected patients with surgical disease, PEA can dramatically reduce afterload, normalize pulmonary hemodynamics and improve RV function (45, 48–50) and may explain in significant part why pre-operative measures of RV function are not prognostic in these patients.

A novel finding of this study relates to prognostic value of LA size in patients with CTEPH. LAVI was a significant independent predictor of mortality in the whole cohort and in patients undergoing PEA, highlighting the importance of considering left heart disease when considering the risk and benefits of PEA in CTEPH. Although a LAVI of >41 ml/m2 is used as a threshold to identify an enlarged left atrium on transthoracic echocardiography a normal LA size in patients undergoing PEA cannot be used to exclude left heart disease, and this may be unmasked following surgery. PEA results in increased LA and LV filling post-surgery (46) and increases in LAVI of ~20% post PEA have previously been noted and correlated with changes in PVR (51).

Markers of PA stiffness based on using a CMR only measurement method or a combination of CMR and RHC measurement methods were also predictors of mortality at univariate analysis but were not shown to be independent predictors of mortality in the whole, PEA or non-PEA cohorts. Vanderpool et al. (30) reported superior prognostic significance of CMR-derived estimate of RV-arterial coupling Ees/Ea over other invasive and non-invasive measures of RV function in patients referred with pulmonary hypertension. However, no additional prognostic value of a CMR-only measurement of RV–PA coupling over volumetric indices was demonstrated in the present study in patients with CTEPH.

This study also confirms findings from the International CTEPH Registry (52) and our previous work from the ASPIRE Registry regarding the prognostic impact of demographics such as age, comorbidities including malignancy, coronary artery disease and chronic kidney disease, pulmonary hemodynamics and measures of exercise capacity and lung function on outcomes in patients with CTEPH. However, despite inclusion of these prognostic factors MRI metrics still had independent predictive value (Table 5). The prognostic accuracy of the CMR only model was higher compared to the accuracy of the clinical only model and combining both models did not increase the prognostic ability of the model only for the PEA group (Figure 3).


Study Limitations

This was a single center study with retrospective analysis of prospectively collected data which might have introduced selection or misclassification bias. CMR metrics were corrected for age and sex but not for race, which impacts on CMR metrics (53). Despite identifying LAVI as an independent predictor of outcome in the whole cohort and patients undergoing PEA further work is required to identify thresholds to aid clinical decision making. This study also used CMR as a gold standard technique to assess cardiac volumetric and functional data rather than echocardiography and echocardiography may be able to provide comparative data although this is not answered by this study. Balloon pulmonary angioplasty has only recently been available in the UK and we were unable therefore to provide any data regarding the potential for CMR to assess for outcomes in patients undergoing this intervention.




CONCLUSION

CMR metrics reflecting RV function and the presence of left heart disease are of prognostic value in patients with CTEPH. In those undergoing PEA an elevated left atrial volume index predicts a worse outcome highlighting the importance of considering left heart disease in patients considered for PEA. This study also demonstrates the prognostic value of CMR imaging metrics in determining outcome in patients with CTEPH not-undergoing surgery. Whether CMR has a role in serial monitoring of such patients requires further evaluation.
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Idiopathic pulmonary arterial hypertension (IPAH) is a life-threatening cardiopulmonary disease lacking specific diagnostic markers and targeted therapy, and its mechanism of development remains to be elucidated. The present study aimed to explore novel diagnostic biomarkers and therapeutic targets in IPAH by integrated bioinformatics analysis. Four eligible datasets (GSE117261, GSE15197, GSE53408, GSE48149) was firstly downloaded from GEO database and subsequently integrated by Robust rank aggregation (RRA) method to screen robust differentially expressed genes (DEGs). Then functional annotation of robust DEGs was performed by GO and KEGG enrichment analysis. The protein-protein interaction (PPI) network was constructed followed by using MCODE and CytoHubba plug-in to identify hub genes. Finally, 10 hub genes were screened including ENO1, TALDO1, TXNRD1, SHMT2, IDH1, TKT, PGD, CXCL10, CXCL9, and CCL5. The GSE113439 dataset was used as a validation cohort to appraise these hub genes and TXNRD1 was selected for verification at the protein level. The experiment results confirmed that serum TXNRD1 concentration was lower in IPAH patients and the level of TXNRD1 had great predictive efficiency (AUC:0.795) as well as presents negative correlation with mean pulmonary arterial pressure (mPAP) and pulmonary vascular resistance (PVR). Consistently, the expression of TXNRD1 was proved to be inhibited in animal and cellular model of PAH. In addition, GSEA analysis was performed to explore the functions of TXNRD1 and the results revealed that TXNRD1 was closely correlated with mTOR signaling pathway, MYC targets, and unfolded protein response. Finally, knockdown of TXNRD1 was shown to exacerbate proliferative disorder, migration and apoptosis resistance in PASMCs. In conclusion, our study demonstrates that TXNRD1 is a promising candidate biomarker for diagnosis of IPAH and plays an important role in PAH pathogenesis, although further research is necessary.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressive cardiovascular disease characterized by vasodilation dysfunction and irreversible vascular remodeling, eventually leading to pulmonary pressure elevation and right heart failure (1). According to WHO classification, PAH is divided into five groups and idiopathic pulmonary arterial hypertension (IPAH) is the most common subtype of PAH occurred in the absence of etiology (2). Although considerable target therapy for PAH have been developed to well relieve symptoms, this devastating disease still carries a poor prognosis with a 5-year survival of 61.2% in newly diagnosed patients (3). In the early stage of PAH, pulmonary vasculature presents sustained constriction which can be reversed by anti-vasoconstrictor drugs. As the disease progresses, vascular remodeling including distal artery hypertrophy, inflammation, fibrosis, and neovascularization, predominately accelerate the deterioration of the disease (4). Current therapies mainly focus on improving pulmonary vasodilation rather than targeting proliferative vascular remodeling and that is the reason why target therapy gradually lose efficacy in the advanced stage of the disease (5). Therefore, there is urgent need to explore novel therapeutic target to directly address the pathological remodeling that underpins the disease.

In the past decades, microarray and RNA sequencing technology have been widely used for gene expression analysis in lung tissue or cell from PAH patients or experimental animal, which has already identified multiple therapeutic genes target and yielded some achievements in pathogenesis knowledge (6–8). However, currently most PAH lung tissue gene expression profiles have not yet been uploaded, and analysis among the uploaded datasets are very inconsistent due to the limited sample size. Therefore, it is very necessary to integrate the existing PAH datasets. Robust rank aggregation (RRA) method is a dataset integration method based on gene ranking list comparison. It hypothesizes that each gene is randomly ordered, if a gene is upregulated or downregulated in all gene lists, then the gene is considered robust (9). Up to now, there have been several studies that integrated PAH datasets adopting batch normalization method for consolidation while there are rare studies using RRA method for data integration (10, 11), which facilitated this study.

In this study, we performed an integrated bioinformatics analysis to identify robust differentially expressed genes (DEGs) in IPAH. The gene expression profiles of GSE117261, GSE53408, GSE48149, and GSE15197 were downloaded from GEO database. After screening DEGs in each dataset, the RRA method was applied to identify 169 robust DEGs and enrichment analysis was conducted. Then, we uploaded robust DEGs to the STRING database to construct global protein-protein interaction network. The module analysis was performed by the MCODE plug-in of Cytoscape based on the entire network and hub genes identification was carried out by the plug-in Cytohubba. Through verification of independent dataset and experimental validation, TXNRD1 was finally identified as a candidate molecular biomarker and potential therapeutic target in IPAH.



MATERIALS AND METHODS


Gene Expression Omnibus Datasets Selection

We screened the Gene Expression Omnibus (GEO) database1 according to the following inclusion criteria: (1) Samples from human lung tissue; (2) Containing at least five IPAH cases and at least five controls; (3) Raw data or gene expression profiling were available for downloading in GEO. Finally, a total of 5 datasets were obtained: GSE117261, GSE53408, GSE48149, and GSE15197 were used for RRA analysis, and GSE113439 was used as the validation dataset. The detailed information of datasets was listed in Table 1.


TABLE 1. Datasets detailed information.
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Identification of Robust Differentially Expressed Genes Among Each Gene Expression Omnibus Dataset

For each dataset, we firstly downloaded the gene expression matrix and annotation document from GEO database, then the microarray probes were mapped to corresponding gene symbol and the not available gene symbols were removed from the expression matrix. If multiple probes annotated with the same symbol, the mean value was adopted. To determine DEGs between IPAH and control group, we utilized limma R package to analyze with the cut-off criteria of | log2 fold-change (FC)| > 0.5 and P-value < 0.05. Identified DEGs from each dataset were integrated using the Robust Rank Aggregation (RRA) method to minimize the inconsistency. RRA analysis was performed with an R package “Robust Rank Aggreg.” Genes with P-value < 0.05 were regarded as robust DEGs.



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis

In order to excavate the function of robust DEGs, we performed Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis via R package “clusterprofiler” (12). Terms with P < 0.05 was considered to be significant enrichment.



Protein-Protein Interaction Network Analysis

The organization of protein-protein interaction (PPI) network was managed by the Search Tool for the Retrieval of Interacting Genes (STRING2). Interaction with combined score ≥ 0.4 was set as cut-off point. To visualize the global PPI network, Cytoscape (3.8.0) software was applied. The MCODE plug-in of Cytoscape software was used to identify significant modules with default parameters (degree of cut off = 2, node score cutoff = 0.2, k-core = 2, and max depth = 100). To seek for important hub genes among robust DEGs, the Cytohubba plug-in of Cytoscape software was applied, which provided top 10 hub genes by combing different algorithm.



Clinical Blood Sampling and Enzyme-Linked Immunosorbent Assay

To test whether TXNRD1 was reduced in the blood of IPAH patients, 9 diagnosed IPAH patients were recruited from the Department of Cardiology of the Xiangya Hospital, and 13 healthy controls with matched age and gender were recruited during physical check-up. The patient data and samples collection were approved by the Medical Ethics Committee of the Xiangya Hospital of Central South University and informed consent was obtained from all subjects or their legal guardians. All methods were carried out in accordance with the approved guidelines. Clinical features include age, sex, BMI, 6-min walk distance (6MWD), NT-proBNP, mPAP, and PVR. Blood samples were collected through vein puncture and subsequently processed to serum as soon as possible. TXNRD1 levels were determined using the human TrxR enzyme immunoassay kit (CSB-E09731h, CUSABIO, Wuhan, China) according to the manufacturer’s instructions. Receiver operating characteristic (ROC) curve analysis was completed by the Hipplot online tool3 to determine the sensitivity and specificity of TXNRD1.



Animal Experiment

This study was approved by the Institutional Animal Care and Use Committee of Central South University. Fourteen 180–200 g male SD rats were raised under standard laboratory conditions and followed the National Institutes of Health guide for the care and use of rat. One week later, rats were randomly divided into control group and MCT group (n = 7) which received intraperitoneal injection with saline and MCT (60 mg/kg, Sigma-Aldrich, St Louis, MO, United States) respectively. After 21 days, the rats were anesthetized and the right ventricle systolic pressure (RVSP) was measured through right heart catheterization. Then, the rats were sacrificed, and lung and heart tissues were collected for histological analysis and western blotting. The RV hypertrophy index was calculated as the weight ratio of RV to (LV + ventricular septum).



Cell Culture Experiments

Primary rat PASMCs were isolated and cultured following previously described protocol (13). Briefly, rats were sacrificed under anesthetized condition and lung tissue were quickly separated. Then the distal pulmonary arteries were peeled off and connective tissue was removed in PBS. Pulmonary artery was then cut into small pieces and incubated in HBSS containing 1 mg/ml collagenase I (Sigma-Aldrich, St Louis, MO, United States) at 37°C for 20 min under shaking until the tissue block is digested. Tissue lysate was then filtered through 0.45 μm cell strainer and centrifuged to collect cells which were cultivated in DMEM/F12 containing 20% fetal bovine serum (FBS) till reaching confluence. Cell purity was confirmed by immunofluorescence with smooth muscle cell actin (1:400, 67735-1-Ig, ProteinTech). PASMCs of passages 3–5 at 70–80% confluence were used for experiments. As for stimulation of PASMC proliferation, cells were starved in 0.5% FBS supplemented medium for 24 h and then treated with 20 ng/ml PDGF-BB (Peprotech, Rocky Hill, NJ, United States) for 24 h. For gene knockdown in PASMCs, cells were transfected with control siRNA or si-TXNRD1 in antibiotic-free medium for 48 h following the manufacturer’s instructions. The siRNA was synthesized by Ribobio (China) and the sequence was as follows: si-TXNRD1, 5′-GGAAGAGATTCTTG TACAA-3′.



Western Blot

For the analysis of total proteins, lung tissue or PASMC were lysed in RIPA containing protease inhibitor. Following this, the lysates were centrifuged at 12,000g for 10 min, and the supernatant was collected. The BCA Protein Assay Kit (Beyotime) was used to determine protein concentrations. Total lysates were loaded on 10% SDS-PAGE to separate the proteins electrophoretically and the proteins were then transferred to a PVDF membrane. Blocked membranes in 5% bovine serum albumin were probed using the following antibodies: TXNRD1 (1:1,000, sc-28321, Santa Cruz Biotech), PCNA (1:2000, 10205-2-AP, Proteintech), Bcl-2 (1:1000, 60178-1-Ig, Proteintech), BAX (1:5000, 60267-1-Ig, Proteintech), cleaced-PARP (1:1000, 94885, CST), β-actin (1:2000, 20536-1-AP, Proteintech). Reactive bands were visualized with the chemiluminescent protocol, recorded with the ChemiDoc MP Imaging System (Bio-Rad).



RNA Extraction and Real-Time qPCR

In order to assess the knockdown efficiency of TXNRD1, total RNA was extracted from PASMCs using RNA Extraction Kit (#6834, OMEGA biotek) according to the manufacturer’s instructions. First-strand cDNA was reverse transcribed from total RNA using the First-Strand cDNA Synthesis Kit (GeneCopeia). mRNA level of TXNRD1 was quantified by Real-time PCR using SYBR Green qPCR Mix Kit (GeneCopeia) on QuantStudio 5 (Thermo) with following primer: 5′-GGTGAAAGGCCGCGCTA-3′ (forward), 5′ATAGGACGCGCCAACCACTA-3′ (reverse). Data were analyzed using the 2-ΔΔCT method with GAPDH as an internal control.



Gene Set Enrichment Analysis

Gene set enrichment analysis was conducted using “clusterprofiler” to explore the potential signaling pathways related to TXNRD1 in IPAH. The MSigDB gene set, “h.all.v7.4.entrez.gmt,” was defined as reference. Terms with P < 0.05 and FDR < 0.25 were defined as significant.



Cell Proliferation and Migration Assays

EdU assay kit (Ribobio) was used to measure the PASMC proliferation according to manufacturer’s instruction (Ribobio, China). Briefly, PASMCs were cultured in 24-well culture plates and were subcultured with EdU labeling solution for 2 h after 48 h transfection with or without PDGF-BB stimulation. Then the cells were fixed by paraformaldehyde and incubated with EdU detection solution for 1 h. The stained cells were examined using a fluorescent-inverted microscope. Cell proliferation rate was calculated as the number of EdU-stained cells/the number of Hoechst–stained cells. Cell migration was determined by the wound-healing assay. In brief, cell medium was switched to starvation medium with or without PDGF-BB treatment after transfection, then a line scratch was drawn in the cell layer and photographed immediately as initial image (0 h). The second image (24 h) of the same line scratch was taken after 24 h of culturing, and cell migration was determined by measuring the decreased width of corresponding scratch from 0 to 24 h.



Statistical Analysis

Statistical analysis was conducted using R software (Version 3.5.3) and GraphPad Prism 8. Student t-test and one-way ANOVA were used to compare two and multiple groups. Pearson’s correlation test and linear regression analysis were applied to specify the relationships between TXNRD1 levels and clinical parameters. Data was presented as mean ± SEM and P < 0.05 was considered statistically significant.



Data Availability

The authors declare that all data supporting the findings of this study are available in Zenodo (DOI: 10.5281/zenodo.5840973). If any other requirements were requested, please contact the author at convenience.




RESULTS


Identification of Differentially Expressed Genes Among Each Selected Dataset

In the present study, robust DEGs and hub genes were determined based on various GEO datasets by integrated bioinformatics analysis (Figure 1). After filtering the GEO datasets based on the given eligibility criteria, four PAH-associated datasets were included, and their detailed information was listed in Table 1. There was a total of 128 profiles including 65 IPAH patients and 63 controls selected for data processing. After the normalization and annotation of expression matrix, we used the “limma” package to screen DEGs among each dataset. Overall, 501 DEGs including 235 upregulated and 266 downregulated genes were selected in GSE117261 dataset (Supplementary Table 1). There were 963 DEGs in the GSE48149 dataset, including 552 upregulated and 411 downregulated genes (Supplementary Table 2). Additionally, 1562 DEGs were screened from the GSE53408 dataset including 858 upregulated and 704 downregulated genes (Supplementary Table 3). A total of 5971 DEGs were found in GSE15197 dataset including 3214 upregulated and 2847 downregulated genes (Supplementary Table 4). The volcano plots of DEGs among each dataset were shown in Figures 2A–D.


[image: image]

FIGURE 1. Workflow of the present study. GEO, Gene Expression Omnibus; DEGs, Differentially Expressed Genes; RRA, Robust Rank Aggregation; PPI, Protein-Protein Interaction; GSEA, Gene Set Enrichment Analysis.



[image: image]

FIGURE 2. Identification of robust DEGs among each GEO dataset. (A–D) The volcano plots of the distribution of DEGs in each dataset. (E) The heatmap of robust DEGs in the RRA analysis. The values in a cell represent |log2 fold-change (FC)| of each gene in a dataset. DEG, differentially expressed gene; GEO, Gene Expression Omnibus; RRA, robust rank aggregation.




Selection of Robust Differentially Expressed Genes by Robust Rank Aggregation Method

In order to explore DEGs with similar expression pattern in these datasets, we applied RRA method to decrease inconsistency of DEGs screened from each dataset. Finally, a total of 169 significantly robust DEGs were determined including 98 upregulated and 71 downregulated genes (Supplementary Table 5). The top 10 upregulated and downregulated genes were illustrated by a heatmap (Figure 2E), and the heatmap of 169 robust DEGs was shown in Supplementary Figure 1. Among the robust upregulated genes, ECM2 was ranked as the first one (p = 5.91E-05), followed by ANTXR1 (p = 4.33E-04) and SEMA5A (p = 1.05E-03). Meanwhile, TALDO1 (p = 5.99E-05), TXNRD1 (p = 1.66E-04), and IDH1 (p = 5.46E-04) were ranked as the top three robust downregulated genes.



Enrichment Analysis of Robust Differentially Expressed Genes

To explore the biological role of selected robust DEGs in IPAH, we performed GO annotation and KEGG pathway enrichment analysis. Several biological processes in GO terms were enriched, such as response to molecule of bacterial origin, response to lipopolysaccharide and cellular oxidant detoxification (Figure 3A). Collagen-containing extracellular matrix was the most enriched cellular component in GO terms (Figure 3B). In terms of molecular function, antioxidant activity and 3′,5′-cyclic-AMP phosphodiesterase activity were identified as the significant enriched GO terms (Figure 3C). In the KEGG analysis, the robust DEGs were mostly associated with carbon metabolism (Figure 3D). The detailed results of enrichment analysis were shown in Table 2. The above results indicated that the robust DEGs were significantly enriched in PAH-related biological processes.


[image: image]

FIGURE 3. GO and KEGG enrichment analysis of robust DEGs. (A) Biological process GO terms for robust DEGs. (B) Cellular component GO terms for robust DEGs. (C) Molecular function GO terms for robust DEGs. (D) KEGG analysis for robust DEGs. DEG, differentially expressed gene; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.



TABLE 2. GO and KEGG enrichment terms.
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Protein-Protein Interaction Network Establishment and Hub Genes Identification

To explore potential connection and identify hub genes among 169 robust DEGs, the STRING database was used to create global PPI network which was visualized by Cytoscape software (Figure 4A). Then MCODE plug-in was applied to find key modules (Figures 4B,C and Table 3). The genes in module 1 contains PGD, ENO1, TALDO1, IDH1, TXNRD1, TKT, SHMT2, which are associated with metabolic reprogramming and NADP metabolic process. The genes in module 2 correlates with cytokine-cytokine receptor interaction, including GBP5, CCL5, CD69, CXCL9, IL7R, GZMB, CXCL10. In addition, we utilized cytohubba plug-in to further determine the top 10 hub genes of DEGs including ENO1, TALDO1, TXNRD1, SHMT2, IDH1, TKT, PGD, CXCL10, CXCL9, and CCL5 (Figure 4D).


[image: image]

FIGURE 4. Establishment of protein-protein interaction (PPI) network and hub genes identification. (A) Entire PPI network of robust DEGs. The red nodes represent upregulated DEGs and the purple nodes represent downregulated DEGs. (B) The significant module 1 identified from PPI network via MCODE (score = 7). (C) The significant module 2 identified from PPI network via MCODE (score = 6.3). (D) The top 10 hub genes with highest degrees identified by cytoHubba analysis, the shade of red color represents the degree of importance.



TABLE 3. MCODE module.
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Validation of TXNRD1 in Clinical Samples

Based on verification analysis in GSE113439, we found that TXNRD1 showed consistently downregulated in IPAH group while other hub genes showed no difference (Figure 5A). Therefore, we selected TXNRD1 for further experimental validation. Firstly, we collected the blood samples from 9 IPAH patients and 13 healthy controls to detect the serum TXNRD1 concentration. The clinical baseline characteristics of study subjects were shown in Table 4. As a result, we found that serum TXNRD1 concentration was lower in IPAH patients compared with healthy controls (Figure 5B). The ability of TXNRD1 levels to diagnose IPAH was assessed using ROC curve analysis which showed that the sensitivity and specificity were 92.3 and 66.7%, respectively, at the optimal expression cutoff value of 0.60, and AUC value of 0.795 exhibited great predictive efficiency of TXNRD1 as diagnosis biomarker (Figure 5C). We subsequently analyzed the relationship between serum TXNRD1 levels and clinical characteristics of IPAH patients, and the results revealed that TXNRD1 levels were negatively correlated with mPAP and PVR (Figures 5D,E) but had no significant correlation with 6MWD and NT-proBNP (Supplementary Figure 2).


[image: image]

FIGURE 5. Validation of TXNRD1 in clinical samples. (A) Gene expression of hub genes in GSE113439. (B) Serum TXNRD1 was decreased in IPAH patients. (C) The ability of serum TXNRD1 levels to diagnose IPAH was assessed using ROC curve analysis. (D,E) The relationship between serum TXNRD1 and mPAP as well as PVR analyzed by Spearman’s correlation analysis.



TABLE 4. Clinical characteristics of the study population.
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In vitro and in vivo Experimental Validation and Gene Set Enrichment Analysis Analysis of TXNRD1

Besides blood samples, TXNRD1 expression was also verified by Western blotting using lung homogenate of monocrotaline (MCT) treated rat which was a well-recognized animal model of PAH. As shown in Figure 6A, MCT-treated rats exhibited markedly increased RVSP and RV/(LV + S) as well as pulmonary vascular remodeling. Lung homogenates from MCT rats were measured by Western blot analysis and the results indicated TXNRD1 was significantly downregulated compared with controls (Figure 6B). The result was also confirmed by immunofluorescence staining in which TXNRD1 was predominantly expressed in the medial layer of vasculature (Figure 6C). Since excessive proliferation of pulmonary artery smooth muscle cell (PASMC) is a pivotal pathophysiological process of PAH, we isolated the rat PASMCs which were confirmed by immunofluorescence with alpha-sma (see Supplementary Figure 3) and stimulated it with PDGF-BB (platelet-derived growth factor-BB), a cytokine which has been proposed to be a key mediator of PASMC proliferation in the progression of PAH. Following PDGF-BB stimulation, we observed that TXNRD1 expression was suppressed, which was consistent with our previous results (Figure 6D). To decipher the molecular mechanisms leading to deregulation of TXNRD1 in PAH, we analyzed the correlation between TXNRD1 and other genes in multiple datasets and performed GSEA enrichment analysis. As shown in Figures 6E,F, there were three GSEA terms that were collectively enriched among different datasets, namely HALLMARK_MTORC1_SIGNALING, HALLMARK_MYC_TARGETS_V1, and HALLMARK_ UNFOLDED_PROTEIN_RESPONSE. The entire list of GSEA terms of each datasets could be found as Supplementary Tables 6–10.
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FIGURE 6. In vitro and in vivo experimental validation and GSEA analysis of TXNRD1. (A) The hemodynamic data and HE staining of lung tissue in animal experiments. (B) Representative Western blots and quantification of TXNRD1 and β-actin in the lungs of monocrotaline treated rats and controls (n = 7 each, *P < 0.05), data represent the mean ± SEM and Student t-test was used to compare two groups. (C) Immunofluorescence images of lung distal PA from MCT rats and controls. (D) Representative Western blots and quantification of TXNRD1 levels in rat PASMCs under PDGF-BB stimulation (30 ng/ml) normalized to a β-actin internal control (n = 3 each*P < 0.05). (E) Venn diagram of GSEA terms among five datasets based on correlation analysis of TXNRD1. (F) The overlapping three GSEA terms correlated with TXNRD1. ****P < 0.0001.




Knockdown of TXNRD1 Promotes Proliferation, Migration, and Apoptosis Resistance in Pulmonary Artery Smooth Muscle Cell

In order to further explore the functions of TXNRD1 in PASMC, we knocked down the TXNRD1 in transcriptional level to evaluate if silencing TXNRD1 exacerbated PASMC malignant phenotype, including uncontrolled proliferation, migration and apoptosis resistance. We firstly silenced TXNRD1 in PASMC with siRNA that targets TXNRD1 (Figure 7A) and exposed them to normal condition or PDGF stimulation for 24 h. As shown in Figures 7B–E, knockdown of TXNRD1 aggravated PDGF-induced PCNA expression (a proliferation marker) and EdU incorporation while concomitantly inhibited the expression of cleaved-PARP and BAX/Bcl-2 (apoptosis markers), suggesting TXNRD1 plays a pivotal part in PDGF-BB-induced proliferation and apoptosis resistance in PASMC. Consistently, we then estimated whether TXNRD1 is essential for PDGF-BB-induced PASMC migration and the wound healing assay showed that TXNRD1 interference significantly accelerated the migratory quantity of PASMC (Figures 7F,G). In conclusion, these results suggest that TXNRD1 may protect PASMC from switching to a malignant phenotype following the PDGF-BB induction.
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FIGURE 7. Silencing of TXNRD1 exacerbated PDGF-induced PASMC malignant phenotype. (A) Knockdown efficiency of TXNRD1 was verified by qPCR and Western Blot. (B) PASMCs were transfected with siRNA for 48 h before treatment with PDGF-BB (20 ng/ml) for another 24 h, and western blotting was used to detect proliferative and apoptotic markers in cell lysates. (C) Normalized quantification of cleaved-PARP, BAX/Bcl-2 and PCNA expression (n = 3 each, *P < 0.05). (D) Cell proliferative ability was determined by EdU assay in siTXNRD1-PASMC under PDGF stimulation. (E) Calculation of EdU-stained cells rate (n = 6 each, *P < 0.05). (F) Cell migration was measured by scratch assay in siTXNRD1-PASMC under PDGF stimulation. (G) Calculation of scratch closed percentage (n = 6 each, *P < 0.05). Data represent the mean ± SEM. Student t-test and one-way ANOVA were used to compare two and multiple groups. **P < 0.01, ***P < 0.001, ****P < 0.0001.





DISCUSSION

In this study, we performed an integrated bioinformatics analysis on four datasets containing 65 IPAH samples based on the RRA method. A total of 169 robust differential genes were screened, including 98 up-regulated genes and 71 down-regulated genes. GO and KEGG enrichment analysis showed that these DEGs were significantly enriched in some PAH-related functions and pathways. By constructing a PPI network and screening hub genes, we selected TXNRD1 for further research based on validation in independent datasets. We verified that the expression of TXNRD1 was decreased not only in the serum of IPAH patients but in vivo and in vitro experiments, which is in line with the predicted results. Furthermore, the GSEA analysis indicated that TXNRD1 may correlate with mTORC1 signaling pathway and MYC targets. Finally, in vitro experiments revealed that TXNRD1-knockdown PASMC exhibited exacerbated phenotype including hyperproliferation, migration and apoptosis resistance. This study is the first report to prove that TXNRD1 may be used as a clinical predictive molecule and potential therapeutic target for IPAH.

In recent years, more and more researchers have tried to explore the potential targets of pulmonary hypertension and explore the underlying pathogenesis through bioinformatics analysis. However, since some studies only adopted a single GEO dataset for analysis, or only take the intersection of the results, it may lead to bias and a large number of DEGs that have no biological effect. Regarding this issue, the RRA method has become a reliable method for obtaining important DEG (14). Based on the above integrated bioinformatics analysis, 10 significant hub genes have been identified. Among them, ENO1 and IDH1 were demonstrated to be aberrantly expressed in pulmonary hypertension, which provided strong support for our results. ENO1 encodes alpha-enolase, a glycolytic enzyme that catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate, which had been reported to mediate the malignant phenotypes of PASMCs in pulmonary hypertension, including hyperproliferation, apoptosis resistance, and metabolic conversion (15). Another document also confirmed that autoantibody against alpha enolase-1 in the blood of PAH patients with systemic lupus erythematosus could promote the proliferation and migration of PASMCs in vitro (16). IDH1 catalyzes the conversion of the citrate isomer isocitrate to alpha-ketoglutarate, which was reportedly elevated in PAH-PASMC (7). However, our results showed that ENO1 and IDH1 were reduced in IPAH patients, which was inconsistent with the above-mentioned literature. The possible reason is that the chip data measures the expression level at the transcription level rather than the protein level, and ENO1 and IDH1 may have post-transcriptional modification. Another possible reason is that the selected research objects are different: our research object is the lung tissue of IPAH patients, and the above-mentioned literature selected the isolated PASMCs from PAH patients for research.

In addition, it is worth noting that other hub genes including TALDO1, SHMT2, TKT, and PGD, are key enzymes involved in the pentose phosphate pathway (PPP), and their expression was inhibited in IPAH group. As we all know, aerobic glycolysis is one of the characteristics of PAH pathogenesis (17). Increased glycolysis can synthesize nucleotides via the pentose phosphate pathway to promote cell proliferation, thereby targeting the pentose phosphate pathway is one of the potential strategies to correct metabolic reprogramming. Similar to our results, Varghese et al. reported that the deficiency of the glucose-6-phosphate dehydrogenase (G6PD), the rate-limiting enzyme in PPP, could promote PAH development (18). Counterintuitively, G6PD deficiency did not reduce PPP flux but activated collateral pathways at the cost of increased oxidative stress. Combining the literature and our results, the inhibition of metabolic enzymes in PPP may be one of the unique molecular patterns of IPAH. However, apart from G6PD, genes related to PPP have not yet been elucidated in PAH. Therefore, the above-mentioned PPP-related genes that we have screened deserves to be further studied. These genes have been confirmed to regulate metabolic reprogramming in tumors (19, 20). Besides PPP-related genes, we also screened out several chemokines: CXCL10, CXCL9, CCL5. The dysregulation of chemokine and chemokine receptors had been shown to be implicated in PAH progression (21). Similar to our results, both CXCL10 and CXCL9 have been reported to have relatively elevated serum concentrations in IPAH patients (22, 23). While CCL5 is claimed to promote the PAH progression via the BMPR2 signaling pathway, and CCL5 receptor CCR5 has been reported to be involved in the interaction between macrophages and smooth muscle cells (24, 25).

Through the validation analysis of GSE113439, we identified TXNRD1 as the research object for further experimental verification. TXNRD1 is a critical antioxidant enzyme that catalyzes thioredoxin reduction to maintain the cell redox homeostasis (26). Most literatures reported that TXNRD1 was overexpressed in a variety of solid cancers (27, 28). The use of TXNRD1 inhibitors auranofin can overload tumor cells with ROS and promote tumor cell death (29). However, there were also literatures supporting that TXNRD1 could prevent tumorigenesis (30). At present, TXNRD1 has not yet been reported in pulmonary hypertension, while the substrate of TXNRD1, thioredoxin1 (Trx1), was claimed to be increased in hypoxia-induced PASMC proliferation (31), whereas Zimmer et al. observed that MCT-induced PAH animal model promoted a reduction in Trx1 (32). Potential reasons for this contradiction may arise from different stimuli or different stages of disease development. In addition, it is worth noted that numerous studies have reported the reduced expression or activity inhibition of antioxidant enzymes in PAH or PH animal model, such as SOD and GPXs (33). Our experimental results revealed for the first time that serum TXNRD1 of IPAH patients was lower than healthy controls and negatively correlated with mPAP and PVR, which suggested TXNRD1 could be a potential diagnostic marker for IPAH. Not only that, in the PAH animal model induced by MCT, the expression of TXNRD1 was also significantly decreased, which was in agreement with Zimmer’s observation. TXNRD1 inhibition had also been confirmed in PDGF-induced PASMC proliferation. Preliminary exploration of TXNRD1 function revealed that silencing of TXNRD1 exacerbated PDGF-induced uncontrolled proliferation, migration, and apoptosis resistance in PASMC. Since TXNRD is closely related to ROS production, we speculate based on our findings that the decreased expression of TXNRD1 increases the production of ROS to a certain extent, which can promote the proliferation of PASMC, but this hypothesis requires further research to prove.

In addition, through GSEA analysis of TXNRD1 related genes, we also found that TXNRD1 was closely correlated with mTORC1 signaling pathway, MYC targets and unfolded protein response, which provided some clues for future exploration of the mechanism involving TXNRD1 dysregulation in IPAH. mTORC1 is a serine/threonine protein kinase complex that regulates protein synthesis and acts as a cellular nutrient, energy, and redox sensor (34). It is reported that mTORC1 signaling is activated in PAH and required for PASMC proliferation induced by chronic hypoxia in vivo and in vitro (35, 36). mTORC1 activation can modulates cellular redox state through regulating SOD1 activity to ensure adequate proliferation while minimize oxidative damages (37). Myc is a well-known oncogenic transcription factor that serves as a downstream effector of many signaling pathways in PAH (38). Myc has been reported to potentially regulate the transcription of at least 15% of the entire genome (39), and the ChIP-seq data from the ENCODE consortium also demonstrated that Myc binds directly to the Nrf2 locus (an important antioxidant transcription factor) and increases its transcription (40). In view of this, we believe that the role of TXNRD1 in the pathogenesis of PAH be partly achieved by affecting the redox regulation mediated by mTORC1 or Myc. However, there is currently a lack of direct evidence to support this notion. At the same time, the correlation between TXNRD1 and mTOR as well as Myc has not yet been clarified in PAH, which deserves further research to validate.

There were some limitations in our study. First, the serum samples of IPAH patients we have collected are insufficient, so future studies consist of larger sample size are required to corroborate our results. Second, due to the limitations of laboratory conditions, the PAH animal model we used is relatively simple, so future researches are needed to verify the expression of TXNRD1 using other animal models such as hypoxia + Sugen5416 treated mice. Third, we did not conduct experiments to verify the activity of TXNRD1. Future studies are worth exploring the detailed mechanism of TXNRD1.

In conclusion, after integrating combined analysis by RRA method, we identified TXNRD1 as a potential biomarker for diagnosis of IPAH and potentially even a therapeutic target. Further research is needed to validate the function of TXNRD1 in IPAH pathogenesis.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Medical Ethics Committee of the Xiangya Hospital of Central South University. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Central South University.



AUTHOR CONTRIBUTIONS

ZY and LZ conceived and designed the study. WL performed this study and drafted the manuscript. YT and MZ reviewed the manuscript. BL and MW assisted in collecting clinical samples. All authors read and approved the manuscript.



FUNDING

This study was supported by the National Natural Science Foundation of China (Nos. 82070055, 81873416, and 82100071) and the Key Research and Development Program of Hunan Province (2020SK2065).



ACKNOWLEDGMENTS

We are grateful to thank Professor Li Ming for her technical assistance.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.894584/full#supplementary-material


FOOTNOTES

1
https://www.ncbi.nlm.nih.gov/geo/

2
http://string-db.org

3
https://hiplot.com.cn/basic


REFERENCES

1. Zolty R. Pulmonary arterial hypertension specific therapy: the old and the new. Pharmacol Ther. (2020) 214:107576. doi: 10.1016/j.pharmthera.2020.107576

2. Ghataorhe P, Rhodes CJ, Harbaum L, Attard M, Wharton J, Wilkins MR. Pulmonary arterial hypertension - progress in understanding the disease and prioritizing strategies for drug development. J Intern Med. (2017) 282:129–41. doi: 10.1111/joim.12623

3. Farber HW, Miller DP, Poms AD, Badesch DB, Frost AE, Muros-Le Rouzic E, et al. Five-year outcomes of patients enrolled in the REVEAL registry. Chest. (2015) 148:1043–54. doi: 10.1378/chest.15-0300

4. Thenappan T, Ormiston ML, Ryan JJ, Archer SL. Pulmonary arterial hypertension: pathogenesis and clinical management. BMJ. (2018) 360:j5492. doi: 10.1136/bmj.j5492

5. Thompson AAR, Lawrie A. Targeting vascular remodeling to treat pulmonary arterial hypertension. Trends Mol Med. (2017) 23:31–45. doi: 10.1016/j.molmed.2016.11.005

6. Stearman RS, Bui QM, Speyer G, Handen A, Cornelius AR, Graham BB, et al. Systems analysis of the human pulmonary arterial hypertension lung transcriptome. Am J Respir Cell Mol Biol. (2019) 60:637–49. doi: 10.1165/rcmb.2018-0368OC

7. Li D, Shao NY, Moonen JR, Zhao Z, Shi M, Otsuki S, et al. ALDH1A3 coordinates metabolism with gene regulation in pulmonary arterial hypertension. Circulation. (2021) 143:2074–90. doi: 10.1161/CIRCULATIONAHA.120.048845

8. Kikuchi N, Satoh K, Kurosawa R, Yaoita N, Elias-Al-Mamun M, Siddique MAH, et al. Selenoprotein P promotes the development of pulmonary arterial hypertension: possible novel therapeutic target. Circulation. (2018) 138:600–23. doi: 10.1161/circulationaha.117.033113

9. Kolde R, Laur S, Adler P, Vilo J. Robust rank aggregation for gene list integration and meta-analysis. Bioinformatics. (2012) 28:573–80. doi: 10.1093/bioinformatics/btr709

10. Ma Y, Chen SS, Feng YY, Wang HL. Identification of novel biomarkers involved in pulmonary arterial hypertension based on multiple-microarray analysis. Biosci Rep. (2020) 40:BSR20202346. doi: 10.1042/BSR20202346

11. Dong H, Li X, Cai M, Zhang C, Mao W, Wang Y, et al. Integrated bioinformatic analysis reveals the underlying molecular mechanism of and potential drugs for pulmonary arterial hypertension. Aging (Albany NY). (2021) 13:14234–57. doi: 10.18632/aging.203040

12. Yu GC, Wang LG, Han YY, He QY. clusterProfiler: an R package for comparing biological themes among gene clusters. Omics. (2012) 16:284–7. doi: 10.1089/omi.2011.0118

13. Siques P, Pena E, Brito J, El Alam S. Oxidative stress, kinase activation, and inflammatory pathways involved in effects on smooth muscle cells during pulmonary artery hypertension under hypobaric hypoxia exposure. Front Physiol. (2021) 12:690341. doi: 10.3389/fphys.2021.690341

14. Sun G, Li Y, Peng Y, Lu D, Zhang F, Cui X, et al. Identification of differentially expressed genes and biological characteristics of colorectal cancer by integrated bioinformatics analysis. J Cell Physiol. (2019) 234:15215–24. doi: 10.1002/jcp.28163

15. Dai J, Zhou Q, Chen J, Rexius-Hall ML, Rehman J, Zhou G. Alpha-enolase regulates the malignant phenotype of pulmonary artery smooth muscle cells via the AMPK-Akt pathway. Nat Commun. (2018) 9:3850. doi: 10.1038/s41467-018-06376-x

16. Kato Y, Kasama T, Soejima M, Kubota T. Anti-enolaseantibodies from a patient with systemic lupus erythematosus accompanied by pulmonary arterial hypertension promote migration of pulmonary artery smooth muscle cells. Immunol Lett. (2020) 218:22–9. doi: 10.1016/j.imlet.2019.12.005

17. Humbert M, Guignabert C, Bonnet S, Dorfmuller P, Klinger JR, Nicolls MR, et al. Pathology and pathobiology of pulmonary hypertension: state of the art and research perspectives. Eur Respir J. (2019) 53:1801887. doi: 10.1183/13993003.01887-2018

18. Varghese MV, James J, Rafikova O, Rafikov R. Glucose-6-phosphate dehydrogenase deficiency contributes to metabolic abnormality and pulmonary hypertension. Am J Physiol Lung Cell Mol Physiol. (2021) 320:L508–21. doi: 10.1152/ajplung.00165.2020

19. Kim D, Fiske BP, Birsoy K, Freinkman E, Kami K, Possemato RL, et al. SHMT2 drives glioma cell survival in ischaemia but imposes a dependence on glycine clearance. Nature. (2015) 520:363–7. doi: 10.1038/nature14363

20. Tseng CW, Kuo WH, Chan SH, Chan HL, Chang KJ, Wang LH. Transketolase regulates the metabolic switch to control breast cancer cell metastasis via the alpha-ketoglutarate signaling pathway. Cancer Res. (2018) 78:2799–812. doi: 10.1158/0008-5472.CAN-17-2906

21. Mamazhakypov A, Viswanathan G, Lawrie A, Schermuly RT, Rajagopal S. The role of chemokines and chemokine receptors in pulmonary arterial hypertension. Br J Pharmacol. (2021) 178:72–89. doi: 10.1111/bph.14826

22. Koudstaal T, van Uden D, van Hulst JAC, Heukels P, Bergen IM, Geenen LW, et al. Plasma markers in pulmonary hypertension subgroups correlate with patient survival. Respir Res. (2021) 22:137. doi: 10.1186/s12931-021-01716-w

23. Li Z, Jiang J, Gao S. Potential of C-X-C motif chemokine ligand 1/8/10/12 as diagnostic and prognostic biomarkers in idiopathic pulmonary arterial hypertension. Clin Respir J. (2021) 15:1302–9. doi: 10.1111/crj.13421

24. Abid S, Marcos E, Parpaleix A, Amsellem V, Breau M, Houssaini A, et al. CCR2/CCR5-mediated macrophage-smooth muscle cell crosstalk in pulmonary hypertension. Eur Respir J. (2019) 54:1802308. doi: 10.1183/13993003.02308-2018

25. Nie X, Tan J, Dai Y, Liu Y, Zou J, Sun J, et al. CCL5 deficiency rescues pulmonary vascular dysfunction, and reverses pulmonary hypertension via caveolin-1-dependent BMPR2 activation. J Mol Cell Cardiol. (2018) 116:41–56. doi: 10.1016/j.yjmcc.2018.01.016

26. Dagnell M, Schmidt EE, Arner ESJ. The A to Z of modulated cell patterning by mammalian thioredoxin reductases. Free Radic Biol Med. (2018) 115:484–96. doi: 10.1016/j.freeradbiomed.2017.12.029

27. Rodriguez-Garcia A, Hevia D, Mayo JC, Gonzalez-Menendez P, Coppo L, Lu J, et al. Thioredoxin 1 modulates apoptosis induced by bioactive compounds in prostate cancer cells. Redox Biol. (2017) 12:634–47. doi: 10.1016/j.redox.2017.03.025

28. Bhatia M, McGrath KL, Di Trapani G, Charoentong P, Shah F, King MM, et al. The thioredoxin system in breast cancer cell invasion and migration. Redox Biol. (2016) 8:68–78. doi: 10.1016/j.redox.2015.12.004

29. Lee D, Xu IM, Chiu DK, Leibold J, Tse AP, Bao MH, et al. Induction of oxidative stress through inhibition of thioredoxin reductase 1 is an effective therapeutic approach for hepatocellular carcinoma. Hepatology. (2019) 69:1768–86. doi: 10.1002/hep.30467

30. Carlson BA, Yoo MH, Tobe R, Mueller C, Naranjo-Suarez S, Hoffmann VJ, et al. Thioredoxin reductase 1 protects against chemically induced hepatocarcinogenesis via control of cellular redox homeostasis. Carcinogenesis. (2012) 33:1806–13. doi: 10.1093/carcin/bgs230

31. Chen B, Nelin VE, Locy ML, Jin Y, Tipple TE. Thioredoxin-1 mediates hypoxia-induced pulmonary artery smooth muscle cell proliferation. Am J Physiol Lung Cell Mol Physiol. (2013) 305:L389–95. doi: 10.1152/ajplung.00432.2012

32. Zimmer A, Teixeira RB, Constantin RL, Fernandes-Piedras TRG, Campos-Carraro C, Türck P, et al. Thioredoxin system activation is associated with the progression of experimental pulmonary arterial hypertension. Life Sci. (2021) 284:119917. doi: 10.1016/j.lfs.2021.119917

33. Masri FA, Comhair SA, Dostanic-Larson I, Kaneko FT, Dweik RA, Arroliga AC, et al. Deficiency of lung antioxidants in idiopathic pulmonary arterial hypertension. Clin Transl Sci. (2008) 1:99–106. doi: 10.1111/j.1752-8062.2008.00035.x

34. Babicheva A, Makino A, Yuan JX. mTOR signaling in pulmonary vascular disease: pathogenic role and therapeutic target. Int J Mol Sci. (2021) 22:2144. doi: 10.3390/ijms22042144

35. Goncharov DA, Kudryashova TV, Ziai H, Ihida-Stansbury K, DeLisser H, Krymskaya VP, et al. Mammalian target of rapamycin complex 2 (mTORC2) coordinates pulmonary artery smooth muscle cell metabolism, proliferation, and survival in pulmonary arterial hypertension. Circulation. (2014) 129:864–74. doi: 10.1161/CIRCULATIONAHA.113.004581

36. Li Y, Yang L, Dong L, Yang ZW, Zhang J, Zhang SL, et al. Crosstalk between the Akt/mTORC1 and NF-kappaB signaling pathways promotes hypoxia-induced pulmonary hypertension by increasing DPP4 expression in PASMCs. Acta Pharmacol Sin. (2019) 40:1322–33. doi: 10.1038/s41401-019-0272-2

37. Tsang CK, Chen M, Cheng X, Qi Y, Chen Y, Das I, et al. SOD1 phosphorylation by mTORC1 couples nutrient sensing and redox regulation. Mol Cell. (2018) 70:502–515.e8. doi: 10.1016/j.molcel.2018.03.029

38. Dong L, Liu X, Wu B, Li C, Wei X, Wumaier G, et al. Mxi1-0 promotes hypoxic pulmonary hypertension via ERK/c-Myc-dependent proliferation of arterial smooth muscle cells. Front Genet. (2022) 13:810157. doi: 10.3389/fgene.2022.810157

39. Dang CV, O’Donnell KA, Zeller KI, Nguyen T, Osthus RC, Li F. The c-Myc target gene network. Semin Cancer Biol. (2006) 16:253–64. doi: 10.1016/j.semcancer.2006.07.014

40. DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C, Frese K, et al. Oncogene-induced Nrf2 transcription promotes ROS detoxification and tumorigenesis. Nature. (2011) 475:106–9. doi: 10.1038/nature10189


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

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Lin, Tang, Zhang, Liang, Wang, Zha and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 28 June 2022
doi: 10.3389/fmed.2022.886868





[image: image]

Akt-Dependent Glycolysis-Driven Lipogenesis Supports Proliferation and Survival of Human Pulmonary Arterial Smooth Muscle Cells in Pulmonary Hypertension

Lifeng Jiang1, Dmitry A. Goncharov1, Yuanjun Shen1, Derek Lin1, Baojun Chang2, Andressa Pena2, Horace DeLisser3, Elena A. Goncharova1† and Tatiana V. Kudryashova1*†

1Lung Center, Division of Pulmonary, Critical Care and Sleep Medicine, Department of Internal Medicine, School of Medicine, University of California, Davis, Davis, CA, United States

2Pittsburgh Heart, Lung, and Blood Vascular Medicine Institute, University of Pittsburgh, Pittsburgh, PA, United States

3Department of Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, United States

Edited by:
Soban Umar, University of California, Los Angeles, United States

Reviewed by:
Olivier Boucherat, Laval University, Canada
Werner Seeger, University of Giessen, Germany

*Correspondence: Tatiana V. Kudryashova, tkud@ucdavis.edu

†These authors share senior authorship

Specialty section: This article was submitted to Pulmonary Medicine, a section of the journal Frontiers in Medicine

Received: 01 March 2022
Accepted: 31 May 2022
Published: 28 June 2022

Citation: Jiang L, Goncharov DA, Shen Y, Lin D, Chang B, Pena A, DeLisser H, Goncharova EA and Kudryashova TV (2022) Akt-Dependent Glycolysis-Driven Lipogenesis Supports Proliferation and Survival of Human Pulmonary Arterial Smooth Muscle Cells in Pulmonary Hypertension. Front. Med. 9:886868. doi: 10.3389/fmed.2022.886868

Hyper-proliferation of pulmonary arterial vascular smooth muscle cells (PAVSMC) is an important pathological component of pulmonary vascular remodeling in pulmonary arterial hypertension (PAH). Lipogenesis is linked to numerous proliferative diseases, but its role in PAVSMC proliferation in PAH remains to be elucidated. We found that early-passage human PAH PAVSMC had significant up-regulation of key fatty acids synthesis enzymes ATP-citrate lyase (ACLY), acetyl-CoA carboxylase (ACC), and fatty acid synthase (FASN), and increased unstimulated proliferation compared to control human PAVSMC. Treatment with an allosteric ACC inhibitor 5-tetradecyloxy-2-furoic acid (TOFA) significantly decreased proliferation and induced apoptosis of human PAH PAVSMC. Intracellular lipid content and proliferation of PAH PAVSMC were not reduced by incubation in lipid-depleted media but suppressed by a non-metabolizable analog of glucose 2-Deoxy-D-glucose (2-DG) and partially restored by addition of pyruvate. Protein kinase Akt was upregulated in human PAH PAVSMC in a sirtuin 7 (SIRT7)- and c-Jun N-terminal kinase (JNK)-dependent manner. Pharmacological inhibition of Akt down-regulated ACLY and ACC, significantly reduced intracellular lipid content, inhibited proliferation and induced apoptosis of human PAH PAVSMC. Taken together, these data demonstrate that human PAH PAVSMC have up-regulated lipogenesis, which is supported in an Akt- and glycolysis-dependent manner and is required for increased proliferation and survival. Our data suggest that there is a mechanistic link between glycolysis, lipogenesis, and the proliferation of human PAH PAVSMC and call for further studies to determine the potential attractiveness of a SIRT7/JNK-Akt-lipogenesis axis as a target pathway to inhibit PAVSMC hyper-proliferation in PAH.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a devastating progressive disease leading to a deteriorating quality of life and high morbidity and mortality rates (1–3). Continuous vasoconstriction and excessive remodeling of pulmonary arteries (PA) cause an increase in pulmonary arterial pressure and pulmonary vascular resistance, leading to elevated right ventricular (RV) afterload and ultimately right heart failure and death (4, 5). At present, available vasodilatory therapies do not stop disease progression, and currently there are no vascular remodeling-focused therapies available for PAH patients (4, 6). All three layers of small pulmonary arteries—intima, media and adventitia—contribute to pulmonary vascular remodeling (7, 8). One of the important features of pulmonary vascular remodeling is the increased proliferation and survival of pulmonary arterial vascular smooth muscle cells (PAVSMC) (9, 10) in the medial layer of small muscular PAs (11). Over the last decades significant progress was achieved in dissecting the signaling molecules and pathways supporting the pathological pro-proliferative/pro-survival nature of PAVSMC in PAH. However, the underlying mechanisms are still not completely understood.

We and others previously demonstrated that PAH PAVSMC undergo a complex metabolic reprogramming required to maintain energy consuming pro-proliferative phenotype (9, 10, 12, 13). In contrast to non-diseased cells, PAH PAVSMC demonstrate increased ATP generation, proliferation and survival which depend predominantly on glycolytic metabolism (10) and undergo a metabolic shift from mitochondrial oxidative phosphorylation to glycolysis, similar to the “Warburg effect” in cancer cells (9, 10, 14). Multiple crucial metabolic regulators and enzymes, including AMP-activated protein kinase (AMPK), mechanistic target of rapamycin (mTOR) complex 2 (mTORC2) (10), hypoxia-induced factor (HIF) 1α (9), nuclear factor of activated T-cells (NFAT) (15), peroxisome proliferator-activated receptor (PPAR)γ (16), pyruvate dehydrogenase (PDH) (17), PDH kinase (PDK) (18), 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) (19), pyruvate carboxylase (PC) (20), and enolase (21), support this glycolytic shift in PAH PAVSMC (9, 10, 22). A stable isotope metabolomics-based study confirmed that PAH PAVSMC have increased glucose uptake and utilization by glycolysis and the pentose shunt, but intriguingly no changes in fatty acid or glutamine uptake or utilization were detected (23).

Besides increased ATP levels, hyper-proliferative cells require increased amounts of intracellular essential “building blocks” such as lipids, proteins, and nucleic acids (24). The fact that highly proliferative PAH PAVSMC do not demonstrate increased fatty acid uptake (23) indicates that lipid metabolism in these cells might be re-organized to produce and accumulate the required amount of lipids internally. Indeed, several lines of evidence indicate that lipid metabolism is deregulated in PAH PAVSMC (25). RNAseq-based analysis identified up-regulation of fatty acid biosynthesis and metabolism pathways in isolated human PAH PASMC (26). Up-regulation of a key enzyme in fatty acid synthesis, fatty acid synthase (FASN) (27), and a key rate-limiting enzyme of mitochondrial fatty acid β-oxidation, carnitine palmitoyltransferase (CPT) (28), was reported in PAVSMC in rats with monocrotaline (MCT)-induced PH. Interestingly, a similar metabolic adaptation to satisfy high lipids demand is observed in most cancer cells, which have elevated endogenous fatty acid synthesis supported by the increased glycolysis and an increased ability to synthesize lipids (29, 30). De novo fatty acid synthesis makes a major contribution to the intracellular fatty acid pool in tumor cells (31) suggesting that PAVSMC in PAH might use similar strategies to support their highly proliferative phenotype. However, in contrast to the role of lipid metabolism in right ventricle (RV) function in PAH (25), the potential role of the lipogenic process and underlying mechanisms in PAH PAVSMC require further investigation.

In this study, we aimed to evaluate the status and role of lipogenesis in PAH PAVSMC proliferation and survival. Our data demonstrate that the pro-proliferative/pro-survival phenotype of PAVSMC in PAH is supported by glycolysis-dependent de novo lipid synthesis and suggest the potential role of Sirtuin 7 (SIRT7)- c-Jun N-terminal kinase (JNK)-Akt axis as a regulator of lipogenesis and a potential molecular target for anti-remodeling therapy.



MATERIALS AND METHODS


Cell Culture

Early-passage (3–8 passage) human PAVSMC isolated from small (≤1 mm outer diameter) PAs of patients with PAH and non-diseased subjects were provided by UC Davis Lung Center Pulmonary Vascular Disease Program human specimens biobank, University of Pittsburgh Vascular Medicine Institute Cell Processing Core, and the Pulmonary Hypertension Breakthrough Initiative (PHBI) under approved protocols in accordance with Institutional Review Board (IRB) and Committee for Oversight of Research and Clinical Training Involving Decedents (CORID) policies. Cells isolation, characterization and maintenance were performed under PHBI-approved protocols as described previously (10, 32). Cells were maintained in complete PromoCell Smooth Muscle Cell Growth Medium 2 with SupplementPack and Antibiotic-Antimycotic. Before experiments, cells were incubated for 24–48 h in basal media supplemented with 0.1% bovine serum albumin (BSA) if not stated otherwise. For functional experiments (Ki-67, cell counts, TUNEL) a minimum of three technical replicas was performed within one experiment, minimum of 100 cells/subject was analyzed.



Exogenous Lipids Removal

To achieve the lipid-deprived cell culture condition, cell culture grade fetal bovine serum (FBS) and BSA were delipidated using Cleanascite™ Lipid Removal Reagent (Biotech Support Group; Monmouth Junction, NJ, United States) according to the manufacturer’s protocol with modification. Briefly, Cleanascite™ was added to the FBS or BSA (1:4 volume ratio). The mixture was incubated for four hours at 4°C with gentle shaking and centrifuged at 16,000 g for 10 min. Supernatant was collected, then a second dose of Cleanascite™ Lipid Removal Reagent was added (1:4 volume ratio), and incubation and centrifugation steps were repeated as described above. The supernatants, consisting of lipid depleted FBS or BSA, were then used as cell culture media supplements to prepare lipid-depleted media.



Intracellular Lipid Detection

Intracellular lipid detection was performed using a fluorescent probe for lipid droplets BODIPY 493/503 as previously described in Qiu et al. (33) with modifications. Briefly, cells were washed twice with PBS and then incubated with 2 μM BODIPY 493/503 staining solution (#D3922 Thermo Fisher Scientific, Chicago, IL, United States) for 15 min at 37°C. Then cells were fixed in 4% paraformaldehyde/phosphate-buffered saline (PBS), followed by DAPI staining to detect nuclei. Immunostaining was visualized and images were taken using a Keyence BZ-X800 (Keyence Corporation of America, Itasca, IL, United States) and Zeiss LSM700 confocal microscope (White Plains, NY, United States). A minimum of 100 cells per condition was analyzed.



Cell Proliferation Assay

Cell proliferation was assessed using Ki-67 immunostaining as described previously (10, 32, 34). Briefly, cells were washed with PBS, fixed in 4% paraformaldehyde/PBS, and permeabilized using Triton X-100/PBS solution. Then cells were incubated in blocking solution (2% BSA/PBS), followed by overnight incubation with primary anti-Ki-67 antibody (#9129, Cell Signaling, Danvers, MA, United States) in blocking solution. Next day, the slides were washed with PBS, followed by incubation with secondary chicken anti-rabbit IgG (H + L) Alexa Fluor 594 antibody (#A-21442, Invitrogen, Waltham, MA, United States) and 4′,6-diamidino-2-phenylindole (DAPI) to detect nuclei. Images were taken using a Keyence BZ-X800 microscope.



Cell Growth Assay

Cell growth analysis was performed as described previously (10, 32, 34). Briefly, 300,000 cells per well were plated in a six well plate in cell culture media supplemented with 5% FBS. Forty-eight hours later, when cells attached and spread (day 0), the media was changed to 0.1% BSA with or without lipids and incubated for six more days (media was renewed every 48 h). Then, cell counting was performed using the Countess II FL Automated Cell Counter (Thermo Fisher Scientific, Waltham, MA, United States) according to manufacturer’s protocol.



Apoptosis Analysis

Apoptosis analysis was performed using the In situ Cell Death Detection Kit (Roche, Nutley, NJ, United States) based on terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) technology following the manufacturer’s protocol.



Immunoblot Analysis

Immunoblot analysis was performed as described previously (10, 32, 34). Antibodies for ACLY (#4332), P-S79-ACC (#11818), ACC (#3676), FASN (#3180), P-S473-Akt (#4060), P-T450-Akt (#12178), Akt (#9272), PThr183/Tyr185-JNK (#4668), JNK (#9252), α/β-Tubulin (#2148), CPT1A (#97361), hexokinase II (HKII) (#2867), phosphofructokinase (PFKP) (#8164) were purchased from Cell Signaling (Danvers, MA, United States). The antibody for P-S455-ACLY (#PA5-97395) was purchased from Thermo Fisher Scientific (Chicago, IL, United States). The antibody for malonyl CoA decarboxylase (MLYCD) (#15265-1-AP) were purchased from Proteintech (Rosemont, IL, United States). Secondary HRP conjugated anti-mouse antibody (ab205719) was purchased from Abcam (Boston, MA, United States), secondary HRP-conjugated anti-rabbit antibody (#7074) was purchased from Cell Signaling (Danvers, MA, United States).



Inhibitors and Activators

2-Deoxy-D-glucose (2-DG, D6134), IL-6 (I1395), PDGF-BB (GF149), and Akt inhibitor VIII (SIAL-124018) were purchased from Millipore Sigma (St. Louis, MO, United States), 5-tetradecyloxy-2-furoic acid (TOFA, sc-200653) was purchased from Santa Cruz Biotechnology (Dallas, TX, United States), JNK inhibitor (bentamapimod, HY-14761) was purchased from MedChemExpress (Monmouth Junction, NJ, United States).



Lactate Assay

To measure intracellular lactate amount, the lactate assay kit (#MAK064, Millipore Sigma) was used according to the manufacturer protocol with modifications. Briefly, 2 × 106 cell were homogenized in 200 μL of lactate assay buffer and centrifuged at 21,000 g for 5 min to remove cell debris. The supernatant was deproteinized with a 10 kDa MWCO spin filter (#UFC5003, Millipore Sigma) to remove lactate dehydrogenase, and the lactate assay was performed. Protein concentrations were determined in the supernatants before deproteinization using the BCA protein assay kit (#23227, Thermo Fisher Scientific) and lactate content was normalized to the amount of total protein used for the assay.



Data Analysis

Immunoblots, BODIPY 493/503, Ki-67 and apoptosis assays were analyzed using ImageJ (NIH, Bethesda, MD, United States), StatView (SAS Institute, Cary, NC, United States) and GraphPad Prizm 9.02 (GraphPad Software, San Diego, CA, United States). Immunocytochemical analyses were detected and captured using the Keyence BZ-X800 system and software (Keyence Corporation of America, Itasca, IL, United States) and Zeiss LSM700 confocal microscope and software (ZEN, 2009; White Plains, NY, United States). Statistical comparisons between the two groups were performed by Mann–Whitney U test. Statistical comparisons among three or more groups were performed by the Kruskal–Wallis rank test with Dunn pairwise comparison post hoc test. Statistical significance was defined as p ≤ 0.05.




RESULTS


Increased Lipid Synthesis Is Required for Hyper-Proliferation and Survival of Human PAH PAVSMC

In order to evaluate the status of lipogenesis in PAH PAVSMC, we first tested the expression of key lipogenic enzymes driving the biosynthesis of fatty acids. Immunoblot analysis demonstrated significant increase in phosphorylated ACLY, and elevated protein levels of ACC and FASN in early-passage distal human PAH PAVSMC compared to cells from non-diseased subjects (CTRL) (Figures 1A–D and Supplementary Figure 1A). Interestingly, we detected no significant differences between non-diseased and PAH PAVSMC in protein levels of CPT1A (Figures 1A,E) and MLYCD (Supplementary Figure 1B), the regulatory enzymes in fatty acid β-oxidation and synthesis, in spite of previously reported up-regulation of CPT1A in smooth muscle cells in rats with monocrotaline-induced PH and protective effect of MLYCD deletion against development of hypoxia-induced PH in mice (28, 35). Observed up-regulation of key fatty acid synthesis enzymes suggested that de novo lipid synthesis is altered in PAH PAVSMC. To confirm our observations, we performed immunocytochemical detection of lipid droplets (a major storage depot for neutral lipids, primarily triglycerides) using a fluorescent probe (BODIPY 493/503) to visualize neutral lipid accumulation in PAH PAVSMC. We found that lipid accumulation detected in PAH PAVSMC was preserved in media deprived from exogenous lipids (Figures 1F,G), indicating that PAH PAVSMC have an ability to generate lipids de novo. Importantly, PAH PAVSMC, in contrast to control cells, demonstrated increased growth not only in serum-deprived media, but in lipid-deprived serum-deprived media (Figure 1H). Moreover, 5-tetradecyloxy-2-furoic acid (TOFA), an allosteric inhibitor of ACC, a key enzyme regulating fatty acid synthesis, significantly decreased proliferation and induced apoptosis in PAH PAVSMC (Figures 1I,J), demonstrating that lipogenesis is required for PAH PAVSMC hyper-proliferation and survival. Taken together, these data show that de novo lipid synthesis is up-regulated and required for maintaining the pro-proliferative/pro-survival phenotype of human PAH PAVSMC.
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FIGURE 1. Increased lipid synthesis is required for hyper-proliferation and survival of human PAH PAVSMC. (A–E) Early passage distal primary human PAVSMC from non-diseased (CTRL) and PAH subjects were serum-deprived for 48 hours and subjected to immunoblot analysis to detect indicated proteins. n = 5 (CTRL), n = 7 (PAH for P-ACLY, ACLY, see Supplementary Figure 1A for additional immunoblots used for statistical analysis) or n = 5 (PAH for ACC, FASN, CPT1A). Data are means ± SE, fold to control. (F,G) Human PAH PAVSMC were incubated for 48 h in serum deprived media supplemented with regular (+ Lipids) or lipid-deprived (-Lipids) 0.1% BSA and subjected to fluorescent BODIPY 493/503 staining (green) to detect intracellular neutral lipids followed by DAPI (blue) staining to detect nuclei. Representative images with enlarged area (F) and statistical analysis (G) are shown. Bar equals 50 μm. Data are means ± SE from n = 5 subjects/group, fold to cells incubated in regular 0.1% BSA (+ Lipids) group. (H) Equal amount of human PAVSMC from five PAH and five control subjects were seeded to 6 well plates. 48 h later (day 0), media was changed to the serum-free media supplemented with regular (+ Lipids) or lipid-deprived (-Lipids) 0.1% BSA; six days later, cell count assay was performed. Data are means ± SE, n = 5 subjects/group. (I) PAH PAVSMC were treated with ACC inhibitor TOFA (20 μM) for 48 h followed by proliferation analysis (Ki-67). Data are means ± SE, percentage of Ki-67 positive cells/total number of cells, n = 5 subjects/group. (J) PAH PAVSMC were treated with ACC inhibitor TOFA (20 μM) for 48 h followed by apoptosis analysis. Data are means ± SE, percentage of TUNEL-positive cells/total number of cells, n = 5 subjects/group. *p < 0.05, **p < 0.01 by Mann–Whitney U test.




Increased Lipid Synthesis in Human PAH PAVSMC Is Glucose-Dependent

Since fatty acid uptake is not altered in PAH PAVSMC (23) and we found that PAH PAVSMC growth was maintained in lipid-deprived media, we hypothesized that glucose could be a potential source for de novo lipid synthesis in PAH. We found that intracellular lipid content in PAH PAVSMC in lipid-deprived conditions was significantly depleted by the treatment with the non-metabolizable analog of glucose 2-DG. Importantly, co-treatment with glucose metabolite pyruvate significantly attenuated 2-DG-dependent inhibition of intracellular lipid accumulation in human PAH PAVSMC (Figures 2A,B). Furthermore, 2-DG-induced inhibition of PAH PAVSMC proliferation in lipid-deprived conditions was also partially reversed by pyruvate (Figure 2C). These data demonstrate that glucose, metabolized through the glycolysis, serves as the main source for de novo lipid synthesis and supports lipid accumulation and increased proliferation of PAH PAVSMC. Confirming up-regulation of glycolysis, intracellular lactate levels were significantly higher in PAH PAVSMC compared to non-diseased cells (Figure 2D). Moreover, protein levels of key glycolytic enzymes PFKP and HKII were significantly higher in human PAH PAVSMC compared to controls (Figures 2E–G), and HIF1α over accumulation was detected in six out of seven PAVSMC from PAH patients compared to one out of five non-diseased (control) subjects (Supplementary Figure 2). This is in good agreement with previously published data demonstrating the importance of glycolysis for PH (19, 36, 37). Together, our data demonstrate that glycolysis-metabolized glucose serves as a main source for increased de novo lipid synthesis in PAH PAVSMC, supporting a pro-proliferative cell phenotype.
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FIGURE 2. Increased lipid synthesis in human PAH PAVSMC is glucose dependent. (A–C) Human PAH PAVSMC were incubated in serum deprived media supplemented with 0.1% lipid-deprived BSA in presence of 2-Deoxy-D-glucose (2-DG, 100 mM) and/or pyruvate (10 mM) or vehicle (−). Forty-eight hours later neutral lipid accumulation (A,B) was evaluated by fluorescent BODIPY 493/503 staining (green) followed by DAPI co-staining (blue) to detect nuclei and cell proliferation (Ki-67) (C) was analyzed. Representative images (A) and statistical analysis (B,C) are shown. Bar equals 50 μm. Data are means ± SE, n = 5 subjects/group, fold to vehicle-treated group (B), percentage of Ki-67 positive cells/total (C), *p < 0.05, **p < 0.01 by Kruskal–Wallis rank test with Dunn pairwise comparison post hoc test. (D) Intracellular lactate levels were measured in PAVSMC from five non-diseased and five PAH subjects. (E–G) Early passage distal primary human PAVSMC from five non-diseased (CTRL) and seven PAH subjects were serum deprived for 48 h and subjected to immunoblot analysis to detect indicated proteins. (D,F,G) Data are means ± SE, fold to control (F,G), *p < 0.05 by Mann–Whitney U test.




Akt Supports ACLY and ACC Up-Regulation in Human PAH PAVSMC

One of the key regulators of glucose and lipid metabolism is a serine/threonine kinase Akt (38–42), which stimulates glucose uptake and glycolysis (43) and promotes de novo lipid synthesis through sterol regulatory binding protein (SREBP)-dependent expression of lipogenic enzymes (43, 44). Accumulating evidence from multiple groups, including ours, demonstrate pathological role of Akt as a regulator of pulmonary vascular cell metabolism, proliferation, pulmonary vascular remodeling, and overall PH (10, 45, 46). This allowed us to hypothesize that Akt might coordinate glucose metabolism and de novo lipid synthesis supporting PAVSMC hyper-proliferation in PAH. In agreement with published studies reporting Akt activation in PAH (10, 32), we found that S473-Akt phosphorylation was significantly increased in human PAH PAVSMC (Figures 3A,B). Importantly, Akt inhibitor VIII suppressed activation of both key lipogenesis enzymes, ACLY and ACC; ACLY deactivation was detected by decrease in S455-ACLY phosphorylation (47), and ACC deactivation was detected by an increase in inhibitory S79-ACC (48) phosphorylation (Figures 3C–F and Supplementary Figures 3A,B), suggesting that Akt supports increased lipogenesis in human PAH PAVSMC. Moreover, Akt inhibitor suppressed phosphorylation of ribosomal protein S6 (Figures 3C,G), the main downstream effector of mTOR complex 1 (mTORC1), a known activator of cell growth, proliferation, and lipid biogenesis (49). In summary, these data demonstrate that de novo lipid synthesis in PAH PAVSMC is regulated by Akt.
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FIGURE 3. Akt supports ACLY and ACC up-regulation in human PAH PAVSMC. (A,B) Early passage distal human PAVSMC from five non-diseased (CTRL) and seven PAH subjects were serum deprived for 48 h and subjected to immunoblot analysis to detect indicated proteins. Immunoblots (A) and statistical analysis (B) are shown. Data are means ± SE, fold to control, *p < 0.05 by Mann–Whitney U test. (C–G) Early passage human PAH PAVSMC were treated with Akt inhibitor VIII (1, 5 μM) or vehicle (0) for 24 h followed by immunoblot analysis. Data are fold to vehicle-treated group, n = 5 subjects/group, *p < 0.05, **p < 0.01 by Kruskal–Wallis rank test with Dunn pairwise comparison post hoc test.




SIRT7 Up-Regulates Akt and Lipogenic Enzymes in Human PAH PAVSMC

Next, we aimed to identify the factor(s) regulating de novo Akt-dependent lipid synthesis in PAH. Several studies demonstrate that lysine deacetylase SIRT7 coordinates cellular metabolic balance by regulating glucose sensing/homeostasis, glycolysis, mitochondria and ribosomal biogenesis, DNA damage response, fatty acid synthesis and overall lipid metabolism (50–56). Moreover, it was recently shown that SIRT7 modulates aortic vascular smooth muscle cell proliferation in wire injury model of the femoral artery (57) and promotes cancer progression by activating Akt (56, 58) and mTORC1 effector S6K1 (59). We found that SIRT7 protein levels were significantly higher in human PAH PAVSMC compared to non-diseased PAVSMC (Figures 4A,B). Importantly, shRNA-induced depletion of SIRT7 in PAH PAVSMC significantly reduced S473 Akt phosphorylation (Figures 4C,D) and activatory phosphorylation of ACLY, and significantly increased inhibitory phosphorylation of ACC in human PAH PAVSMC (Figures 4C,E,F), suggesting that Akt-mediated lipogenesis in human PAH PAVSMC is regulated by SIRT7.
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FIGURE 4. SIRT7 regulates Akt status and lipogenic enzymes activation in human PAH PAVSMC. (A,B) Early passage distal human PAVSMC from five non-diseased (CTRL) and seven PAH subjects were serum deprived for 48 h and subjected to immunoblot analysis to detect indicated proteins. Immunoblots (A) and statistical analysis (B) are shown. Data are means ± SE, fold to control. (C–G) Human PAH PAVSMC were transfected with shRNA SIRT7 (shSIRT7), or control scramble shRNA (shCtrl) for 72 h followed by immunoblot analysis. Data represent fold to shCtrl. Data are means ± SE, n = 5 subjects/group. *p < 0.05, **p < 0.01 by Mann–Whitney U test.




SIRT7-Dependent JNK Activation Is Required for Akt and Lipogenic Enzymes Up-Regulation in Human PAH PAVSMC

Since SIRT7 does not possess kinase activity, its regulation of Akt phosphorylation status most likely is mediated by intermediate player(s) and one of the potential SIRT7 pro-survival targets is JNK (54). Indeed, we found that shSIRT7 significantly decreased phosphorylation of JNK in PAH PAVSMC (Figures 4C,G), also suggesting that SIRT7 regulates Akt and lipogenesis through JNK. Previous studies have shown that Akt activation via phosphorylation at S473 is achieved through a series of phosphorylation steps, and the initial priming phosphorylation of T450 can be regulated by JNK (60). We found a significant increase in T183/185 JNK phosphorylation in human PAH PAVSMC compared to control PAVSMC (Figures 5A,B), indicating that JNK is activated in PAH PAVSMC. JNK inhibitor HY-14761 significantly reduced both S473 and priming Thr450 Akt phosphorylation in PAH PAVSMC (Figures 5C–E). JNK inhibitor-mediated deactivation of Akt was associated with de-activation of lipogenic enzymes ACLY and ACC in human PAH PAVSMC (Figures 5C,F,G and Supplementary Figures 3C,D). These data indicate that Akt-mediated lipogenesis in human PAH PAVSMC is at least in part regulated by JNK.
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FIGURE 5. JNK regulates Akt and lipogenic enzymes in human PAH PAVSMC. (A,B) Early passage distal human PAVSMC from five non-diseased (CTRL) and seven PAH subjects were serum deprived for 48 h and subjected to immunoblot analysis to detect indicated proteins. Immunoblots (A) and statistical analysis (B) are shown. Data are means ± SE, fold to control, *p < 0.05 by Mann–Whitney U test. (C–G) Early passage human PAH PAVSMC were treated with JNK inhibitor HY-14761 (1, 10 μM) or vehicle (0) for 48 h followed by immunoblot analysis. Data represent fold to vehicle-treated group, n = 5 subjects/group, *p < 0.05, **p < 0.01 by Kruskal–Wallis rank test with Dunn pairwise comparison post hoc test.


In PAH, Akt activation in resident pulmonary vascular cells could be induced by excessive amounts of growth factors and pro-inflammatory mediators. To start determining pro-PH agents modulating SIRT7/JNK axis in PAVSMC, we treated non-diseased human PAVSMC with PDGF and IL-6. Interestingly, while both PGDF and IL-6 significantly increased JNK phosphorylation, only PDGF induced significant increase of SIRT7 protein levels (Supplementary Figures 4A,B), similar to those seen in human PAH PAVSMC. Together, these data suggest that SIRT7/JNK-dependent Akt activation in PAVSMC could be induced by PDGF.



Akt Supports Lipid Accumulation, Proliferation and Survival of Human PAH PAVSMC

To further clarify the role of Akt in lipid accumulation, hyper-proliferation, and survival of human PAH PAVSMC, we treated cells with Akt inhibitor VIII. Immunocytochemical analysis demonstrated that intracellular lipid accumulation in PAH PAVSMC, maintained in lipid-deprived media, was significantly downregulated by Akt inhibitor VIII (Figures 6A,B). Moreover, treatment with Akt inhibitor VIII significantly reduced proliferation and promoted apoptosis of PAH PAVSMC (Figures 6C,D), demonstrating that Akt supports increased cell proliferation, survival, and lipogenesis in PAH PAVSMC (Figure 6E). Furthermore, inhibition of Akt did not augment 2-DG-dependent inhibition of PAH PAVSMC proliferation (Supplementary Figures 5A,B), suggesting that Akt regulates PAH PAVSMC proliferation at the level of or downstream of glycolytic enzymes. Taken together, our data demonstrate that human PAH PAVSMC have up-regulated lipogenesis supported in an Akt- and glycolysis-dependent manner to sustain increased proliferation and survival, and that Akt signaling is regulated, at least in part, by SIRT7-JNK axis (Figure 6E).
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FIGURE 6. Akt supports intracellular lipid levels, proliferation and survival of human PAH PAVSMC. (A,B) Human PAH PAVSMC were incubated in serum deprived media supplemented with 0.1% lipid deprived BSA in presence of Akt inhibitor VIII (10 μM) or diluent. Forty-eight hours later neutral lipid accumulation was evaluated by fluorescent BODIPY 493/503 staining (green) followed by DAPI co-staining (blue) to detect nuclei. Representative images (A) and statistical analysis (B) are shown. Bar equals 50 μm. Data are means ± SE, fold to the diluent-treated cells, n = 5 subjects/group, *p < 0.05 by Mann–Whitney U test. (C) Human PAH PAVSMC were serum deprived in media, supplemented with regular 0.1% BSA, and were treated with 1, 5 μM (C) or 10 μM (D) Akt inhibitor VIII or vehicle (0/-) for 48 h followed by proliferation (Ki-67) (C) or apoptosis (D) analyses. Data are percentage of Ki-67- or TUNEL- positive cells/total number of cells, means ± SE, n = 5 subjects/group. *p < 0.05 Kruskal–Wallis rank test with Dunn pairwise comparison post hoc test (C) or by Mann–Whitney U test (D). (E) Schematic representation of the proposed regulation of the de novo lipid synthesis, required for increased proliferation and survival of PAVSMC in PAH.





DISCUSSION

Increased proliferation and survival of PAVSMC in small PAs are critical components of pulmonary vascular remodeling in PAH, the mechanisms of which are not completely understood. Here we report that human PAH PAVSMC have up-regulated lipogenesis, which is required to support increased cell proliferation and survival. We also show that observed de novo lipid synthesis is glucose-dependent and is regulated by Akt. We further demonstrate that SIRT7 and JNK are up-regulated in PAH PAVSMC, and support Akt activation and lipogenesis. Lastly, we show that Akt activation is required for increased lipid accumulation, cell proliferation and survival of PAH PAVSMC. Overall, although further studies are needed, our data suggest that the SIRT7/JNK-Akt-lipogenesis axis could be considered as a potential target pathway for developing novel anti-remodeling therapy for PAH.

Metabolic alterations in glucose homeostasis and glycolysis, similar to the “Warburg effect” in cancer cells, support increased PAVSMC proliferation and pulmonary vascular remodeling in PAH (9, 10, 12). Increased glucose uptake coupled with unaltered fatty acid uptake by PAH PAVSMC (23) indicates that intracellular demand in lipids in these highly proliferative cells is fulfilled by alternative internal pathways. This phenomenon is well known in cancer, since tumor cells demonstrate elevated endogenous fatty acid synthesis, supported by the increased glycolysis, to maintain hyper-proliferation (29). Glucose serves as major source supporting lipid synthesis. Glucose is converted to pyruvate through glycolysis. Pyruvate, in turn, enters mitochondria for citrate generation. Through mitochondrial carrier Slc25a1, citrate can be exported into the cytosol, wherein it is cleaved by ACLY to produce acetyl-CoA, which is processed for de novo lipogenesis by ACC and FASN (61). We demonstrate that all the key enzymes of fatty acid synthesis, ACLY, ACC, and FASN are up-regulated in human PAH PAVSMC. Moreover, we found that PAH PAVSMC maintain hyper-proliferation and glucose-dependent accumulation of intracellular lipids even in the absence of an extracellular lipid source but require activation of intracellular de novo lipid synthesis machinery. This is an important observation, confirming that lipid synthesis plays a crucial role not only in RV disfunction in PAH (62, 63) but also in smooth muscle proliferation and pulmonary vascular remodeling. It also supports previous studies suggesting that targeting lipid metabolism in PAH VSM needs to be considered for developing on anti-remodeling therapeutic options for PAH treatment (27, 28).

Besides glucose, glutamine can also contribute carbon to lipogenic acetyl-coenzyme A (acetyl-CoA) through glutamine-derived α-ketoglutarate (α-KG). Generated α-KG could be, in turn, converted into citrate via an isocitrate dehydrogenase-1 (IDH1)-dependent mitochondrial or cytosolic pathway (64, 65). In our present study, we have shown that PAH PAVSMC de novo lipogenesis depends on glucose, but whether α-KG contributes to this process remains unstudied.

Akt signaling is tightly related to the regulation of glycolysis and lipogenesis (66–68). Akt stimulates aerobic glycolysis in cancer cells, supporting continued growth and survival, mediates bioenergetic stability in epithelial cells (68), and stimulates hepatic SREBP1c and lipogenesis through mTORC1-dependent and independent pathways (69), suggesting that Akt might be involved in regulation of lipid synthesis and accumulation in PAH PAVSMC. Our data demonstrate that Akt not only supports glycolysis-driven lipogenesis in PAH PAVSMC, but also regulates proliferation and survival of PAH PAVSMC. Since Akt is a major player, coordinating multiple processes directly involved in cell survival, growth, metabolism, proliferation, migration and differentiation (70), pharmacological targeting of Akt is a highly attractive therapeutic approach for proliferative diseases such as cancer. Multiple Akt inhibitors are now in various stages of clinical development (71, 72). However, since Akt activation occurs through various mechanisms, clinical efficacies of Akt inhibitors are limited (73), and Akt targeting still remains a challenge. Thus, inhibiting Akt via modulating its upstream regulators might represent an alternative, potentially attractive strategy for therapeutic intervention.

The members of the sirtuin family of lysine deacylases are important regulators of metabolic pathways and energy homeostasis (50, 74) which are also known regulators of Akt (75). Sirtuins have been implicated in multiple metabolic diseases, including aging, cancers, cardiovascular diseases, obesity, and diabetes mellitus (50) and are considered potential targets for the therapeutic interventions (76). Unlike other sirtuins, SIRT7 demonstrates a relatively weak deacetylase activity, but is involved in regulating cellular energy metabolism homeostasis, lipid metabolism, cell migration, and was recently shown to control VSMC proliferation (50, 57, 77, 78). SIRT7 is also considered an attractive target for anti-cancer therapy (79). Despite being the least well-characterized member of the sirtuin family, accumulating evidence shows that SIRT7 acts as an Akt upstream regulator in other cell types (58, 59, 80). Here we demonstrate that SIRT7 acts as an upstream positive regulator of Akt in PAH PAVSMC and supports Akt phosphorylation in a JNK-dependent manner. We found that pharmacological inhibition of JNK significantly reduced both S473 and T450 Akt phosphorylation in PAH PAVSMC. This finding is in agreement with previous studies, demonstrating that JNK regulates Akt reactivation through T450 phosphorylation in cardiomyocyte survival after hypoxia (60).

Our study, however, has limitations. Although use of cells from PAH and non-diseased human subjects strongly suggests the translational significance of our findings, we only verified the role of SIRT7-JNK-Akt-de novo lipid synthesis in vitro, and further studies are needed to determine the role of this axis in vivo. Also, further pre-clinical studies are needed to evaluate whether the link between SIRT7-JNK and Akt-dependent de novo lipid synthesis, required for increased proliferation and survival of PAH PAVSMC, could be a potential target pathway for therapeutic intervention.

In summary, we found that human PAH PAVSMC have up-regulated lipogenesis supported in an Akt- and glycolysis-dependent manner to sustain increased cell proliferation. We also show that inhibition of the Akt-lipogenesis axis reduces proliferation and induces apoptosis of human PAH PAVSMC. In aggregate, our data provide a link between glycolysis, lipogenesis and proliferation of human PAH PAVSMC and call for further studies to determine the potential attractiveness of the SIRT7/JNK-Akt-lipogenesis axis as a target pathway for therapeutic intervention.
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Supplementary Figure 1 | (A,B) Early passage distal primary human PAVSMC from non-diseased (CTRL) and PAH subjects were serum-deprived for 48 h and subjected to immunoblot analysis to detect indicated proteins. (A) n = 5 (CTRL), n = 7 (PAH) (see Figure 1B for statistical analysis). (B) Data are means ± SE, fold to control, n = 5 subjects/group.

Supplementary Figure 2 | Early passage PAVSMC from five non-diseased (CTRL) and seven PAH subjects were serum deprived for 48 h and subjected to immunoblot analysis to detect indicated proteins. Immunoblots (A) and statistical analysis (B) are shown. (B) Data are means ± SE, fold to control.

Supplementary Figure 3 | Early passage human PAH PAVSMC were treated with Akt inhibitor VIII, JNK inhibitor HY-14761, or diluent (0) and subjected to immunoblot analysis to detect indicated proteins. Data are fold to diluent-treated group. *p < 0.05 by Kruskal–Wallis rank test with Dunn pairwise comparison post hoc test.

Supplementary Figure 4 | Early passage human control (non-diseased) PAVSMC were treated with (A) PDGF-BB (60 ng/ml) or (B) IL-6 (20 ng/ml) and appropriate vehicles for 48 h followed by immunoblot analyses of indicated proteins. Representative immunoblots and statistical analyses are shown. Data are means ± SE, n = 3 subjects/group, *p < 0.05, by Mann–Whitney U test.

Supplementary Figure 5 | Early passage human PAH PAVSMC were incubated in serum deprived media in presence of 2-Deoxy-D-glucose (2-DG) 10 mM (A) or 1 mM (B) and/or Akt inhibitor VIII (1 μM) or vehicle (−). Forty-eight hours later cell proliferation (Ki-67) was analyzed. Data are means ± SE, percentage of Ki-67-positive cells/total. *p < 0.05, **p < 0.01 by Kruskal–Wallis rank test with Dunn pairwise comparison post hoc test.
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Backgrounds: Pulmonary arterial hypertension (PAH) is characterized by progressive pulmonary vascular functional and structural changes, resulting in increased pulmonary vascular resistance and eventually right heart failure and death. Congenital Left-to-Right shunts (LTRS) is one type of congenital heart disease (CHD) and PAH associated with the congenital Left-to-Right shunt (PAH-LTRS) is a severe disease in children. However, changes in the lung microbiome and their potential impact on PAH-LTRS have not been not fully studied. We hypothesized that lung microbiota and their derived metabolites have been disturbed in children with PAH-LTRS, which might contribute to the progression and outcomes of PAH-LTRS.

Methods: In this study, 68 age- and sex-matched children of three different groups (patients with PAH-LTRS cohort, patients with LTRS but have no pathologic features of PAH cohort, and healthy reference cohort) were enrolled in the current study. Bronchoalveolar lavage fluid samples from these participants were conducted for multi-omics analysis, including 16S rRNA sequencing and metabolomic profiling. Data progressing and integration analysis were performed to identify pulmonary microbial and metabolic characteristics of PAH-LTRS in children.

Results: We found that microbial community density was not significantly altered in PAH-LTRS based on α-diversity analysis. Microbial composition analysis indicated phylum of Bacteroidetes was that less abundant while Lactobacillus, Alicycliphilus, and Parapusillimonas were significantly altered and might contribute to PAH in children with LTRS. Moreover, metabolome profiling data showed that metabolites involved in Purine metabolism, Glycerophospholipid metabolism, Galactose metabolism, and Pyrimidine metabolism were also significantly disturbed in the PAH-LTRS cohort. Correlation analysis between microbes and metabolites indicated that alterations in the microbial composition from the lung microbiota could eventually result in the disturbance in certain metabolites, and might finally contribute to the pathology of PAH-LTRS.

Conclusion: Lung microbial density was not significantly altered in patients with PAH-LTRS. Composition analysis results showed that the relative microbiome abundance was different between groups. Metabolome profiling and correlation analysis with microbiota showed that metabolome also altered in children with PAH-LTRS. This study indicated that pulmonary microbes and metabolites disturbed in PAH-LTRS could be potentially effective biomarkers and provides valuable perspectives on clinical diagnosis, treatment, and prognosis of pediatric PAH-LTRS.

Keywords: pulmonary arterial hypertension, congenital heart disease, left to right shunt, lung, microbiome, metabolome


INTRODUCTION

PAH is a multifactorial disease characterized by progressive loss and obstructive remodeling of the pulmonary arteries (1). The disease leads to elevated pulmonary vascular resistance (PVR) together with pulmonary arterial pressure (mPAP), ultimately resulting in irreversible right ventricular failure and death (2–5), and median survival in patients with PAH is only 5–7 yr (6). Although significant efforts have been made in the last decades, PAH is still incurable and needs life-long treatments (7), significantly influencing morbidity and mortality. The 6th World Symposium on pulmonary hypertension modified the definition for pulmonary hypertension as mPAP > 20 mmHg and PVR ≥ 3 Wood Units (WU) instead of only mPAP > 25-mmHg (3).

PAH is a complication widely found in patients with various congenital heart diseases (CHD) (8), including LTRS (9, 10). LTRS contributes to pulmonary vasculature remodeling and increased PVR, ultimately leading to PAH. Pediatric PAH has similar characteristics to adults but not the same in treatment and outcomes (11). Pediatric cardiovascular medicine and surgery still were the main therapeutic strategies for these patients (12). Correction is critical to preventing pulmonary vascular remodeling and progression of PAH-LTRS. If not, it might ultimately develop into Eisenmenger's syndrome, the most severe phenotype of PAH associated with CHD (13–15). For patients with end-stage PAH, lung function is severely disrupted, and difficulty in breathing. In that case, although lung transplantation was the only established treatment option (16–18), organ rejection and infection will be the most significant challenge after surgery. Early diagnosis or early treatment of LTRS or PAH-LTRS will effectively reduce the progression and mortality rate of PAH (19). Closure of cardiac defects in early childhood could effectively prevent the occurrence and progression of PAH and has a favorable outcome (20). However, not all children can be repaired timely and successfully, especially in developing countries (20). For them, they may continue to suffer from PAH their whole life. Although children with PAH-LTRS performed atrial septal defect closure at an appropriate time, most might persist immediately or initiate PAH months or years later despite the lack of any residual shunt named post-operation PAH. Postoperative PAH has the poorest prognosis, even worse than uncorrected subjects or Eisenmenger syndrome (21), significantly influencing the survival.

Although there have been notable advances in therapies for PAH, there are still considerable challenges in the cure and prognosis of the disease, specifically associated with CHD. Physical activity, pathology, and biomarkers are used for prognostic evaluation of PAH treatment in children but are far from sufficient to treat (22–25). Therefore, new treatment strategies or diagnostic biomarkers for PAH associated with CHD are urgently required in therapies or prognoses in the future. Microbiota facilitates many physiological functions by affecting host systemic immune regulation, energy homeostasis and metabolism, vitamin synthesis and degradation, and is widely considered involved in various diseases (26–30). Gut microbiota dysbiosis in patients with PAH was observed by extensive studies (31–34). Gut microbiota-derived metabolites were also involved in PAH through effects on the gut-lung axis (35, 36).

The lung is similar to the gut in immunity, epithelial barrier functions, and microbiomes. The microbiome in pulmonary is also the source of clinical variation in critical illness (37–39), despite the biomass of lung microbiota being smaller than the gut. The lung microbiome and metabolome could contribute to respiratory infections and inflammation, relating to human health and resulting in various pulmonary diseases, and could be the novel therapeutic target for the prevention and treatment or predicting clinical outcomes of human diseases (40–42). Knowledge of pulmonary microbiota and their derived metabolites have not been fully characterized in patients with PAH, especially in patients with PAH-LTRS. Lung is the local tissue where PAH occurs and severe PAH in patients with LTRS eventually results in lung transplantation without treatment (18). Therefore, it seems reasonable to assume that lung microbiome and metabolome have changed in patients with PAH-LTRS. Identification and characterization of lung-specific bacteria and metabolites in PAH-LTRS could lead to the development of targeted therapies in the future.

With the emerging role of the microbiome in disease, lung microbiota composition and function were potentially crucial for diagnosis, treatment, and improving clinical outcomes for patients with PAH-LTRS. Thus, our objective in this study was to evaluate the hypothesis that children with PAH-LTRS have a unique microbiome and metabolome profile in the lung that potentially, in turn, contribute to the pathogenesis and outcomes of PAH. Our results demonstrate that the lung microbiome was not changed globally but significantly altered in some taxa, in terms of composition at phylum and genus levels. These disturbances might contribute to the alteration of metabolites and might contribute to the pathology of PAH-LTRS.



MATERIALS AND METHODS


Patients and Bronchoalveolar Lavage Fluid Collection

Patients who underwent clinical bronchoscopy at the Fuwai Yunnan Cardiovascular Hospital (Kunming, China) were recruited in our study. The pulmonary microbial community was easily affected by multi-factors and subjects were excluded from our study if they (1) have other cardiopulmonary diseases, lung comorbidities, pulmonary infection, metabolic diseases, and other systemic diseases; (2) take any special drugs, such as antibiotics, in the 3 months before enrollment; (3) have special diets such as feeding with breast or formula; and (4) participate in other clinical studies or were unable to provide consent for care or BALF collection. Finally, a total of 68 patients were enrolled in the current research. Bronchoalveolar lavage fluid (BALF) was collected into the sterile tube according to a standardized protocol with minimum oral contamination (43). Two milliliter BALF was collected from each participant and flash-frozen in liquid nitrogen and transferred to −80°C later until further processing.



16S rRNA High-Throughput Sequencing and Data Processing

Bacterial genomic DNA was extracted from BALF samples with CTAB/SDS method according to the previously reported (44). 16S rRNA high-throughput sequencing was performed with the 16S MetaVx™ system (GENEWIZ). Total genomic DNA with ~3 ng was conducted to first step PCR to amplify 16S rRNA genes (V3–V4) as per manufacturer's instructions. Purified PCR products were processed for second step PCR to construct sequencing libraries. 16S rRNA was sequenced on the Illumina MiSeq platform, and paired-end reads were obtained. Data processing according to previously described (34). In summary, raw data was firstly performed to eliminate adaptors by Cutadapt (1.9.1), and then input into Vsearch (1.9.6) and Qiime (1.9.1) for further filtration and operational taxonomic units (OUTs) analysis. Alpha diversity indexes, including observed species, Chao1, Shannon, and PD whole tree, evaluated by Qiime, were employed to analyze the complexity of bacterial diversity, and the P-values were adjusted by the Benjamini-Hochberg correction. Unsupervised analysis methods, such as principal coordinate analyses (PCoA), could significantly detect the difference between groups. However, when the differences between the groups are not significantly different and the obvious differences existed within groups, unsupervised analysis is difficult to find and distinguish the differences between the groups. Partial least squares-discriminant analysis (PLS-DA), as the supervised method, could achieve dimensionality reduction for clustering but with full awareness of the group labels and was also performed to analyze the potential differences among different groups in our study. Online data processing tool LEfSe (http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=lefse_upload) was used to find dominant taxa in each group. Wilcoxon rank sum test was performed to evaluate taxonomic abundance in different groups. If not specified, figures were drawn by R packages.



Metabolomic Profiling by Liquid Chromatography and Mass Spectrometry and Data Processing

BALF samples used for metabolomic assay were taken from liquid nitrogen and thawed on ice, and metabolite extraction was performed using methanol and L-2-chlorobenzalanine. Metabolomic analysis of all samples was performed using the UHPLC -Q Exactive HF-X system (Thermo). The instrument was equipped with an ACQUITY UPLC HSS T3 (100 mm × 2.1 mm i.d., 1.8 μm; Waters, Milford, USA), and the column temperature was maintained at 40°C. Gradient elution of analytes was performed as previously described (45). Quality control samples are prepared by mixing equal volumes of all assay samples and are used to evaluate assay system stability. Obtained metabolism data were progressed according to previously reported (46). Briefly, Principal Component Analysis (PCA) was conducted to analyze global similarities containing quality control samples (QC). Student's t-test combined with multivariate analysis Orthogonal partial least-squares discriminate analysis (OPLS-DA) method was utilized to screen out the differential metabolites between groups (VIP > 1, p-value <0.05). Differential metabolites (DMs) were performed based on fisher's exact test and clustering of DMs according to the Pearson coefficient. Differentially enriched KEGG (Kyoto Encyclopedia of Genes and Genomes) was performed to investigate the metabolomic pathways potentially involved in the pathogenesis of PAH-LTRS pathways by integrating databases of HMDB, KEGG compound and LIPID MAPS.



Correlation Between the Lung Microbiota and the Metabolome

Pearson correlation analysis was performed to reveal the correlation between lung microbiota and the metabolites with the Cytoscape software as previously described (47). P < 0.05 was regarded as statistically significant, P < 0.01 was considered as very significant, and P < 0.001 was regarded as extremely significant. A heatmap was used to show the correlation between lung bacteria and metabolites.



Statistical Analysis

All data were shown as the mean ± standard error of mean (s.e.m.). Patient's baseline characters and F/B ratio were graphically plotted using GraphPad Prism 7 (GraphPad Software Inc. San Diego, CA, USA). One-way ANOVA was used for assessing differences among multiple groups. Differences were considered statistically significant at p < 0.05.




RESULTS


Study Populations

Six-eight anticipants, in three cohorts [21 children with PAH-LTRS cohort, 26 children with only LTRS cohort, and 21 healthy reference (REF) cohort] were recruited in our current study. The average age of these participants was 3.377 years, and the proportion of males and females was 60.3 and 39.7%, respectively. There were no significant differences in age and sex among the three groups. Baseline characteristics of anticipants are shown in Table 1.


Table 1. Characteristics of participants.
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BALF specimens were obtained from three cohorts as our study objects (n = 68) and were conducted for microbiome and metabolome profiling. Since some BLAF specimens were not sufficient for both analyses at the same time, of these 68 samples, 47 dispersed in different groups were used for 16S rRNA sequencing, while 59 were conducted for metabolomics profiling. All PAH-LTRS participants met the clinical definition of PAH, with exceeding mean PAP 20 mmHg and PVR > 3 Wood units measured by right heart catheterization.



Bacterial Diversity and Community Structure Were Not Significantly Disturbed in Children With PAH-LTRS

We firstly analyzed bacterial diversity in each cohort. A mass of operational taxonomic units (OTUs) was identified in our study (Supplementary Table 1), with common and distinct OTUs among different cohorts (Figure 1A). The number of species detected in PAH-LTRS and LTRS patients was slightly lower than that in REF but with no significant differences (PAH-LTRS vs. REF with padj = 0.43, LTRS vs. REF with padj = 0.16, and LTRS vs. PAH-LTRS with padj = 0.83) (Figure 1B). α-diversity analysis was then conducted to evaluate the richness and evenness of species diversity within each cohort. The result showed that PD whole tree index decreased in LTRS compared with REF and PAH-LTRS (padj = 0.005, 0.043, respectively). However, community diversity was not significantly altered globally among these cohorts indicated by the indexes of Chao1 (PAH-LTRS vs. REF with padj = 0.39, LTRS vs. REF with padj = 0.16 and LTRS vs. PAH-LTRS with padj = 0.86) and Shannon (PAH-LTRS vs. REF with padj = 0.39, LTRS vs. REF with padj = 0.99 and LTRS vs. PAH-LTRS with padj = 0.45) (Figure 1C). These results showed that microbiota community diversity was not significantly altered among different cohorts.
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FIGURE 1. Pulmonary bacterial community diversity in different cohorts and Principal Coordinate Analysis (PCoA) clustering. (A) Venn diagram of OUTs detected in three cohorts. (B) The number of species identified in three groups. (C) α-diversity among three cohorts measured by the Chao, Shannon and PD whole tree. Results were present as means ± s.e.m. (D) PLS-DA was conducted to compare the overall similarities in the bacterial taxonomy based on β-diversity. Each principal component represents most of the variation between samples. PAH-LTRS, patients with pulmonary arterial hypertension associated with Left-to-Right shunt (n = 15); REF, healthy reference (n = 16); LTRS, patients with Left-to-Right shunts but without PAH (n = 16).


To further assess the similarities of bacterial communities among groups, PCoA plot based on the bray-curtis distance (Supplementary Figure 1A) were performed at the OTUs levels based on β-diversity analysis. The PCoA results showed no separation of the PAH-LTRS patients from other groups, indicating that the main composition of the lung microbiome of the PAH-LTRS cohort was not significantly altered. Supervised PLS-DA was then considered to find and distinguish the possible differences in OTUs between the groups and there was discernable boundaries among different cohorts (Figure 1D). Taken together, the results demonstrated that the microbial community in patients with PAH-LTRS was not globally different from other groups.



PAH-LTRS Patients Have Distinct Lung Microbiome Composition

To determine the differences among the three cohorts, we next focused on the bacteria composition, which contributes to the microbiota ecosystem. The predominant phyla in three cohorts were Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and Fusobacteria (Figure 2A; Supplementary Table 2). Although many taxa were common among the three subjects, the relative abundance was not the same. In PAH-LTRS, Bacteroidetes (5.77 vs. 8.3% and 13.55%) and Fusobacteria (0.65 vs. 1.43% and 4.8%) were decreased, Compared with REF and LTRS groups while the Bacteroidetes was one of the most important composition contributed to gut microbial homeostasis. Furthermore, we conducted a differential analysis of the relative abundance components between different groups based on the Wilcoxon rank sum test. The proportion of Deinococcus–Thermus and Euryarchaeota were significantly increased (p = 0.002, 0.047, respectively) in PAH-LTRS compared with REF (Figure 2B, middle; Supplementary Table S2). Bacteroidetes and Fusobacteria were significantly decreased (p = 0.014, 9.12E-05, respectively) in PAH-LTRS compared with LTRS (Figure 2B, right; Supplementary Table 2).
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FIGURE 2. Taxonomic composition of the lung microbiota among three cohorts. (A) The relative frequency of top abundant taxa in each cohort at the phylum level. (B) The relative abundance analysis of top altered phylum in three pair of comparisons (means ± s.e.m.). (C) The relative frequency of top abundant taxa in each cohort at the genus level. (D) Analysis of the relative abundance of top fluctuated genera between any two different cohorts (means ± s.e.m.). Wilcoxon rank sum test, p < 0.05. PAH-LTRS, patients with pulmonary arterial hypertension associated with Left-to-Right shunt (n = 15); REF, healthy reference (n = 16); LTRS, patients with Left-to-Right shunts but without PAH (n = 16).


At genus level, the most common bacteria in three groups included Streptococcus, Pseudomonas, Haemophilus, Neisseria and Moraxella (Figure 2C; Supplementary Table 2). We found that the proportion of Haemophilus (4.56 vs. 9.69% and 6.33%) decreased, while Lactobacillus increased in PAH-LTRS compared with REF (2.71 vs. 1.22%) and LTRS (2.71 vs. 0.48%) groups. Compared with REF, among the top 20 most variable genera, Alicycliphilus (p = 0.01), Rothia (p = 0.03), Providencia (p = 0.001) and Diaphorobacter (p = 0.006) were significantly increased, while Ruminococcus_gnavus_group (p = 6.68E-05), Fusicatenibacter (p = 0.001) and Enterococcus (p = 0.02) tend to be decreased in PAH-LTRS group (Figure 2D, middle; Supplementary Table 2). Compared with LTRS group, Moraxella (p = 0.02), Porphyromonas (p = 0.003), Campylobacter (p = 0.003) and Fusicatenibacter (p = 0.002) were significantly decreased while Alicycliphilus (p = 0.004) and Lactobacillus (p = 0.039) were increased in PAH-LTRS group (Figure 2D, right; Supplementary Table 2). Taxa composition at phylum and genus levels in each sample were showed in Supplementary Figures 1B,D.

LEfSe tool was considered to analyze bacterial communities in BALF samples and to find potentially essential differential taxa. The cladogram shows that Lactobacillaceae, acteroidales_S24-7_group, and Lactobacillaceae families were the predominant taxa and potentially involved in the pathology of PAH-LTRS (Figure 3A). Furthermore, the enriched genera in the PAH-LTRS group included Lactobacillus, Alicycliphilus, Castellaniella, Propionibacterium, Providencia, Parapusillimonas and Diaphorobacter (with LDA threshold 3) (Figure 3B). Collectively, these observations suggested composition of lung microbiota had been altered in PAH-LTRS, leading to dysbiosis in the pulmonary microenvironment and the Lactobacillus genus might have an essential influence on PAH-LTRS.
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FIGURE 3. LEfSe analysis to visualize differences in bacterial taxa among different groups. (A) The phylogenetic distribution of significantly enriched bacteria in different groups were showed by the cladogram. Nodes with different color represent different microbial taxa that are significantly abundant in the groups and significantly contribute to the differences between cohorts. (B) LDA bar graphs were utilized to identify the microbiota taxa with potentially significant effects in the three groups. Linear discriminant analysis (LDA, score > 2.0) scores are shown on the x-axis and taxa with the larger LDA score, the greater effect they might have in this group. PAH-LTRS, patients with pulmonary arterial hypertension associated with Left-to-Right shunt (n = 15); REF, healthy reference (n = 16); LTRS, patients with Left-to-Right shunts but without PAH (n = 16).




The Lung Metabolome Is Altered in PAH-LTRS

Accumulating evidence shows that PAH is a systemic metabolic disease. To explore the metabolites that contribute to the pulmonary microenvironment, we then conducted a non-targeted metabolism profiling on a total of 59 BALF samples. PCA analysis containing QC samples was shown in Supplementary Figure 2A. OPLS-DA analysis between any two of three groups showed clear boundaries, despite LTRS and PAH-LTRS were not completely separated in the clustering (Figure 4A). Differential analysis was then performed between groups, and the significantly altered metabolites were selected based on the variable importance in the projection (VIP) values and p-values (VIP > 1 and p < 0.05). Under this criterion, 88, 3, and 79 metabolites were found to be disturbed in REF vs. PAH-LTRS, REF vs. LTRS, and LTRS vs. PAH-LTRS, respectively (Figures 4B,C). Detailed information on these differential metabolites is available in Supplementary Table 3.
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FIGURE 4. Differential lung metabolites between different groups. (A) OPLS-DA was used to discriminate between different groups. (B) volcano plot of the differential metabolisms for any two groups (VIP > 1, P < 0.05). (C) Venn diagram showed the altered metabolites overlap among three pair of comparisions. PAH-LTRS, patients with pulmonary arterial hypertension associated with Left-to-Right shunt (n = 19); REF, healthy reference (n = 20); LTRS, patients with Left-to-Right shunts but without PAH (n = 20).


In the comparison of PAH-LTRS and REF, the most differential metabolites were identified and clustered into 5 clusters (Supplementary Figure 2B) with different expressed tendencies (Figure 5A). The significantly altered metabolites included Pos-22909 (2-piperidone), neg_1486 (UDP-glucose), neg_15140 (Glycerophosphocholine), neg_532 (ADP-ribose), neg_3243 (Adenosine monophosphate), pos_25479 (Dimethylethanolamine), neg_3243 (Adenosine monophosphate), and pos_147 (Uridine). To further identify the biological significance associated with PAH-LTRS, we applied the Kyoto Encyclopedia of Genes and Genomes (KEGG) database to focus on the discrepant KEGG annotation with differential metabolites was firstly performed (Supplementary Figure 2C), and the significantly enriched terms (with the metabolic pathways most affected) included FoXO signaling pathway, mTOR signaling pathway, PI3K-Akt signaling pathway, Eher lipid metabolism, Choline metabolism in cancer, Galactose metabolism, Glycerophospholipid metabolism, Purine metabolism, Pyrimidine metabolism and Zeatin biosynthesis (Figure 5B). Other classical signal pathways involved in PAH, such as the cGMP-PKG signaling pathway and Insulin resistance, were also dysregulated in PAH-LTRS, although not significantly (P = 0.06, 0.08, respectively).
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FIGURE 5. Differential metabolites clustering and KEGG enrichment. (A) Differential metabolites in REF vs. PAH-LTRS were clustered into 5 clusters. These sub-clusters had different expression trend in two groups. (B) KEGG enrichment of these differential metabolites in REF vs. PAH. (C) Three differential metabolites in LTRS vs. PAH-LTRS also shown with different abundance in two groups. (D) Three differential metabolites in LTRS vs. PAH-LTRS were annotated into two pathways without significantly enrichment. EIP, Environmental Information Processing; HD, Human Diseases; M, Metabolism; OS, Organismal Systems. PAH-LTRS, patients with pulmonary arterial hypertension associated with Left-to-Right shunt (n = 19); REF, healthy reference (n = 20); LTRS, patients with Left-to-Right shunts but without PAH (n = 20).


Furthermore, there were only three differential metabolites were found in LTRS vs. PAH-LTRS, 2-piperidone, Pos-25441 (Trigonellinamide) and Pos-18930 (DL-2-Aminooctanoic acid). 2-piperidone was significantly decreased in PAH-LTRS (Figure 5C; Supplementary Figure 2D). These differential metabolites were annotated to Nicotinate and nicotinamide metabolism and bile secretion (Figure 5D). Overall, patients with PAH-LRTS exhibited a distinct metabolic signature compared with that in REF or the LRTS group. These changes in metabolites and related KEGG pathways might both contribute to the alteration of the lung microenvironment in patients with PAH-LTRS.



Microbes and Their Derived Metabolites Can Be Biomarkers for Targeted Therapy of PAH-LTRS

We next analyzed the correlation between differential metabolites and microorganisms at the genus level. We found those differential metabolites were correlated with microbes at varying degrees (Supplementary Table 4). We focused on the significant positive or negative correlations between metabolites and microbial taxa (p < 0.05). Parapusillimonas was significantly enriched in PAH-LTRS (Figure 3A) and was positively correlated with differential metabolites, such as Uridine, neg_9938 (Glycoursodeoxycholic acid) and pos_19096 (Laudanosine), while negatively with Dimethylethanolamine. Compared with REF, UDP-glucose, pos_24731 (Guanidylic acid), Adenosine monophosphate, pos_18827 (2,4-DPD), and pos_12304 (Cinnamic acid) were significantly decreased in PAH-LTRS. These decreased metabolites were positively correlated with the genera, such as Tropheryma, and negatively correlated with the genera, such as Nannocystis (Figure 6A).
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FIGURE 6. Significant correlation between lung bacteria and differential metabolites. Heatmap indicated positive (red) and negative (blue) correlations between metabolites and the microbiota at the genus level detected in REF compared with PAH-LTRS cohort (A) and LTRS compared with PAH-LTRS cohort (B). The legend shows correlation values from −1 to 1. *Represents significantly negative or positive correlations (*P < 0.05, **P < 0.01). PAH-LTRS, patients with pulmonary arterial hypertension associated with Left-to-Right shunt (n = 19); REF, healthy reference (n = 20); LTRS, patients with Left-to-Right shunts but without PAH (n = 20).


In the comparison of LTRS vs. PAH, DL-2-Aminooctanoic acid had no significant correlation with any differential bacteria, while Trigonellinamide and 2-piperidone were significantly correlated with related microbes. 2-piperidone was decreased considerably in PAH-LTRS compared with LTRS or REF (p = 0.005, 0.009, respectively), Integration analysis showed that 2-piperidone was significantly positively correlated with Moraxella, Porphyromonas, and Campylobacter, which with reduced abundance in PAH-LTRS (Figure 6B). Trigonellinamide was enriched in PAH-LTRS compared to LTRS (P = 0.001), and there was also a significant positive correlation with the genera enriched in PAH-LTRS, such as Alicycliphilus, Diaphorobacter, and Propionibacterium. Taken together, differential metabolites and their significantly correlated microbial taxa are expected to serve as diagnostic biomarkers and therapeutic targets for PAH-LTRS in children.




DISCUSSION

PAH is considered a severe disease associated with congenital Left-to-Right shunts heart disease (48, 49). Lung transplantation would be the only intervention for end-stage patients with PAH (18). Numerous studies on gut microbes in PAH, either in animal models or humans, elucidate the essential role of gut microbiota in this disease (32, 34, 35). However, there is a lack of information on the lung microbiota impact on the pathology and prognosis of PAH-LTRS. In the present work, we used multiple omics approaches to study the character of the lung microbiome, metabolome, and the correlation of them in children with PAH-LTRS.

In the current study, we found that there was no significant difference in alpha diversity among the three groups, indicating no significant differences globally in microbial communities, consistent with an earlier study of PAH in gut microbiota (34). In contrast, reduced lung microbial richness and diversity were found in other diseases (50, 51). PCoA, as the unsupervised analysis, could significantly detect the difference between groups. However, our PCoA results indicated that there was no significant clustering in Bray–Curtis distance matrices between groups. We assumed that there were individual differences among recruited participants and further studies with large cohorts size are needed to provide more evidence of global differences of lung microbes with PCoA clustering. PLS-DA, as the supervised method, could achieve clustering for different groups but with full awareness of the group labels (52–54). Composition analysis showed that there were bacterial disturbances in some taxa, despite the most common phyla and genera reported previously (39, 50) being the same among the three groups. Previous studies have shown that the Firmicutes (F) to Bacteroidetes (B) ratio (F/B), as the hallmark of gut dysbiosis (34, 35, 55), increased in the gut. F/B also tended to increase in PAH-LTRS (Supplementary Figure 1C). This ratio was mainly driven by less abundant Bacteroidetes phylum, propionate-producing bacteria and highly relevant in dysbiosis and disease (56–58). In contrast, there was no apparent change in the relative presence of Firmicutes phylum, which was consistent with previous findings in the gut (34). F/B was correlated with inflammation in gut microbiome studies, but the association of F/B with clinical significance in PAH-LTRS needs to be further addressed.

Lactobacillus, Alicycliphilus, Castellaniella, Propionibacterium, Providencia, Parapusillimonas, and Diaphorobacter genera were enriched in PAH-LTRS based on LEfSe analysis. In particular, Lactobacillus was thought to be reduced in PAH-LTRS in the gut (59). Lactobacillus in the lung was found to be significantly higher than in other groups and were the dominant taxa in PAH-LTRS. This discrepancy might result from different sub-type of PAH, tissue the microbes from, patient location, and the sampling time. The role of Lactobacillus in the lung of PAH-LTRS may be different from the gut. It might act as a beneficial bacterium as the short-term self-healing mechanism to resist PAH-LTRS development in the early stage. Further research needs to be done to explain the Lactobacillus variation in different studies and its role in PAH. Alicycliphilus phylum was considered involved in hypoxic energy metabolism involved in PAH, similar to the result of other studies concerning the lung bacteria (60), potentially as a marker of PAH-LTRS.

In the comparison of PAH-LTRS and REF, there were 88 differential metabolites disturbed. These metabolites were significantly enriched in a variety of metabolism pathways, including Galactose metabolism, Glycerophospholipid metabolism, Purine metabolism, Pyrimidine metabolism and Zeatin biosynthesis. Consistent with our result, Glycerophospholipid metabolism, Pyrimidine metabolism, and Purine metabolism were reported dysregulated in PAH (31, 61, 62). Glycerophospholipid metabolism was reported to be dysregulated in PAH by affecting lipid metabolism (63) and was close with inflammation (64), while inflammation is a prominent pathologic feature in PAH (65). However, there were only three different expressed metabolites in the PAH-LTRS cohort compared with LTRS, which exceeded our expectations. Such few differences may be due to the individual variability of the subjects and the insufficient sample size. 2-piperidone, which was significantly decreased in PAH-LTRS, was significantly positively correlated with Moraxella and Porphyromonas, which were decreased in abundance in PAH-LTRS. Porphyromonas was one of the most important genera of the phylum of Bacteroidetes and was reported involved in inflammatory diseases (66–68) and other human diseases (69, 70). Bacteroidetes might play a role in prohibiting PAH progression in patients with LTRS by Porphyromonas through related metabolites, such as 2-piperidone. 2-piperidone was reported to be disturbed in some human diseases, such as ovarian cancer (60), which indicated that it might be a biomarker for PAH-LTRS patients. Further evidence was warranted to clarify the mechanism of the significant correlation between the lung microbiota and metabolites.

However, our current study has some limitations. First, further study is required to clarify whether lung dysbiosis plays a pathophysiological role in the development of PAH-LTRS or is just secondary to pulmonary pathology resulting from the disease. If the former is true, these alterations might be helpful in investigating the underlying mechanisms of PAH-LTRS and open new avenues for therapeutic intervention. Second, further investigations consisting of larger sample sizes or samples from different centers or other geographical locations are needed in our future work. Third, BLAF samples were only collected from patients before surgery in this study, while samples from patients after surgery and collected at different time points after surgery will be more beneficial to predict or improve the clinical prognosis of PAH-LTRS. Fourth, BLAF collection was a method of invasive sampling. Instead, the upper airway method including oropharyngeal swabs and nasopharyngeal were much more convenient compared with BLAF collection (71, 72), and to what extent they can reflect the pathology of PAH-LTRS was worthy to study in the future.

In summary, our results demonstrate that bacterial composition and metabolic activity in lung were disturbed significantly in patients with PAH-LTRS. At the phylum level, Bacteroidetes was less abundant in PAH-LTRS. Lactobacillus, Alicycliphilus, Castellaniella, Propionibacterium, Providencia, Parapusillimonas, and Diaphorobacter were the predominant genus in PAH-LTRS. 2-piperidone and correlated microbes of Moraxella and Porphyromonas were significantly decreased in PAH-LTRS. Glycerophospholipid metabolism, Pyrimidine metabolism, and Purine metabolism were dysregulated in PAH-LTRS. Our study highlighted potentially unknown roles of pulmonary bacteria and metabolites in children with PAH-LTRS and might be the biomarkers providing a clue to improving the therapeutic, diagnostic, and clinical outcomes of PAH-LTRS.
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Uncontrolled accumulation of pulmonary artery smooth muscle cells (PASMCs) to the distal pulmonary arterioles (PAs) is one of the major characteristics of pulmonary hypertension (PH). Cellular senescence contributes to aging and lung diseases associated with PH and links to PH progression. However, the mechanism by which cellular senescence controls vascular remodeling in PH is not fully understood. The levels of senescence marker, p16INK4A and senescence-associated β-galactosidase (SA-β-gal) activity are higher in PA endothelial cells (ECs) isolated from idiopathic pulmonary arterial hypertension (IPAH) patients compared to those from healthy individuals. Hypoxia-induced accumulation of α-smooth muscle actin (αSMA)-positive cells to the PAs is attenuated in p16fl/fl-Cdh5(PAC)-CreERT2 (p16iΔEC) mice after tamoxifen induction. We have reported that endothelial TWIST1 mediates hypoxia-induced vascular remodeling by increasing platelet-derived growth factor (PDGFB) expression. Transcriptomic analyses of IPAH patient lungs or hypoxia-induced mouse lung ECs reveal the alteration of senescence-related gene expression and their interaction with TWIST1. Knockdown of p16INK4A attenuates the expression of PDGFB and TWIST1 in IPAH patient PAECs or hypoxia-treated mouse lungs and suppresses accumulation of αSMA–positive cells to the supplemented ECs in the gel implanted on the mouse lungs. Hypoxia-treated mouse lung EC-derived exosomes stimulate DNA synthesis and migration of PASMCs in vitro and in the gel implanted on the mouse lungs, while p16iΔEC mouse lung EC-derived exosomes inhibit the effects. These results suggest that endothelial senescence modulates TWIST1-PDGFB signaling and controls vascular remodeling in PH.

KEYWORDS
 pulmonary hypertension, hypoxia, endothelial cell, senescence, TWIST1, PDGFB


Introduction

PH is a cardiopulmonary disorder characterized by a sustained elevation of PA pressure, resulting in right-side heart failure and eventual death (1–4). Remodeling of distal PAs is a key feature of PH and involves marked accumulation of PASMCs to normally non-muscularized distal PAs, which narrows and blocks the PAs, increasing PA pressure (5, 6). ECs secrete angiocrine factors and regulate various physiological functions (7, 8). Disrupted PAEC signaling and dysfunctional secretion of angiocrine factors stimulate PASMC proliferation and accumulation to distal PAs (3, 9–11), highlighting EC dysfunction as a critical contributor to PH pathology.

Accumulation of senescent cells, the cells that irreversibly lose the ability to proliferate (12), promotes aging and exacerbates age-related pathologies (12–18), including chronic lung disease (19–21) and cancer (22–24). Although senescent cells are unable to replicate, they secrete senescence-associated secretory phenotype (SASP) factors such as inflammatory cytokines, chemokines, growth factors, and proteases (13, 18, 25–28), which allow the cells to be metabolically active. Senescent ECs play a key role in vascular aging and age-related cardiovascular and degenerative diseases (12, 13, 15), and senolytic reagents are extensively studied in the aging research (28, 29). Cellular senescence also contributes to idiopathic pulmonary fibrosis (IPF) and chronic obstructive pulmonary disease (COPD) (19–21) associated with PH (30, 31). Recently, it is reported that EC senescence is involved in PH (32, 33), however the underlying mechanism is not fully understood.

TWIST1 is a bHLH family transcription factor and contributes to chronic lung diseases associated with PH such as IPF (31, 34, 35). We have reported that TWIST1 is upregulated in IPAH patients-derived PAECs and mediates hypoxia-induced increases in right ventricular systolic pressure (RVSP) and accumulation of PASMCs to PAs (11, 36). TWIST1 contributes to age-dependent inhibition of angiogenesis and lung regeneration (37) and is involved in cellular senescence to promote tumor cell proliferation (38), suggesting that endothelial TWIST1 and senescence may contribute to vascular remodeling in PH.

Exosomes are one of the types of extracellular vesicles with size typically from 30 to 150 nm in diameter and contain various proteins, lipids, and nucleic acids (DNA, mRNA, miRNA, non-coding RNA) (39–41). Exosomes are produced by ECs and other cell types, and serve as a messenger of signals for cell-cell communications (39–43). Exosomes also remove unused or harmful molecules and proteins (39, 40, 42, 44, 45) to maintain tissue homeostasis in normal physiology and contribute to disease pathology [e.g., aging (46), cancer (45), atherosclerosis (47)]. SASP factors such as inflammatory cytokines, membrane organization and signaling proteins (48, 49) are enriched in exosomes from senescence cells (50), which constitutes part of the SASP and mediates paracrine effects on the microenvironment (45, 51, 52). It has been reported that human mesenchymal stem cell (MSC)-derived exosomes suppress PH and other lung diseases such as bronchopulmonary dysplasia (BPD), airway inflammation, and pulmonary fibrosis in animal models (53–61). We have demonstrated that exosomes collected from ECs promote angiogenesis (41). However, the role of EC-derived exosomes in PH pathology has not been well characterized.

Here we have demonstrated that EC senescence modulates TWIST1-PDGFB signaling and mediates hypoxia-induced αSMA-positive cell accumulation to PAs in the mouse lungs. Inhibition of EC senescence suppresses accumulation of αSMA-positive cells to IPAH patient lung ECs and exosomes collected from p16INK4A knocked down ECs inhibit hypoxia-induced αSMA-positive cell recruitment in the gel implanted on the mouse lungs. Understanding the mechanism by which EC senescence mediates vascular remodeling in PH will lead to the development of novel therapeutics to manage PH and exosomes derived from ECs, in which cellular senescence is modulated, could be one of the sound strategies to prevent PH.



Materials and methods


Materials

Anti-p16INK4A, -TWIST1, -PDGFB, -VE-cadherin, -SLUG, -ERG, and -αSMA antibodies were purchased from Abcam (Cambridge, MA). Anti-p21 and -Flotillin-1 antibodies were from Cell Signaling (Danvers, MA). Anti-GM130 antibody was from BD Biosciences (Franklin Lakes, NJ). Anti-CD63 antibody was from Santa Cruze Biotechnology (Dallas, TX). Phospho-gamma-H2AX (Ser139) antibody was from Thermo Fisher Scientific (Waltham, MA). β-actin antibody was from Sigma (Burlington, MA). ABT-263 was purchased from Selleckchem (Houston, TX). Human pulmonary artery smooth muscle cells (HPASMCs) were purchased from Lonza and cultured in DMEM containing 5% FBS.

De-identified human IPAH patient ECs were obtained from unused donor control lungs at time of transplantation via the Pulmonary Hypertension Breakthrough Initiative (PHBI) Network, which is funded by the Cardiovascular Medical and Education Fund (CMREF) and NIH-NHLBI. The study using these de-identified human cells has been determined and approved as Non-Human Subjects Research by the Medical College of Wisconsin Institutional Review Board (IRB PRO00029154). We obtained ECs isolated from PA (>5 mm in diameter) from females and males (5 control samples; 45.6 ± 2.6 years old, 5 IPAH samples; 34.4 ± 2.5 years old). The patient demographic information is in Table 1. These ECs were cultured in ECM medium containing 5% FBS and growth factors (VEGF, bFGF and PDGF, Science Cell, Carlsbad, CA).


TABLE 1 Sample demographics.
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Plasmid construction and gene knockdown

ON-TARGET plus human p16INK4A siRNA SMARTPool was purchased from Horizon Discovery (Lafayette, CO). As a control, siRNA with irrelevant sequences was used (36, 41). Lentiviral construct targeting human p16INK4A (p16INK4A shRNA, CCGGAGTAACCATGCCCGCATAGATCTCGAGATCTATGCGGGCATGGTTACTTTTTTG) was obtained from Sigma. As a control, plasmid with vector only was used. Generation of lentiviral vectors was accomplished by a five-plasmid transfection procedure as reported (36, 41, 62). Viral supernatants were collected starting 48 h after transfection, for four consecutive times every 12 h, pooled, and filtered through a 0.45 μm filter. Viral supernatants were then concentrated 100-fold by ultracentrifugation in a Beckman centrifuge for 1.5 h at 16,500 rpm. PAECs were incubated with viral stocks in the presence of 5 μg/ml polybrene (Sigma) and 90–100% infection was achieved 3 days later (41, 62).



Molecular biological and biochemical methods

Quantitative reverse transcription (qRT)-PCR was performed with the iScript reverse transcription and iTaq SYBR Green qPCR kit (BioRad, Hercules, CA) using the BioRad real time PCR system (BioRad). β2 microglobulin and cyclophilin controlled for overall cDNA content as a reference gene. The primers used for human β2 microglobulin, human TWIST1, mouse Twist1, and mouse cyclophilin were previously described (35, 36, 62, 63). Human p16INK4A primers, forward; GATCCAGGTGGGTAGAAGGTC, reverse; CCCCTGCAAACTTCGTCCT, human p21 primers, forward; TGTCCGTCAGAACCCATGC, reverse; AAAGTCGAAGTTCCATCGCTC, mouse p16INK4A primers, forward; CGCAGGTTCTTGGTCACTGT, reverse; TGTTCACGAAAGCCAGAGCG, mouse αSMA primers, forward; CCCAGACATCAGGGAGTAATGG, reverse; TCTATCGGATACTTCAGCGTCA, and mouse Pdgfb primers forward; CATCCGCTCCTTTGATCTT, reverse; GTGCTCGGGTCATGTTCAAGT. The protein levels of human PDGFB were measured using ELISA (R&D systems, Minneapolis, MN) and normalized by the protein levels of total cell lysate. Senescence β-galactosidase activity was measured using SA β-gal staining kit (Cell Signaling).



Mouse hypoxic exposure model in vivo

The in vivo animal study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocols were reviewed and approved by the Animal Care and Use Committee of Medical College of Wisconsin. p16fl/fl mice (B6;129S4-Cdkn2atm2.1Nesh/Mmnc, 043540-UNC, MMRRC) (64) were crossed with Cdh5(PAC)-CreERT2 mice [obtained from Dr. Ralf Adams (65)] to develop p16iΔEC mice. Eight to Ten-week old male p16iΔEC, p16fl/fl, and Cdh5(PAC)-CreERT2 mice as a control were treated with tamoxifen (125 μg/mouse, 5 days), housed in plexiglass chambers, and exposed to 8.5 ± 0.5% O2 for 3 weeks. After 3 weeks of exposure, right ventricular systolic pressure (RVSP) was measured (36); after IP injection of ketamine/xylazine, right jugular vein was exposed and a pressure transducer catheter (Millar Instruments, Houston, TX) was inserted into the jugular vein via a minimal incision. The catheter was advanced into the right ventricle and the position of the catheter was confirmed by the ventricular wave form. RVSP measurements were recorded and analyzed using a Quad Bridge Amplifier connected to a Power Lab device (AD Instruments, Colorado Springs, CO). We also measured Fulton's index; hearts and pulmonary vasculature were perfused in situ with cold 1X PBS injection into the right ventricle (RV); hearts were excised and used for Fulton's Index measurements (ratio of RV weight over left ventricle (LV) plus septal (S) weight, RV/[LV + S]) (36). Both ventricles were weighed first, then the right ventricular free wall was dissected and the remaining LV and ventricular septum was weighed. For pulmonary histological analysis, lungs were inflated by tracheotomy and perfused with 4% paraformaldehyde (PFA), excised, and fixed in 4% PFA overnight at 4°C followed by OCT embedding and cryosectioning.



Mouse EC isolation

Mouse lung ECs were isolated from tamoxifen-induced p16iΔEC or p16fl/fl mouse lungs using anti-CD31 conjugated magnetic beads (41, 66). We cut lung tissue from p16iΔEC or p16fl/fl mouse into small pieces using small scissors and treated the tissue with collagenase A (5 ml, 1 mg/ml) for 30 min at 37°C. The tissue suspension was filtered through a 40 μm cell strainer (Falcon) to remove the undigested cell clumps and separate single cells. Cells were centrifuged (1,000 rpm, 5 min) at room temperature (RT) and the pellet was resuspended into 0.5 ml RBC Lysis Buffer (sigma, 1 min, RT). The lysis reaction was stopped by adding 10 ml 10% FBS/DMEM, centrifuged (1,000 rpm, 5 min, RT), and the pellet was resuspended into 0.5 ml 4% FBS/PBS with APC anti-mouse CD31 (Biolegend, 1/100), incubated (20 min, on ice) and washed three times with 4% FBS/PBS. Cells were centrifuged (1,000 rpm, 5 min, RT) and resuspended into 0.1 ml 4% FBS/PBS with anti-APC conjugated microbeads (Miltenyl Biotec, Somerville, MA), incubated (10 min, on ice) and washed three times with 4% FBS/PBS. The cells were then resuspended in 0.5 ml 4% FBS/PBS and CD31-positive ECs were magnetically separated using MACS column (Miltenyi Biotec) according to manufacturer's instruction. To increase the purity of the magnetically separated fraction, the eluted fraction was enriched over a second new MACS column. Using this method, we obtained 5 × 105 cells/mouse and FACS analysis confirmed that more than 80% of the cells are CD31+ and VE-cadherin+ cells [not shown (41, 66)].



Fibrin gel implantation on the mouse lung

Fibrin gel was fabricated as described (35, 36, 41, 66, 67). Briefly, we added thrombin (2.5 U/ml) to the fibrinogen solution (12.5 mg/ml), mixed well, supplemented the gel with human ECs labeled with GFP using lentiviral transduction (1 × 106 cells), incubated the mixture at 37°C for 30 min until they solidified, and implanted on non-obese diabetic/severe combined immunodeficiency gamma (NSG, Jackson Laboratories, stock # 005557) mouse lungs. We also supplemented the gel with exosomes (5 μg/gel) isolated from tamoxifen-induced and hypoxia-treated p16iΔEC or p16fl/fl mouse lung ECs, incubated the mixture at 37°C for 30 min until they solidified, and implanted on p16fl/fl mouse lungs. We used NSG mice for implantation of gel supplemented with human ECs to enhance engraftment of cells in the gel. In case of implantation of gel containing exosomes isolated from p16fl/fl or p16iΔEC mouse lung ECs, we used a syngeneic mouse implantation model, in which gel was implanted on the mouse of the same genetic background (p16fl/fl). Since the syngeneic mice retain intact immune systems, we selected this model rather than the immunocompromised NSG mouse model when we don't implant human cells. It is known that the NOD genetic background eliminates hemolytic complement and reduces dendritic cell and macrophage functions to inhibit immune system. NOD mice also express a unique variant of the Sirp-alpha protein to superior human cell engraftment. To date, NSG mouse line is one of the most standard mouse lines for human cell engraftment and therefore, we have been using NSG mice for our human cell implantation (11, 36, 37, 68–70). It is important to note that diabetes in NOD mice results from an autoimmune response, in which endogenous T cells attack and destroy beta cells in the pancreas, and therefore immune-deficient NOD-scid mice that lack these T cells do not become diabetic. For gel implantation on the mouse lungs, NSG or p16fl/fl mice were mechanically ventilated and thoracotomy was performed in the fifth left intercostal space (35, 36, 41, 66, 67). After thoracotomy, a small area of the left visceral pleura (0.5 mm2) was scraped using forceps and the fabricated fibrin gel was implanted on the mouse lung surface using fibrin glue. For histological analysis, gels were fixed in 4% PFA overnight at 4°C followed by OCT embedding and cryosectioning. Fluorescent images were taken on a Nikon A1 confocal imaging system. Fluorescently labeled supplemented EC-derived vascular structures and accumulation of αSMA-positive cells in the gel were evaluated in five different areas of the gel using ImageJ software (35, 36, 41, 62, 66, 67).



Microarray data analysis

Publicly available microarray datasets from 6 IPAH patient lungs and 11 healthy adult human frozen lung tissues (NCBI GEO, GSE113439) were utilized, and differential gene expression analysis was performed by GEO2R. The total number of genes identified by the array was 33,297, with 19,919 being downregulated and 13,378 upregulated. Of these, 790 downregulated and 1,285 upregulated genes possessed adjusted p-values < 0.001 following Benjamini and Hochberg false discovery rate multiple-testing correction of p-values, resulting in a total of 2,075 significantly differentially expressed genes. The 2,075 significantly differentially expressed genes underwent Biological Processes Gene Ontology (BP GO) Term analysis through the Functional Annotation Chart tool of the Database for Annotation, Visualization, and Integrated Discovery (DAVID) software, v6.8, and total 235 BP GO term categories were identified (Supplementary Table 1). Among these total 235 GO Term categories, 113 BP GO Term categories contain genes related to SASP/senescence and classified into transcription/gene expression, protein/RNA processing, cell cycle, inflammatory/immune response, cell signaling/signal transduction, or miscellaneous groups (Supplementary Table 2). To select GO Terms linked to Senescence/SASP, we used the master list curated from the literature [SASP Atlas (71), CellAge: the Database of cell senescence Genes https://genomics.senescence.info/cells/query.php]. Although the senescence/SASP genes were originally identified using biased analysis including the antibody arrays which selectively measure the secretion of pro-inflammatory cytokines, proteases and protease inhibitors, and growth factors, a recent comprehensive proteomic analysis demonstrated that SASP is more dynamic and heterogeneous dependent on cell types and senescence inducers. Therefore, we utilized unbiased genomic and proteomic database [SASP Atlas (71), CellAge] to create the master list that includes diverse senescence/SASP and aging genes, which covers broad range of genes related to senescence/SASP, while containing genes of normal pathways such as cell division, cell adhesion indirectly related to senescence/SASP. All genes from 113 BP GO Term categories containing senescence/SASP genes were made into a network and color-coded using Ingenuity Pathway Analysis (IPA) software. These genes were linked to TWIST1 and PDGFB agnostically by adding TWIST1 and PDGFB to the network. Basically, we identified (1) the shortest interaction between TWIST1 and all genes from 113 BP GoTerms, (2) the shortest interaction between PDGFB and all genes from 113 BP GoTerms, and (3) the shortest interaction between the genes from TWIST1 network and PDGFB networks. In the resulting network, all genes that are connected to <4 nodes are removed to reduce the number of genes in the interactome. In a separate analysis, we confirmed the involvement of narrower categories of major senescence/SASP genes (e.g., pro-inflammatory cytokines, proteases and protease inhibitors, and growth factors) using a master list curated from the literature (32); The 128 major senescence/SASP genes were identified in the total number of genes identified by the array (33,297). These senescence/SASP genes were further narrowed down following Benjamini and Hochberg false adjustment and filtered to adjusted p-values of <0.05, resulting in a total of 31 significantly differentially expressed senescence/SASP genes, with 16 being significantly downregulated and 15 being significantly upregulated (Supplementary Figure 1C). Heatmaps of these senescence/SASP-related genes were generated in Excel using data from the profile graph generated by GEO2R.



RNA sequencing and analysis

ECs were isolated from male C57BL6 mouse lungs treated with normoxia or hypoxia for 3 weeks (8 week old, n = 3 per group) using anti-CD31 conjugated magnetic beads (41, 66) and isolated ECs were validated by FACS for EC markers (CD31+, VE-Cadherin+, CD45−). RNA was extracted using RNeasy mini kit (QIAGEN). Total RNA samples were submitted to the Institute for Systems Biology Molecular and Cell Core (Seattle, WA) for RNA sequencing. Library preparation was employed using the Illumina TruSeq Stranded mRNA kit. Sequencing was performed using the Illumina NextSeq500. Paired end sequencing was performed on a high output 150 cycle kit v2.5. The RNA sequencing reads were aligned to the mouse genome (mm10 reference genome). Differential gene expression analysis and Fragments Per Kilobase Million (FPKM) calculation were performed with Basepair Tech (www.basepairtech.com) using the DEseq2 pipeline. Significantly differentially expressed genes (335 upregulated and 403 downregulated) were defined as having a log2 fold change >1, and a p-adjusted value calculated by the Benjamini-Hochberg adjustment and filtered to <0.05 (Supplementary Table 3). BP GO Term analysis of significant targets was done via DAVID v 6.8 using the Functional Annotation Chart tool. Charts were filtered by BP GO Terms and sorted by p-value. The 317 BP GO term categories were identified (Supplementary Table 4). Genes related to cellular senescence or the SASP gathered from the GeneCards and CellAge database were agnostically identified in the 178 BP GO Term categories (Supplementary Table 5). The top 50 BP GO Terms were color-coded into groups relating to: transcription/gene expression, protein/RNA processing, cell cycle, inflammatory/immune response, and cell signaling/signal transduction (Supplementary Figure 3A). All genes from top 50 BP GO Term categories containing senescence and SASP genes were made into a network and color-coded using IPA software. The network mapped the shortest interactions among Twist1, Pdgfb, and the genes from top 50 BP GO Term categories related to cellular senescence and SASP. The 133 major senescence and SASP genes curated from literature (32) were identified in the total number of genes identified by the Basepair (19,068). These 133 senescence/SASP genes were further narrowed down to adjusted p-values of <0.05 following Benjamini and Hochberg false discovery rate multiple-testing correction of p-values, resulting in a total of 14 significantly differentially expressed senescence/SASP genes, with 7 being downregulated and 7 being upregulated. Heatmaps of the 7 upregulated and 7 downregulated senescence/SASP-related genes were generated by Basepair. RNAseq results are available in NCBI Geo (GSE193272).



Exosome isolation

ECs isolated from tamoxifen-induced p16iΔEC or p16fl/fl mouse lungs were plated (1 × 106 cells per 6 cm dish), cultured with media containing exosome free FBS, and conditioned media was collected after 24 h. Exosomes were isolated using Total Exosome Isolation Reagent from Cell Culture Media (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's protocol (41, 72). The exosome pellet was resuspended in 25 μl of 0.2 μm filtered PBS. Isolated exosomes were confirmed with exosome marker proteins (CD63, flotillin-1) using immunoblotting (IB). For transmission electron microscopy (TEM) to analyze the ultrastructure of the exosome, resuspended exosomes were adsorbed onto freshly ionized, 400 mesh formvar/carbon grids, washed once with distilled water, and negatively stained with 2% aqueous Uranyl acetate. Exosome preparations were viewed in a Hitachi H600 transmission electron microscope and images were recorded with a Hamamatsu ccd camera using AMT image capture software. Size and concentration distributions of exosomes were determined using nanoparticle tracking analysis (NTA; NanoSight LM10 system, Malvern instruments, Malvern, UK) (41, 72).



In vitro cell biological assay

HPASMCs (DMEM with 2% serum) were treated with exosomes isolated from tamoxifen-induced p16iΔEC or p16fl/fl mouse lung ECs with or without hypoxia treatment, and DNA synthesis of HPASMCs was analyzed by an EdU assay (36, 41, 70). HPASMC migration was analyzed using a modified transwell migration assay (41, 70). The cells that migrated toward the 0.5% serum DMEM or supplemented with exosomes (10 μg/ml) through the membrane were stained with Giemsa and counted.



Proteomics analysis

Proteomics analysis was performed by the Northwestern University Proteomics Core Facility (41) and the Mass Spectrometry Technology Access Center at McDonnell Genome Institute (MTAC@MGI) at Washington University School of Medicine. Isolated exosomes (100 μg) were briefly tip sonicated (~10 s) to break the exosome membrane and purified proteins by acetone/TCA precipitation. Then, the proteins were reduced, alkylated, and digested with trypsin according to the optimized protocol. Digested peptides were desalted on C18 columns then subjected to mass spec analysis. Data was searched against a Mus musculus database. Proteomics data analysis on three control (normoxia) and three hypoxia (3 weeks) treated C57BL6 mouse lung EC exosome replicates was performed using Scaffold 5.1.0 software. Total 438 proteins were identified in the control and hypoxia sample replicates (Supplementary Table 6). A cutoff threshold of <8 Total Spectrum Counts in at least one overall replicate was used to further narrow the list of protein of interest, resulting in 37 proteins. Among them, 10 proteins were significantly differentially expressed in the hypoxia- vs. normoxia-treated exosomes. Out of 37 proteins, 30 SASP related proteins were identified using the “SASP Atlas” (50). These 30 SASP related proteins underwent BP GO analysis via the Functional Annotation Chart feature of the DAVID v6.8 software and the 51 BP GO term categories were identified (Supplementary Table 7, red bold: significantly differentially expressed proteins). The proteomics data are available via ProteomeXchange with identifier PXD033549.



Statistical analysis

All phenotypic analysis was performed by masked observers unaware of the identity of experimental groups. Error bars (SEM) and p-values were determined from the results of three or more independent experiments. Student's t-test was used for statistical significance for two groups. For more than two groups, one-way ANOVA with a post-hoc analysis using the Bonferroni test was conducted.




Results


Senescence increases in IPAH patient PAECs in vitro

It has been reported that cellular senescence contributes to PH pathology (32, 33), however, the mechanism by which EC senescence controls PH phenotype is not fully understood. Differential expression analysis of publicly available microarray data (GSE113439) comparing 11 control and 6 IPAH patient lungs resulted in 2,075 genes with known gene names at a significance threshold of adjusted p-value < 0.001. These genes were sorted into BP GO term categories and 113 BP GO Term categories were found to contain 48 senescence/SASP related genes compiled from the GeneCards database (Supplementary Table 2; Figure 1A; Supplementary Figure 1B). In the separate analysis, 128 major senescence/SASP genes selectively related to pro-inflammatory cytokines, proteases and protease inhibitors, and growth factors curated from literature (32) were identified in the total number of genes (33,297). These senescence/SASP genes were further narrowed down following Benjamini and Hochberg false adjustment and filtered to adjusted p-values of <0.05, resulting in 16 downregulated and 15 upregulated genes identified (Supplementary Figure 1C). Gene network analysis of microarray dataset using IPA software reveals that genes from 113 BP GO Term categories containing cellular senescence/SASP genes of normal vs. IPAH patient lungs, which is classified into transcription/gene expression, protein/RNA processing, cell cycle, inflammatory/immune response, cell signaling/signal transduction, or miscellaneous groups, directly or indirectly interacted with TWIST1 (Supplementary Figure 1A). Endothelial TWIST1 mediates hypoxia-induced vascular remodeling by increasing PDGFB expression (11). Although the direct link between TWIST1 and PDGFB was not identified, significantly differentially expressed genes of healthy vs. IPAH patient lungs that interacted with TWIST1 also interacted with PDGFB (Supplementary Figure 1A).
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FIGURE 1
 EC senescence increases in IPAH patient lung ECs. (A) List of top 35 BP GO term categories derived from significantly differentially expressed genes related to cellular senescence and SASP in control vs. IPAH patient lungs. (B) Graphs showing the mRNA levels of p16INK4A (top) and p21 (bottom) in PAECs from IPAH patients or healthy individuals (n = 5, *p < 0.05). Error bars represent SEM. (C) Micrographs of PAECs from IPAH patients or healthy individuals showing SAβGal activity (left). Immunofluorescence (IF) micrographs of p16INK4A expression and DAPI (2nd), p21 expression and DAPI (3rd), and the levels of phospho-gamma H2AX and DAPI (right). Scale bar, 20 μm. Graphs showing the number of SAβGal-positive cells and integrated fluorescent density of p16INK4A, p21, and phospho-gamma H2AX (n = 6, *p < 0.05). Error bars represent SEM.


Consistent with microarray data, the mRNA levels of major senescence markers p16INK4A and p21 were 1.8- and 1.5- times higher, respectively, in IPAH patient-derived PAECs compared to those in control healthy PAECs (Figure 1B). Immunocytochemical (ICC) and immunoblotting (IB) data confirmed that the expression of p16INK4A and p21 is upregulated in the PAECs of IPAH patients (Figure 1C; Supplementary Figure 2A). SA β-Gal activity and an early induction of cellular senescence with accumulated DNA damage detected by phospho gamma H2AX staining and IB were also upregulated in IPAH patient-derived PAECs (Figure 1C; Supplementary Figure 2A), suggesting that EC senescence increases in PH.



Knockdown of endothelial p16INK4A attenuates hypoxia-induced vascular remodeling in the mouse lung

Cellular senescence is upregulated in the IPAH patient PAECs (Figure 1). We next examined whether p16INK4A knockdown in ECs attenuates SMC accumulation to the distal PAs (10–100 μm in diameter) in a hypoxia-induced mouse PH model. Consistent with IPAH patient PAECs, when we exposed control p16fl/fl mice (8–10 week old) to hypoxia (8.5% O2) for 3 weeks, p16INK4A mRNA levels increased by 2.1-times in mouse lung ECs compared to that treated with normoxia (Figure 2E). Hypoxia-treated p16fl/fl mice exhibited accumulation of αSMA-positive cells to distal PAs (Figures 2A,B), upregulated αSMA mRNA expression (Figure 2F), increased right ventricular hypertrophy evaluated by a Fulton's index (36) (Figure 2C), and raised RVSP (Figure 2D) compared with those treated with normoxia. These effects were attenuated in tamoxifen-induced p16iΔEC mice (Figures 2A–D,F), in which p16INK4A expression was 52% lower in lung ECs (Figure 2E). To examine the effects of Cre gene, we also treated tamoxifen-induced Cdh5(PAC)-CreERT2 control mice with hypoxia and examined the effects on accumulation of αSMA-positive cells to distal PAs, right ventricular hypertrophy, and RVSP. Hypoxia stimulated accumulation of αSMA-positive cells to distal PAs and increased Fulton's index and RVSP in Cdh5(PAC)-CreERT2 mice, suggesting that inhibition of αSMA-positive cell accumulation, right ventricular hypertrophy, and RVSP in p16iΔEC mice is not because of the effects of Cre gene (Supplementary Figures 2B–E). We and others have reported that hypoxia induces vascular remodeling by increasing PDGFB expression (11, 73). Hypoxia-induced increases in PDGFB expression were suppressed in p16iΔEC mouse lungs when analyzed using IHC (Figures 2A,B) and qRT-PCR (Figure 2F), indicating that EC senescence increases PDGFB expression and mediates the hypoxia-induced pathological accumulation of αSMA–positive cells to distal PAs.
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FIGURE 2
 Endothelial p16INK4A mediates hypoxia-induced vascular remodeling in pulmonary arterioles in the mouse lung. (A) IF images of representative pulmonary arterioles in the lungs of tamoxifen-induced p16fl/fl or p16iΔEC mice treated with normoxia or hypoxia for 3 weeks stained for αSMA, ERG, and DAPI (top) or PDGFB, ERG, and DAPI (bottom). Scale bar: 25 μm. (B) Graphs showing integrated fluorescent density of αSMA and PDGFB in tamoxifen-induced p16fl/fl or p16iΔEC mice treated with normoxia or hypoxia for 3 weeks (n = 7, mean ± SEM, *p < 0.05). (C) Graph showing Fulton's index (right ventricle/[left ventricle + septum], [RV/(LV + S)]) of tamoxifen-induced p16fl/fl or p16iΔEC mice treated with normoxia or hypoxia for 3 weeks (n = 6, mean ± SEM, *p < 0.05). (D) Graph showing right ventricular systolic pressure (RVSP) of tamoxifen-induced p16fl/fl or p16iΔEC mice treated with normoxia or hypoxia for 3 weeks (n = 5, mean ± SEM, *p < 0.05). (E) Graph showing the mRNA levels of p16INK4A in the ECs isolated from tamoxifen-induced p16fl/fl or p16iΔEC mouse lungs treated with normoxia or hypoxia for 3 weeks (n = 7–8, mean ± SEM, *p < 0.05). (F) Graphs showing the mRNA levels of αSMA and Pdgfb in the tamoxifen-induced p16fl/fl or p16iΔEC mouse lungs treated with normoxia or hypoxia for 3 weeks (n = 7–8, mean ± SEM, *p < 0.05).




Endothelial p16INK4A mediates hypoxia-induced TWIST1 expression in the mouse lung

We have reported that endothelial TWIST1 mediates hypoxia-induced vascular remodeling through PDGFB signaling (11). Network analysis of publicly available microarray data (GSE113439) of control and IPAH patient lungs revealed that the cellular senescence/SASP genes network with one another as well as with TWIST1 or PDGFB (Supplementary Figure 1A). RNAseq analysis of ECs from hypoxia (8.5% O2, 3 weeks)—or normoxia-treated mouse lungs also revealed that a total of 19,068 genes were altered. This list was filtered for genes with a >2-fold change and an adjusted p-value < 0.01, which narrowed the list to 738 genes (335 upregulated and 403 downregulated) that were significantly differentially expressed (Supplementary Table 3, GSE193272) and 317 BP GO Terms categories were generated (Supplementary Table 4). Of these GO Term categories, 178 categories were identified as categories with senescence/SASP-related genes appeared on a master list comprised of GeneCards and relating to transcription/gene expression, protein/RNA processing, cell cycle, inflammatory/immune response, and cell signaling/signal transduction (Supplementary Table 5; Supplementary Figure 3A). IPA network analysis demonstrated that genes from top 50 BP GO Term categories relating to cellular senescence/SASP interact closely with Twist1 and Pdgfb (Figure 3A). We have reported that (1) TWIST1 overexpression increases the expression of PDGFB in human pulmonary arterial endothelial (HPAE) cells, (2) Twist1 knockdown suppresses hypoxia-induced upregulation of PDGFB expression and accumulation of αSMA–positive cells in the mouse lungs, and (3) IPAH patient-derived PAE cells stimulate accumulation of αSMA–positive cells through endothelial TWIST1-PDGFB signaling (11). Therefore, we next examined whether EC senescence controls TWIST1 expression in the hypoxia-treated mouse lungs. The levels of TWIST1 were 1.8-times higher in the hypoxia-treated p16fl/fl mouse lungs, while the levels were not significantly altered in the tamoxifen-induced p16iΔEC mouse lungs (Figure 3B). Consistently, the mRNA levels of Twist1 increased in hypoxia-treated p16fl/fl mouse lungs compared to those under normoxia, while the effects were suppressed in p16iΔEC mouse lungs (Figure 3C). We also confirmed the results using IPAH patient PAECs; p16INK4A knockdown using siRNA transfection decreased the levels of TWIST1 in IPAH PAECs (Figure 3D). These results suggest that EC senescence increases TWIST1 signaling and mediates hypoxia-induced vascular remodeling.
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FIGURE 3
 Endothelial p16INK4A mediates hypoxia-induced TWIST1 expression in the mouse lung. (A) Gene network demonstrating interactions between Twist1, Pdgfb, and differentially expressed genes listed in the top 50 BP GO Term categories relating to senescence/SASP in ECs isolated from mouse lungs treated with hypoxia for 3 weeks compared to those from normoxia-treated mouse lung ECs. Red: Transcription/gene expression, Gold: Protein/RNA processing, Green: Cell cycle. Blue: Inflammatory/immune response. Pink: Cell signaling/signal transduction, Gray: Miscellaneous. (B) IF images of representative pulmonary arterioles in the lungs of tamoxifen-induced p16fl/fl or p16iΔEC mice treated with normoxia or hypoxia for 3 weeks stained for TWIST1, ERG, and DAPI. Scale bar: 25 μm. Graph showing integrated fluorescent density of TWIST1 in tamoxifen-induced p16fl/fl or p16iΔEC mouse lungs treated with normoxia or hypoxia for 3 weeks (n = 7, mean ± SEM, *p < 0.05). (C) Graph showing the mRNA levels of Twist1 in tamoxifen-induced p16fl/fl or p16iΔEC mouse lungs treated with normoxia or hypoxia for 3 weeks (n = 5–9, mean ± SEM, *p < 0.05). (D) Graph showing the mRNA levels of p16INK4A in PAECs treated with p16INK4A siRNA or scrambled control siRNA (left, n = 4–5, mean ± SEM, *p < 0.05). Graph showing the mRNA levels of TWIST1 in IPAH PAECs treated with p16INK4A siRNA or scrambled control siRNA (right, n = 4, mean ± SEM, *p < 0.05).




Inhibition of EC senescence suppresses accumulation of αSMA-positive cells to IPAH ECs in the gel implanted on the mouse lungs

To further examine the effects of EC senescence on vascular structures and PASMC accumulation in the mouse lungs, we implanted fibrin gel mixed with IPAH patient ECs or in combination with modulation EC senescence on the lung surface of living mice (35, 36, 41, 66, 67). When we implanted fibrin gel supplemented with PAECs from IPAH patients or healthy individuals on the immunocompromised NOD scid gamma (NSG) mouse lung (8–10 week old) for 7 days (35, 36, 41, 66, 67), GFP-labeled healthy ECs supplemented in the gel formed a well-developed vascular structure in the gel (Figure 4A). Supplementation of IPAH patient-derived PAECs reduced blood vessel formation, increased PDGFB expression, and induced recruitment of αSMA-positive cells from host mouse lungs to accumulate in the gel compared to that in the gel supplemented with healthy ECs (Figure 4A); the levels of αSMA and PDGFB were 1.8- and 1.5-times higher in the gel mixed with IPAH PAECs, while p16INK4A knockdown using lentivirus expressing p16INK4A shRNA or treatment the gel with a senolytic reagent, ABT-263 (1 μg/gel) inhibited accumulation of αSMA-positive cells and PDGFB expression in the gel (Figure 4A).
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FIGURE 4
 Inhibition of EC senescence suppresses accumulation of αSMA-positive cells and PDGFB expression in the gel implanted on the mouse lung. (A) IF micrographs of fibrin gel supplemented with GFP-labeled healthy or IPAH patient ECs or in combination with treatment with p16INK4 shRNA or ABT-263 and implanted on the NSG mouse lungs for 7 days; GFP-labeled blood vessels and αSMA expression (top) and GFP-labeled blood vessels and PDGFB expression (bottom) in the fibrin gel. Scale bar, 50 μm. Graphs showing integrated fluorescent density of αSMA (left) and PDGFB (2nd, n = 6, mean ± SEM, *p < 0.05), vessel width (3rd, n = 6, mean ± SEM, *p < 0.05), and branching number (right, n = 5, mean ± SEM, *p < 0.05). (B) Graph showing the protein levels of PDGFB measured by ELISA in healthy or IPAH patient PAECs or in combination with treatment with p16INK4 siRNA or scrambled control siRNA (n = 5, mean ± SEM, *p < 0.05). (C) Graph showing the protein levels of PDGFB measured by ELISA in healthy or IPAH patient PAECs or in combination with treatment with ABT-263 (250 nM, n = 5, mean ± SEM, *p < 0.05).


We also examined the effects of inhibition of EC senescence on PDGFB expression in IPAH patient PAECs. Consistent with the results of hypoxia-treated p16iΔEC mouse lungs (Figures 2A,B,F), the PDGFB protein levels were significantly higher in IPAH PAECs compared to those in healthy human PAECs when analyzed using ELISA (Figures 4B,C), while the effects were suppressed when p16INK4A was knocked down in IPAH PAECs using siRNA transfection compared to those treated with scrambled control siRNA (Figure 4B) or IPAH PAECs were treated with ABT-263 (250 nM, Figure 4C). These results suggest that EC senescence increases PDGFB expression and mediates αSMA-positive cell accumulation to IPAH PAECs.



Exosomes from hypoxia-treated mouse lung ECs stimulate SMC recruitment in the fibrin gel implanted on the mouse lungs

It has been reported that human MSC-derived exosomes suppress various lung diseases including PH in animal models (53–61). However, the role of EC exosomes in PH pathology and the involvement of EC senescence have not been studied before. When exosomes were isolated from pre-filtered (0.2 μm) conditioned media of ECs (1 × 106 cells) isolated from tamoxifen-induced p16fl/fl or p16iΔEC mouse lungs treated with hypoxia (41, 72, 74, 75), the isolated exosome population was positive for exosome markers (CD63, Flotillin-1) and negative for the cellular marker GM130 when analyzed using IB (Figure 5A). NTA revealed that isolated EC exosomes were heterogeneous in diameter with 90–130 nm (Figure 5B). TEM images exhibited the typical round vesicular like morphology with ~50–100 nm in size (Figure 5C).
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FIGURE 5
 Exosomes from hypoxia-treated mouse lung ECs stimulate recruitment of αSMA-positive cells in the fibrin gel implanted on the mouse lungs. (A) IB analysis of CD63, Flotillin-1, and GM130 in exosomes collected from conditioned media of ECs isolated from tamoxifen-induced p16fl/fl or p16iΔEC mouse lungs treated with normoxia or hypoxia for 3 weeks. (B) Size distribution and particle concentration of isolated exosomes analyzed using NTA. (C) TEM image of exosome morphology. Scale bar: 150 nm. Arrows indicate exosomes. (D) List of top 20 BP GO terms of proteins differentially enriched in exosomes isolated from conditioned media of mouse lung ECs isolated from C57BL6 mouse lungs treated with normoxia or hypoxia for 3 weeks. (E) Graph showing EdU-positive PASMCs treated with exosomes (10 μg/ml) collected from conditioned media of ECs isolated from tamoxifen-induced p16fl/fl or p16iΔEC mouse lungs treated with normoxia or hypoxia for 3 weeks (n = 3, mean ± SEM, *p < 0.05). (F) Graph showing PASMCs migrating toward medium containing exosomes (10 μg/ml) collected from conditioned media of ECs isolated from tamoxifen-induced p16fl/fl or p16iΔEC mouse lungs treated with normoxia or hypoxia for 3 weeks (left, n = 6, mean ± SEM, *p < 0.05). Representative micrographs showing PASMCs migrating toward medium containing exosomes (10 μg/ml) collected from conditioned media of ECs isolated from tamoxifen-induced p16fl/fl or p16iΔEC mouse lungs treated with normoxia or hypoxia for 3 weeks (right, Wright Giemsa staining). Scale bar, 50 μm. (G) IF micrographs of αSMA expression and DAPI in the fibrin gel supplemented with exosomes collected from conditioned media of ECs isolated from tamoxifen-induced p16fl/fl or p16iΔEC mouse lungs treated with normoxia or hypoxia for 3 weeks and implanted on the p16fl/fl mouse lung for 7 days. Scale bar, 50 μm. Graph showing integrated fluorescent density of αSMA (n = 6, mean ± SEM, *p < 0.05).


Proteomics analysis of exosomes isolated from conditioned media of three normoxia- vs. three hypoxia-treated mouse lung EC replicates identified 438 proteins present in the control and hypoxia sample replicates (Supplementary Table 6). Proteins with total spectrum count of ≥8 identified 37 proteins, 10 of which were significantly differentially expressed in hypoxia- vs. normoxia-treated exosomes. Out of these 37 proteins, 30 proteins were identified as SASP related proteins based on the “SASP Atlas” (50). These 30 proteins underwent BP GO analysis via the Functional Annotation Chart feature of the DAVID v6.8 software and 51 total BP GO term categories were identified (Supplementary Table 7). The top 20 BP GO Term categories derived from the 30 SASP-related proteins were classified as cell differentiation, tissue development, cell signaling/signal transduction, and extracellular matrix (ECM)/cellular junction assembly, which contribute to vascular remodeling and cell-cell communications (Figure 5D). When we treated PASMCs with exosomes collected from hypoxia-treated p16fl/fl mouse lung ECs, PASMC DNA synthesis and migration were induced by 1.7- and 1.6-times, respectively, compared to those treated with normoxia-treated p16fl/fl mouse lung EC-derived exosomes when analyzed using an EdU assay and a transwell migration assay, respectively (Figures 5E,F). However, these effects were suppressed when PASMCs were treated with exosomes derived from hypoxia-treated p16iΔEC mouse lung ECs (Figures 5E,F).

To confirm the effects of hypoxia-treated mouse lung EC-derived exosomes on PASMC behaviors in the lungs, we implanted fibrin gel supplemented with exosomes (5 μg/gel) isolated from conditioned media of normoxia- or hypoxia-treated p16fl/fl or p16iΔEC mouse lung ECs. Recruitment of αSMA-positive cells from the host mouse lungs was significantly stimulated in the gel containing hypoxia-treated p16fl/fl mouse lung EC-derived exosomes compared to that supplemented with exosomes from normoxia-treated p16fl/fl mouse lung ECs (Figure 5G). Exosomes isolated from conditioned media of hypoxia-treated p16iΔEC mouse lung ECs suppressed recruitment of host mouse lung αSMA-positive cells in the gel (Figure 5G), suggesting that senescence-related factors in the hypoxia-treated mouse lung EC-derived exosomes are required for SMC recruitment in the implanted gel.




Discussion

Here, we have demonstrated that endothelial senescence mediates PH pathology. The levels of senescence markers are higher in IPAH patient PAECs compared to those from healthy individuals. Hypoxia-induced accumulation of αSMA-positive cells to the PAs is attenuated in tamoxifen-induced p16iΔEC mice. The levels of PDGFB and TWIST1 increase in hypoxia-treated mouse lungs or IPAH patient PAECs, while the effects are attenuated by knocking down p16INK4A in ECs or treating ECs with senolytic reagent. Exosomes collected from hypoxia-treated mouse lung ECs stimulate SMC DNA synthesis and migration in vitro and recruitment of αSMA-positive cells in the gel implanted on the mouse lungs, while exosomes from p16INK4A knocked down ECs inhibit the effects. These results suggest that EC senescence stimulates TWIST1-PDGFB signaling and mediates PH pathology. Modulation of EC senescence could be an effective strategy to manage PH.

Our microarray analysis of control vs. IPAH lungs suggests that among significantly differentially expressed 2075 genes (p adj value < 0.001) applied for the BP GO analysis regardless the ranking order, 48 genes were categorized as SASP/senescence-related genes curated from unbiased genomic and proteomic database [SASP Atlas (71), CellAge] (Supplementary Figure 1B). In a separate analysis, we confirmed the involvement of narrower categories of major senescence/SASP genes (e.g., pro-inflammatory cytokines, proteases and protease inhibitors, and growth factors) using a master list curated from the literature (32); 16 downregulated and 15 upregulated significantly differentially expressed senescence/SASP genes were identified (Supplementary Figure 1C). These transcriptome data suggest that senescence/SASP are directly or indirectly involved in the PH pathology.

In the microarray data, while PDGFB was significantly differentially expressed between control vs. IPAH lungs (adjusted p-value, 0.0019), TWIST1 was not (adjusted p-value, 0.485). We were not able to identify the direct link between TWIST1 and PDGFB in our microarray and RNAseq analyses, however the IPA network indicates that TWIST1 and PDGFB link indirectly through interaction between senescence/SASP genes (Figure 3A; Supplementary Figure 1A). Since TWIST1 phosphorylation is necessary for its nuclear translocation, transcriptional activity, and gene interaction (35, 36), even TWIST1 expression levels were not significantly changed, TWIST1-PDGFB may contribute the PH phenotype. In fact, (1) TWIST1 overexpression increases the expression of PDGFB in HPAE cells, (2) Twist1 knockdown suppresses hypoxia-induced upregulation of PDGFB expression and accumulation of αSMA–positive cells, and (3) IPAH patient-derived PAECs stimulate accumulation of αSMA–positive cells through endothelial TWIST1-PDGFB signaling (11). In addition, (4) PDGFB promoter region has putative TWIST1 binding site, (5) p16INK4A knockdown decreased TWIST1 and PDGFB expression in a hypoxia-induced pulmonary hypertension model and IPAH patient cells (Figures 2–4), (6) significantly differentially expressed genes of healthy vs. IPAH patient lungs that interacted with TWIST1 also interacted with PDGFB (Supplementary Figure 1A). Therefore, although there is no direct link between TWIST1 and PDGFB in the IPA interactome of senescence/SASP related genes, endothelial senescence may control vascular remodeling in PH through TWIST1-PDGFB signaling, and we focused on this signaling in this study. Post-translational modification of TWIST1 or cell type-specific expression of TWIST1 may contribute to the direct interaction between TWIST1 and PDGFB, which is undetectable in the IPA network. Although p16INK4A is a major senescence marker and our results reveal that (1) the levels of p16INK4A are higher in IPAH patient PAECs (Figure 1), (2) knockdown of p16INK4A in ECs prevents hypoxia-induced accumulation of αSMA-positive cells and increases in RVSP (Figure 2), and (3) knockdown of p16INK4A in ECs also decreases TWIST1 and PDGFB expression under hypoxia (Figures 2, 3), p16INK4A was not significantly differentially expressed in ECs isolated from hypoxia-treated mouse lungs in our bulk RNAseq analysis. This may be because of the spatiotemporal changes in the expression of p16INK4A during PH pathology or differential expression of p16INK4A in specific EC subpopulations. Given that there is a spatial and temporal heterogeneity in pulmonary ECs (76), the susceptibility and the level of senescence in response to hypoxia as well as SASP gene profiles (77) may be different among subpopulations of ECs, which directs spatiotemporal differences in vascular remodeling in PH. While the SASP reinforces the senescence through autocrine positive-feedback loop and induces neighbor cells to undergo senescence through paracrine signaling, paracrine signaling of the SASP also promotes proliferation and migration of neighbor cells (27, 77, 78). These functional complexities of senescent ECs drive an endothelial heterogeneity in PH pathology. Further investigation using scRNAseq analysis may elucidate the mechanism.

Our results suggest that EC senescence stimulates TWIST1-PDGFB signaling and mediates PH pathology; knockdown of endothelial p16INK4A inhibits hypoxia-induced accumulation of PASMCs, RV hypertrophy, and expression of TWIST1 and PDGFB in the mouse lungs (Figures 2, 3). Although hypoxia-induced accumulation of PASMCs to PAs was inhibited in p16iΔEC mouse lungs, the hypoxia-induced PH phenotype was further accelerated in p16-3MR mice (not shown), in which other types of p16INK4A+ senescent cells are also eliminated upon treatment with ganciclovir (GCV) (79); while inhibition of EC senescence in p16iΔEC mice suppresses PASMC accumulation to PAs, PASMC senescence may also be inhibited in p16-3MR mice, which stimulates proliferation and migration of PASMCs to accumulate to PAs. It is important to note that treatment the gel with the senolytics ABT-263 suppressed both vascular network formation and PASMC accumulation to PAs in the gel (Figure 4A). This inconsistency may be because of the differences in the experimental condition (e.g., senolytics vs. gene knockdown, treatment timeline, and sensitivity of the senolytics to different cell types). The senolytic effects of ABT-263 on other recruited cells, which inhibits SASP factor secretion to inhibit not only SMC accumulation but also EC angiogenic activity to suppress vascular network formation in the gel. In addition to SMCs, EC senescence and subsequent stimulation of secretion of PDGFB and SASP factors may also alter behaviors of other αSMA-positive cells (e.g., pericytes and myofibroblasts) and other lung cells (e.g., epithelial cells and immune cells) (80) to indirectly change vascular structures and αSMA-positive cell accumulation in the hypoxia-treated mouse lungs. Furthermore, in p16iΔEC mice p16INK4A expression is knocked down in ECs not only in the lungs but also in other organs. Suppression of EC senescence in other organs (e.g., cardiac ECs) and associated changes in the systemic metabolism may affect hypoxia-induced PH phenotype in p16iΔEC mice. Knockdown of p16INK4A in these other cell types or other organs, or PA-specific knockdown of p16INK4A will further elucidate the mechanism.

We have demonstrated that hypoxia-induced PH phenotype was attenuated in p16iΔEC mice (Figures 2, 3) and knock down of p16INK4A inhibits increases in the levels of TWIST1 in hypoxia-treated mouse lungs and IPAH patient PAECs (Figure 3). Senescence-related signaling molecules being up- or down-regulated in IPAH patient lungs and hypoxia-treated mouse lung ECs interact with TWIST1 (Figure 3; Supplementary Figure 1), which may directly or indirectly control TWIST1 expression and activity during PH progression. For example, HIF1α expression is significantly increased in IPAH patient lungs and interacts with TWIST1 (Supplementary Figure 1). Since the promoter region of TWIST1 has a HIF1α binding site [−651, −82, CACGT (81)], HIF1α may control TWIST1 transcription in PH ECs. Our IPA network analysis also reveals that HIF1α and other senescence-related genes differentially expressing in IPAH patient lungs interact with PDGFB (Supplementary Figure 1A). Since the promoter region of PDGFB also has HIF1α binding sites [−62, −486, −489, CACGT (81)] and HIF1α is known to control PDGFB expression in breast cancer cells (82), HIF1α may also directly control PDGFB expression in PAECs in PH. Recently it is reported that HIF1 mediates hypoxia-induced endothelial deficiency of iron-sulfur (Fe-S) biogenesis to induce endothelial senescence and PH phenotype (33). Thus, differential and reciprocal regulation of HIF1-3α genes is necessary for PH pathology (83). Although HIF1α controls multiple hypoxia-induced signaling pathways (81) to mediate PH pathology, HIF1α expression was not significantly differentially expressed in our RNAseq data from hypoxia-treated mouse lung ECs (3 weeks). Also while HIF3α was significantly increased in hypoxia-treated mouse lung ECs (Supplementary Figure 3B), HIF3α expression was significantly lower in IPAH patient lungs (Supplementary Figure 1C). In fact, the BP GO term categories in the microarray data of IPAH patient lungs and RNAseq data of hypoxia-treated mouse lung ECs are not identical; BP GO terms of transcription and cell cycle genes are altered more in the IPAH patient lungs, while inflammatory gene categories are changed more in the hypoxia-treated mouse lung ECs. This may be because of the differences in the sample conditions (whole lung samples vs. ECs, human vs. mouse, sample demographics, time course, contribution of factors other than hypoxia). Further investigation of the gene expression patterns and sample profiles will elucidate the mechanism.

In addition to PDGFB (11), TWIST1 is a bHLH transcription factor and controls expression of other angiogenic genes that contain an E-box in their promoter region [e.g., TGFβ2 (84), VEGFR2 (85), Tie2 (63), TGFβR2 (36)] (86), which mediates PH phenotype in a cooperative way. It is known that TWIST1 is also involved in endothelial to mesenchymal transition (EndMT) (36, 87–89). We have reported that hypoxia-treated HPAECs exhibit EndMT, which is inhibited by TWIST1 knockdown that attenuates the accumulation of PASMCs to distal PA in a mouse hypoxia-induced PH model (36). It has been demonstrated that senescent ECs show EndMT phenotype (90). Consistently, IPAH patient-derived PAECs exhibited EndMT phenotype; SLUG expression increased, while VE-cadherin-positive cell–cell junctional structures were disrupted in IPAH patient-derived PAECs compared with control healthy human PAECs when analyzed by ICC (Supplementary Figure 2F). These effects were attenuated when p16INK4A expression was knocked down using siRNA transfection (Supplementary Figure 2F). Thus, cellular senescence may contribute to PH pathology through EndMT signaling as well. Other pathways known to mediate the PH pathology [e.g., eNOS (91), High Mobility Group AT-hook 1 (HMGA1) (92), SMAD (36, 93), PGC1α/TFAM (94)] may also be involved in the mechanism. For example, mitochondrial dysfunction that stimulates cellular senescence during aging (95, 96) contributes to PH pathology (94). TWIST1 controls expression of PGC1α that stimulates mitochondrial biogenesis (97–99) and angiogenesis (98, 100, 101) to mediate age-dependent inhibition of angiogenesis and lung regeneration (37). Inhibition of TWIST1 activity also increases the expression of PGC1α in fat cells (102). PGC1α controls age-dependent mitochondrial metabolism (97) and mediates aging-related cardiovascular diseases (98, 103–105). Thus, although our results suggest that cellular senescence induces TWIST1 expression, there may be a feedback mechanism; TWIST1 may control cellular senescence as reported in mesenchymal stem cells (106) and tumor cells (107) and contribute to PH phenotype through mitochondrial signaling.

We have demonstrated that exosomes isolated from hypoxia-treated p16fl/fl mouse lung ECs induce SMC accumulation to ECs in the gel implanted on the mouse lungs, while these effects are inhibited when treated with exosomes from p16iΔEC mouse lung ECs (Figure 5). This is consistent with the data demonstrating that senolytics prevent vascular remodeling of IPAH patient ECs (Figure 4). Although senolytics are known to attenuate tissue injury, extend lifespan and delay age-related conditions (28), given the beneficial effects of senescent cells on tissue regeneration/repair (18, 28), senolytics may have harmful side effects. In fact, although senolytic ABT-263 inhibits SMC accumulation, vascular network formation was also suppressed in the gel (Figure 4A). It is known that senescent cells can mediate paracrine effects on adjacent cells (45, 51, 52) through release of exosomes that contain SASP factors and other proteins/nucleic acids regulating cellular senescence (45, 50–52, 77, 108–110). Since exosomes contain multiple proteins and nucleic acids (e.g., ECM molecules, cytoskeleton remodeling molecules), they may reduce the adverse effects of senolytics alone. Furthermore, exosomes are small in size and protected from degradation due to their lipid bilayer structure, which facilitates delivery to their target with a low immune response (39, 40, 42, 44, 45, 111, 112). In fact, MSC-derived exosomes suppress PH and various lung diseases associated with PH (e.g., BPD, airway inflammation, and pulmonary fibrosis) (53–61). Understanding the effects of EC exosomes on PH pathology, combination of senolytic reagents with EC exosomes, and appropriate therapeutic timing will lead to the development of promising strategies for the management of PH. In our results, CD63 levels were lower in exosomes isolated from hypoxia-treated mouse lung ECs or p16iΔEC mouse lung ECs (Figure 5A). This is consistent with others' reports demonstrating that the expression of CD63 is suppressed in exosomes isolated from hypoxia treated cells (113), while upregulated in the plasma exosomes collected from aged mice, in which senescence is upregulated (114). Given that CD63+ exosomes are key effectors in old exosomes (114), investigation of the role of exosome subfraction in PH pathology would further elucidate the mechanism.

We have been using a unique method to implant fibrin gel supplemented with fluorescently labeled control vs. IPAH ECs, in which gene expression is manipulated, or to implant the gel containing senolytic agent on the lung surface of a living mouse (Figure 4A) (35, 36, 41, 66, 67, 115). This method is important and significant to study vascular structures and function in the lung microenvironment, which is significantly different from the systemic vascular system (e.g., negative pleural pressure and low PA pressure) (116, 117). This method also enables us to clearly visualize the lung specific vascular structures and precisely analyze the process and mechanisms of blood vessel formation and interactions between ECs and other resident lung cells recruited from the host lung (e.g., SMCs, alveolar epithelial cells, immune cells, and fibroblasts) in the gel (35, 36, 41, 66, 67, 115), which cannot be done using the subcutaneous gel implantation. In fact, (1) recruited blood vessels are derived from PA (35); when PA is ligated, the blood vessel recruitment into the gel is significantly attenuated, and (2) the morphology of blood vessels is significantly different in the gel implanted on the lung compared to those in the gel implanted under the skin (66). The recruited host lung cells [e.g., alveolar capillaries, epithelial cells, and macrophages (35)] secrete angiogenic/growth factors, and may create lung-specific microenvironment in the gel. Further investigation using this system will enable elucidating the paracrine signaling mechanism by which senescent ECs control behaviors of SMCs in the gel in the lung-specific microenvironment by manipulating gene expression in ECs.

We have investigated the role of EC senescence in αSMA-positive cell accumulation using ECs isolated from IPAH patient PAs, the region >5 mm in diameter. We excluded the samples from >55 years old patients, which are more susceptible to cellular senescence and senescence-related lung diseases such as COPD or IPF that affect PH phenotype in different ways. However, the heterogeneity of the samples due to cardiopulmonary condition (e.g., chronic lung diseases, inflammation), obesity, sex, race, and type-2 bone morphogenetic protein receptor (BMPR2) mutations, which contribute to severity of PH phenotype (3, 118), may impact EC senescence and vascular remodeling. DNA damage inhibits BMPR2 expression and reduced BMPR2 signaling impairs DNA damage repair processes (32, 119), suggesting the involvement of reciprocal interaction of cellular senescence and BMPR2 mutant in severity of PH. While we investigated the effects of EC senescence on SMC accumulation in this study, it is also reported that EC senescence drives the transition from a reversible to irreversible pulmonary vascular phenotype at end-stage of PH progression (32). Obesity is also associated with PH (120) and cellular senescence is induced in an obese condition (121), in which angiogenesis is impaired through TWIST1 signaling (70). Further investigation in another cohort with a larger sample size including the patients with BMPR2 mutation and/or different stages will elucidate the mechanism of EC senescence in the PH pathology.

In summary, we have demonstrated that endothelial senescence increases TWIST1 and PDGFB expression and mediates PH pathology. Knockdown of p16INK4A in ECs attenuates the levels of PDGFB and TWIST1 in IPAH patient PAECs or hypoxia-treated mouse lungs and suppresses accumulation of αSMA–positive cells to PAs in the mouse lungs. These findings suggest that modulation of endothelial senescence will lead to the development of better strategy for the management of PH.
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SUPPLEMENTARY FIGURE 1
 Gene networks of TWIST1, PDGFB and senescence-related genes differentially expressed in IPAH patient lungs. (A) Network of genes from 113 GO Term categories containing cellular senescence/SASP genes and their relationship to TWIST1 and PDGFB. Red: Transcription/Gene Expression, Gold: Protein/RNA processing, Green: Cell cycle, Blue: Inflammatory/Immune Response, Pink: Cell Signaling/Signal Transduction, Gray: Miscellaneous. (B) Heatmap of the 37 upregulated and 11 downregulated cellular senescence/SASP related genes in the 113 BP GO Term categories in control vs. IPAH patient lungs. (C) Heatmap of the 15 upregulated and 16 downregulated major cellular senescence/SASP genes in control vs. IPAH patient lungs.

SUPPLEMENTARY FIGURE 2
 Cellular senescence mediates EndMT in IPAH patient derived ECs. (A) Representative IB showing the expression of p16INK4, p21, phospho gamma H2AX, and β-actin in PAECs from IPAH patients or healthy individuals. Graph showing the protein levels of p16INK4, p21, and phospho gamma H2AX in PAECs from IPAH patients or healthy individuals (n = 3, mean ± SEM, *p < 0.05). (B) IF images of representative pulmonary arterioles in the lungs of tamoxifen-induced Cdh5(PAC)-CreERT2 mice treated with normoxia or hypoxia for 3 weeks stained for αSMA, ERG, and DAPI (top) or PDGFB, ERG, and DAPI (bottom). Scale bar: 25 μm. (C) Graphs showing integrated fluorescent density of αSMA and PDGFB in tamoxifen-induced Cdh5(PAC)-CreERT2 mouse lungs treated with normoxia or hypoxia for 3 weeks (n = 6, mean ± SEM, *p < 0.05). (D) Graph showing Fulton's index (right ventricle/[left ventricle + septum], [RV/(LV + S)]) of tamoxifen-induced Cdh5(PAC)-CreERT2 mice treated with normoxia or hypoxia for 3 weeks (n = 5–6, mean ± SEM, *p < 0.05). (E) Graph showing right ventricular systolic pressure (RVSP) of tamoxifen-induced Cdh5(PAC)-CreERT2 mice treated with normoxia or hypoxia for 3 weeks (n = 5, mean ± SEM, *p < 0.05). (F) IF micrographs of VE-cadherin and SLUG expression and DAPI in healthy or IPAH patient PAECs or in combination with treatment with p16INK4 siRNA or scrambled control siRNA. Scale bar, 20 μm.

SUPPLEMENTARY FIGURE 3
 BP GO term categories of senescence-related genes differentially expressed in hypoxia-treated mouse lung ECs. (A) Top 50 BP GO Term categories of senescence-related genes derived from significantly differentially expressing genes in control vs. hypoxia-treated mouse lung ECs. The color-coding corresponds to the network color key. Red: Transcription/Gene Expression, Gold: Protein/RNA processing, Green: Cell cycle, Blue: Inflammatory/Immune Response, Pink: Cell Signaling/Signal Transduction, Gray: Miscellaneous. (B) Heatmap of the 7 upregulated and 7 downregulated cellular senescence/SASP genes in normoxia- vs. hypoxia-treated mouse lung ECs.
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COVID-19 infection primarily targets the lungs, which in severe cases progresses to cytokine storm, acute respiratory distress syndrome, multiorgan dysfunction, and shock. Survivors are now presenting evidence of cardiopulmonary sequelae such as persistent right ventricular dysfunction, chronic thrombosis, lung fibrosis, and pulmonary hypertension. This review will summarize the current knowledge on long-term cardiopulmonary sequelae of COVID-19 and provide a framework for approaching the diagnosis and management of these entities. We will also identify research priorities to address areas of uncertainty and improve the quality of care provided to these patients.
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Introduction

The post-COVID-19 syndrome (or long COVID) is defined by the persistence of symptoms with a history of probable or confirmed SARS-CoV-2 infection, usually 3 months from the onset and lasts at least 2 months in the absence of an alternative diagnosis (1). CDC defines long COVID in the context of lingering symptoms that can last greater than 4 weeks and even months in a patient who had the onset of COVID-19 infection 4 weeks prior (2). The main symptoms are fatigue, muscle weakness, dyspnea, sleep, and cognitive disturbances. The proposed hypotheses to explain these findings relate to the viral toxicity itself, systemic inflammatory response, persistent impairment of gas exchange, restrictive lung disease, perfusion abnormality due to micro and macro vascular thrombosis, chronic myocardial dysfunction, corticosteroids use, prolonged hospitalization with immobility, and post-traumatic stress syndrome (3, 4).

Even though the burden of long COVID symptoms correlates with the severity of COVID-19 acute infection (5, 6), patients with milder COVID-19 also have a substantial burden of long COVID symptoms on follow-up. In a study that compared COVID-19 patients who were hospitalized vs. home-isolated patients at 6 months, the persistence of symptoms was noted in 81 vs. 55% of patients respectively (7). In a clinical follow-up of 150 non-critically ill COVID-19 patients after 3 months, 66% of the patients reported symptoms—40% reported asthenia, 30% reported dyspnea, and 23% reported anosmia or dysgeusia (8). In a multistate telephonic survey of 274 patients who had been tested positive for COVID-19 as outpatient, 35% of the patients had not returned to their usual state of health when interviewed 2–3 weeks after being tested positive (9).

A significant economic burden on the healthcare system is expected with the increasing long COVID cases, and further studies exploring this aspect are encouraged. The full spectrum and burden of long COVID in terms of symptoms and cardiopulmonary sequelae such as pulmonary hypertension will be more apparent in the coming years. This narrative review will focus on the most prevalent cardiopulmonary sequelae reported in COVID-19 survivors. We will address the current understanding of the pathobiological mechanisms potentially involved in developing these conditions and focus on areas of uncertainties that should be prioritized in research efforts. We will also review the management strategies for these commonly encountered post-COVID-19 conditions. As the pool of patients recovering from COVID-19 continues to increase, healthcare providers will need to learn to recognize these cardiopulmonary sequelae early and develop a management plan, including focusing on rehabilitation techniques that will prevent further deterioration and improve the quality of life for these patients.



Long-term cardiovascular complications in COVID-19

Cardiovascular complications in COVID-19 infection, including myocardial injury, myocarditis, heart failure, and arrhythmias, have been well-reported during the acute phase since the pandemic’s start (10). The incidence of long-term cardiovascular complications after 30 days of COVID-19 was studied in the US database on a cohort of 153,760 veterans, and an increased risk of strokes, dysrhythmias, myocarditis, ischemic heart diseases, heart failure, cardiac arrest, pulmonary embolism, and deep vein thrombosis was observed (11). The higher risk of cardiovascular complications also extended to COVID-19 survivors who were not hospitalized in this large study (11). These findings were comparable to the results from another large retrospective cohort study (12). In another study of 587 COVID-19 patients, who were followed 1 year after discharge, 11 patients were thought to have died from complications due to COVID-19, including cardiovascular complications such as acute myocardial infarction, acute heart failure and sudden death related to malignant arrhythmia and pulmonary thromboembolism (13). Additionally, new-onset diabetes and major cardiovascular adverse events have also been reported in COVID-19 patients after hospital discharge (14). Regarding the dynamic changes in the ECG or arrhythmias observed during the acute phase of COVID-19, they tend to resolve by 6 months post-COVID-19 (15, 16). However, sinus tachycardia is prevalent in post-COVID-19 survivors (15, 17) and postural orthostatic tachycardia may be the etiology in the setting of persistent complaints of dizziness (18). The cardiovascular impact of COVID-19 infection has also been studied in autopsy studies.


Risk of myocarditis in post-COVID-19 survivors

In an extensive multicenter study screening for myocarditis in 1,597 athletes who underwent cardiac magnetic resonance (CMR) imaging, 2.3% were diagnosed with COVID-19 myocarditis—9 had clinical and 27 had subclinical myocarditis. Follow-up CMR in the 4–14 weeks demonstrated resolution of T2 elevation in all 27 athletes and late gadolinium enhancement in 11 athletes (3). In another observational cohort study following athletes, clinically indicated CMR had a higher yield of myocarditis [15 of 119 (12.6%)] vs. primary screening CMR [6 of 198 (3.0%)]. In post-COVID-19 patients with cardiac symptoms, cardiac edema (54%) and late gadolinium enhancement (31%) on CMR imaging has been reported (15). However, in a study involving 32 patients post-COVID-19 with persistent cardiovascular symptoms, only 3 (9%) met the criteria of acute myocarditis on CMR imaging, and none of those patients met criteria for myocarditis on endomyocardial biopsy (19). In a meta-analysis, the overall prevalence of myocarditis in athletes who had recovered from COVID-19 ranged from 1 to 4% (20). In a study of post-COVID-19 patients (average time since COVID-19 was 4 months) where myocarditis was diagnosed with biopsy in six patients, SARS-CoV-2 was found in four biopsies, lymphocytic myocarditis was found in five, and one patient had giant cell myocarditis (21). The presence of COVID-19 in myocardial tissue months after infection with COVID-19 explains the persistence of chronic inflammation in patients with myocarditis. In a meta-analysis of 277 post-mortem examinations, COVID-19 related histopathological changes such as macro or microvascular thrombi, inflammation, or intraluminal megakaryocytes were common; however, the true prevalence of myocarditis was likely less than 2% based on the pathological analysis. Global uniformity with the use of an autopsy checklist was suggested in reporting cardiovascular pathology findings in COVID-19 (22).

These data indicate that post-COVID-19 survivors can have lingering cardiovascular morbidities in the long-term. Increased burden of cardiovascular complications is also found in COVID-19 patients who may not be hospitalized for COVID-19. During the clinic’s follow-up visits of COVID-19 patients, the possibility of long-term cardiovascular complications should be entertained, especially in the presence of symptoms, and referred to the appropriate specialty clinic when needed. Long-term cardiovascular complications with increased risk in COVID-19 are presented in Table 1.


TABLE 1    Long-term cardiovascular complications with increased risk in COVID-19.
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Right ventricular dysfunction


Prevalence and pathogenesis of right ventricular dysfunction

Right ventricular dysfunction is a known cardiovascular complication of COVID-19 infection observed in 20–31% of cases and associated with increased mortality (23–27). Additionally, worse right ventricular function is associated with elevated troponin and worse clinical presentation (23) and impaired longitudinal strain on echocardiography (27, 28). In a meta-analysis of 1,450 patients, those with right ventricular dysfunction had twofold mortality compared to those without (48.5 vs. 24.7%) (29).

It is known that the thin-walled right ventricle is susceptible to ischemia and dysfunction in response to sudden increases in afterload or coronary occlusion, which in turn may compromise left ventricular function (30). Increased right ventricular afterload in SARS-CoV-2 infection can be secondary to pulmonary parenchymal abnormalities combined with macro- or micro pulmonary vascular disease. In this context, the extent of local tissue damage and the cytokine storm triggered by the host immune response may contribute to the severity of the disease and right ventricular dysfunction (31). Furthermore, activation of the inflammatory cells present in atherosclerotic plaques may lead to coronary plaque rupture and subsequent myocardial ischemia (32). Finally, cardiac CMR imaging findings of patients recovered from COVID-19 infection point to myocardial tissue abnormalities and impaired right ventricular function in otherwise healthy subjects, ultimately suggesting chronic cardiac disease as a consequence of SARS-CoV-2 infection (33). Potential mechanisms of right ventricular dysfunction in COVID-19 are summarized in Figure 1.
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FIGURE 1
Potential mechanisms of right ventricular dysfunction in COVID-19. RV, right ventricular; ARDS, acute respiratory distress syndrome; PE, pulmonary embolism; IL, interleukin.




Management of right ventricular dysfunction

Management of acute right ventricular dysfunction depends on treating the underlying etiology in addition to the optimization of the intravascular volume, reducing the right ventricular afterload, and enhancing ventricular contractility. Milrinone, a phosphodiesterase-3 inhibitor, enhances right ventricular contractility and reduces pulmonary vascular resistance (34) and may be used instead of dobutamine; however, it might induce hypotension and arrhythmias (35). Inhaled nitric oxide, a selective pulmonary vasodilator, may be beneficial in reducing and stabilizing the pulmonary artery systolic pressure and might reduce the risk of right ventricular failure in COVID-19 (36). Levosimendan, a calcium sensitizer with the advantages of improving the right ventricular contractility and reducing right ventricular afterload with no increase in myocardial oxygen consumption (37), may increase cardiac output and decrease mean pulmonary artery pressure, right atrial pressure, and peripheral systemic resistance in the setting of acute heart failure. Nevertheless, no randomized controlled trials support improved mortality (38–41). Finally, in the presence of severe right ventricular dysfunction, venoarterial, venovenous, venovenous-arterial, or venopulmonary-arterial extracorporeal membrane oxygenation may be required to augment the right ventricle function (42, 43).

In the setting of chronic right heart failure, long-term supplemental oxygen use is recommended for patients with resting or exercise-induced hypoxemia, aiming to reduce hypoxic vasoconstriction and avoid an increase in pulmonary vascular resistance (44). Volume overload should be treated with diuretics. In the setting of isolated right heart failure due to pulmonary embolism, while being cautious of avoiding volume depletion, low-dose diuretics may be used (45). In the setting of decreased left ventricular ejection fraction, goal-directed medical therapy should be employed (46). Whether pulmonary vasodilators can be used or not depends on the primary etiology of pulmonary hypertension, which is further discussed in the section of post-COVID-19 pulmonary hypertension.

Right ventricular dysfunction may not be fully reversible in some COVID-19 survivors, depending on the chronicity of the ischemic insult. In a canine study that involved banding of the pulmonary artery inducing right heart failure, reversibility of the right ventricle was shown to be more profound in those in which pulmonary afterload was reduced early (47). In another canine study, depressed right ventricular function due to severe pulmonary artery obstruction was restored after right coronary artery hyper perfusion (48). However, chronic hypoxia in rats has been shown to induce non-reversible right ventricular dysfunction (49). Additionally, direct or indirect injury of right ventricular myocytes and endothelial cells by SARS-CoV-2 or systemic inflammation might chronically impact right ventricular myocardial and endothelial viability resulting in right ventricular dysfunction. Also, we should point out that the development of chronic thromboembolic pulmonary hypertension (CTEPH) can be accompanied by right ventricular dysfunction (50), which is further discussed in the section of post-COVID-19 pulmonary hypertension. Further studies on the reversibility of right ventricular dysfunction in COVID-19 patients should be pursued and patients with right ventricular dysfunction will require close follow-up for signs of heart failure.




Post-COVID-19 lung fibrosis


Overview of lung function recovery post-COVID-19

A subgroup of post-COVID-19 patients will evolve with persistent chest imaging abnormalities (51) and/or reduced lung diffusion capacity (52, 53). Additionally, post-COVID-19 patients reporting persistent dyspnea, are more likely to have a restrictive pattern, lower carbon monoxide diffusion capacity, reduced functional capacity, and increased exertional desaturation (54). There findings were confirmed by a systematic review of studies assessing pulmonary function post-COVID-19, where altered carbon monoxide diffusion capacity, restrictive pattern, and obstructive pattern were observed in 39, 15, and 7% of patients, respectively, between 1 and 3 months after COVID-19 (55).

In a large study undertaken during the first wave of the COVID-19 epidemic in Wuhan, China, 1,733 of 2,469 discharged patients with COVID-19 were followed up 6 months after hospital discharge. Patients with higher severity scores were found to have lower 6-min walking distance, decreased carbon monoxide diffusion capacity on the pulmonary function test, and worse imaging findings corroborated by high computed tomography (CT) scores (56). Although the pathological characterization of postmortem lung samples from patients who died early after COVID-19 has been extensively reported (57, 58), little is known about the residual pathological changes in the lungs of patients within 2 years of survival of acute COVID-19 (11).

Taken together, these studies suggest that patients with greater severity of acute COVID-19 may have a higher risk for long-term pulmonary complications. These persisting abnormalities are attributed to diffusion impairment and structural pulmonary abnormalities such as pulmonary fibrosis (59).



Evolving pulmonary fibrotic changes in COVID-19

Pulmonary fibrosis is the consequence of aberrant wound healing, which results in a cascade of pathological changes that replaces the lung parenchyma with an extracellular matrix (60). On imaging, pulmonary fibrosis is suggested by the parenchymal bands, reticular opacities, traction bronchiectasis, and honeycombing (61). Pulmonary fibrosis is among the most feared chronic pulmonary complications of COVID-19. It can be challenging to separate the fibrotic changes from the reversible lingering opacities from COVID-19 pneumonia based on the imaging in the post-COVID-19 setting. Often encountered are the imaging findings denoting “grey areas,” which represent evolving immature fibroblastic changes in the background of the diffuse alveolar damage (DAD) remodeling over time (62). It is thus preferred to use the term post-COVID interstitial lung disease (PCILD), which covers a broader spectrum of evolving pulmonary changes seen in patients who have recovered from COVID-19 pneumonia and leaves the prospect of reversibility an open question (62, 63).

Reticular changes suggestive of fibrotic changes were found in half of COVID-19 survivors (23 out of 46) screened at 2 weeks intervals after the onset of severe COVID-19, and these changes persisted at the 4-week follow-up (64). Han et al. showed fibrotic changes in 35% of survivors of severe COVID-19 pneumonia at a 6-month follow-up chest CT (61). According to Vasarmidi et al., the rate of COVID-induced fibrosis may exceed 30% (65, 66). Wu et al. demonstrated that 24% of patients had abnormal CT images at 12 months (67). Similarly, Huang et al. found that at 2 months post-discharge, extensive fibrosis was evident on the CT imaging of 42 out of 81 (52%) patients (68).

The prevalence of PCILD disease varied across all these studies. While interpreting the results of these studies, it is essential to realize that in post-SARS-CoV-2 respiratory syndrome, CT findings suggestive of fibrosis at initial imaging may eventually improve or even resolve with further follow-up (69, 70), but several cases of progressive pulmonary fibrosis have been described in patients with COVID-19 (71–73). Based on the observational studies on SARS-CoV-1, the residual lung damage decreased by the end of the first year (74, 75); however, it persisted after that in the 15 years of follow-up (76). Given that post-COVID-19 pulmonary fibrosis can result in severe chronic hypoxic respiratory failure with significantly debilitating dyspnea, patients with irreversible PCILD after approximately a year may be potential candidates for a lung transplant. Flaifel et al. described the lung pathology of such a population of patients before the lung transplant (77). At 8–11 months after COVID-19 diagnosis, the significant changes noted were described as proliferative and fibrotic phases of DAD, diffuse type 2 pneumocyte hyperplasia, prominent interstitial capillary neo-angiogenesis, and mononuclear cells, specifically macrophages (77).



Risk factors of pulmonary fibrosis in COVID-19

Numerous risk factors have been attributed to the development of PCILD, such as the length of stay in the hospital and the ICU, the use of high-flow nasal oxygen, mechanical ventilation, and the occurrence of acute respiratory distress (66, 78). Acute respiratory distress syndrome (ARDS) is a condition well known for high rates of development of pulmonary fibrosis (79–81). Ventilator-associated lung injury, in the setting of non-adherence to protective lung strategies, can further worsen lung injury (82). Among survivors of severe COVID-19, 20% of non-mechanically ventilated and 72% of mechanically ventilated individuals had fibrotic-like radiographic abnormalities 4 months after hospitalization (83). Greater initial severity of the disease and a longer duration of mechanical ventilation were independent risk factors for the development of fibrosis-like abnormalities. Similar findings were also reported in another study that found most COVID-19 patients with pulmonary fibrosis (81%) during acute COVID-19 infection were admitted to an ICU, and 63% required mechanical ventilation (84).

Patient-related risk factors included male gender, older age, active smoking, persistent breathlessness, and alcohol abuse (68, 85–88). Men are three times more likely to develop PCILD (85). Han et al. identified age >50 years and heart rate >100 beats per minute at admission as independent predictors of fibrotic-like changes in survivors of severe COVID-19 pneumonia at a 6-month follow-up (61). Finally, cytokines such as interleukin-6 and upregulation of other growth factors such as TGF-β1, FGF, and EGF also contribute to the development of pulmonary fibrosis (89, 90). Neutrophil extracellular traps play a key role in the interplay between inflammation and thrombotic changes in the lung. They may have a role in the development of lung fibrosis (91) and therefore can be a potential therapeutic target (92).



Link between idiopathic pulmonary fibrosis and COVID-19

Gene-environment interactions and genetic susceptibility factors may play a role in the development of PCILD. Fadista et al. found a genetic correlation between idiopathic pulmonary fibrosis and COVID-19 severity, pointing several variants associated with both increased idiopathic pulmonary fibrosis risk and increased risk of severe COVID-19 (93). Additionally, genome-wide association studies have identified multiple genetic signals associated with severe COVID-19, including a variant within the DPP9 gene related to increased idiopathic pulmonary fibrosis risk (94). Four genetic association signals showed evidence of a shared causal variant between idiopathic pulmonary fibrosis and at least one COVID-19 phenotype, namely loci at 7q22.1, near MUC5B, near ATP11A, and near DPP9 (94). Finally, shorter blood leukocyte telomere lengths are independent risk factors for developing fibrotic-like abnormalities in COVID-19 (83). Thus, this genomic biomarker may predict increased susceptibility to the development of post-COVID-19 pulmonary fibrosis.



Diagnosis of post-COVID interstitial lung disease

A diagnosis of PCILD should be based on clinical, radiologic, and pathologic findings. While the appropriate timing for the diagnosis of irreversible fibrosis has not yet been established, serial evaluation with lung function test, including assessment for carbon monoxide diffusion capacity and 6-min walk test, can be tailored to the patient’s clinical course, symptoms, and oxygen requirement. Further evaluation may involve the need for a chest CT (90, 95). Earlier in the pandemic, more frequent serial evaluations at 3, 6, 9, and 12 months were recommended, as there was a need for further research studies in this area (95, 96). Although there is no specific finding from laboratory testing, immunohistochemical analysis of TGF-b, IL-1α, and IFN-β may play a role in predicting PCILD. In this context, a recent study found that high IL-1α and TGF-β and low plasma levels of IFN-β could predict an increased relative risk of lung fibrosis-like changes in PCILD (97). More research is needed to confirm the prognostic role of genetic tests such as telomere shortening in PCILD.



Management of post-COVID interstitial lung disease

The role of treatment with antifibrotic and anti-inflammatory drugs (65, 98–100) in improving PCILD symptoms remains unclear and inconclusive. There is still little data on the safety and effectiveness of those treatments in COVID-19 patients with PCILD, and most clinical trials have yet to be completed. Recent evidence has shown that the use of high-dose vs. low-dose prednisolone in a randomized control trial of 130 patients with PCILD did not show significant improvement in symptoms after 6 weeks of follow-up (101). In contrast, three observational studies have reported improvement with glucocorticoids in symptomatic patients with PCILD (102–104). However, these findings should be interpreted cautiously because the two studies had small sample sizes (103, 104). A recent trial found that Pycnogenol® and Centellicum® may improve the residual clinical picture in PCILD patients and reduce the number of subjects progressing to lung fibrosis (100). However, this result should be viewed in the context of small sample size and a poorly designed study. Randomized clinical trials with Pycnogenol® and Centellicum® in PCILD patients are highly recommended. Other suggested therapies include mesenchymal stem cells, cytokine Inhibitors, spironolactone, TGF-β1 Inhibitors, CD147 Inhibitors, poly-(ADP-Ribose) polymerase Inhibitor, galectin-3 (e.g., BIO 300), and Chinese medicine drugs for pulmonary fibrosis in convalescent sequelae of COVID-19 (99, 105).

Presently, the treatment for PCILD remains supportive. Referral to pulmonary rehabilitation programs and evaluation for supplemental oxygen therapy should be considered for patients meeting the criteria. The role of treatment with antifibrotic drugs remains unclear whose lung function continues to deteriorate.




Persisting coagulation abnormalities in COVID-19 survivors

Various coagulation abnormalities such as increased D-dimer, fibrinogen, factor VIII levels, mild thrombocytopenia, and slightly prolonged prothrombin time have been noted in the setting of the inflammatory milieu featured in COVID-19 (106–110). These coagulation abnormalities predispose COVID-19 patients to acute macro and micro thromboembolic events (111). The predisposition to coagulopathy is manifested in the form of microangiopathy with widespread thrombosis observed in COVID-19 autopsied lungs (112). The 90-day incidence rate of venous thromboembolism may range from 0.2 to 0.8% in COVID-19 cases and up to 4.5% in hospitalized patients (113).

Persistent hypercoagulability has been observed in COVID-19 survivors. A study on 208 COVID-19 survivors 2 months after onset, identified significant activation of endothelial cells and in vivo thrombin generation in at least one out of four COVID-19 survivors (114). At 3 months, 203 COVID-19 survivors were found to have increased endothelin-1, thrombin-antithrombin complex, von-Willebrand factor, and inflammatory cytokines (115). Others have identified increased thrombin generation capacity and hypofibrinolytic activity in the setting of increased Factor VIII levels and decreased plasminogen-activator inhibitor 1 (116). In 39 COVID-19 survivors followed for coagulation abnormalities after a year, elevated D-dimer, factor VIII, von-Willebrand factor antigen and interleukin-6 was reported. In a prospective registry study of 4,906 hospitalized patients followed at the mean of 92 days, venous thromboembolic event rates of 1.55% were noted, more than half of which included pulmonary embolism (117). Other smaller studies had thromboembolic events ranging from 0.2 to 2.5% (118–121). Thus, persisting hypercoagulopathy and higher rates of pulmonary thromboembolism have been noted in the post-discharge period in COVID-19 survivors.



Pulmonary hypertension

The vascular remodeling and luminal microthrombi noted in acute SARS-CoV-2 infection raise the suspicion that SARS-CoV-2 infection could be a risk factor for the future development of pulmonary arterial hypertension (122). Thickened pulmonary vascular walls, one of the hallmarks of pulmonary arterial hypertension, were reported in SARS-CoV-2 infection. In an autopsy study, the pulmonary vascular wall thickness was more than twice thicker than those of patients who died from H1N1 influenza (123).


The role of ACE2 in the pathogenesis of pulmonary vascular disease in COVID-19

The vascular endothelium is one of the primary targets of SARS-CoV-2 and the molecular pathways and cellular abnormalities observed in SARS-CoV-2 pulmonary vascular injury are similar to the pathogenesis pathway of pulmonary arterial hypertension (124). Direct viral infection and inflammatory cytokines outbursts are plausible mechanisms for endothelial damage caused by SARS-CoV-2. The host receptor for the virus (ACE2) is widely expressed in endothelial cells. Monteil et al. showed that SARS-CoV-2 can directly infect engineered human blood vessels, which can be inhibited by human recombinant soluble ACE2 (125). Varga et al. demonstrated in an autopsy study that viral particles were present in the endothelial cells of the glomerular capillary loops by electron microscopy of kidney tissue (126).

The presence of ACE2 within normal levels in the lung seems to be essential to combat inflammatory lung disease (127). In PAH, angiotensin II is upregulated and its level correlates with disease severity. Downregulation of ACE2 during SARS-CoV-2 infection can potentially increase angiotensin II circulating levels. Perivascular lymphocytic infiltration has been found in lung biopsies from patients with SARS-CoV-2 infection (125, 126). An autopsy study by Ackermann et al. demonstrated severe endothelial injury in SARS-CoV-2 infection, mediated by the entry of the virus into the endothelial cells, resulting in micro and macrovascular thrombosis. These features are distinct compared to patients who died from ARDS secondary to H1N1 influenza (112). The mechanisms described earlier may also contribute to developing pulmonary arterial hypertension in COVID-19 survivors.



Pulmonary fibrosis and development of pulmonary hypertension in COVID-19

Pulmonary fibrosis can be further complicated by pulmonary hypertension (25), which in turn has been noted to be a major determinant of higher mortality (26). The severity of pulmonary fibrosis is not correlated with the development of pulmonary hypertension, and numerous mechanisms involving dysregulation of molecular pathways resulting in vascular remodeling have been suggested (25). Vascular remodeling is now considered an essential contributor to pulmonary hypertension besides the traditionally known factors of hypoxic vasoconstriction and capillary bed destruction in pulmonary fibrosis. Loss of BMPR2 signaling, upregulation of A2BAR, and endothelial-to-mesenchymal transition have been speculated to be involved in the vascular remodeling process in pulmonary fibrosis (23, 27). The entry of the virus into the endothelial cells of pulmonary capillaries has been implicated in the vascular remodeling in COVID-19. The incidence of pulmonary hypertension in PCILD needs to be studied further. In general, transthoracic echocardiography in chronic lung diseases is insufficient to confirm or rule out pulmonary hypertension (29). Right heart catheterization is considered the gold standard for diagnosing pulmonary hypertension in this population (29). A proposed algorithm for the diagnosis of pulmonary hypertension in PCILD is shown in Figure 2.
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FIGURE 2
Proposed algorithm for the diagnosis of pulmonary hypertension in PCILD. PH, pulmonary hypertension; PCILD, post-COVID-19 interstitial lung disease; CT, computed tomography; DLCO, diffusion capacity for carbon monoxide; CTED, chronic thromboembolic disease; CTEPH, chronic thromboembolic pulmonary hypertension; mPAP, mean pulmonary arterial pressure; PAWP, pulmonary arterial wedge pressure; PVR, pulmonary vascular resistance; ILD, interstitial lung disease.




Chronic thromboembolic disease and chronic thromboembolic pulmonary hypertension in COVID-19

While most acute pulmonary embolisms and clots resolve with anticoagulation, clot persistence can lead to continued post-embolic symptoms of shortness of breath and the development of chronic thromboembolic disease (CTED). About 30–50% of the patients have persistent defects up to 1 year after diagnosis (128). CTEPH refers to the development of pulmonary hypertension in the setting of CTED. CTEPH is estimated to have a 0.5–5% prevalence after PE (129–132). In the European CTEPH registry, pulmonary endarterectomy mortality rate was 4.7% (133). Additionally, untreated or undiagnosed CTEPH patients have a poor prognosis and a mean pulmonary arterial pressure >30 mmHg is associated with mortality rates >50% in 10 years (134).

In COVID-19 patients, persistent coagulation abnormalities have been noted 4 months after discharge (116, 135), making COVID-19 patients further prone to CTED. Endothelial dysfunction, which can lead to inflammation and thrombosis, is the common pathology in COVID-19 and CTEPH (136). This supports the concept of in situ thrombosis in COVID-19, which is a different phenotype than traditional venous thromboembolism (137). The histological evaluation of lungs in COVID-19 patients showed pulmonary vascular endotheliitis with widespread micro thrombosis (112). Whether severe COVID-19 patients without acute pulmonary embolism and ongoing long-term respiratory symptoms may have developed pulmonary hypertension in the setting of micro-thrombosis needs further evaluation. Dyspnea and prolonged hypoxia being common post-COVID-19 symptoms due to other etiologies such as PCILD, make an early diagnosis of COVID-19-related CTED and CTEPH challenging.

In the absence of scientific evidence specific to COVID-19 for CTED and CTEPH, we recommend standard follow-ups for all patients diagnosed with acute pulmonary embolism during the first 2 years. These patients should be monitored for recurrent thromboembolism and right heart failure symptoms and the optimal timing for initiating diagnostic testing is 3–6 months after acute pulmonary embolism diagnosis (138). Lung ventilation/perfusion scintigraphy (V/Q scan) is the screening test of choice (139). However, residual pulmonary consolidations and fibrosis from post-ARDS changes from COVID-19 might cause abnormalities in ventilation and make interpretation challenging. In such patients, CT pulmonary angiography is a reasonable alternative imaging modality (139, 140). Right heart catheterization is the gold standard confirmation test for CTEPH. Where available, referral to CTEPH centers should be initiated simultaneously with workup once the diagnosis is suspected.

Presently, there are no evidence-based guidelines on the optimal management of CTED and CTEPH in COVID-19 survivors. Most societies recommend a minimum of 3 months of anticoagulation for acute pulmonary embolism and lifelong anticoagulation for CTED or CTEPH (139, 141, 142). If CTEPH is the clinical diagnosis, then pulmonary endarterectomy is the definitive therapy for CTEPH (139). Percutaneous balloon angioplasty shows benefit for inoperable patients and patients with residual CTEPH after endarterectomy (143, 144). For those patients not eligible for endarterectomy or angioplasty, Riociguat is the drug of choice (145). A proposed algorithm for CTED and CTEPH in post-COVID-19 patients is shown in Figure 3.
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FIGURE 3
Proposed algorithm for investigation and management of chronic thromboembolic disease and chronic thromboembolic pulmonary hypertension secondary to COVID-19. CTED, chronic thromboembolic disease; CTEPH, chronic thromboembolic pulmonary hypertension; PE, pulmonary embolism; CT, computed tomography.




Post-COVID-19 pulmonary hypertension

Although theoretically, it is expected that post-COVID-19 patients can develop new onset pulmonary hypertension in the setting of interstitial lung disease and pulmonary vasculopathy; however, literature on post-COVID-19 pulmonary hypertension remains scant. We speculate that the complete picture of the burden of post-COVID-19 pulmonary hypertension will be more apparent in the upcoming years, as was the case with HIV and the use of anti-obesity drugs. Additionally, the interaction between parasites such as schistosomiasis in endemic areas and COVID-19 in the development of pulmonary hypertension would be worth exploring further.

Post-COVID-19 pulmonary hypertension has only been mentioned in the setting of case-reports so far. Cueto-Robledo et al. described a case of the development of severe pulmonary hypertension in a patient 3 months post-COVID-19. The finding of pulmonary trunk dilatation on imaging and the echocardiographic results prompted right heart catheterization, which confirmed severe pulmonary hypertension (146). In another case, new pulmonary hypertension was diagnosed on right heart catheterization 6 weeks after discharge from COVID-19 (147). In cases of severe pulmonary hypertension, right heart catheterization will be essential to confirm the pressure readings in the pulmonary vasculature and also to determine further if there is a component of WHO group 1 pulmonary arterial hypertension in addition to WHO group 3 pulmonary hypertension due to PCILD. Pulmonary arterial hypertension-specific therapy or pulmonary arterial vasodilators are rarely indicated in group 3 pulmonary hypertension unless the right heart catheterization findings and pulmonary function testing, demonstrate pulmonary hypertension out of proportion to the chronic lung disease (146, 148). Such patients should be referred to pulmonary hypertension centers for expert-opinion.




The role of pulmonary rehabilitation in post-COVID-19


Pathogenesis of exercise intolerance in post-COVID-19

Most of the evidence regarding the etiology of exercise intolerance in post-COVID syndrome comes from the cardiopulmonary exercise tests, which have been summarized in Table 2. Based on these studies, it has been suggested that exercise intolerance could result from deconditioning, defined as loss of physical fitness due to the inability to maintain an optimal level of physical activity or training (16, 149–158). In cardiopulmonary exercise findings, deconditioning is the reduction of peak oxygen uptake in the absence of known central and peripheral cardiocirculatory diseases. However, post-COVID-19 exercise intolerance may be attributed to impaired peripheral oxygen utilization or extraction due to mitochondrial injury. Evaluating patients with persistent symptoms after COVID-19 infection, Singh et al. elegantly demonstrated through an invasive cardiopulmonary exercise test that oxygen delivery was normal; however, reduced peripheral oxygen extraction and uptake were noted, indicating lower diffusive oxygen delivery to the mitochondria (159). Corroborating peripheral muscle impairment in the setting of myopathy due to inflammatory changes and mitochondrial cellular respiration dysfunction, a case series of 16 patients post-COVID-19 who were evaluated for fatigue and myalgia and who performed muscle biopsy, had muscle fiber atrophy (38%) with signs of regeneration (56%) and mitochondrial and inflammatory changes(62%) (160). This may be the result of myopathy because of viral injury, which may be responsible for the persistence of fatigue in long COVID. Nonetheless, a more recent report demonstrated that in post-COVID-19 patients with fatigue vs. non-fatigue, the only difference in cardiopulmonary exercise test was lower peak oxygen uptake (ml/kg/min), without other noticeable differences in exercise responses (161).


TABLE 2    Mechanisms of exercise intolerance in post-COVID syndrome.
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Ventilatory inefficiencies such as an increase in the minute ventilation to carbon dioxide output ratio during exercise or an increase in the dead space to tidal volume observed in the studies may explain the persistent dyspneic symptoms in the long COVID patients (151, 152, 159, 162). These findings can result from increased central chemosensitivity, dysfunctional breathing, and persistent pulmonary or microvascular injury.



Pulmonary rehabilitation in post-COVID syndrome

After hospital discharge, patients need to follow-up with a multidisciplinary approach to control and improve their symptoms and sequelae. For this reason, referring the patient with persistent symptoms after COVID-19 infection to a pulmonary rehabilitation program is crucial to accelerate the improvement in symptoms and health status and allow the patient to return to a productive life. The main goal of the pulmonary rehabilitation program is to restore physical, psychological, and social functions, improve the quality of life in COVID-19 survivors and decrease the incidence of long-term disabilities (163–165). In a large longitudinal cohort in China, within 1 year after acute infection, most hospital survivors with COVID-19 had an excellent physical and functional recovery over the months and had returned to their original work and life (166). Therefore, follow-up evaluations are needed, and rehabilitation might be helpful in post-COVID-19 patients.

Each patient will need a specific program based on education, self-management, and exercise training. However, data on the efficacy of particular rehabilitation approaches in the acute and post-acute phases are still scarce (167–174). An open randomized clinical trial comprising 72 elderly patients more than 6 months after contracting COVID-19 showed an improvement in pulmonary function, exercise capacity, and quality of life with 6-week pulmonary rehabilitation therapy (174). Other cohort studies yielded similar results (175, 176).

In terms of rehabilitation modality, a randomized controlled trial showed that low-intensity aerobic training combined with resistance training has better effects on handgrip strength, kinesiophobia status, and quality of life than high-intensity aerobic training combined with resistance training in post-COVID-19 older adults with sarcopenia. However, the intragroup analysis showed that both groups had significant improvement in the muscle bulk irrespective of exercise intensity (172). With the relocation of health professionals from outpatient activities to hospitals (176, 177), telerehabilitation was used to provide a much-needed resource to address the needs of COVID-19 survivors. In a prospectively randomized program, patients allocated to virtual and home physical therapy had improved outcomes (168). A more robust study was performed to compare supervised home telerehabilitation program with no rehabilitation for post-COVID-19. In this trial, the tele-rehabilitation program was superior to no rehabilitation in terms of functional exercise capacity by six-minute walk test, dyspnea-free symptoms, and physical quality of life. (170).

Before starting rehabilitation therapy, it is essential to evaluate the exercise capacity, which could be done by field tests, such as the 6-min walking test, shuttle walking test, step test, etc., or a more complex test, such as cardiopulmonary exercise testing. Patients should be reevaluated in 6–12 weeks. Although the exercise program is essential, which includes aerobic and strengthening exercises for peripheral and respiratory muscles, it is vital to include breathing retraining, airway clearance, energy conservation techniques, and psychological counseling (163, 165, 178–181). Referring the patient with persistent symptoms after COVID-19 infection to a rehabilitation program is crucial to accelerate the improvement in symptoms and health status and allow the patient to return to a productive life.




Conclusion

COVID-19 survivors may present signs of cardiopulmonary sequelae such as persistent lung fibrosis, chronic thrombosis, right ventricular dysfunction, pulmonary hypertension, and exercise intolerance. Pulmonary fibrosis is among the most feared chronic pulmonary complications of COVID-19. A diagnosis of PCILD should be based on clinical, radiological, and pathological findings. The role of treatment with antifibrotic and anti-inflammatory drugs in improving PCILD symptoms remains inconclusive. A substantial proportion of patients with COVID-19 have coagulation abnormalities. Acute pulmonary embolism in COVID-19 can lead to the development of CTED and CTEPH or even other forms of pulmonary hypertension, which could increase in prevalence over time during the COVID-19 pandemic. Right ventricular dysfunction is prevalent in patients hospitalized with SARS-CoV-2 and is more likely related to systemic consequences rather than direct viral myocardial infection. In terms of mechanisms of exercise intolerance after COVID-19 infection, exercise limitation can be due to a central or peripheral cardiocirculatory origin, decreased oxygen uptake, and with or without ventilatory or gas exchange limitation. Referring the patient with persistent symptoms after COVID-19 infection to a pulmonary rehabilitation program is crucial to accelerate the improvement in symptoms and health status and allow the patient to return to a productive life. We anticipate that as the pool of patients recovering from COVID-19 continues to increase, healthcare providers will need to learn to recognize these long-term cardiopulmonary sequelae early and create a management plan to prevent further deterioration and improve the quality of life of these patients. Furthermore, carefully designed research programs and long-term monitoring of these patients will help clinicians to manage these patients in the long run.
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Ribeiro Baptista et al. (158) pEAK V'O5 < (reduced) or > (normal © 35% of patients (ppax V'O, <80% pred)

3 months (n = 105) exercise capacity) 80% pred o No difference in acute disease severity
© 38.9% sarcopenia
o Lower lactate threshold and O, pulse (no ventilatory or gas exchange analysis)
® Obs: relation with low V'O, were: reduced pulmonary function (DLCO) and a
decrease in muscular mass index

Schaeffer etal. (161) Fatigue (n = 34) or non-fatigue o Lower ppax V'O, in ml/kg/min (not in % pred). Obs: greater proportion of obese
>3 months (n = 49) (n=15) patients.
o METs were lower
o Dyspnea intensity ratings, dyspnea intensity-ventilation, and -V'O, slopes were
higher
o No difference in mechanical constraint

mMRC, Medical Research Council modified dyspnea scale; peakV’ O, peak exercise oxygen consumption; CPET, cardiopulmonary exercise testing; WR, work rate; V'E/V’CO,, minute
ventilation by carbon dioxide output; DLCO, carbon monoxide diffusion; FEV1, forced expiratory volume in one second; CT chest, chest computed tomography; ICU, intensive care
unit; ME/CFS, myalgic encephalomyelitis/chronic fatigue syndrome; FMD, endothelial-dependent flow mediate dilation; MRI, magnetic resonance imaging; PASC, post-acute sequelae of
SARS-CoV-2 infection; FATox, beta-oxidation of mitochondrial substrates fatty acids; iCPET, invasive cardiopulmonary exercise testing; AT, anaerobic threshold; DO,, oxygen delivery;
EO,, systemic oxygen extraction; OUES, oxygen uptake efficiency; f, respiratory rate; V'T, tidal volume; METS, peak metabolic equivalents of task.
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Measuring agreement on: Number of raters Kappa: all cases Kappa: IPF cases only Kappa: COPD cases only

Number of therapies (0, 1, 2, 3) 53 0.13 0.4 0.12
None vs. any therapy 53 025 031 023
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Measuring agreement on: Number of raters Kappa: all cases Kappa: IPF cases only Kappa: COPD cases only

Number of therapies (0, 1, 2, 3) 22 0.07 0.07 0.05
None vs. any therapy 22 0.14 0.14 012
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Demographics of those who answered at least one
case (N = 87)

Title (%)

Attending physician/consultant
Physician-in-training

Nurse practitioner

Training background (%)

Pulmonary medicine training

Cardiology medicine training

Other clinicians

Years in practioe [median (QR)]

Practicing in the United States (%)

Institution type (%)

Pulmonary hypertension center of comprehensive care
Pulmonary hypertension regional clinical program
Academic center without PHA designation
Community practice without PHA designation
Other

Percentage of time spent practicing clinical medicine (%,
median (IQR)]

Percentage of time spent treating pulmonary hypertension
patients [%, median (IQR)]

Unique group 3 pulmonary hypertension patients in the past
year of practice [#, median (IQR)]

IQR, interquartile range.

84 (96.6%)
1(1.1%)
2(2.3%)

60 (69%)
26 (209%)
1(1.1%)
126-20)
80 (92%)

39 (48.8%)
4(5.0%)
28 (35.0%)
7 8:8%)
2(25%)
75.0(60.0-81.0)

50.0(30.0-76.0]

30,0 (20.0-50.0)
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Measuring agreement on: Number of raters Kappa: all cases Kappa: IPF cases only Kappa: COPD cases only

Number of therapies (0, 1, 2, 3) 76 0.12 0.13 0.10
None vs. any therapy 76 023 027 021
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Measuring agreement on: Number of raters Kappa: all cases Kappa: IPF cases only Kappa: COPD cases only

Number of therapies (0, 1, 2, 3) 70 o1 0.12 0.10
None vs. any therapy 70 024 028 023
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Characteristic All patients (N = 68)

Mean age (s.e.m.), yr 3.377 0.411)
Sex
Male, n (%) 41(60.3)
Female, n (%) 2739.7)
Groups
LTRS, n (%) 26(38.2)
PAH-LTRS, n (%) 21(30.9)
REF, n (%) 21(30.9)
Diagnosis
VS, n 19
ASD, n
VSD + PFO, n 12
VSD + ASD, n
VSD + PDA, n 1
VSD + PDA + PFO, n 1

Values are mean + s.e.m., proportiinton.

LTRS, congenital left to right shunts heart disease; PAH-LTRS, Pulmonary arterial
hypertension associated with the congenital left to right shunts heart disease; REF; healthy
reference; VSD, Ventricular Septel defect; ASD, Atrial Septel Defect; PFO, Patent Foramen
Ovale; PDA, patent ductus arteriosus.
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Covariate

Cardiac MR model
Whole cohort
RVESVI %pred
LVSVI %pred
LAVI, miim?
PEA group
LVSVI %pred
LAVI, mim?
Non-PEA group
RVEF %pred
LVSVI %pred
Clinical model
Whole cohort
ISWD, m

PEA, n

CAD, n

COPD, n
Malignancy, n
SVO,, %

PEA group
ISWD, m

CAD, n
Malignancy, n
Non-PEA group
ISWD, m

CAD, n
Malignancy, n
MRAP, mmHg

Multivariate hazard ratio

1.002 (1.001-1.008)
0.984(0.974-0.993)
1.013 (1.005-1.020)

0.982 (0.966-0.999)
1.030 (1.017-1.044)

0846 (0.739-0.968)
0.986 (0.974-0.998)

0.997 (0.995-0.999)
0.384(0.231-0.631)
2.357 (1.398-3.973)
1.915 (1.056-3.472)
2513 (1.454-4.433)
0.946 (0.917-0.977)

0.995 (0.991-0.998)
3543 (1.331-9.431)
2.897 (1.008-8.328)

0.998 (0.996-1.000)
1.956 (1.087-3.520)
1.948 (1.117-3.396)
1.094 (1.040-1.149)

Combined cardiac MR and clinical model

Whole cohort
ISWD, m
PEA,n

CAD, n
Mealignancy, n
CKD, n

SvO2, %
LVSVI %pred
LAVI, mi/m?
PEA group
ISWD, m

LAVI, ml/m?
Malignancy, n
CAD, n
Non-PEA group
Age, years
ISWD, m

RVEF 9%pred
RVEDVI %pred

0.997 (0.995-0.999)
0.467 (0.271-0.804)
2,605 (1.497-4.532)
1.952 (1.059-3.506)
2002 (1.056-4.144)
0.953 (0.918-0.990)
0.960 (0.924-0.998)
1.015 (1.001-1.028)

0.993 (0.988-0.997)
1.022 (1.020-1.032)
3.034 (1.043-8.823)
4.063 (1.681-9.817)

1.044 (1.013-1.075)
0.998 (0.995-1.000)
0.961 (0.931-0.999)
1.025 (1.001-1.029)

Data in paracenteses is 95% confidence interval.
For abbreviations see legend for Tables 1, 2.

P-value

0.007
0.001
0.001

0.035
<0.001

0.0156
0.024

0.001
<0.001
0.001
0.032
0.001
0.001

0.004
0.011
0.042

0.015
0.025
0.019
<0.001

0.002
0.006
0.001
0.032
0.034
0.013
0.040
0.033

<0.001
0.043
0.042
0.002

0.004
0.024
0.017
0.039
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Demographics Al patients PEA Non-PEA
(n =375) (h=181)  (n=194)

Age, years 64 (14) 60 (14) 67 (13)
Female, n (%) 185 (49) 83(29) 97 (26)
BMI, kg/m? 29(6) 29(6) 29(6)
Comorbidities, n (%)

Malignancy 52(14) 14(8) 38(20)
CAD 45 (12) 18(10) 27 (14)
Left Heart Failure 19.(5) 76 12(6)
CKD 27(7) 12(7) 15(8)
COPD 35(9) 13(7) 22(11)
AF 46 (12) 28 (15) 18(9)
ova 26(7) 179 9(5)
Right heart catheter metrics

mRAP, mmHg 10(5) 11 (5) 10 (4)
MPAP, mmHg 44(12) 44(12) 44 (13)
PAWP, mmHg 12.4) 12(4) 12(4)
PVR, dyne.sem™ 587 (369) 507 (387)  578(362)
Cl, Umin/m? 25(0.7) 25(0.7) 25(0.7)
SV0,, % 63(8) 63(8) 62(7)
Lung function tests and exercise tests

FEVI, L 247(079)  233(077)  202(0.77)
FVC, L 323(1.10)  8.41(1.09  8.06(1.07)
DLCO %pred 57 (20) 59 (21) 55(18)
ISWD, m 248 (200) 283 (194) 215 (201)

Data s presented as mean (SD) unless otherwise stated.

P-value

<0.001
0.836
0.354

0.035
0.237
0.306
0.680
0.167
0.068
0.070

0618
0.840
0815
0.680
0.882
0.337

<0.001
0.003
0.062
0.001

BMi, body mass index; CAD, coronary artery disease; Cl, cardiac index; CKD, chronic
Kidney disease; COPD, chronic obstructive puimonary disease; CVA, cerebrovascular
accident; DLCO, diffusing capacity of the lungs for carbon monoxide; FEV1, forced
expiratory volume; FVC, forced vital capacity; ISWD, incremental shuttle walking
distance; mPAR, mean pulmonary arterial pressure; mRAR, mean right atrial pressure;
PAWR, pulmonary artery wedge pressure; PEA, pulmonary endarterectomy; PR,
pulmonary vasculer resistence; SvOz, mixed venous oxygen saturation; %pred,

percentage predicted.
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Cardiac MR metrics All patients PEA Non-PEA
(=375 (1=181) (1=194)

RVEDVI %pred 14(43)  109(42)  119(44)
RVESVI %pred 207(125) 207 (106)  245(138)
RVEF %pred 58 (20) 50(19)  57(21)
RVSVI %pred 63 (25) 63(27)  64(24)
RVEDMI %pred 74 (36) 70@0)  77(41)
LVEDVI %pred 77 (21) 72 77(0)
LVESVI %pred 83 (38) 85089  82(37)
LVEF %pred 97 (15) 95 (15 98(16)
LVSVI %pred 74 (23) 7423 75029
LVEDMI %pred 71 (15) 70014 72(15)
LAVI, mi/m? 35 (16) 35(16)  86(17)
WM, % 045(0.21) 0.44(0.19) 0.46(0.22)
PA stiffness and RV-PA coupling metrics

PARAC, ratio 11(10) 11(10) 10(9)
PAdistensibiity, (AVA)/AP  02(0.2)  02(0.1)  02(0.1)
Ees, mmHg/mim? 1(08) 108) 108
Ea, mmHg/mi/m? 1(0.6) 105) 1(06)
Ees/Earatio 2(1) 2(1) 2(1)
MRI Ees/Ea ratio 04(0.1)  040.1) 04(0.1)

Data is presented as mean (SD) unless otherwise stated.

P-value

0.021
0.003
0.283
0.587
0.048
0.995
0.440
0.178
0.603
0.102
0.710
0.363

0.449
0.628
0.323
0.448
0.844
0.626

Ea, arterialload; Ees, right ventricle elastance; LAV, left atrium volume index; LVEDMI left
ventricle end diastolic mass index; LVEDVI,left ventricle end diastofic volume indiex; LVEF;
left ventricle ejection fraction; LVESVI, left ventricle end systolic volume index; LVSVI, left
ventricle stroke volume index; MRI, magnetic resonance imaging; PA, pulmonary artery;
PA RAC, pulmonary artery relative area change; RVEDMI, right ventricle end diastolic mass
index; RVEDVI, right ventricle end diastolic volume index; RVEF, right ventricle ejection
fraction; RVSR, right ventricle systolic pressure; RVESVI, right ventricle end systolic volume
index; RVSVI, right ventricle stroke volume index; VM, ventricular mass index. For other

abbreviations see legend for Table 1.
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Covariate Univariate

hazard ratio
Age, years 1.028 (0.996-1.060)
ISWD, m 0.995 (0.992-0.998)
Comorbidities, n

Malignancy 3.611 (1.407-9.266)
CAD 4577 (1.864-11.241)

Cardiac MR metrics
LVESVI %pred  1.005 (0.999-1.011)

LVEF %pred 0.980 (0.958-1.001)
LVSVI %pred 0.987 (0.970-1.004)
LAVI, mim? 1.029 (1.015-1.044)
Right heart catheter metrics

SV0,, % 0.932 (0.883-0.984)
Lung function tests

FEV1 %pred 0.463 (0.261-0.823)
DLCO %pred 0.660 (0.500-0.873)

Data in paracenteses is 95% confidence interval.
For abbreviations see legend for Tables 1, 2.

Scaled univariate
hazard ratio

1.035 (0.998-1.074)
0.883 (0.871-0.990)

1.209 (0.953-1.534)
0739 (0.535-1.019)
0,650 (0.425-0.996)
1.513 (1.173-1.952)

0598 (0.403-0.887)

0,641 (0.498-0.825)
0.479 (0.361-0.635)

P-value

0.087
<0.001

0.008
0.001

0.117
0.066
0.135
<0.001

0.011

0.009
0.004
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Covariate Univariate

hazard ratio
Age, years 1032 (1.011-1.054)
ISWD, m 0.997 (0.996-0.999)
Comorbidities, n
Malignancy 1.747 (1.030-2.962)
CAD 2455 (1.426-4.227)
coPD 1,692 (0.932-3.070)

Left Heart Failure 2.084 (0.944-4.514)
Cardiac MR metrics

RVEDVI %pred 1.007 (1.002-1.011)
RVESVI %pred 1.002 (1.001-1.004)
RVEF %pred 0.983 (0.973-0.993)
RVEDMI %pred 1.005 (1.000-1.009)
LVEDVI %pred 0.988 (0.977-1.000)
LVEF %pred 0.984 (0.971-0.998)
LVSVI %pred 0.984 (0.974-0.994)
LVEDMI 9%pred 1.010 (0.995-1.024)
wMI, % 2.110(0.869-5.110)
Right heart catheter metrics

mPAP, mmHg 1.022 (1.003-1.041)
mRAP, mmHg 1.087 (1.041-1.136)
CO, Umin 0.790 (0.663-0.942)
PVR, dyne.s.cm™5  1.001 (1.000-1.002)
SV0,, % 0.914 (0.888-0.941)
Lung function tests

FEV1 %pred 0.678 (0.472-0.973)
DLCO %pred 0.719 (0.609-0.850)

PA stiffness and RV-PA coupling metrics
Ees, mmHg/mi/m?  0.552 (0.308-0.998)
Ea, mmHg/ml/m? 1.341 (0.991-1.816)
Ees/Ea ratio 0.637 (0.475-0.855)
MRl Ees/Earatio  0.095 (0.021-0.443)

Data in paracenteses is 95% confidence interval.
For abbreviations see legend for Tables 1, 2.

Scaled univariate
hazard ratio

1.044 (1.020-1.062)
0.799 (0.74-0883)

1.388 (1.005-1.634)
1.322 (1.119-1.560)
0.706 (0.574-0.870)
1.192 (1.012-1.403)
0.792 (0.632-0.993)
0.789 (0.641-0.969)
0.689 (0.547-0.867)
1.150 (0.830-1.423)
2.300 (0.996-5.220)

1.295 (1.085-1.609)
1521 (1.221-1.893)
0.702 (0.540-0914)
1,536 (1.190-1.981)
0.519 (0.421-0.639)

0.735 (0.552-0.979)
0534 (0.389-0.734)

0.756 (0.575-0.995)
1.196 (0.994-1.439)
0649 (0.472-0.893)
0719 (0.582-0.889)

P-value

0.003
0.001

0.038
0.001
0.087
0.070

0.004
0.001
0.001
0.035
0.043
0.010
0.002
0.197
0.009

0.024
<0.001
0.009
0.001
<0.001

0.035
<0.001

0.046
0.067
0.003
0.002
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Genes Description log10
(P-value)
Module 1 PGD, ENO1, TALDO1, Carbon metabolism —13.57
IDH1, TXNRD1, TKT,
SHMT2
Metabolic —12.81
reprogramming
Biosynthesis of amino —11.61
acids
NADP metabolic —10.16
process
Module 2 GBP5, CCL5, CD69, Cytokine-cytokine —6.55

CXCL9, IL7R, GZMB,
CXCL10

receptor interaction





OPS/images/fmed-09-894584/fmed-09-894584-g006.jpg
A RVSP RV/LV+S

5@ dedede ke 0.8- ki
40= T
o
T 30= s e
E . 0.4+
20
g ----
- 0.2+
0 T T 0.0 T )
Control MCT Control MCT

Control

C TXNRD1 a-sma/Merge
§ .
c
o)
o
—
O
E -
GSE15197

GSE48149 GSE117261
GSE53408 GSE113439

m

Running Enrichment Score

Ranked list metric

Control MCT

TXNRD (SR S . . o |

b-actin | SR S S S

Lung tissue

*

2.0-

TXNRD1
Relative Expression

control MCT
&

o°°<z°0

TXNRD1 [ S|

b-actin [wi—
rPASMC

*

-l -l
o 9]
| 1

TXNRD1
Relative Expression
o
N
I

S
©
1

Control PDGF

NES PAdjust

HALLMARK MTORC1 SIGNALING 3.3373 0.0046
HALLMARK_MYC_TARGETS_V1 3.1218 0.0046
RK_UNFOLDED_PROTEIN_ RESPONGSE 2.5058 0.0046

i o 0 o

Rank in Ordered Dataset





OPS/images/fmed-09-894584/fmed-09-894584-g007.jpg
TXNRD1
Ive expression

EJdU/DAPI

-h
O
|

-
o
|

0.5=

Relat

0.0

TXNRDI

b-actin

- \
r
=
3 2
o
| ¥
E 3
4 4
——
5
.; J p, 'v 4
LY, “
.
oo
e,
< 20 4
w’ . wf
-4 s \
- ot

~‘l. \*.
o e
i" } ‘
Vin s l‘ - .
PAIREY B
‘.*- A A
W ]
AR
AR L
bW ] )
he

MRNA

NC si-TXNRD1

- .-
-

{
"
1B
$ 4
\ N
D’ 2
~' 3
\
1
5
¥

PDGF
SINC
si-TXNRDI1

_+_ -

b-actin l- -é - ‘

PDGF+NC

PDGF

PDGF+siTXNRDI

Relative Expression
(normalized to B-Actin)

Bl NC

B si-TXNRD1

Bl PDGF+NC

B PDGF+siTXNRD1

2.0~

cleaved-PARP BAX/Bcl-2

m

Positve cells(%)

PDGF+siTXNRDI G

N
o

> A ”,.')
1 e A O T

YL
K )

J{' F 3
e 1
(‘. =N ¥
3 ‘ '. E

e Scratch assay

KApe g 100~

\ e
B4 ‘.Q
y
Hll | /
- ¥4 oy
i A <

Scratch closed(%)






OPS/images/fmed-09-894584/fmed-09-894584-t001.jpg
References

Stearman et al.

Hsu et al.

Rajkumar et al.

Zhao et al.
Mura M. et al.

Sample

Lung tissue
Lung tissue
Lung tissue
Lung tissue
Lung tissue

GEO

GSE117261
GSE48149
GSE156197
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Platform
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25
9
18
11
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Term Description Gene Count Adjusted
P-value

G0:0098869  Cellular oxidant 8 0.006
detoxification

G0:1990748  Cellular detoxification 8 0.0062

G0:0098754  Detoxification 8 0.0133

G0:0002237  Response to molecule of 12 0.0202
bacterial origin

G0:0006081 Cellular aldehyde metabolic 6 0.0178
process

G0:0097237  Cellular response to toxic 10 0.0178
substance

GO:0071621 Granulocyte chemotaxis 7 0.0254

G0:0032103  Positive regulation of 1 0.0254
response to external
stimulus

G0:0046456  Icosanoid biosynthetic 5 0.0254
process

G0:0032496  Response to 1 0.0254
lipopolysaccharide

G0:0001569  Branching involved in blood 4 0.0299
vessel morphogenesis

G0:0006739  NADP metabolic process 0.0299

G0:0071216  Cellular response to biotic 0.0316
stimulus

G0:0097530  Granulocyte migration 7 0.0327

G0:0030593  Neutrophil chemotaxis 6 0.0348

G0:0006098  Pentose-phosphate shunt 3 0.0348

G0:0019321 Pentose metabolic process 3 0.0348

G0:0046184  Aldehyde biosynthetic 3 0.0348
process

G0:0062023  Collagen-containing 13 0.0080
extracellular matrix

G0:0016209  Antioxidant activity 8 0.0002

G0:0004115  3,5'-cyclic-AMP 3 0.0236
phosphodiesterase activity

hsa01200 Carbon metabolism 7 0.0408
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Molecule

NLRP3

ASC

Caspase-1

Gasdermin D
IL-1BAL-1R

NF-«B

HMGB1

Pre-clinical

NLRP3~/~ mice were not protected from
hypoxic PH

ASC=/~ mice protected from hypoxic PH
and RV hypertrophy, with decreased IL-1B.
and IL-6

« Increased lung expression of active
caspase-1 in chronic hypoxic mice

« Caspase-1 induces smooth muscle
cell proliferation

NS

« IL-1p stimulates smooth muscle cell
proliferation

« IL-1R~/~ mice protected from chronic
hypoxic PH

Induces expression of IL-6 and drives PH

in mice

« Anti-HMGB1 antibody rescues PH in
Sugen-hypoxia and monocrotaline rats

« Stimulates pulmonary endothelial
cell prolferation

Clinical

NS

NS

NS

NS

Increased serum IL-1
correlates with worse
outcomes in PAH

NF-«B inhibitor in Phase 3
clinical trial

Increased HMGB1 in
idiopathic and
CHD-associated PAH

Drug target

MCC950

None

VX-765

Necrosulfonamide Disulfiram
Anakinra Canakinumab

Bardoxolone

None

This table summarizes current pre-clinical and clinical evidence for the involvement of inflammasomes in PAH. NS, not studied. See text for details.

References
(33, 53-55)

(33)

(33,42, 56)

(67,58)
(34, 49-61)

87,52)

(35,36, 48)
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Age (years)

No PE history (%)
mPAP (mmHg)

PVR (dyn.sec.cm~S)

Segmental mismatched
perfusion defects
Segmental perfusion
defects

CTEPH patients
(N = 56)

68
(8D 57-81)
29 (39%)
416
(SD31.4-51.8)
5942
(SD274.2-914.2)
6.4
(SD 4.5-8.2)
66
(SD 4.7-8.4)

Non-CTEPH  p-value
patients
(N =170)
63 p=0043
(SD53-78)
160(95%)  p <0001
432 p=0322
(SD 32.4-54.1)
5956 p=0842
(SD 263.2-937.9)
03 p <0001
(SD ~0.95-1.6)
1.4 p <0.001
(SD -0.6-12)
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Criteria

Mismatched
perfusion
defects

Perfusion
defects
(regardless of
ventilation)

> 2.5 segmental

> 1 segmental (EANM)
> 0.5 segmental
> 2.5 segmental

= 1 segmental (EANM)
> 0.5 segmental

Sensitivity (%)

C195%

100 (93.6-100)

100 (93.6-100)
100 (93.6-100)
100 (93.6-100)

100 (93.6-100)
100 (93.6-100)

Specificity (%)
C195%

94.7 (90.3-7.2)

91.8 (67.7-95.0)

89.4 (84.9-932)
818 (75.3-86.9)

66.7 (60.7-74.7)
60.6 (53.1-67.6)
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Pathway branch  Target Agent and mechanism Preclinical Clinical evaluation
activity
Studytype  NCTID Status
SMAD1/5/8 BMPR2 gene AJBMPR2 + Fab-9B9 or AdCMVBMPR2myc (110, 111) - = -
+ Fab-9B9 (adenoviral delivery)
BMPR2 promoter Adenoviral delivery of SIN3a (112) - - -
hypermethylation
BMPRI miR-20a inhibitor (antagomiR disinhibits (113) - - -
BMPRIl expression)
6-Mercaptopurine (activation of Nur77) (114) - . -
4-Phenylbutyrate (rescue of misfolded BMPRI)  (115) - - -
Ataluren/PTC124 (translational read-through of ~ (116) - = .
premature termination mutations)
BMPY Recombinant BMP (activation of BMPRI) (117 = - -
Anti-BMP9 antibody (immunoneutralization)  (118) - - -
BMP2, BMP4, BMP7  Anti-gremlint antibody (disinhibition of specific  (119) - - -
BMPs)
BMPRII-ALK1 signaling  FK506/tacrolimus (disinhibition of ALK1) (120, 121) Phase 2a 01647945 (122)
Other - (129)
Downstream target Stabilized apeiin analogs (activation of APJ) (124, 125) Other 01457170 (126)
genes
Nutlin-3 (rescue of p53-PPARy complex) (127) - - -
SMAD2/3 ALKS SD-208, SB-525334 (TKI) (128, 129) - - -
ALKS, TGFBRII Anti-TGF-B receptor antibody ©4) - - -
(immunoneutralization)
TGF-p1, TGF-2, Pan anti-TGF-B antibody (multi-igand (63) = B -
TGF-3 sequestration)
TGF-p1, TGF-B3 TGFBRII-Fe (multi-ligand sequestration) 67) - - -
Latent TGF-p LSKL peptide (competitive antagonism of (130) = - -
stabilization thrombospondin-1)
Activin-class ligands ~ ActRIA-Fo (multi-igand sequestratior) (18) Phase 2 03496207 (131)
(activin A, GDF8,
GDF11, activin B)
Phase 2a 03738150 Ongoing
Phase 3 04576988 Ongoing
04811092 Ongoing
04896008 Ongoing

APJ, apelin receptor; PPARy, peroxisome proliferator-activated receptor gamma; TKI, tyrosine kinase inhibitor.
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Time of the evaluation after
hospitalization-sample (1)

Gao etal. (182)

1-month post-discharge follow-up
(n=10)

Raman et al. (16)

>2-3 months of disease-onset
(n=58)

Liu et al. (183)
7 months (n = 41)

Debeaumont et al. (153)
6 months (n =23)
Dorelli et al. (184)
5 months (n = 28)
Baratto et al. (162)

At time of hospital discharge
(n=18)

Rinaldo et al. (150)
3 months (n =75)

Skjorten et al. (151)
3 months (n = 156)

Motiejunaite et. (152)
3 months (n =114)

Clavario et al. (154)
3 months (n = 200)

Barbagelata et al. (185)
80 £ 21 days after COVID-19
(n=200)

Singh et al. (159)
11 months (n = 10)

Comparison subgroups

Pre-rehabilitation patients with
post-COVID-19

Moderate to severe COVID-19 vs.

controls

Persistence or absence of pulmonary
fibrosis on chest CT

ICU vs. ward

AV'E/AV'CO,
>31or <31

COVID-19 vs. control participants

Reduced or normal pgax V'O,

Post-COVID and normal population
without COVID-19 by z-score (20%
in ICU)

DLCO < or >75% prev

pEAKV'O2 < or >85% pred

Post-COVID-19 syndrome (PASC
56%) and asymptomatic post COVID

Unexplained exercise intolerance vs.

control participants

Findings

o Reduction in ppax V'O, 66.2 & 10.5% pred (n = 10)

o Decreasing oxygen pulse relative to predicted values (n = 7)

e DLCO <80% (n = 3) and high V'E/V'CO, at AT (n = 2)

© 54.9% of patients (ppax V'O2 <80% pred)

e Lower ppax V'O,

e Lower OUES

o Higher V'E/V'CO, (worse in MRI lung parenchymal abnormalities, and it
correlated with markers of inflammation)

® ppak V' Oz: 16.4 & 3.6 ml/kg/min (with fibrosis) vs. 20.2 + 3.7 ml/kg/min (no
fibrosis)
o Older and more severe hospitalization

e Lower ppax V'O,

o Lower METS

o Higher V'E/V'CO,

© 52% of patients (ppax V'O, <85% prev)
o Higher AV'E/AV’CO,

® Mean ppag V' O;:29.2 % 8.3 ml/kg/min

e No difference in pulmonary function variables at rest and in CPET responses
o PEAKV/OZ 59% pred (IQR 32)

o Lower slope V/O,/WR 8.1 (1.2) ml/min/W

o Lower O, pulse 9.1 (2.0) beat/L

o Higher V'E/V'CO, 40 (9.0) related to hypocapnia

o Lower Ca-vO,/Ca0;: 0.66 (0.19)

o Higher VD/VT at rest with elevated VD/VT during exercise

© 55% of patients (ppax V'O, <85% prev)
o Lower lactate threshold

e Lower AV'O,/AWR

o Lower pulse O,

© 31% of patients (ppax V'O, <80% prev)
® 15% reduced lactate threshold

© 16% ventilatory limitation

® 23% desaturation >4%

® 15% increased AV'E/AV'CO,

© 75% of patients (PEAKV'O2 <85% prev)
o Lower PEAKV'02
o Lower lactate threshold

o Tendency to greater limitation to exercise
© 49.5% of patients (ppax V'O2 <85% pred)
© 61% normal lactate threshold, among those:
{ 14.8% respiratory limitation
{ 34.4% cardiac limitation
$ 50.8% non-cardiopulmonary limitation
o Predictors of low V'O,: FEV1, DLCO% pred, and maximal muscle strength
© 80% had one disabling symptoms and was not related to lower ppag V'O,
® ppak V'O, 27.2 £ 8.9 ml/min/kg
e Lower ppax V'O,

e More symptoms during the CPET

o Lower probability of reaching AT

© 89.5% normal O, pulse and 44.5% normal OUES

e Patients with PASC compared to asymptomatic patients had 3.2 ml/min/kg less
pEAK V'O2 (95% CI —0.9 to —5.5)

o Reduced ppax V'O, (70 £ 11% pred)
e Normal oxygen delivery (DO,)
© Reduced systemic oxygen extraction (EO,)

o Ventilatory inefficiency (high V'E/V'CO, 35 = 5) with a normal decrease in dead
space ventilation
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Arrhythmias; atrial fibrillation, sinus tachycardia, sinus bradycardia, atrial flutter,
ventricular arrhythmias

Inflammatory heart diseases; myocarditis, pericarditis

Ischemic heart disease: acute coronary syndrome, myocardial infarction,
ischemic cardiomyopathy, angina

Other cardiac disorders: heart failure, non-ischemic cardiomyopathy, cardiac
arrest

Thrombotic complications; DVT, pulmonary embolism, superficial venous
thrombosis

Cerebrovascular disorders; stroke, TIA
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/
Clinical suspicion of CTED or CTEPH in patients with
previous acute PE secondary to COVID-19:
History of previous COVID-19 and acute PE, with ongoing
symptoms of dyspnea, pleuritic pain, edema or other signs or
symptoms raising a clinical suspicion of pulmonary hypertension

Negative Lung ventilation/perfusion
scintigraphy and CT Pulmonary Angiography:
CTED and CTEPH excluded

N

|

[

v

Lung ventilation/perfusion scintigraphy: perform 3 -6
months post diagnosis of acute PE
or
CT Pulmonary Angiography: if residual pulmonary
consolidations / fibrotic changes post COVID-19 infection

4 )
Positive Lung ventilation/perfusion scintigraphy
and/or CT Pulmonary Angiography:

Consider lifelong anticoagulation
Proceed to right heart catheterization

N J

l

[ Positive findings of right heart catheterization for

pulmonary hypertension (CTEPH)

l

CTEPH secondary to COVID-19:
consider pulmonary endarterectomy,
balloon angioplasty or drug Riociguat

L

Arterial blood gases: low resting
oxygen saturation, need for
supplemental oxygen
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Clinical suspicion of PH in PCILD:
History of previous COVID-19, dyspnea disproportionate lung function and
parenchymal CT findings, clinical signs of right ventricular dysfunction

( Arterial blood gases: low resting
;L oxygen saturation and need for

supplemental oxygen

Pulmonary function test: disproportionate ventilatory CT Pulmonary Angiography: absence of CTED and CTEPH,;
impairment relative to clinical presentation and disproportionate fibrotic changes relative to clinical presentation;
disproportionate reduction of DLCO relative to lung volumes pulmonary artery/aorta diameter ratio >1

A 4

Echocardiography: increased tricuspid regurgitation velocity
and/or indirect signs of pulmonary hypertension or right
ventricular dysfunction

Positive PH findings on right heart catheterization:
mPAP 221 mmHg with a PAWP <15 mmHg, and PVR 23 WU

Rule out other ILD: hematological, Genetic tests: confirm PH-PCILD (loci
biochemical, bio-markers and exclusion at 7g22.1, near MUCS5B, near ATP11A,
of connective tissue disease and near DPP9)

PH secondary to PCILD
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Rinaldo et al. (149)
3 months (n = 75)

Acar et al. (155)
>3 months (n =51)

Mancini et al. (186)
>3 months after the onset of
symptoms (n=71)

Cassar et al. (156)
2-3 and 6 months (n = 58)

Szekely et al. (187)
3-15 months (n = 41)

de Boer et al. (188)
6 =4 4 months (n = 50)

Vonbank et al. (157)
3-6 months (n = 100)

Ladlow et al. (189)
>6 months (n = 205)

Ambrosino et al. (190)
>2 months (n = 36)

Freisard etal. (191)
>6 weeks of persistent dyspnea
(median 119 =+ 89 days) (n =51)

The severity of hospitalization:

mild-moderate, severe, and critical

Post-COVID-19 vs. control

Post-COVID and controls

Normal breathing pattern vs.
dysfunctional breathing

PASC

Moderate/critical vs.
asymptomatic/mild vs. normal

control

25% dysautonomia vs.
non-dysautonomia

Normal vs. reduced exercise capacity

® 54% of patients (ppax V'O, <85% prev)

e Older and had greater residual pulmonary sequelae

e No difference in lung function

© There was no difference in peakV’O; related to cardiocirculatory and gas exchange
responses
o Mild increase of V'E/V'CO; in the critical vs. mild-moderate group
© prax V'O, 85 & 10% pred (or 24 =+ 4.6 ml/kg/min)

e No difference in acute disease severity

e Lower slope V/O,/WR (5.6 & 1.4 ml/min/W)

o Lower PEAKV/OZ

e Lower anaerobic threshold

e Lower HR and oxygen pulse

e Lower cardiac output during exercise

e Higher peak O, extraction

e No difference in V'E/V'CO», f,and VT

© Reduced ppak V'O, at 2-3 months By 6 months, V'O, improved (31% persisted
with lower V’O,) but was still reduced relative to controls

o V'E/V'CO; abnormal at 2-3 months and improved at 6 months

e Lower O, pulse at 2-3 months with improvement at 6 months and comparable to
controls

o Slower HRR at 2-3 months and comparable to controls at 6 months

o Severity was not associated with lower V'O,

e Improvement of CPET and MRI were not correlated with cardiopulmonary
symptoms

© 59% of patients (peax V'O, <80% pred)

e Only 2 CPET (5%) were considered normal

e Dysfunctional breathing (n = 26)

5 patients with preload failure and symptoms of ME/CFS

© 32% of patients (ppax V'O, <84% pred)
e None ventilatory limitation
® 56% cardiovascular limitation

o Higher arterial lactate levels and low FATox

e Lower ppax V'O, and gat

e Lower work peak

o Lower lactate level

e Lower HR

o Higher V'E/V'CO,

@ HR jrest and HR et were higher

e Slowly HRR

e Lower work rate 4o and pgag with same lactate level

o Lower V'O, 4a1 and atpeak €Xercise
o Mild elevated V'E/V'CO,

© 77.8% of patients (ppax V'O2 <20 ml/kg/min)

o Lower lactate threshold

e Lower peak ventilation

o Higher V'E/V'CO; and no VD/VT reduction in 87.5% of patients
o Lower vascular reactivity (FMD) with slope V'E/V'CO, >36

o Preserved ppag V'O, 22.9 (20.0-25.5) ml/kg/min in DB patients

@ DB (chaotic ventilatory pattern) mostly without hyperventilation in 29.4% (n = 15)
® Respiratory limitation with gas exchange abnormalities in 54.9% (n = 28)

e Normal CPET or O, delivery/utilization impairment 15.7% (n = 8)

® peak V'O, >84% pred and workload at the peak were within the normal range for
DB patients. No relation to hyperventilation was found (normal V'E/V/CO; and
PaCO, at rest).
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