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Introduction

Idiopathic pulmonary arterial hypertension (IPAH) corresponds to precapillary pulmonary hypertension in which there is neither a family history of the disease, nor an identified risk factor and is defined as a resting mean pulmonary arterial pressure mPAP 5 mm(g with a normal pulmonary artery wedge pressure 5 mm(g 1.

Although the pathophysiology of IPAH has been extensively studied in the past decades and several new pathways have been identified, the etiology of this disease is still not clearly understood. It is now well established that inflammation plays an important role in IPAH 2-6 and increasing data are also supporting the hypothesis that immunologic disorders could be present in IPAH patients: circulating autoantibodies have been detected 7-8 and recent evidence are indicating that regulatory T cells (Treg) could play a role in PAH 9. Despite these findings, little is known about the exact role of inflammation and dysimmunity in the development of IPAH and it remains unclear how immune mechanisms contribute to the pathogenesis of IPAH.

Recent evidence has demonstrated a detrimental involvement of leptin, a cytokine-like hormone mainly secreted by adipocytes, in promoting the pathogenesis of various autoimmune diseases 10-11. Although leptin, product of the obese (ob) gene, has been discovered as the appetite regulator, it regulates a wide range of physiological functions 10-13. Interestingly, it has also been shown that leptin can promote chronic autoimmune disorders by regulating Treg onset and/or function 14. Intriguingly, little is known about the pulmonary effects of leptin, and in particular its inflammatory and/or immunologic role in IPAH.

Treg are T lymphocytes known to dampen autoreactive responses and are able to delay the onset and progression of autoimmune disorders: reduced frequency of Treg and/or defective suppressor function have been observed in these diseases 14-15. So far, little is known about the role of leptin on the lung and in particular about its effects on the pulmonary vessels.

IPAH is characterized by small-sized pulmonary arteries/arterioles in which there is intimal hyperplasia with medial and adventitial hypertrophy, hyperplasia and fibrosis. Cells from the vessel wall are known to play an important role in the pathogenesis of IPAH. In particular, pulmonary endothelial cells (P-EC) represent a critical cell type. Endothelial dysfunction is characterized by an altered vasoconstriction/vasodilatation balance and disorganized pro-proliferative and apoptotic-resistant phenotype that can lead to the formation of plexiform lesions mostly described in IPAH patients 16.

We hypothesized that leptin, synthesized by dysfunctional P-EC, might play a role in the immunopathology of IPAH by regulating circulating Treg function. We addressed this issue using freshly recovered circulating Treg from IPAH patients. Our findings indicate that Treg function is reduced in IPAH patients compared to controls in a leptindependent manner. Furthermore, using cultured cells recovered after lung transplantation in IPAH patients, we demonstrated that there is a major increase in leptin synthesis from IPAH P-EC compared to controls. Taken together, our data suggest that leptin could derive from endothelial cells and may play a role in the immunopathogenesis and/or progression of IPAH.

Methods

Subjects

Blood samples were collected in patients with IPAH and in sclerodermaassociated PAH (SSc-PAH) during usual follow-up and in control subjects ( 

Leptin, leptin receptor and pro-inflammatory measurements

Serum samples were collected and stored at -80°C. For the measurement of leptin, C-reactive protein (CRP), tumor necrosis factor (TNF)-, monocyte chemoattractant protein (MCP)-1, interleukin-6 and 1, human AlphaLISA or ELISAs kits were used accordingly to manufacturer's instructions PerkinElmer and R&D Systems.).

Circulating soluble leptin receptor (sObR) levels were measured using ELISAs (as recommended by the manufacturer; R&D Systems).

Flow cytometry analysis

After blood samples withdrawal, peripheral blood mononuclear cells (PBMCs) It is now well known that CD127 expression inversely correlates with FoxP3 activation 17. To test whether Treg analysis and cell count were similar using these different markers, we randomly selected 5 subjects from each group and compared the two Treg phenotypes , ie CD4 + CD25 + CD127 low FoxP3 + , and CD4 + CD25 + CD127 low (the subgroup characteristics are presented as online supplemental data). The cell count was similar by using these 2 different surface markers (Figure 4C and Table 2). Based on these preliminary tests and to preserve the intracellular space, we avoided PBMCs and defined Treg as CD4 + CD25 + CD127 low (Figure 3A). Treg cell count was expressed as the percentage of total CD4 + cells.

In order to evaluate the ObR expression, PBMCs were also stained under nonpermeabilized conditions with a monoclonal antibody against ObR fluorescently conjugated with PE (R&D Systems). Treg expressing ObR were defined as CD4 + CD25 + CD127 low ObR + and were quantified as the percentage of CD4 + CD25 + CD127 low .

To determine the functional status of the Treg expressing ObR, we stained them under permeabilized conditions with a monoclonal antibody against phosphorylated STAT3 (pSTAT3) conjugated with Alexa 488 (Cell Signaling Technology).

To assess the effect of leptin on Treg functional status, we stimulated freshly isolated PBMCs from healthy controls with recombinant human leptin at a concentration of 250ng/ml for 5 minutes (R&D Systems, 18). Then, we stained and analyzed the Treg and pSTAT3 as described above.

Flow cytometry data were acquired with a flow cytometer (MACSQuant) and analyzed by FlowJo software program (Tree Star, Inc).

Human pulmonary tissues and immunohistostaining

Lung specimens were obtained at the time of lung transplantation from patients with IPAH (n=10), at the Marie Lannelongue Hospital, Le Plessis-Robinson, France.

Control-lung specimens were obtained from patients without any evidence of pulmonary vascular disease who underwent lobectomy or pneumonectomy for localized lung cancer (n=15). Lung specimens were fixed in 4% paraformaldehyde and embedded in Paraffin. 5-μm sections were dewaxed and rehydrated progressively. Citrate buffer pH6 was used for antigen retrieval, and endogenous peroxidase was quenched with hydrogen peroxide. Sections were blocked with 5% of bovine serum albumin and incubated overnight with the following antibodies: polyclonal antibody against leptin (dilution: 1/100; Santa Cruz Biotechnologies, Santa Cruz, CA, USA) and monoclonal antibody against leptin receptor (dilution: 1/50; R&D systems Europe, Lille, France).

Biotin/Streptavidin-peroxidase systems, DAB substrate was used for relevation (Universal LSAB HRP Kit, Dako, Trappes, France). Nuclei were counterstained with hematoxylin and mounted. Controls used for these antibodies included omission of the primary antibody and substitution of the primary antibody by isotype control.

Endothelial cell isolation and leptin measurement

Human microvascular P-EC isolated from lung tissue fragments using immunomagnetic purification were cultured as previously described 19. To quantify leptin in conditioned media, the isolated cells were seeded on 6-well plates at a density of 1×10 5 cells/well. After 24 hours, cells were washed twice with PBS then incubated for 24h in serum-free MCDB131 (without the addition of growth factors). Leptin was measured in conditioned media using ELISAs (as recommended by the manufacturer; R&D Systems).

Statistical analysis

Results are expressed as mean ± sem. A p<0.05 level of statistical significance was used for all analyses. The Shapiro-Wilk test was used to ensure that data had a normal distribution. All between-groups comparisons were assessed using One Way ANOVA;

post-hoc analysis of significant variables was performed using Tukey Test with all pairwise multiple comparisons. Differences between two selected groups (controls and IPAH) were compared using unpaired t-test. Pearson correlations were used to establish associations between the dependent variables (i.e., leptin, ObR expression on Treg) and relevant independent variables. All statistical procedures were carried out using GraphPad Prism version 5.0 (GraphPad Software Inc.)

Results

Leptin and pro-inflammatory cytokines serum concentration

To investigate the role of leptin in PAH pathogenesis, we first quantified serum leptin concentration and found that both IPAH and SSc-PAH patients had a significantly higher leptinemia than controls. No difference was found between IPAH and SSc-PAH (Figure 1A and Table 2).

In order to compare the relative free leptin index and the leptin bioavailability in these 3 groups of subjects, we measured sObR levels. We found a similar level in the 3 groups without any statistically significant difference (Figure 1B and Table 2). These 2). MCP-1, IL-6 and IL-1 were significantly increased in IPAH and SSc-PAH patients compared to controls (Table 1). Furthermore, there was no correlation between the pro-inflammatory cytokines and leptin levels (Figure 2B-C).

These data indicate that in PAH patients, in IPAH and in SSc-PAH, serum leptin levels are increased independently of pro-inflammatory cytokines.

ObR expression on Treg cell membrane

Since our findings indicated a possible role of leptin in PAH pathogenesis, we analyzed the expression of its receptor ObR on Treg. After withdrawing peripheral venous blood samples from controls and PAH patients, we first selected Treg among the fluorescently tagged PBMCs by flow cytometry analysis.

We selected Treg and analyzed the expression of ObR on their membrane (Figure 3A). Flow cytometry analysis revealed that ObR expression was markedly increased in PAH patients, as compared to controls (Figure 3B-C and Table 2), either when expressed as percentage of Treg cells (Figure 3C and Table 2), or as absolute numbers (Figure 3D and Table 2). ObR expression was similar in IPAH and SSc-PAH. Interestingly, the expression of ObR on Treg cell membrane did not correlate with BMI or serum leptin levels (Figure 3E-H).

Taken altogether, these findings demonstrate that ObR expression is markedly increased in IPAH patients compared to controls and to a similar extent as in SSc-PAH.

Interestingly, the level of ObR expression is independent of the patients' BM) or serum leptin levels.

Circulating Treg levels

To further explore the role of leptin on Treg in PAH, we first examined the Treg cell count. Flow cytometry analysis revealed a normal Treg cell count in all groups, controls and PAH patients. We expressed the Treg as percentage of CD4 + cells as well as in absolute numbers and also found a normal Treg cell count (Figure 4A-B and Table 2).

These data indicate that leptin does not seem to influence Treg numbers in PAH patients.

Functional status of Treg

Our next objective was to determine the extent to which leptin could play a role on Treg function. As readout of ObR activity, we measured pSTAT3 amounts, because STAT3 is known to participate in the intracellular signaling pathways of ObR 11. After

Treg permeabilization, we quantified pSTAT3 by flow cytometry (Figure 5A).

Interestingly, the number of Treg-pSTAT3 + was markedly decreased in PAH patients compared to controls, and similarly in IPAH and SSc-PAH (Figure 5B-C and Table 2). In order to further investigate the relationship between leptin and Treg function, we stimulated freshly isolated PBMCs from healthy controls with recombinant leptin, we stained them as described above and measured pSTAT3 amounts by flow cytometry.

Treg-pSTAT3+ were significantly decreased when stimulated by leptin, clearly showing a leptin-dependent effect on Treg functional status (Figure 5D). Taking these results together, we hypothesize that leptin regulates Treg in PAH by inhibiting them through the ObR binding.

Leptin secretion by endothelial cells

Leptin has recently been detected in lung tissue 20. Since our findings suggested a mechanistic role for leptin in Treg functional regulation and P-EC represent a critical cell type in IPAH patients 16, our next aim was to investigate whether P-EC could represent one of the sources of leptin in PAH. To test this hypothesis, after exclusion of inflammatory mechanisms as a source of leptin (Figure 2B-C), we performed immunohistochemistry on lung specimens from controls and IPAH patients and we stained them for leptin and ObR. A more intense immunoreactivity was noted for leptin in the endothelium of distal pulmonary arterial walls in IPAH patients versus controls. In contrast, no significant changes in ObR were found between IPAH and control patients. Therefore, we assessed that P-EC are an important source of leptin in the lung. To further assess whether the synthesis and the release of leptin by P-EC were increased in PAH, we isolated microvascular P-EC from lung specimens from IPAH patients and from controls. We measured leptin protein amount in the cell supernatant and found a significant increase in leptin in IPAH patients compared to controls (Figure 6). These findings indicate that P-EC contribute to the increased secretion of leptin measured in IPAH patients. 

Discussion

Leptin, Treg function and ObR expression upregulation

Despite strong evidence for the role of leptin in autoimmunity, the precise mechanism of its activity is still controversial. Much of the difficulty relies on the highly pleiotropic activities of leptin on both the neuroendocrine and immune systems. In the 

Leptin and inflammation

Leptin production is not only regulated by food intake, but also by various hormones, as well as by several inflammatory mediators, both in humans and in experimental models 10-11. The pro-inflammatory properties of leptin are similar to those of other acute-phase reactants. Generally, leptin increases in the course of acute infection, sepsis and inflammation 10-11. It is now clear that inflammation plays an important role in PAH pathogenesis. On the other hand, some studies suggested an association between leptin levels and inflammatory markers such as soluble TNF receptors or CRP 23 that was not confirmed by others 24. We approached this controversial question by measuring serum pro-inflammatory cytokine levels in PAH and controls. Conversely to recent data published by Quark and colleagues 25, we found normal levels of CRP without any difference within the groups. We confirmed our previous data showing increase in IL-6 and 1and normal levels of TNF- in PAH patients 2. We showed no correlation between leptin levels and inflammatory markers.

Of note, patients did not receive therapies susceptible to decrease inflammatory markers, such as statins, and there was no active systemic disease in the patients with SSc-PAH we studied, as evidenced by the lack of steroid and/or immunosuppressant therapy at the time of SSc-PAH management, and the normal CRP levels measured in these subjects. This suggests that in the PAH patients we studied, increased levels of leptin were not linked to markers of systemic inflammation.

Pulmonary endothelial cells as a source of leptin?

Leptin expression and secretion is constitutively produced by adipocytes and has been first restricted to this tissue only, but recent reports have demonstrated that it is also produced at low levels by other tissues 26. Values are expressed as mean ± sem. NS: non significant. 

  from IPAH, SSc-PAH patients and controls were obtained by standard Ficoll gradient centrifugation. The cells were carefully washed with PBS and resuspended in a staining buffer containing 10% of human serum. The cells were then fluorescently labeled with the following monoclonal antibodies: anti-CD4 conjugated with either Alexa 488 (Becton Dickinson) or Pacific Blue (BioLegend); anti-CD25 conjugated with Alexa 647 (BioLegend); anti-CD127 conjugated with PerCp-Cy5.5 (Becton Dickinson); and anti-FoxP3 conjugated with Pacific Blue (BioLegend), under non-permeabilized or permeabilized conditions (IntraPrep, following manufacturer's instructions, Beckman Coulter), to enable surface or intracellular staining, respectively. Flow cytometry gating conditions and the mean fluorescence intensity (MFI) were set and normalized, respectively, against isotype-and fluorophore-matched non-immune IgGs.

  data indicate that circulating active leptin levels are increased in both IPAH and SSc-PAH. Correlations between serum leptin levels and body mass index (BMI) in controls and PAH patients are shown in Figure 1C-D. Furthermore, no correlation was found between circulating leptin levels and disease severity expressed as haemodymic and/or functional parameters. Since leptin has been shown to act as a key player in inflammatory conditions, we tested whether serum leptin concentration in PAH correlated with serum pro-inflammatory cytokines. CRP and TNF- concentrations were normal in all groups, without any statistically significant difference among the groups (Figure 2A and Table

  One of the central unanswered questions in PAH pathogenesis relates to the role of inflammation and dysimmunity in the development and/or progression of IPAH. It remains unclear how immune mechanisms contribute to the pathogenesis of IPAH. We approached this question by determining the role of leptin and endothelial dysfunction in circulating Treg regulation. Our data suggest, for the first time to our knowledge, that leptin may play a role in the immunopathogenesis of IPAH by inhibiting Treg function, through its receptor upregulation on circulating Treg surface. Furthermore, we are also showing, using P-EC isolated from PAH patients and lung tissues, that P-EC could represent one of the sources of leptin.

  immune system, leptin can directly affect the activity of numerous immune cell types of both the innate and the adaptive systems. A critical protective role for Treg in several autoimmune diseases is now well established 14-15, 17 but it is still controversial whether leptin induces Treg anergy and/or hyporesponsiveness in autoimmune diseases. In order to identify Treg by flow cytometry, we have chosen to use surface markers because recent studies have indicated that, in humans, expression of endogenous FoxP3 is not sufficient to induce Treg activity or to identify Treg cells 21, 22 In this study, we establish a unique link between leptin and Treg cells in PAH, by showing that leptin can modulate the hyporesponsiveness of Treg in vivo. Freshly isolated Treg from PAH patients display higher expression of ObR on their surface compared to healthy controls. At the molecular level, circulating PAH Treg cells express low level of pSTAT3, which represents the major signalling pathway in Treg. In contrast, the number of circulating Treg is in the normal range and it is similar in PAH patients as well as in controls. Interestingly, these results were similar in the two major PAH subgroups tested, IPAH and SSc-PAH, in which there is an established associated immunological disorder. Furthermore, when stimulated by recombinant leptin, Treg cells express lower levels of pSTAT3, clearly indicating a direct effect of leptin on Treg functional status. It appears that, in PAH, leptin controls Treg function rather than Treg numbers that could participate to the immunopathogenesis of PAH.
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  ). All patients were treated with PAH specific treatments. Inclusion criteria were age above 18 years and PAH diagnosis confirmed by right-heart catheterization with a stable clinical and heamodynamic status for the last 3 months. Exclusion criteria were an heritable form of PAH, anaemia, thyroid dysfunction, diabetes, metabolic syndrome, and immunosuppressive or corticosteroid therapies in the last 6 months for SSc-PAH..

Characteristics at diagnosis and follow-up were stored in the Registry of the French Network of Pulmonary Hypertension set up in agreement with French bioethics laws (French Commission Nationale de l'Informatique et des Libertés) and all patients gave their written informed consent.

Table 1 : Subjects anthropometric and hemodynamic characteristics

 1 The question of the existence of another source of leptin involved in the immune regulation in humans remains unanswered. Endothelial dysfunction represents one the major cellular PAH characteristics that could contribute to increased leptin secretion 3.By using P-EC isolated from PAH and lung specimens, we are showing here for the first time, that PAH pulmonary endothelial cells produce more leptin than controls. This can explain, at least in part, the increased serum leptin levels in PAH patients compared to controls, despite the normal number of Treg cells. Further studies are needed to confirm that endothelial cells represent the source of leptin and the role of leptin on Treg in PAH.In conclusion, our findings address a central unanswered question in PAH pathogenesis, namely that relating to the role of dysimmunity in the development and/or progression of IPAH. Our evidence that leptin and endothelial cells play a determining role in the regulation of Treg in IPAH reveals a previously unknown mechanism in the IPAH immunopathogenesis, which can contribute to the onset and/or progression of the disease. Our findings indicate for the first time that leptin must be considered as an actor of immunological disorders in IPAH.

	Tables			
		Controls	IPAH	SSc-PAH
	number (n)	20	25	11
	sex female/male (ratio)	12/8 (0.66%)	20/5 (0.25%)	9/2 (0.22%)
	age (years)	38 ± 3*	52 ± 3	68 ± 3 #
	BMI (kg/m 2 )	25 ± 1	26 ± 1	27 ± 1
	NYHA class	NA	II-III	II-IV
	mPAP (mmHg)	NA	45 ± 3	41 ± 4
	PcwP (mmHg)	NA	8 ± 1	9 ± 1
	PVR (Wood unit)	NA	7 ± 1	7 ± 1
	cardiac output (ml/min)	NA	5.8 ± 0.3	5.5 ± 0.6
	cardiac index (l/min/m 2 )	NA	3.0 ± 0.2	3.0 ± 0.3
	6-MWT distance (m)	NA	459 ± 21	314 ± 44 #
	BNP (ng/ml)	NA	103 ± 28	250 ± 92
	CRP (mg/l)	0.05 ± 0.003	0.05 ± 0.002	0.04 ± 0.005
	TNF- (pg/ml)	0.5 ± 0.4	4.2 ± 2.0	2.2 ± 2
	MCP-1 (pg/ml)	273 ± 19*	682 ± 158	460 ± 42
	IL-6 (pg/ml)	1 ± 0.4*	25 ± 9	8 ± 2
	IL-1(pg/ml)	0.01 ± 0.01*	32 ± 8	17 ± 12
	PAH specific treatment:			
	ERA		11	3
	PDE-5i:		0	1
	ERA+PDE-5i ERA+PGI2	NA	8 2	4 0
	PDE-5i+PGI2		2	0
	ERA+PDE-5i+PGI2		2	3
	no treatment		0	0

Interestingly, it has been shown that another important source of leptin are the Treg cells themselves, which both secrete leptin and express leptin receptor 10. Thus, leptin can mediate a negative autocrine loop in Treg, which can promote the onset and/or the progression of autoimmune diseases 22. Theoretically, the blockade of leptin by antagonists, antibodies or soluble receptors should inhibit leptin bioavailability and reduces its effects. So far, this has been shown in animal models with experimental conditions 10. In humans, leptin administration does not efficiently improve immune function in the normal or obese individual but only in individuals with congenital leptin deficiency and lipodystrophy 27.

Table 2 : Regulatory T lymphocytes, leptin receptor and serum leptin data

 2 

		Controls	IPAH	SSc-PAH
	Treg (% CD4 + )	4 ± 0.5	4 ± 0.4	3 ± 0.4
	Treg (/ml)	67 ± 8	61 ± 8	51 ± 9
	Treg FoxP3+ (% CD4 + )	5 ± 0.8	3 ± 0.4	4 ± 0.2
	ObR (% Treg)	16 ± 5*	39 ± 4	36 ± 9
	ObR (/ml)	6 ± 2*	19 ± 2	22 ± 8
	ObR (MFI)	378 ± 46	313 ± 58	466 ± 21
	pSTAT3 (% Treg ObR + )	8 ± 1.6*	4 ± 0.5	4 ± 0.6
	pSTAT3 (MFI)	1090 ± 72	1152 ± 58	1134 ± 46
	leptin (ng/ml)	2 ± 0.3*	6 ± 0.9	6 ± 1.4
	circulating soluble ObR (ng/ml)	27 ± 1	27 ± 2	22 ± 2

FoxP3: forkhead box P3; IPAH: idiopathic pulmonary arterial hypertension; MFI: mean fluorescence intensity; ObR: leptin receptor; pSTAT3: phosphorylated Signal Transducer
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