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Introduction

Catecholamines such as norepinephrine or epinephrine have been reported to participate in the development of acute respiratory distress syndrome (ARDS) by activating adrenergic receptors (ARs). But the role of α1-AR in this process has yet to be elucidated.



Methods

In this study, ARDS mouse model was induced by intratracheal instillation of lipopolysaccharide. After treatment with α1-AR agonist phenylephrine or antagonist prazosin, lung pathological injury, alveolar barrier disruption and inflammation, and haemodynamic changes were evaluated. Cytokine levels and cell viability of alveolar macrophages were measured in vitro. Nuclear factor κB (NF-κB), mitogen-activated protein kinase, and Akt signalling pathways were analysed by western blot.



Results

It showed that α1-AR activation alleviated lung injuries, including reduced histopathological damage, cytokine expression, and inflammatory cell infiltration, and improved alveolar capillary barrier integrity of ARDS mice without influencing cardiovascular haemodynamics. In vitro experiments suggested that α1-AR stimulation inhibited secretion of TNF-α, IL-6, CXCL2/MIP-2, and promoted IL-10 secretion, but did not affect cell viability. Moreover, α1-AR stimulation inhibited NF-κB and enhanced ERK1/2 activation without significantly influencing p38, JNK, or Akt activation.



Discussion

Our studies reveal that α1-AR stimulation could ameliorate lipopolysaccharide-induced lung injury by inhibiting NF-κB and promoting ERK1/2 to suppress excessive inflammatory responses of alveolar macrophages.
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Introduction

Acute respiratory distress syndrome (ARDS) is a common critical illness characterized by acute hypoxic respiratory insufficiency or failure, often requiring hospitalisation in an intensive care unit (1). The life-threatening illness can be caused by a variety of non-cardiogenic factors, including pneumonia, sepsis, and trauma (2). Because of its multifactorial aetiology and complex pathogenesis, ARDS shows great heterogeneity across different subpopulations of patients (3). Although prior studies have made considerable progress in understanding the pathogenesis of ARDS, no effective drug interventions are currently available (4) and the morbidity and mortality rates remain high (5, 6) . This is especially important with the outbreak of Corona Virus Disease 2019 (COVID-19), the severe stage of which can lead to ARDS, bringing tremendous challenges to clinical treatment and basic research (7). Therefore, it is urgent to further explore the pathogenesis of ARDS and identify feasible therapeutic strategy.

An uncontrolled inflammatory response is generally regarded as the core mechanism resulting in diffuse alveolar damage and lung oedema (8). Clinical evidence suggests that cytokines and inflammatory cells in plasma or bronchoalveolar lavage fluid (BALF) of patients with ARDS are usually increased, and associated with mortality (9). Accordingly, regulation of the immune inflammatory response is considered a potential treatment strategy for ARDS (8).

In addition to its established role as a regulator of the cardiovascular system, a growing body of evidence indicates that sympathetic nervous system (SNS) is an integrative interface between the nervous system and the immune system (10). SNS dysfunction is common during sepsis (11, 12) and sepsis-induced complication, like ARDS (13), and can influence disease progression (14). Norepinephrine (NE), an important neurotransmitter released from the SNS, is an essential vasoactive agent used clinically to treat septic shock (15). Recent evidence suggests that NE could regulates inflammatory response of immune cells and participate in the development of ARDS. And our previous studies showed that NE could inhibit activation of alveolar macrophages and alleviate lung inflammation in ARDS mice induced by lipopolysaccharide (LPS) (16), however, the underlying mechanism is unclear. Adrenergic receptors (ARs) including α1-AR, α2-AR, and β-AR mediate the effects of NE (17). Previous studies showed that blockade of α2-AR (16, 18, 19) or stimulation of β-AR (20–22) could alleviate lung injury by reducing inflammation. However, the role and mechanism of α1-AR in ARDS is still not fully understood. In vivo experiments indicate that phenylephrine (PE), a specific agonist of α1-AR, is favourable for protecting the structural and functional integrity of alveolar-capillary barriers (23, 24). Other in vitro studies suggest that α1-AR stimulation could influence cytokines expression of inflammatory cells (25, 26). Therefore, we explored the effect of α1-AR activation on lung inflammation in a mouse model of ARDS. We hypothesized that the beneficial effect of α1-AR for ARDS arise from its ability to alleviate inflammation through effects on alveolar macrophages.



Materials and methods


Animals

Male C57BL/6J mice (8–12 weeks old) were purchased from and maintained in the Department of Laboratory Animal Science at Peking University Health Science Centre (Peking, China). Mice were kept on a 12-h light/dark cycle with ad libitum access to standard diet and water. All animal experimental procedures were approved by the Animal Care and Scientific Committee of Peking University Health Science Centre (Approval No: SA2020336).



Animal model and experimental protocol

Mice were anaesthetized by intraperitoneal administration of 1% pentobarbital sodium (70 mg/kg, Sigma-Aldrich, St. Louis, MO, USA). As shown in Figure 1A, after anaesthesia, the ARDS mouse model was established by intratracheal instillation of 2 mg/kg LPS (Escherichia coli 0111:B4, Sigma-Aldrich) in 50 µL of phosphate-buffered saline (PBS). To examine the effect of α1-AR on lung injury of ARDS mice, animal experiments were divided into two parts. In the first part, 20 min before LPS stimulation, varying concentrations of the α1-AR agonist PE (10-7–10-5 M, Selleck Chemicals, Houston, TX, USA) in 50 µL of PBS were injected into the tracheae of ARDS mice. In the second part, 20 min before PE (10-5 M) intervention, the α1-AR antagonist prazosin (PRA, 10-5 M) in 50 µL of PBS was injected into the tracheae of ARDS mice. Simultaneously, control groups were treated with 50 µL of PBS. Mice were sacrificed 24 h after LPS stimulation, and lung tissues and BALF were obtained.




Figure 1 | Phenylephrine (PE) attenuated lung pathological injury and alveolar capillary barrier disruption without influencing the cardiovascular haemodynamics of ARDS mice. Mice were given an intratracheal instillation of 2 mg/kg lipopolysaccharide (LPS) to induce ARDS, and PE was injected into trachea 20 min before LPS stimulation. Lung tissues and bronchoalveolar lavage fluid (BALF) were collected 24 h after LPS stimulation. (A) Method for intratracheal instillation of LPS or PE in mice. (B) Expression of α1-AR in lung tissues of mice. (C) Haematoxylin and eosin staining of lung slices. Scale bar = 100 μM. (D) Histology scores of lungs were judged according to guidelines of the American Thoracic Society. (E) Wet/dry weight ratio of lung tissues. (F) Levels of total protein in BALF. (G) Levels of albumin in BALF. (H) Heart rate (HR), systolic blood pressure (SP), diastolic blood pressure (DP), and mean artery pressure (MAP) of mice were monitored before establishing ARDS model. (I) HR, SP, DP, and MAP of mice were monitored 24 h after establishing ARDS model. Data are represented as the mean ± SD, n = 6–10 per group. *p < 0.05, **p < 0.01, ***p < 0.001.





Haemodynamic parameter monitoring

Mice were placed in a noninvasive blood pressure monitor (Softron Biotechnology, Beijing, China) for 10 min daily to become accustomed to the environment for 3 days before establishing the ARDS model. Heart rate (HR), systolic blood pressure (SP), diastolic blood pressure (DP), and mean artery pressure (MAP) of mice were monitored before and 24 h after establishing ARDS model to estimate haemodynamic changes.



BALF preparation and cell counts

Bronchoalveolar lavage was carried out with 1 mL of ice-cold PBS three times. The collected BALF was centrifuged at 1000 × g at 4°C for 5 min. BALF supernatant was stored at -80°C for subsequent detection. One part of the cell pellet was used for total cell counts with a haemocytometer, while the other part was used for differential counts of inflammatory cells by Wright-Giemsa staining (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).



Histology

The inferior lobe of the right lung from mice without bronchoalveolar lavage was fixed in 4% paraformaldehyde for 24–48 h, dehydrated in an ascending gradient of alcohol, embedded in paraffin, and sliced into 5-µm sections. After staining with haematoxylin and eosin, lung tissues were scanned by a digital pathology microscope (Hamamatsu Photonics, Hamamatsu City, Japan). Histological changes were assessed by a blinded investigator according to a standardized histology scoring system published by American Thoracic Society (27).



Determination of lung wet/dry weight ratio

The left lung lobe from mice without bronchoalveolar lavage was weighed to record the wet weight. Next, the lung lobe was dried in an oven at 65°C for 48 h until all moisture was removed, and the dry weight was measured. The wet/dry weight ratio was calculated as a measure of the severity of pulmonary oedema.



Cell culture and treatment

The murine alveolar macrophage cell line MH-S was purchased from Bio-Rad Laboratories (Hercules, CA, USA). Cells were cultured in RPMI-1640 medium (Biological Industries, Kibbutz Beit Haemek, Israel) with 10% foetal bovine serum (Biological Industries) at 37°C in the presence of 5% CO2.

For LPS activation, MH-S cells were stimulated with 100 ng/mL LPS (Sigma-Aldrich). In accordance with the animal experiment design, during the first part, MH-S cells were incubated with PE (10-8–10-5 M) for 30 min and then stimulated with LPS for 6 h. In the second part, cells were pre-incubated with PRA (10-5 M) for 30 min, followed by PE (10-5 M) for 30 min, and then stimulated with LPS for 6 h. Cell supernatants and pellets were collected for evaluation.



Cytokine and albumin assays

Inflammatory cytokines tumour necrosis factor α (TNF-α), interleukin (IL)-6, IL-10, and chemokine (C-X-C motif) ligand 2/macrophage inflammatory protein 2 (CXCL2/MIP-2) in BALF and cell supernatant were detected by enzyme-linked immunosorbent assay (ELISA) duoset kits (R&D Systems, Minneapolis, MN, USA) according to the kit manufacturer’s instructions. The concentration of albumin in BALF was also measured by ELISA (Elabscience, Wuhan, China).



Cell viability assay

Cell Counting Kit-8 (CCK-8) and calcein-AM/PI double staining assays (Yeasen Biotechnology, Shanghai, China) were used to measure cell viability. For CCK-8, MH-S cells were seeded into 96-well plates at a density of 5 × 103 cells/well. After treatment with PE, PRA, or LPS, cells were incubated with 10 μL of CCK-8 reagent for 2 h, and the absorbance value of each well was measured using an Automatic Microplate Reader (Thermo Fisher Scientific, Waltham, MA, USA) at 450 nm. For calcein-AM/PI double staining, MH-S cells were seeded into 48-well plates at a density of 2 × 105 cells/well. After identical administration of PE, PRA, or LPS, a mixture of calcein-AM and PI were added into each well for 15 min. Finally, live cells (yellow-green fluorescence) and dead cells (red fluorescence) were simultaneously observed at a 490 ± 10 nm excitation wavelength under a fluorescence microscope (Leica, Wetzlar, Germany).



Immunofluorescence staining

MH-S cells were seeded into 15-mm glass bottom dishes (Nest Biotechnology, Jiangsu, China) at a density of 2 × 105 cells. After fixation with 4% paraformaldehyde, cells were permeabilized with 0.5% Triton X-100, blocked in blocking buffer, and incubated overnight with an anti-α1-AR antibody (1:100; Abcam, Cambridge, UK) at 4°C. The following day, cells were incubated with a fluorochrome-conjugated secondary antibody [1:500; Cell Signaling Technology (CST), Danvers, MA, USA] for 1 h at room temperature protected from light. DAPI reagent (Solarbio, Beijing, China) was used for nuclei staining. Finally, specimens were observed under a fluorescence microscope (Leica).



Western blot analysis

Lung tissues were first ground into a single-cell suspension. Obtained lung cells and MH-S cells were lysed in RIPA buffer (Applygen, Beijing, China) for protein extraction. After determining protein concentrations with a bicinchoninic acid colorimetric assay kit (Applygen), protein samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and then transferred to polyvinylidene fluoride membranes (MilliporeSigma, Burlington, MA, USA). Membranes were blocked in 1× Tris-buffered saline containing Tween with 5% w/v non-fat dry milk for 1 h at room temperature and incubated overnight at 4°C with primary antibodies against p-p65 (1:1,000; CST), p65 (1:1,000; CST), p-p38 (1:1,000; CST), p38 (1:1,000; CST), p-ERK1/2 (1:1,000; CST), ERK1/2 (1:1,000; CST), p-JNK (1:1,000; CST), JNK (1:1,000; CST), p-Akt (1:1,000; CST), Atk (1:1,000; CST), α1-AR (1:1,000; Abcam), and β-actin (1:5,000; Applygen). After three washes, membranes were incubated with secondary antibodies for 1 h at room temperature. Protein bands were visualized using a chemiluminescence image analysis system (Tanon Science and Technology, Shanghai, China).



Statistical analysis

All experiments were repeated at least five times, and statistical analysis was conducted using SPSS 22.0 software (IBM SPSS, Chicago, IL, USA). Data conforming to a normal distribution are presented as mean ± standard deviation (SD), and were analysed with one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test or Welch’s ANOVA followed by Dunnett’s T3 post hoc test. Experimental data not conforming to a normal distribution are presented as median (25%, 75%), and were analysed by non-parametric test. P values < 0.05 were considered statistically significant.




Results


α1-AR agonist PE attenuated lung injury of ARDS mice

Histopathological lesions provide intuitive and reliable results (28). To evaluate the effect of α1-AR on ARDS, expression of α1-AR was first confirmed in lung tissues of mice without intervention (Figure 1B). Evaluation of histopathological lesions provide intuitive and reliable results (28). Histology showed that intratracheal instillation of LPS induced evident lung injury, including alveolar septum thickening, fusion of alveoli, interstitial oedema, and inflammatory cell infiltration (Figure 1C). However, treatment with the α1-AR specific agonist PE mitigated these changes. Compared with the LPS group, PE at both of the concentration of 10-6 and 10-5 M treatment significantly improved the degree of lung injury (Figure 1D), as assessed by the standardized histology scoring system (27). Alveolar capillary barrier disruption, another key indicator of ARDS, is usually evaluated by measuring the wet/dry weight ratio of lung tissues, as well as total protein and/or albumin concentration in BALF. Our results show that LPS stimulation produced no evident changes in the wet/dry weight ratio of lung tissues (Figure 1E), however it increased total protein and albumin concentration in BALF, suggesting the occurrence of lung injury (Figures 1E, G). Although PE had no significant effect on total protein concentrations in BALF, albumin concentrations (an indicator with higher sensitivity) were evidently reduced following intervention with PE (10- 5 M).



PE did not influence the cardiovascular haemodynamics of ARDS mice

Clinically, PE serves as a vasoactive agent typically used to increase patient blood pressure (29). Therefore, cardiovascular haemodynamic parameters were monitored in this study. As shown in Figure 1H, we first observed HR, SP, DP, and MAP of mice before establishing the ARDS model in mice. As expected, no changes were observed in the group without treatment, indicating that our monitoring method was stable and reliable. After stimulation with LPS, SP and MAP were significantly reduced compared with those in the control group, although there were no differences in HR or DP. PE treatment did not influence any of these indicators (Figure 1I).



PE ameliorated lung inflammation in ARDS mice

Excessive inflammatory responses are generally considered the major underlying pathogenesis of ARDS (2). Therefore, we detected the number of exudated inflammatory cells and cytokine levels in BALF. As shown in Figure 2A, LPS induced infiltration of large numbers of inflammatory cells (Figure 2B), especially neutrophils (Figure 2C), into lung tissues. Treatment with PE (10-6 M) obviously decreased the number of total cells and neutrophils in BALF. Similarly, inflammatory cytokines TNF-α (Figure 2D), IL-6 (Figure 2E), and CXCL-2/MIP-2 (Figure 2F) in BALF were dramatically increased after LPS stimulation, but inhibited by treatment with PE.




Figure 2 | Phenylephrine (PE) ameliorated lung inflammation in ARDS mice. Mice were given an intratracheal instillation of 2 mg/kg lipopolysaccharide (LPS) to induce ARDS, and PE was injected into trachea 20 min before LPS stimulation. Lung tissues and bronchoalveolar lavage fluid (BALF) were collected 24 h after stimulation with LPS. (A) Inflammatory cells in BALF stained by Wright-Giemsa stain. Scale bar = 100 μM. (B) Counts of total inflammatory cells in BALF. (C) Counts of neutrophils in BALF. Levels of TNF-α (D), IL-6 (E), and CXCL2/MIP-2 (F) in BALF. Data are represented as the mean ± SD, n = 6–10 per group. *p < 0.05, **p < 0.01.





PE inhibited inflammatory responses of alveolar macrophages without influencing cell viability

Alveolar macrophages are a primary cell type in the lung inflammatory processes (30). Interestingly, we detected α1-AR expression in alveolar macrophages without intervention (Figures 3A, B). To determine whether the effect of PE on lung inflammation involved the effects on alveolar macrophages, we examined cytokine levels in the murine alveolar macrophage line MH-S following LPS stimulation and intervention with PE. The results show that PE inhibited the secretion of TNF-α (Figure 3C) at the concentration of 10-7, 10-6 and 10-5 M, while concentrations of 10-6 and 10-5 M PE inhibited the secretion of IL-6 (Figure 3D) and CXCL2/MIP-2 (Figure 3E), and significantly promoted the secretion of IL-10 (Figure 3F). In addition, we observed the effect of PE on cell viability by calcein-AM/PI double staining and CCK-8 assay. The results show that there were no significant differences among the groups (Figures 3G, H), suggesting that the anti-inflammatory effect of PE did not involve effects on cell viability.




Figure 3 | Phenylephrine (PE) inhibited inflammation in lipopolysaccharide (LPS)-activated murine alveolar macrophages without influencing cell viability. MH-S cells were incubated with PE (10-8-10-5 M) for 30 min, followed by LPS (100 ng/mL) for 6 h Expression of α1-AR in MH-S cells was detected by immunofluorescence (A) and western blotting (B). Levels of TNF-α (C), IL-6 (D), CXCL2/MIP-2 (E), and IL-10 (F) released from MH-S cells. (G) Live and dead cells were stained by calcein-AM and propidium iodide, respectively. Scale bar = 200 μM. (H) Cell viability was measured by CCK-8 assay. Data are represented as the mean ± SD, n = 5 per group. *p < 0.05, **p < 0.01, ***p < 0.001.





PE inhibited NF-κB activation and promoted activation of ERK1/2 in LPS-stimulated alveolar macrophages

NF-κB, Akt, and MAPK signalling pathways are important for regulating inflammatory responses (31). Increased phosphorylation levels of p65 and Akt represent activation of NF-κB and Akt signaling pathways respectively (31). The MAPKs in mammals include p38, ERK and JNK which are serine-threonine protein kinases that regulate various cellular functions including inflammation (32). As shown in Figure 4, LPS stimulation caused the activation of NF-κB, Akt, and p38, ERK1/2 and JNK. However, PE (10-5M) treatment could inhibit NF-κB activation (Figure 4B) and further promote ERK1/2 activation (Figure 4E), but had no effect on activation of Akt (Figure 4C), p38 (Figure 4D), or JNK (Figure 4F) by LPS.




Figure 4 | Phenylephrine (PE) suppressed NF-κB activation and enhanced ERK1/2 activation in alveolar macrophages stimulated by lipopolysaccharide (LPS). MH-S cells were incubated with PE (10-8-10-5 M) for 30 min, followed by LPS (100 ng/mL) for 30 min. (A) Western blotting was used to evaluate activation of p65, Akt, p38, ERK1/2, and JNK. Phosphorylation of p65 (B), Akt (C), p38 (D), ERK1/2 (E), and JNK (F) were analysed according to grey values. Data are represented as the mean ± SD, n = 5 per group. *p < 0.05, **p < 0.01, ***p < 0.001.





α1-AR specific blocker PRA reversed the effect of PE on lung injury in ARDS mice

To further determine whether the protective effect of PE on lung injury of ARDS mice occurred through activation of α1-AR, we administered the α1-AR specific blocker PRA to ARDS mice along with PE intervention. A concentration of 10-5 M PE was chosen for these animal experiments, because it could more thoroughly alleviate lung injury according to experimental results described above. Although no significant differences were observed in lung injury scores (Figure 5B), W/D ratios (Figure 5C), or total protein levels (Figure 5D) between LPS+PE and LPS+PE+PRA groups, PRA aggravated alveolar septum thickening and the fusion of alveoli (Figure 5A), and reversed the inhibitory effect of PE on leakage of albumin into alveoli (Figure 5E). These results suggest that PRA reversed the effect of PE on lung injury of ARDS mice to some extent.




Figure 5 | Prazosin (PRA) reversed the effect of phenylephrine (PE) on lung pathological injury and alveolar capillary barrier disruption without influencing the cardiovascular haemodynamic of ARDS mice. Mice were given an intratracheal instillation of 2 mg/kg lipopolysaccharide (LPS) to induce ARDS. PRA and PE were also injected into the trachea 40 min or 20 min before LPS stimulation. Lung tissues and bronchoalveolar lavage fluid (BALF) were collected 24 h after LPS stimulation. (A) Haematoxylin and eosin staining of lung slices. Scale bar = 100 μM. (B) Histology scores of lungs were judged according to guidelines of the American Thoracic Society. (C) Wet/dry weight ratio of lung tissues. (D) Levels of total protein in BALF. (E) Levels of albumin in BALF. (F) Heart rate (HR), systolic blood pressure (SP), diastolic blood pressure (DP), and me an artery pressure (MAP) of mice were monitored before establishing ARDS model. (G) HR, SP, DP, and MAP of mice were monitored 24 h after establishing ARDS model. Data are represented as the mean ± SD, n = 6–9 per group. *p < 0.05, **p < 0.01, ***p < 0.001.





PRA did not influence the cardiovascular haemodynamics of ARDS mice

PRA works as a specific blocker of α1-AR and is used to treat high blood pressure (33). Therefore, we monitored its effect on the cardiovascular haemodynamics of ARDS mice. Consistent with previous results (Figure 1H, I), HR, SP, DP, and MAP of mice before establishing ARDS model were unchanged without any treatment (Figure 5F). After stimulation with LPS, HR and MAP were significantly reduced compared with those in the control group, although there were no differences in SP or DP. Indeed, neither PE nor PRA influenced these indicators (Figure 5G).



PRA reversed the effect of PE on lung inflammation in ARDS mice

The effect of PRA on lung inflammation was also evaluated. From the staining assay, further treatment of PRA increased numbers of inflammatory cells in the BALF of ARDS mice compared with the LPS+PE group (Figure 6A). Although image analysis revealed a similar trend, the difference was not statistically significant (Figure 6B, C). However, our results show that PRA could reverse the inhibitory effect of PE on expression of TNF-α (Figure 6D) and IL-6 (Figure 6E) in lung tissues of ARDS mice. Consistent with previous results (Figure 2F), neither PE (10-6 M) nor PRA affected expression of CXCL-2/MIP-2 (Figure 6F).




Figure 6 | Prazosin (PRA) reversed the effect of phenylephrine (PE) on lung inflammation in ARDS mice. Mice were given an intratracheal instillation of 2 mg/kg lipopolysaccharide (LPS) to induce ARDS. PRA (10-5 M) and PE (10-5 M) were also injected into the trachea 40 min or 20 min before LPS stimulation. Lung tissues and bronchoalveolar lavage fluid (BALF) were collected 24 h after LPS stimulation. (A) Inflammatory cells in BALF stained by Wright-Giemsa stain. Scale bar = 100 μM. (B) Counts of total inflammatory cells in BALF. (C) Counts of neutrophils in BALF. Levels of TNF-α (D), IL-6 (E), and CXCL2/MIP-2 (F) in BALF. Data are represented as the mean ± SD, n = 6–10 per group. *p < 0.05, **p < 0.01.





PRA reversed the effect of PE on inflammatory responses of alveolar macrophages without influencing cell viability

We also observed the effect of PRA on inflammatory responses of alveolar macrophages. As shown in Figures 7A–D, PRA partially reversed the effect of PE on secretion of TNF-α, IL-6, CXCL2/MIP-2, and IL-10 from alveolar macrophages after stimulation with LPS. Calcein-AM/PI double-staining and CCK-8 assays were used to rule out of the possibility that the effect of PRA on inflammatory responses of alveolar macrophages did not result from influences on cell viability (Figures 7E, F).




Figure 7 | Prazosin (PRA) reversed the effect of phenylephrine (PE) on inflammation in lipopolysaccharide (LPS)-activated murine alveolar macrophages without influencing cell viability by suppressing NF-κB activation and enhancing ERK1/2 activation. MH-S cells were incubated with PRA (10-5 M) for 30 min, followed by PE (10-5 M) treatment for 30 min, and then LPS (100 ng/mL) for 6 h Levels of TNF-α (A), IL-6 (B), CXCL2/MIP-2 (C), and IL-10 (D) released from MH-S cells. (E) Live and dead cells were stained by calcein-AM and propidium iodide, respectively. Scale bar = 200 μM. (F) Cell viability was measured by CCK-8 assay. (G) Western blotting was used to evaluate activation of p65 and ERK1/2. (H) Phosphorylation of p65 and ERK1/2 were analysed according to grey values. Data are represented as the mean ± SD, n = 5 per group. *p < 0.05, **p < 0.01, ***p < 0.001.





PRA reversed the effects of PE on activation of NF-κB and ERK1/2 in LPS-stimulated alveolar macrophages

Although we detected many signal molecules related to inflammation, only NF-κB and ERK1/2 exhibited changes following intervention with PE. To further determine whether this phenomenon was attributed to activation of α1-AR by PE, the activation of NF-κB and ERK1/2 was observed following treatment with PRA. As shown in Figures 7G, H, PE promoted the activation of ERK1/2, while further treatment with PRA partially reversed the effect of PE. Although there was no significant statistical difference in NF-κB activation between LPS+PE and LPS+PE+PRA groups, PRA treatment still increased expression of p-p65 to some degree (according to the protein band).




Discussion

ARDS is a life-threatening condition with high morbidity and mortality rates for patients in the intensive care unit (1). Although massive efforts have been made, current treatment is still limited to mechanical ventilation (34), fluid management (35), and other supportive therapies (36, 37); at present, there is no proven pharmacotherapy (4). To counter the problems above, preliminary exploration was carried out through animal and cell experiments in this study. The results show that α1-AR stimulation alleviated lung injury of ARDS mice, including inhibition of lung inflammation and improvement of alveolar capillary barrier integrity, without influencing cardiovascular haemodynamics. Cell experiments suggest that the protective effect of α1-AR on lung injury might arise from its suppression of inflammation through alveolar macrophages by a mechanism likely related to activation of NF-κB and ERK.

According to clinical practice, ARDS is a complication of a variety of diseases including intrapulmonary factors (e.g., infectious pneumonia and aspiration of gastric contents) and extrapulmonary factors (e.g., sepsis and haemorrhagic shock) (27). Intratracheal instillation of LPS, a method that mimics infectious pneumonia, was used to induce ARDS in mice in this study (38). Infectious pneumonia is the most prevalent cause of ARDS, accounting for 59.4% of cases (39). Moreover, studies have demonstrated that the pathological injury and functional indexes induced by this method are more consistent with experimental requirements compared with those induced by other models (40). Our results show that significant pathological damage, alveolar-capillary barrier destruction, and inflammatory response occurred in the lung tissue of ARDS mice, consistent with criteria established by the American Thoracic Society (27).

At present, limited information is available about the effect of α1-AR on lung injury induced by infectious stimuli such as LPS. Our results show that lung pathological damage and albumin levels in BALF were gradually mitigated with increased concentrations of PE. Moreover, this effect of PE could be partially reversed by further treatment with PRA, an α1-AR blocker. Previously, Satoshi Fukuda et al. explored the effect of PE on burn and smoke inhalation-induced acute lung injury of goats (24). Although there are differences in these animal models, their results showed that aerosol inhalation of PE could reduce pulmonary vascular permeability. Similarly, there was no significant difference in W/D ratio in their study either. Nai-Jing Li et al. found that intrapulmonary instillation of PE increased alveolar fluid clearance in ventilator-induced lung injury rats, and PRA abolished this effect too (23). Collectively, these studies and our findings indicate that α1-AR stimulation exerts an important protective effect on lung injury induced by various factors, and this protective effect is mainly related to barrier permeability and fluid balance in the lungs.

Before exploring protective mechanisms of α1-AR, the physiological function of α1-AR should first be considered. α1-AR is widely known as an important sympathetic neurotransmitter receptor capable of constricting blood vessels (41). PE is usually used to treat septic shock (42), episodes of paroxysmal supraventricular tachycardia, and hypotension during general anaesthesia and spinal anaesthesia (29). Notably, sympathetic overstimulation can lead to neurogenic pulmonary oedema – a disease similar to ARDS (43). Therefore, PE and PRA were delivered by intratracheal injection to avoid affecting the circulatory system as much as possible, and cardiovascular haemodynamics were monitored in this study. Our results show that LPS (2 mg/kg) disrupted haemodynamic stability, consistent with clinical practice, while neither PE nor PRA affected HR, SP, DP, or MAP of ARDS mice. These results suggest that LPS, a powerful toxin produced by bacteria, caused circulatory system dysfunction. Furthermore, intratracheal injection of PE or PRA appeared to mainly affect lung tissues without entering the bloodstream, thereby minimizing the impact on heart and blood vessels. Similarly, it was reported that PE intratracheal infusion had no effect on haemodynamics in goats with burn and smoke inhalation-induced lung injury at multiple time points (from 3 to 48 hours) (24). Thus, the beneficial effect of PE was unlikely associated with its effects on haemodynamics.

Damage of alveolar-capillary barriers caused by uncontrolled inflammation is considered a central mechanism of ARDS (44). Many studies aimed to reduce lung injury by inhibiting excessive inflammatory responses. Unfortunately, few reported effects of α1-AR on lung inflammation; indeed, only Satoshi Fukuda’s results show that nebulized PE tended to decrease IL-8 concentrations in BALF (24). We further found that α1-AR stimulation reduced numbers of inflammatory cells and levels of TNF-α, IL-6, and CXCL2/MIP-2 in BALF of ARDS mice. It should be noted that there were far more neutrophils than macrophages in the BALF of ARDS mice, although both alveolar macrophages and neutrophils are crucial inflammatory cells related to its occurrence. Under normal conditions (as shown for the control group in in Figure 2A), only a small number of macrophages (average seven per alveolar) were observed (45). Following LPS stimulation, there was an inflammatory response in the lung that caused recruitment of neutrophils, mainly under the induction of chemokines and cytokines secreted by macrophages. Because increased neutrophil numbers are considered one of the most relevant features of ARDS (27), total cells and neutrophils in BALF were detected in this study. In addition, previous studies suggested that PE treatment could decrease TNF-α and IL-6 levels in the plasma and alleviate myocarditis of sepsis rats (46, 47). Combined with the results described above, it seems likely that the lung protective effect of α1-AR derives from its ability to promote proper immune homeostasis by suppressing inflammatory responses.

Although macrophages, neutrophils, alveolar epithelium, pulmonary microvascular endothelium, and other cells participate in the formation of excessive inflammation during the development of ARDS (48), alveolar macrophages play a predominant role (49). Alveolar macrophages are intrinsic resident cells in alveoli and their depletion has been shown to improve IgG immune complex-induced lung injury by attenuating inflammation (50). MH-S, a continuous alveolar macrphage cell line from mice established by Mbawuike and Herscowitz in 1989 (51), is widely used in studies of bacterial pneumonia (52), chronic obstructive pulmonary disease (53), asthma (54) and ARDS (55) because it retains complete functional characteristics from parent alveolar macrophage. Thus, the alveolar macrophage cell line MH-S was used to detect the anti-inflammatory effect of α1-AR in vitro. Our results show that α1-AR stimulation suppressed the release of TNF-α, IL-6, and CXCL2/MIP-2, and promoted the release of IL-10 from LPS-stimulated alveolar macrophages. To determine whether this phenomenon was related to the effect of α1-AR stimulation on cell viability, we measured cytotoxicity with a CCK-8 kit and live/dead staining. The results show that cell viability was not affected. Previously, Laurel A. Grisanti et al. found that PE could significantly reduce expression of TNF-α, IL-8, and MIP-1β in human THP-1 monocytes stimulated with LPS, consistent with our research (25). However, their results also showed that PE could promote expression of IL-1β, an important proinflammatory cytokine with wide biological effects (26). We wondered if the same change in expression of IL-1β occurred in our study, but found that LPS did not induce IL-1β release from MH-S cells (data not shown). In addition, Hongmei Li et al. used PE and PRA to verify that α1-AR stimulation could inhibit TNF-α secretion from cardiomyocytes in LPS-stimulated rats (56), which further confirmed the reliability of our findings. Interestingly, a previous study showed that PE dose-dependently attenuated TNF-α production and enhanced IL-10 release in isolated primary human monocytes (57). In contrast to the current findings, β-AR rather than α1-AR was thought to mediate the potent anti-inflammatory effects of PE. However, what must be emphasized is that PE is considered as a specific α1-AR agonist in clincal and basic research (58). Thus, we chose PE to study the effects of α1-AR on ARDS. Moreover, PRA (a apecific of α1-AR antagonist) reversed the effect of PE in our study, further confirming a role for α1-AR in this process. Importantly, its potential to activate other receptors (α2 or β), is worth exploring.

The occurrence of uncontrolled lung inflammation involves a complex signalling pathway network connected by important nodes and hubs. NF-κB is a known core molecule, while MAPKs and Akt are focal points (59). All of these signalling pathways may be involved in the regulation of inflammatory responses by α1-AR (26, 46, 47, 56). Accordingly, to clarify the specific mechanism by which the anti-inflammatory effect of α1-AR occurs in alveolar macrophages, we detected all the molecules described in the studies above under the condition of different concentrations of PE. Finally, according to our results, we concluded that α1-AR stimulation inhibited NF-κB activation and enhanced ERK1/2 activation without significantly influencing p38, JNK, or Akt activation in LPS-stimulated MH-S cells. Research by Laurel A. Grisanti showed that PE increases IL-1β expression in LPS-stimulated human monocytes and macrophages by promoting activation of p38 rather than ERK1/2 or JNK (26). Other reports suggest that α1-AR stimulation suppressed inflammation by inhibiting p38 and NF-κB activation, but enhanced activation of ERK1/2 in LPS-stimulated cardiomyocytes (46) and Akt in myocardium from septic animals (47). According to these studies, aspects of inflammatory regulation and molecular mechanisms related to α1-AR may completely differ across various cells, tissues, and disease conditions. In addition, we also noticed that there was a higher dose of PE was used in the research of Laurel A. Grisanti than that of other researches which might lead to different results. Overall, the reported activation of ERK1/2 and NF-κB in previous studies was consistent with our results; in particular, NF-κB is a prototypical proinflammatory transcription factor that plays important roles in the expression of numerous cytokines and chemokines, and many studies have demonstrated its involvement in the occurrence and development of ARDS (60, 61). The observed activation of NF-κB in this study is consistent with changes of cytokines, suggesting that α1-AR activation may alleviate lung injury by inhibiting NF-κB activation. The ERK1/2 pathway was previously reported to participate in marcophage activation, although its effect in this process was debatable (62, 63). What is clear is that stimulation of α1-AR could alleviate sepsis-induced cardiomyocyte apoptosis and inflammation by activating ERK1/2 pathway (46, 56). Moreover, evidence suggests that ERK1/2 activation could participate in M2-like macrophages polarization (64). Collectively, these studies identify a relationship between α1-AR and ERK1/2 pathway. Our current study has provided preliminary information showing that NF-κB and ERK1/2 in the protective effect of α1-AR on lung injury.

Here we conducted a comprehensive and systematic study to evaluate the role of α1-AR from several aspects, including pathological damage, barrier disruption, inflammatory responses, and molecular mechanism in ARDS. The results further expanded our understanding of the effect of sympathetic nervous system in ARDS and provided basic research clues for its clinical treatment. Certainly, it is undeniable that there are still many limitations of this study that need to be solved in the future. First, haemodynamics were only monitored before establishing ARDS model and sacrificing of mice, and did not show evident changes after treatment with PE or PRA. If continuous and effective monitoring was carried out, these results would be more convincing. Second, the observed changes of cytokines imply that there might be a relationship between α1-AR and macrophage polarization. Because TNF-α, IL-6, CXCL2/MIP-2, and IL-10 are phenotypical markers of M1 or M2 macrophages, our results suggest that α1-AR stimulation could potentially transform alveolar macrophages from an M1 to M2 subtype. To verify this conjecture, we also detected other typical markers of macrophage polarization, including CD86 and iNOS for the M1 subtype, and CD206 and Arg-1 for the M2 subtype. Confusingly, none of the molecules were detected in MH-S cells after stimulation with LPS (data not shown). We considered that this might be related to our experimental conditions, such as the LPS concentration or time-period of stimulation. In addition, detection of number and type of macrophages in BALF may also provide a more accurate reflection of the role of macrophages in the protective effect of PE against LPS. However, the number of macrophages in BALF was too few to be detected in some samples. Finally, and more importantly, the molecular mechanisms underlying the effects of α1-AR in lung injury need to be further explored. At present, no other research has verified the involvement of NF-κB, Akt, and MAPK signalling pathways in alveolar macrophages with activated α1-AR. Although we confirmed that NF-κB and ERK1/2 participated in the mechanism of the protective effect of α1-AR, many other factors could also be involved.

In summary, our study demonstrated that α1-AR stimulation ameliorates LPS-induced lung injury by suppressing excessive inflammatory responses in lung tissues without affecting haemodynamics. The mechanism of anti-inflammation elicited by α1-AR stimulation may be associated with its ability to inhibit alveolar macrophage activation by suppressing NF-κB activation and promoting ERK1/2 activation.
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Background

The sivelestat is a neutrophil elastase inhibitor thought to have an effect against acute lung injury (ALI) in patients after scheduled cardiac surgery. However, the beneficial effect of sivelestat in patients undergoing emergent cardiovascular surgery remains unclear. We aim to evaluate the effect of sivelestat on pulmonary protection in patients with ALI after emergent cardiovascular surgery.



Methods

Firstly, a case-control study in 665 patients undergoing emergent cardiovascular surgery from January 1st, 2020 to October 26th, 2022 was performed. 52 patients who received sivelestat (0.2mg/kg/h for 3 days) and 613 age- and sex-matched controls. Secondly, a propensity-score matched cohort (sivelestat vs control: 50 vs 50) was performed in these 665 patients. The primary outcome was a composite of adverse outcomes, including 30-day mortality, ECMO, continuous renal replacement therapy (CRRT) and IABP, etc. The secondary outcome included pneumonia, ventricular arrhythmias and mechanical ventilation time, etc.



Results

In propensity-matched patients, the 30-day mortality (16% vs 24%, P=0.32), stroke (2% vs 8%, P=0.17), ECMO(6% vs 10%, P=0.46), IABP(4% vs 8%, P=0.40) and CRRT(8% vs 20%, P=0.08) had no differences between sivelestat and control group; sivelestat could significantly decrease pneumonia (40% vs 62%, P=0.03), mechanical ventilation time (median: 96hours, IQR:72-120hours vs median:148hours, IQR:110-186hours, P<0.01), bilateral pulmonary infiltrates (P<0.01), oxygen index (P<0.01), interleukin-6(P=0.02), procalcitonin(P<0.01) and C-reactive protein(P<0.01).



Conclusion

Administration of sivelestat might improve postoperative outcomes in patients with ALI after emergent cardiovascular surgery. Our results show that sivelestat may be considered to protect pulmonary function against inflammatory injury by CPB.



Registration

http://www.chictr.org.cn/showproj.aspx?proj=166643, identifier ChiCTR2200059102.





Keywords: sivelestat, cardiopulmonary bypass, acute lung injury, cardiovascular surgery, outcomes



Introduction

Cardiopulmonary bypass (CPB) is a necessary life support during open-heart surgery. Systemic inflammatory response syndrome (SIRS) caused by CPB has been well known to increase postoperative morbidity and mortality (1, 2). Acute respiratory distress syndrome (ARDS) and acute lung injury (ALI), which are characterized by pulmonary edema associated with SIRS, are also induced after CPB and significantly contribute to postoperative morbidity and mortality (3–6).

Documented components of the inflammatory reaction include the activation of complement, increased surface expression of adhesion molecules on leukocytes, and the presence of pro-inflammatory cytokines in the systemic circulation (7–12). Neutrophils which is a main part of leukocytes plays an important role in SIRS through the production of superoxide radicals and the release of chemical mediators (12, 13). It has been proven that activated neutrophils is one of the most important initiating events of pulmonary dysfunction induced by CPB (14).

Sivelestat is a synthetic, specific, low molecular-weight neutrophil elastase inhibitor (15). It has been shown to reduce both neutrophil elastase levels and interleukin-6 production and to preserve neutrophil deformability during extracorporeal circulation (6, 16, 17). Several clinical studies have shown the beneficial effect of sivelestat for patients undergoing cardiovascular surgery with CPB (6, 12). However, these studies evaluated only the scheduled cardiac surgery. The emergent cardiovascular surgery usually had more severe ALI compared with scheduled cardiac surgery (15, 18). This agent may prevent the adverse reaction of SIRS and could be one of the best therapies to attenuate ALI in patients undergoing emergent cardiovascular surgery. We, therefore, designed this study to evaluate the effect of sivelestat on pulmonary protection in patients with ALI after emergent cardiovascular surgery.



Materials and methods


Study population

This study is an investigator-initiated cohort study. It was initiated on January 1st, 2020, and completed on October 26th, 2022. This study was approval by the ethical committee of Nanjing Drum Tower Hospital (2022-102-01) and registered in the Chinese Clinical Trial Registry (ChiCTR2200059102). The study enrolled 665 patients with CPB from the department of cardiothoracic in Nanjing Drum Tower Hospital. Before enrollment, all patients had signed informed consent forms.

The inclusion criteria were as follows: adult patients undergoing on-pump emergent cardiovascular surgery; aged > 18 years old, oxygen partial pressure/fraction of inspired O2 (PaO2/FiO2) <150mmHg at the end of CPB.

The exclusion criteria were as follows: patients undergoing non-emergent surgery; deep hypothermic circulatory arrest (DHCA) was more than 25 minutes; poor hepatorenal dysfunction (19) (Child-Pugh Class B or C, estimated glomerular filtration rate <35 mL/min/1.73m2); cardiogenic shock at the end of CPB (20) (vasoactive inotropic score>40, cardiac index <2.2L/min·m2, mean arterial pressure <65mmHg); fluid overload at the end of CPB (21) (inferior vena cava > 21mm); baseline inflammatory indicators abnormal (19) (interleukin-6 (IL-6) >10pg/mL, procalcitonin (PCT) >0.5 ng/mL, C reactive protein (CRP) >10 mg/L); diagnosed with inflammatory immune diseases, infectious or tumor disease; received treatment of sivelestat previously; had sivelestat allergy or intolerance; pregnancy.

Based on the retrospective review of our institution’s database, 816 patients met the inclusion and exclusion criteria in our study. The sivelestat was routinely used in our hospital on the 1st January 2022. Therefore, 52 patients who received sivelestat were assigned to the sivelestat group. To investigate whether sivelestat could improve outcomes, we selected 613 matched controls from the remaining 764 patients (control group). The control subjects were selected for each case and matched for sex and age (± 2 years).



Medical intervention

This section was available in the online supplement.



Definition and data collection

The follow-up ended on October 26th, 2022. In the matched cohort, patients were followed for 26.3 ± 7.6(median: 30, IQR: 28–30) days, and no patients were lost at follow-up. The primary outcome was a composite of adverse outcomes, including 30-day mortality, ECMO, continuous renal replacement therapy (CRRT) and IABP, etc. The secondary outcome included pneumonia, ventricular arrhythmias and mechanical ventilation time, etc. The detailed variables had been shown in Table 1. The vasoactive inotropic score (VIS) (22) was as follows: dobutamine dose (μg/kg/min) + dopamine dose (μg/kg/min) + [10,000×vasopressin dose (U/kg/min)] + [100×norepinephrine dose (μg/kg/min)].


Table 1 | Postoperative outcomes in propensity-matched patients.





Statistical analysis

The SPSS statistical software (version 24) was used for analysis. The mean ± SD or median (interquartile range) were used to present continuous variables. Discrete variables are depicted as frequencies (n, %). The Student’s t-test was used to evaluate normally distributed continuous variables. The Mann-Whitney U nonparametric method was used for non-normally distributed continuous variables. Continuous variables were determined to be normally distributed by the Shapiro-Wilk test. The chi-Square test or Fisher’s exact test was used to compare categorical data. Differences between the two groups were also analyzed by repeated measures ANOVA considering the repeated measurements from POD1 to POD5. R software (version:4.2.2) was used for univariate analysis. In univariate analysis, the study cohort (n=665) was divided into the adverse events group and the control group. The adverse events include 30-day mortality, ECMO, CRRT, IABP, and stroke. It is the same as the definition of primary outcomes. Covariates reaching statistical significance (P ≤ 0.10) in the univariate analysis were entered into a forward selection multivariable logistic regression model. Collinearity diagnostics were performed using tolerance estimates for individual variables in a linear regression model.

The possibility of the existence of bias may affect our findings. To avoid bias, we used a propensity score to adjust the study cohort. This methodology permitted the comparison of patients who received sivelestat against control with a similar risk profile. Propensity score 1-to-1 matching was utilized with the nearest neighbor algorithm without replacement and a 0.01 caliper set (23). Age, gender, body mass index (BMI), left ventricular ejection fraction (LVEF), type of cardiac surgery, CPB, DHCA, and diabetes were put into a logistic regression model to estimate the propensity score. The standardized mean differences (absolute SMD < 10%) are used to assess pre-match imbalances and post-match balance. A P value of < 0.05 was considered statistically significant.




Results

After propensity matching, a total of 100 patients were enrolled in our study (Figure 1, 50 in the sivelestat group and 50 in the control group). Before and after propensity-score matching, the SMD of age, gender, BMI, LVEF, type of cardiac surgery, CPB, DHCA, and diabetes were shown in eFigure 1 (online supplementary). The absolute SMDs of these variables were <10%. Therefore, these variables were well balanced after propensity matching.




Figure 1 | Enrollment flow chart.



In our study cohort, the baseline and demographic variables were not different between the two groups (Table 2). There were no gastrointestinal disturbances observed in the two groups. There were 65 patients who underwent emergent on-pump coronary artery bypass grafting (CABG), 383 patients who underwent aortic arch replacement because of aortic dissection, 26 patients who underwent emergent left atrial myxoma resection, 4 patients who underwent emergent repair of ruptured sinus of valsalva aneurysm, and 187 patients who underwent emergent valvular replacement because of acute heart failure or left atrial thrombus. Before propensity matching, adverse events occurred in 38 patients (5.71%), including 30-day mortality (n=20), ECMO (n=11), CRRT (n=25), IABP (n=18), and stroke (n=9). The odds ratio (OR) and 95% confidence interval (CI) had large variations. In univariate analysis, age > 60 years-old (OR:2.29, 95%CI:1.39-6.11, P<0.01), pre-operative LVEF<35% (OR:2.72, 95%CI: 1.14-6.51, P=0.02), previous cardiac operation (OR: 5.62, 95%CI: 2.757-11.44, P<0.01), pre-operative ACEi/ARB (OR: 3.94, 95%CI:2.01-7.71, P<0.01), type of cardiac surgery (OR: 0.38, 95%CI: 0.25-0.58, P<0.01), CPB time>2 hours (OR:5.57, 95%CI:0.75-41.13, P=0.09), DHCA (OR:0.24, 95%CI: 0.12-0.51, P<0.01), postoperative pneumonia (OR: 5.15, 95%CI: 2.63-10.06, P<0.01), high arterial lactic > 48 hours (OR: 2.45, 95%CI: 1.24-4.82, P=0.01), and bilateral pulmonary infiltrates (BPI) on chest X- ray on the POD2 (OR: 1.81, 95%CI: 1.12-2.91, P=0.014) decreased or increased the rate of adverse events. The detailed variables of univariate analysis have been shown in Figure 2 which applied log2 transformation.


Table 2 | Characteristics in pre- and after- propensity matching.






Figure 2 | univariate analysis for adverse events in pre-propensity matched patients. The figure applied log2 transformation in order to make it easy to read. BMI, Body mass index; LVEF, Left ventricular ejection fraction; ACEi, Angiotensin-converting enzyme inhibitors; ARB, Angiotensin receptor blockers; CCB, Calcium channel blocker; CPB, Cardiopulmonary bypass; DHCA, Deep hypothermic circulation arrest; Betaloc, β-blocker; BPI, Bilateral pulmonary infiltrates on chest X ray.



In multivariate regression analysis (Table 3), the pre-operative LVEF<35% (P=0.01), pre-operative ACEi/ARB (P=0.03), postoperative pneumonia (P<0.01), and BPI (P=0.03) on chest X-ray showed a significant difference between adverse events group and control group. After propensity matching, the mean ( ± SD) ages of the patients among the two groups were 56.21 ± 12.92 vs 56.12 ± 13.52 year-old (P=0.95), and 74% vs 68% were males (P=0.51). Body mass index (P=0.37), CPB(P=0.56), type of cardiac surgery (P=0.90), and DHCA(P=0.84) had no difference between the sivelestat group and the control group.


Table 3 | Multivariable logistic regression in pre-propensity matched patients.



The postoperative outcomes of propensity-matched patients were presented in Table 1. After propensity matching, no primary outcomes (Figure 3), including 30-day mortality (P=0.32), ECMO (P=0.46), IABP(P=0.40), and stroke (P=0.17), had significant differences in the two groups during the 30-day follow-up. The secondary outcomes, including pneumonia (P=0.03), mechanical ventilation time (P<0.01), length of ICU (P<0.01), duration of high arterial lactate (>2mmol/L) more than 48 hours (P<0.01), showed significant differences between sivelestat and control group. Additionally, sivelestat could significantly improve the BPI on chest X-ray (P<0.01) among the two groups.




Figure 3 | Kaplan-Meier (K-M) curves showing the primary outcomes had no difference between the two groups in propensity-matched patients during 30-days follow-up.



The baseline (admission to ICU) of oxygen index (PaO2/FiO2) was a well balance between the two groups (Table 4). The postoperative inflammatory biomarkers, including WBC count, neutrophil, CRP, IL-6, and PCT, were significantly different between the sivelestat and control group (P<0.05). Compared with the control group, the sivelestat group showed a significantly decreased level of IL-6 (P<0.01), CRP(P<0.01) and PCT (P<0.01) on the POD3. Moreover, the sivelestat group also had lower levels of CRP, PCT, and IL-6 on POD2 (P<0.05). When analyzing with repeated measures ANOVA test to take repeated measurements into account, the sivelestat group still had a lower level of PaO2/FiO2 (Figure 4A, P<0.01), PCT (Figure 4B, P<0.01), IL-6 (Figure 4C, P=0.02) and CRP (Figure 4D, P<0.01), and had a non-significantly lower level of WBC(P=0.98) and Neutrophil (P=0.61) within postoperative 5 days compare with the control group. The detailed data could be acquired in Table 4.


Table 4 | PaO2/FiO2 and biomarkers of inflammation within postoperative 5 days.






Figure 4 |      (A) The oxygen index (PaO2/FiO2), P < 0.01; ※:P < 0.05, †:P > 0.05. (B) The procalcitonin, P < 0.01; ※:P < 0.05, †:P > 0.05. (C) The interleukin-6, P=0.02; ※:P < 0.05, †:P > 0.05. (D) The C reactive protein, P < 0.01; ※:P < 0.05, †:P > 0.05.





Discussion

Acute lung injury after CPB, which is one of the most serious inflammatory reactions induced by CPB, has significantly increased morbidity and mortality (3–5). Neutrophil activation is an important initiating event of this phenomenon (14). An imbalance between neutrophil elastase and its endogenous protease inhibitors has been considered to be a possible mechanism by which neutrophil elastase causes lung tissue destruction (14). The sivelestat which is a neutrophil elastase inhibitor has been proven to be useful for anti-ALI in scheduled cardiac surgery (6, 12). However, it is still unknown what is the effect of sivelestat on emergent cardiovascular surgery. Our study showed that the postoperative adverse outcomes were acceptable (5.71%) in patients who underwent emergent cardiovascular surgery; the pre-operative LVEF<35%, postoperative pneumonia, and the BPI on chest X-ray were independent risk factors for postoperative adverse outcomes; the administration of sivelestat might improve postoperative outcomes in patients with ALI after emergent cardiovascular surgery. According to our findings, sivelestat may be considered to protect pulmonary function against inflammatory injury by CPB.

Activated neutrophils adhere to pulmonary vascular endothelial cells by expression of adhesion molecules and damage endothelial cells (5, 7–9). Moreover, activated neutrophils stimulate the production of elastase, superoxide, and cytokines (5, 7–9, 11). It has resulted in hyperpermeability of pulmonary capillaries and interstitial edema of the lung (13, 14). The ALI/ARDS are serious complications after open heart surgery. They could lead to 15% to 28% mortality in patients with CPB. Therefore, an agent which could inhibit neutrophil or neutrophil elastase may be useful and helpful to prevent ALI-related poor outcomes. Several previous studies have reported that the neutrophil elastase inhibitor, sivelestat, could significantly improve postoperative outcomes in patients with CPB (6, 12, 15, 18). However, their study populations contained congenital heart patients (6, 12) or a small sample (only enrolled 14 patients) (18). Morimoto et al. reported (15) that prophylactic administration of sivelestat at the initiation of CPB results in better postoperative pulmonary function, leading to earlier extubation time in patients who underwent total arch replacement. However, they excluded patients who underwent emergent surgery. It is well known that emergent operation has more serious SIRS compared with scheduled surgery. Our work found that sivelestat could improve the outcomes in ALI patients after CPB. It is filled a gap in emergent cardiac surgery.

The PaO2/FiO2 ratio is well established as a parameter that quantifies impaired respiratory function (24). The moderate ALI/ARDS was defined by PaO2/FiO2 ratio ≤ 200mmHg and > 100mmHg; the severe ALI/ARDS was defined by PaO2/FiO2 ratio ≤ 100mmHg (24). Our study cohort enrolled the patients who had PaO2/FiO2 ratio < 150mmHg at the end of CPB. It could ensure that the patients with ALI after CPB were enrolled in the study population. And patients with fluid overload and cardiogenic shock were excluded. Meanwhile, we used methods, including case-control and propensity score, to ensure the maximized homogeneity between the two groups. Furthermore, in our study, the inflammatory biomarkers (PCT, CRP, and IL-6) were decreased in the sivelestat group. It strengthened the evidence for the conclusion that anti-neutrophil therapies could reduce the severity of ALI. Finally, we found that WBC count and neutrophil had no difference among the two groups. The sivelestat is an inhibitor of neutrophil elastase. It does not work on the absolute value of leukocytes or neutrophils. It may be the reason why no differences in WBC count and neutrophil among the two groups.

Liu et al. reported that patients with acute type A aortic dissection (ATAAD) usually had severe inflammatory reactions, which resulted in poor short-term outcomes (25). Thourani et al. reported that emergent status on mitral valve replacement surgery and coronary artery bypass grafting (CABG) significantly increased morbidity and mortality (26). Because emergent cardiovascular surgery easily leads to severe inflammation (27). Sivelestat, which is a potential anti-inflammatory drug, may have positive effects on organ protection in patients undergoing emergent cardiovascular surgery. Our study added evidence to this hypothesis. However, our finding, which needs to be confirmed in a larger sample random control trial to assess clinical endpoints, suggests a potential role of sivelestat in the alleviation of postoperative inflammation.

In conclusion, the administration of sivelestat could improve postoperative outcomes in patients with ALI after emergent cardiovascular surgery. Our results show that sivelestat may be considered to protect pulmonary function against inflammatory injury by CPB.



Study limitation

Our study design involves a single center’s experiences with the inherent disadvantages of a retrospective study, which is highly prone to bias. This observational study could be influenced by potential biases. We used propensity score matching to avoid these biases. However, factors that affect assignment to treatment and outcomes but that cannot be observed cannot be accounted for in the matching procedure. Any hidden bias due to latent variables might remain after matching, which could lead to some statistical faults. Moreover, with this analysis, we remove a large number of patients from the analysis but may have elevated statistical errors. Thus, the implementation of the prognostic value of sivelestat should be assessed in future studies. Furthermore, to our best knowledge, no published clinical trials reported positive or negative effects on gastrointestinal function. Gastrointestinal disturbances were also not observed in our study. It may need to confirm in the next prospective clinical trial. Furthermore, the pre-operative lung function is necessary to submit. However, lung function is not routinely implemented in our hospital. The lack of lung-function data may lead to some errors. Finally, our study found that pre-operative ACEi/ARB was an independent risk factor for postoperative adverse outcomes. ACEi/ARB are well-known drugs that could result in the greatest mortality reduction in patients with heart failure (28). Patients with heart failure with reduced ejection fraction were usually suggested to administrate ACEi/ARB (28). The pre-operative LVEF<35% was also proven to be an independent risk factor for postoperative adverse outcomes in our study. In another word, ACEi/ARB might be a confounding factor. A high-quality clinical trial might be needed to be implemented if we wanted to conclude the negative effect of ACEi/ARB on patients who underwent emergent cardiovascular surgery. These limitations of this assessment are important and should be acknowledged.
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A Corrigendum on 


The neutrophil elastase inhibitor, sivelestat, attenuates acute lung injury in patients with cardiopulmonary bypass
 By Pan T, Tuoerxun T, Chen X,Yang C-J, Jiang C-Y, Zhu Y-F, Li Z-S, Jiang X-Y, Zhang H-T, Zhang H, Wang Y-P, Chen W, Lu L-C, Ge M, Cheng Y-Q, Wang D-J and Zhou Q (2023) Front. Immunol. 14:1082830. doi: 10.3389/fimmu.2023.1082830


In the published article, there was an error in Figures 4B–D as published. The blue lines were mistakenly identified as the Sivelestat group and the red lines were mistakenly identified as the Control group. The corrected Figure 4 and its caption “(A) The oxygen index (PaO2/FiO2), P<0.01; ※:P< 0.05, †:P> 0.05. (B) The procalcitonin, P<0.01; ※:P< 0.05, †:P> 0.05. (C) The interleukin-6, P=0.02; ※:P< 0.05, †:P> 0.05. (D) The C reactive protein, P<0.01; ※:P< 0.05, †:P> 0.05.” appear below.




Figure 4 |      (A) The oxygen index (PaO2/FiO2), P < 0.01; ※:P < 0.05, †:P > 0.05. (B) The procalcitonin, P < 0.01; ※:P < 0.05, †:P > 0.05. (C) The interleukin-6, P=0.02; ※:P < 0.05, †:P > 0.05. (D) The C reactive protein, P < 0.01; ※:P < 0.05, †:P > 0.05.



The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Background

Immune checkpoint inhibitors (ICIs) have shown unprecedented clinical benefit in cancer immunotherapy and are rapidly transforming the practice of advanced lung cancer. However, resistance routinely develops in patients treated with ICIs. We conducted this retrospective study to provide an overview on clinical characteristics of ICI resistance, optimal treatment beyond disease progression after prior exposure to immunotherapy, as well as potential prognostic factors of such resistance.



Methods

190 patients diagnosed with unresectable lung cancer who received at least one administration of an anti-programmed cell death 1 (PD-1)/anti-programmed cell death-ligand 1(PD-L1) at any treatment line at Zhongshan Hospital Fudan University between Sep 2017 and December 2019 were enrolled in our study. Overall survival (OS) and progression-free survival (PFS) were analyzed. Levels of plasma cytokines were evaluated for the prognostic value of ICI resistance.



Results

We found that EGFR/ALK/ROS1 mutation and receiving ICI treatment as second-line therapy were risk factors associated with ICI resistance. Patients with bone metastasis at baseline had a significantly shorter PFS1 time when receiving initial ICI treatment. Whether or not patients with oligo-progression received local treatment seemed to have no significant effect on PFS2 time. Systemic therapies including chemotherapy and anti-angiogenic therapy rather than continued immunotherapy beyond ICI resistance had significant effect on PFS2 time. TNF, IL-6 and IL-8 were significantly elevated when ICI resistance. Lower plasma TNF level and higher plasma IL-8 level seemed to be significantly associated with ICI resistance. A nomogram was established to prognosis the clinical outcome of patients treated with ICIs.



Conclusion

Patients with EGFR/ALK/ROS1 mutation, or those receiving ICI treatment as second-line therapy had higher risk of ICI resistance. Patients with bone metastasis had poor prognosis during immunotherapy. For those patients with oligo-progression after ICI resistance, combination with local treatment did not lead to a significantly longer PFS2 time. Chemotherapy and anti-angiogenic therapy rather than continued immunotherapy beyond ICI resistance had significant effect on PFS2 time. Levels of plasma cytokines including TNF, IL-6 and IL-8 were associated with ICI resistance.





Keywords: immune checkpoint inhibitor, resistance, advanced lung cancer, plasma cytokines, prognostic factor



Introduction

The advent of immune checkpoint inhibitors (ICIs) has made an indelible mark in the field of cancer immunotherapy. ICIs promote recognition of cancer cells as foreign cells by the immune system and reverse the tumor-driven inhibition of the immune system that promotes tumor growth (1, 2). ICIs targeting the programmed cell death 1 (PD-1)/programmed cell death-ligand 1 (PD-L1) axis have altered the treatment landscape for patients with lung cancer. They have been implemented in the clinical routine as a standard of care, either as monotherapy or in combination with chemotherapy in advanced non-oncogene-driven non-small cell lung cancer (NSCLC), in combination with chemotherapy in extensive stage small cell lung cancer (SCLC) and as a consolidation therapy in unresectable stage III NSCLC.

However, responses to ICI therapy are not ubiquitous. It has been observed that a proportion of patients do not respond initially to ICI, displaying primary, also known as innate, resistance to ICI therapy. In addition, a number of patients who derive an initial clinical benefit from ICI will subsequently relapse, exhibiting secondary or acquired resistance (3). Primary resistance to immunotherapy accounts for 7–27% of first-line treatment and 20–44% of second-line treatment in patients with lung cancer (4). Approximately 25% of patients treated with ICIs could develop acquired resistance (5). This encourages the identification of resistance mechanisms associated with immunotherapy in the hope of preventing them and developing strategies to overcome them, as well as the development of new and more effective strategies to increase the number of patients who can benefit from immunotherapy.

Considering the limited data in regards of management of resistance to ICI in lung cancer, we planned a retrospective study with the aim of demonstrating clinical characteristics of ICI resistance, proposing optimal treatment approaches in patients who have progressed after prior exposure to immunotherapy and providing an overview on potential prognostic factors of such resistance.



Material and methods


Study subjects and study approval

The medical records of 199 consecutive patients with lung cancer who received at least one administration of an anti-PD1/anti-PD-L1 ICI at any treatment line at Zhongshan Hospital Fudan University between Sep 2017 and December 2019 were retrospectively reviewed. Data were collected from our electronic medical record and patient follow-up visits. We excluded 9 patients for diagnosis of resectable lung cancer. Finally, 190 evaluable patients were included.

This study was approved by the ethics committee of Zhongshan Hospital, Fudan University (No. B2020-431R). The requirement for informed consent from the patients included in this study was waived due to the retrospective nature of the study, and any personal information from the data was removed beforehand. The censored date was June 29, 2021.



Data collection

The data collected for all patients included gender, age, smoking history, pack-years index, medical history, performance status (PS) on the Eastern Cooperative Oncology Group scale, tumor-node-metastasis (TNM) staging, histology, driven mutation, PD-L1 expression, treatment regimen, toxicity profile, and survival.



Evaluation of responses and toxicity

We evaluated the overall survival (OS) and progression-free survival (PFS). OS was measured as the period from the diagnosis of lung cancer to death. PFS1 was measured as the period from the first administration of immunotherapy to documented disease progression or death from any cause. PFS2 was measured as the period from the initiation of systemic treatment beyond disease progression after the initial immunotherapy to documented second progression or death from any cause. Treatment response was assessed using the Response Evaluation Criteria in Solid Tumors version 1.1. Adverse events were graded using the National Cancer Institute Common Terminology Criteria for Adverse Events (version 4.0).



Measurement of cytokines

Cytokines were detected by a solid-phase, two-site chemiluminescent immunometric assay.



Statistical analysis

Numbers and percentages were computed for categorical variables. Means and standard deviations for normally distributed continuous variables and medians and interquartile ranges for abnormally distributed continuous variables were calculated. The cumulative rates of OS or PFS were estimated with Kaplan-Meier method and survival curves were plotted. Comparisons between survival curves were performed by log-rank tests.

Factors affecting OS or PFS were analyzed using Cox proportional hazard model. Factors with statistical significance in univariate analysis were then put into multivariate regression models to further identify their effects on fatal or progressive outcomes. Hazard ratios (HR), together with its 95% confidence intervals were reported. Forest plots were drawn to visualize the results of multivariate analysis.

Comparisons between cytokine levels of TNF, IL-2R, IL-6, IL-8 and CD4/CD8 at diverse detection time and baseline levels were performed using Wilcoxon test due to abnormal distributed data. In order to build a predictive model for PFS with cytokine levels, cutoff values were determined using median values or receiver operating characteristics curves analysis. If area under curve (AUC) was smaller than 0.5, the median value was considered the cutoff value. Otherwise, cutoff values were calculated based on ROC. The results of predictive model were visualized using nomogram whose performance was evaluated by Harrell concordance index (C-index). 1000 bootstrap resamples were used for internal validation of the accuracy of the predictions. Calibration curves were drawn to assess the consistence between the predicted probability and the actual proportion (6). All statistical analyses were performed by R version 4.1.0. A two-sided P value less than 0.05 was considered as the significance level.




Results


Demographic information and baseline characteristics of the patients

Detailed demographic information and baseline characteristics of the studied subjects are presented in Table 1. Among the 190 patients enrolled in our cohort, 84 (44.2%) patients received ICI as first line therapy. 73 (38.4%) patients received ICI as monotherapy. The objective response rate (ORR) of immunotherapy in our patients was 36.3%. The Kaplan-Meier curves for all the patients are shown in Figure 1. The median OS was 28.7 months. Median PFS1 and PFS2 were 6.9 and 4.8 months, respectively.


Table 1 | Baseline characteristics of study population.






Figure 1 | Kaplan-Meier curves for OS, PFS1 and PFS2 of the entire cohort.





Risk factors associated with ICI resistance

Univariable Cox proportional hazards regression analysis revealed that patients with EGFR/ALK/ROS1 mutation had a higher risk of ICI resistance (adjusted HR, 1.12; 95% CI, 0.58–2.15; P=0.0145). Multivariable Cox proportional hazards regression analysis revealed that second line immunotherapy (adjusted HR, 2.33; 95% CI, 1.21–4.47; P=0.011) was a significant risk factor associated with ICI resistance in lung cancer patients. PD-L1 expression of ≥50% was associated with a lower risk of ICI resistance (adjusted HR, 0.45; 95% CI, 0.21–0.97; P=0.04). (Table 2; Figure 2)


Table 2 | Univariate and multivariate analysis of PFS1.






Figure 2 | Risk factors for PFS1 in univariate and multivariate Cox regression model. Forest plots present hazard ratios and their confidence intervals (the horizontal lines) for PFS1 of the patients.



Figure 3 demonstrated the Kaplan-Meier curves for different metastatic sites. We found that PFS1 time was significantly shorter for patients with bone metastasis at baseline (adjusted HR, 1.505; 95% CI, 1.036-2.186; P=0.0195).




Figure 3 | Survival curves based on Kaplan-Meier for different metastatic sites at baseline.





Clinical characteristics of ICI resistance

When disease progression after the initial immunotherapy, 32.2% (N=38) of patients experienced intrapulmonary progression and 23.7% (N=28) experienced extrapulmonary progression (Figure 4A). Among them, 52.5% (N=62) experienced oligo-progression (Figure 4B). Lung was the most common site suffering from tumor progression (Figure 4C).




Figure 4 | Clinical characteristics of ICI resistance. (A) Distribution of intra/extra-pulmonary progression; (B) Distribution of oligo/multi-progression; (C) Distribution of progression site.





Different therapeutic regimens beyond ICI resistance

19.8% patients received continued immunotherapy beyond ICI resistance (Figure 5). Systemic therapies including chemotherapy and anti-angiogenic therapy rather than continued immunotherapy beyond ICI resistance had significant effect on PFS2 time (P=0.0256) (Figure 6). 11/62 patients with oligo-progression received local treatment. Among them, 5 patients received cerebral radiotherapy, 5 patients received thoracic radiotherapy, and 1 patient received surgery for adrenal metastasis. Whether or not patients with oligo-progression received local treatment seemed to have no significant effect on PFS2 time (P=0.7267) (Figure 7).




Figure 5 | Therapeutic regimens beyond ICI resistance.






Figure 6 | Survival curves based on Kaplan-Meier for different therapeutic regimens beyond ICI resistance.






Figure 7 | Survival curves based on Kaplan-Meier for whether or not patients with oligo-progression received local treatment.





Different characteristics of ICI resistance and clinical outcomes

Patients with lung or lymph nodes progression when ICI resistance had poor OS time (P=0.0041 and P<0.0001) (Figure 8). Patients with extrapulmonary progression and oligo-progression after initial exposure to immunotherapy had longer OS time than those with intrapulmonary progression and multi-progression (Figures 9A, B).




Figure 8 | Survival curves based on Kaplan-Meier for different progressive sites.






Figure 9 | Survival curves based on Kaplan-Meier for different characteristics of ICI resistance. (A) Survival curves for patients with intra/extra-pulmonary progression; (B) Survival curves for patients with oligo/multi-progression.





Potential prognostic factors for ICI resistance

Part of our patients had plasma cytokine data at different timepoint, including baseline, disease progression, occurrence of irAE and best efficacy. Based on the available data, we evaluated the potential prognostic value of plasma cytokines for the outcomes of ICI treatment. Figures 10A-E demonstrated the cytokine levels at different timepoint. When disease progression during the initial ICI treatment, levels of TNF, IL-6 and IL-8 were significantly elevated (Table 3). Figures 11A-E showed survival curves based on Kaplan-Meier for different plasma cytokines. Area under the ROC Curve of TNF is less than 0.5 (0.42), so we selected median value 7.9 pg/mL as the cutoff for TNF. Plasma TNF level higher than 7.9 pg/ml was significantly associated with longer PFS1 time (Figure 11A). We determined that 8 pg/mL is a clinically relevant threshold using ROC curve analysis. Plasma IL-8 level higher than 8 pg/mL was significantly associated with shorter PFS1 time (Figure 11E). These results suggested that TNF and IL-8 might serve as prognostic biomarkers for the PFS time of patients with advanced-stage lung cancer treated with ICI.




Figure 10 | Cytokines levels at different detection timepoint. The boxplots present the distribution of cytokines levels at baseline, disease progression, irAE occurrence and best efficacy approached. (A) TNF levels; (B) IL-2R levels; (C) IL-6 levels; (D) IL-8 levels; (E) CD4/CD8 levels.




Table 3 | Results of Wilcoxon test between cytokine levels at baseline and other detection timepoints.






Figure 11 | Survival curves based on Kaplan-Meier for different plasma cytokines. P values were calculated based on log-rank test. (PFS1). (A) TNF; (B) IL-6; (C) CD4/CD8; (D). IL-2R; (E) IL-8.



Next, we constructed a nomogram based on the plasma cytokines. The PFS nomogram included the following valuables: age, gender, TNF, IL-8, treatment line, PS and oligo/multi-progression (Figure 12A). One hundred was set as the maximum score of each variable; by adding up the total score and locating it on the bottom point scale, an estimated probability of survival could be easily determined. Calibration plot of the nomogram is displayed in Figure 12B. The C-index of the built nomogram to predict PFS (0.74; 95% CI, 0.65–0.82) demonstrated an optimal consistency between the nomogram prediction and the actual observation for lung cancer patients treated with ICI. The ROC curve indicated that the nomogram model has a good predictive ability in predicting the clinical outcomes of lung cancer patients receiving ICI treatment (AUC: 0.777 for 1‐year PFS) (Figure 12C).




Figure 12 | (A) Prognostic nomograms for predicting the PFS probabilities of patients; (B) Calibration curve of the prediction model; (C) ROC curve of the prediction model.






Discussion

ICIs targeting PD-1 and PD-L1 display notable clinical benefits for the treatment of advanced lung cancer. However, the limited benefit population, primary and acquired resistance and the lack of prognostic biomarkers have become the challenges related to the use of ICI treatment in clinical practice. Our retrospective study aimed at providing real world data on the clinical characteristics of ICI resistance, clarifying optimal treatment beyond ICI resistance and exploring potential prognostic factors.

In our study, 77.4% (N=147) of patients experienced disease progression during the initial ICI treatment. The median PFS1 was 6.9 months. We found that patients receiving ICI treatment as second-line therapy had higher risk of ICI resistance. EGFR/ALK/ROS1 mutation was also a risk factor of ICI resistance. This finding was in accordance with previous studies (7, 8)

It has been reported that bone is the most common site of metastasis from lung (9). 20-30% of patients already have bone metastasis when initially diagnosed with lung cancer (10). In our data, bone metastases were determined in 27.9% (N=53) of patients at diagnosis. Bone metastases usually features a short survival and poor prognosis in lung cancer patients (11, 12). In this novel data, we first found that PFS1 time was significantly shorter for patients with bone metastasis at baseline. In other words, patients with bone metastasis had poor prognosis during immunotherapy.

When ICI resistance, 32.2% (N=38) of patients developed intrapulmonary progression and 52.5% (N=62) developed oligo-progression. Lung was the most frequent site suffering from tumor progression. Previous study demonstrated that adding radiotherapy to pembrolizumab immunotherapy significantly increased responses and outcomes in patients with metastatic NSCLC (13). For patients with oligo-progression in our study, combination with local treatment did not lead to a significantly longer PFS2. The inconsistent results might be owing to the limited sample and different local treatment sites. 19.8% (N=29) of patients received continued immunotherapy beyond ICI resistance. Combination with chemotherapy (N=15, 51.7%) was the most common treatment, followed by continued immunotherapy with antiangiogenic therapy (N=9, 31.0%). Systemic therapies including chemotherapy and anti-angiogenic therapy rather than continued immunotherapy beyond ICI resistance had significant effect on PFS2 time.

We found that patients suffering from lung and lymph nodes progression after initial exposure to immunotherapy had poor prognosis. When resistant to immunotherapy, patients with extrapulmonary progression or oligo-progression had longer OS time than those with intrapulmonary or multi-progression.

Furthermore, we noticed that plasma cytokines could serve as potential prognostic factors of ICI resistance. Previous study has reported that elevated plasma IL-8 is associated with poor outcome of ICI treatment (14). In our study, we found that levels of TNF, IL-6 and IL-8 were significantly elevated when ICI resistance. Lower plasma TNF level and higher plasma IL-8 level seemed to be significantly associated with ICI resistance. The mechanistic basis of the prognostic roles of plasma cytokines requires further investigation.

We also established a nomogram to predict the clinical outcome of patients receiving ICI treatment. Age, gender, plasma cytokines, therapy line, PS and oligo/multi-progression were all factors contributed to the nomogram. Although we have conducted internal validation in our study, external validation should also be conducted in order to guarantee the repeatability and reliability of the established nomogram.

There were some limitations in our study. The retrospective study conducted in our single center might limited the generalizability of the results. Due to the retrospective nature of our study, the lack of complete data of plasma cytokines for all patients limited the conclusions regarding the roles of plasma cytokines played in ICI resistance.



Conclusion

Patients with EGFR/ALK/ROS1 mutation and receiving ICI treatment as second-line therapy had higher risk of ICI resistance. Patients with bone metastasis at diagnosis had poor prognosis during immunotherapy. For those patients with oligo-progression after ICI resistance, combination with local treatment did not lead to a significantly longer PFS2 time. Systemic therapies including chemotherapy and anti-angiogenic therapy rather than continued immunotherapy beyond ICI resistance had significant effect on PFS2 time. TNF, IL-6 and IL-8 were associated with ICI resistance. The underlying mechanisms of resistance to immunotherapy need further clarified, which could guide drug development and lead to more precise therapy.
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Objectives

Immune checkpoint inhibitors (ICIs) alone or combined with other antitumor agents are largely used in lung cancer patients, which show both positive effects and side effects in particular subjects. Our study aims to identify biomarkers that can predict response to immunotherapy or risk of side effects, which may help us play a positive role and minimize the risk of adverse effects in clinical practice.





Methods

We retrospectively collected data from patients with advanced non-small cell lung cancer (NSCLC) treated with ICIs at our center. Patients who received initial ICI therapy for >1 year without progression of disease were classified as long-term treatment (LT) group, while others were classified as the non-long-term treatment (NLT) group. Multivariate logistic analysis was performed to identify independent risk factors of progression-free survival (PFS) and immune-related adverse events (irAEs).





Results

A total of 83 patients (55.7%) had irAEs. The median PFS for patients in grades 1–2 of irAEs vs. grades 3–4 vs non-irAEs groups was (undefined vs. 12 vs. 8 months; p = 0.0025). The 1-year PFS rate for multisystem vs. single vs. non-irAE groups was 63%, 56%, and 31%, respectively. Signal transduction of inflammatory cytokines improves clinical prognosis through immunomodulatory function, but the benefit is also limited by the resulting organ damage, making it a complex immune balance. Serum biomarkers including EOS% of ≥ 1.15 (HR: 8.30 (95% CI, 2.06 to 33.42); p = 0.003) and IFN-γ of ≥ 3.75 (HR: 5.10 (95% CI, 1.29 to 20.15), p = 0.02) were found to be predictive for irAEs.





Conclusion

EOS% of ≥1.15% and IFN-γ of ≥3.75 ng/L were considered peripheral-blood markers for irAEs and associated with improved clinical outcomes for immunotherapy in patients with advanced NSCLC.





Keywords: non-small cell lung cancer(NSCLC), immune checkpoint inhibitor(ICI), immune related adverse event(irAE), eosinophil count, interferon-gamma(IFN-γ)




1 Introduction

As a result of recent advances in immune-checkpoint inhibition therapy (ICI), patients with metastatic non-small cell lung cancer (NSCLC) now have more treatment options, including ICI alone or in combination with chemotherapy. Antiangiogenic therapy has shown an unprecedented duration of response in some patients. For example, up to 16% of NSCLC stage IV patients treated with nivolumab in the second line and 31.9% of patients treated with pembrolizumab in the first line survived 5 years (1–3). However, there is still a certain population of patients who do not respond to treatment or even suffer from immune-related adverse events (irAEs). irAEs are any unfavorable and unintended sign, symptom, or disease that is temporally associated with the use of ICIs. Based on the latest research, ICI therapy activates T cells in the immune system to fight against cancer cells, which may also attack healthy tissues because of common antigens (4), leading to various adverse events, such as skin rashes, colitis, hepatitis, pneumonia, etc. (5). Tissue-based programmed cell death-ligand 1 (PD‐L1) expression is the main criterion for the prediction of ICI treatment and has been shown to correlate with the efficacy of PD‐1/PD‐L1 blockade therapy in NSCLC (6, 7). Real-world experiences have shown that ICIs are often prescribed in combination with different agents, which may further reduce the predictive value of PD-L1 and complicate the toxicity of immunotherapy. Therefore, it is important to identify reliable predictors of clinical benefits from ICI-based therapy as well as risk factors for irAEs. The purpose of this study is to investigate the association between baseline clinical characteristics and response to different strategies using ICIs in patients with advanced NSCLC and assess the risk factor in baseline peripheral blood that correlated with irAEs.




2 Method



2.1 Subjects

Between January 2017 and May 2019, 149 patients with NSCLC who were treated at the Department of Respiratory Diseases and Critical Care Medicine at Ruijin Hospital (Shanghai, China) were retrospectively reviewed. Inclusion criteria were the availability of a clinical database, adequate follow‐up, and treatment with ICIs according to clinical practice. The flowchart of the study design is presented in Figure 1.




Figure 1 | Flow chart of the study design. ICI, immune checkpoint inhibitor; irAEs, immune-related adverse events.



Patients’ data collected at baseline included patients’ demographics, Eastern Cooperative Oncology Group performance status (ECOG PS) at the initiation of ICI, smoking history, and comorbidities. Tumor data collected included histology and molecular results for EGFR, ALK, MET, HER‐2, K‐RAS, ROS‐1, BRAF, RET, and PD‐L1 status, when available. Radiological imaging performed before and during the process of ICI treatment was systematically reviewed. ICI-related toxicity data were collected from treating physicians during and after treatment. Baseline blood count data were defined as the most recent blood count within 1 week before ICI initiation. This study was approved by the Ethics Committee of Ruijin Hospital.




2.2 Study assessments

Patients who received initial ICI therapy for >1 year without progressive disease were classified as the long-term treatment (LT) group; others were classified as the non-long-term treatment (NLT) group (8). Drug efficacy was assessed every 8–12 weeks based on the Response Evaluation Criteria in Solid Tumors (RECIST, version 1.1) by computed tomography (CT) scan (9). Progression-free survival (PFS) was defined as the first day of immunotherapy to the date of disease progression. IrAE was diagnosed by multidisciplinary adjudication, which is based on clinical manifestations and objective evidence. For inclusion in the present study, the irAE had to have a certain or probable causal association with the anti-PD-1 or anti-PD-L1 inhibitor as assessed on the World Health Organization Uppsala Monitoring Centre scale. All irAEs were reported and classified using the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.03. The following data were reviewed: characteristics of the ICIs and any concomitant treatments received; clinical and laboratory characteristics of the patients, characteristics of the irAEs, medications administered to treat the irAEs, and the outcome of the irAEs.




2.3 Statistical analysis

All quantitative parameters are expressed as the means ± standard deviations (SDs) or median and interquartile (25th–75th percentiles), as appropriate. The Kolmogorov–Smirnov tests were performed to test for a normal distribution. Differences in clinical characteristics among different groups were evaluated using t-tests and Mann-Whitney U tests for continuous variables, and the chi-squared test and Fisher’s exact probability method were used for categorical variables. PFS curves were calculated using the Kaplan–Meier method, and the log-rank test was employed to assess differences. Cox regression models were applied to find independent indicators associated with PFS. Logistic regression analysis was applied to explore the correlation between peripheral-blood markers and the onset of irAEs. Factors that were statistically significant in the univariate analysis were incorporated into the multivariate analysis. Receiver operating characteristic (ROC) curves and the area under the curve (AUC) were employed to evaluate the ability of the peripheral-blood markers to predict the irAEs, as well as its cutoff value. SPSS Version 25.0 statistical software (IBM Corporation, Armonk, NY, USA) was used for all the statistical tests. A p-value of < 0.05 was considered statistically significant.





3 Results



3.1 Patient demographics and disease characteristics

This study included 149 patients with advanced NSCLC, 83 of whom were ≥ 65 years old and 66 were <65 years old. Most of them (116/149, 77.9%) were male patients. Of the 149 participants, 93 were former or current smokers. Among these 45 squamous and 104 nonsquamous lung cancer patients, most had an ECOG performance status of 0–1 (133/149, 89.3%). There were no or undetected sensitive gene mutations in 96 patients (96/149, 64.4%). There were enough tissue for PD-L1 analysis in 101 patients (101/149, 67.8%), 72 of whom (72/101, 71.3%) were PD-L1 positive (44 patients ≥ 50%, 28 patients ≥ 1%), while the remaining 29 (29/101, 28.7%) were negative (<1%). All patients were treated with ICIs, either as monotherapy (35/149, 23.5%) or in combination therapy (114/149, 76.5%), as shown in Supplementary Table S1. PD-1 inhibitors were accepted as first-line treatment by 69 patients (69/149, 46.3%). There were irAEs in 55.7% of the cases (83/149). Baseline demographics and disease characteristics are summarized in Table 1.


Table 1 | Baseline characteristics of a cohort of 149 patients with NSCLC.






3.2 Comparison of characteristics between NLT and LT

The median PFS (mPFS) was 11 months in the overall population, with a median follow-up time of 13.0 months (95% CI: 11.0–15.0). First-line ICI therapy (67.5% vs. 38.5%; p = 0.002) and the presence of irAEs (77.5% vs. 47.7%; p = 0.001) were found to be associated with longer PFS. Furthermore, patients treated with ICIs for combined treatment (p = 0.055) and patients without EGFR/ALK-driven mutations (p = 0.066) were predicted to benefit longer from ICI therapy.

However, patients’ age, gender, tobacco use, ECOG score, and level of PD-L1 were found to be no different between LT and NLT groups. A previous study showed that the baseline feature of a high eosinophil count was associated with a better clinical outcome (10). In our study, neither baseline peripheral-blood eosinophil count (or percentage) nor blood CD3/4/8 level and cytokine levels (IL-6, IL-8, IL-10, IL-1β, TNF-α, IFN-γ) were found to be significantly different between LT and NLT patients treated with ICIs (Table 2).


Table 2 | Characteristics of patients with NLT or LT.






3.3 Survival outcome of patients treated with ICIs according to clinical features

We explored the PFS based on the number of advantageous factors selected from the LT group (Figure 2). Of the 149 patients, 83 (55.7%) had irAEs. The median PFS of this group was also significantly longer than that of patients without irAEs, no matter the grade (17 vs. 8 months; p = 0.0007) (Figure 2A). However, patients with limited irAEs of grades 1–2 were found to have the longest PFS compared with those of higher grades (grades 3–4) and those without irAEs (undefined vs. 12 vs. 8 months; p = 0.0025) (Figure 2B).




Figure 2 | PFS in patients with NSCLC treated with immunotherapy in the (A) exist irAE and non-irAE cohorts and (B) non-irAE, grades 1–2, and grades 3–4 cohorts. irAEs, immune-related adverse events.



Wild-type NSCLC patients had significantly longer mPFS than EGFR/ALK-mutated patients (20 vs. 4 months; p = 0.0009) (Supplementary Figure S1A). The mPFS among patients treated with first‐line ICIs were not reached, much longer than those treated with the second-line and above ICIs (undefined vs. 7 months; p < 0.0001) (Supplementary Figure S1B). Furthermore, in patients with different lines of therapy, grades 1–2 irAEs were the subgroup with the best prognosis (Supplementary Figure S2).




3.4 Immune-related adverse events

In 83 patients, 128 different irAEs of any grade were reported, including 19 patients with severe irAEs (grade ≥ 3). The commonly seen grades 1–2 irAEs were pneumonia (n = 24, 22.0%), endocrinal dysfunctions (n = 10, 9.2%), myocarditis (n = 10, 9.2%), and rash (n = 32, 29.3%). The most common severe irAEs (grade ≥ 3) were also pneumonia (n = 13, 68.4%) (Table 3).


Table 3 | Immune-related adverse events according to category and grade.



A lower percentage of female patients (30.3% vs. 15.7%; p < 0.05), a higher percentage of smokers (50.0% vs. 72.3%; p < 0.05), treatment with a PD-1 inhibitor in the first line (33.3% vs. 56.6%; p < 0.05), the elderly (62 ± 11 vs. 67 ± 9, p < 0.05), higher EOS% (2.3 ± 2.6 vs. 3.2 ± 3.9; p < 0.05), and higher IFN-γ (3.8 ± 3.3 vs. 8.2 ± 12.8; p < 0.05) were found to be associated with irAEs (Table 4).


Table 4 | Characteristics of patients between whether exist irAEs.



However, patients’ ECOG scores and levels of PD-L1 were found to be no different between irAE and non-irAE groups. In our study, neither baseline peripheral-blood eosinophil count nor blood CD3/4/8 level nor cytokine levels (IL-6, IL-8, IL-10, IL-1β, TNF-α) were found to be significantly different between irAE and non-irAE groups (Table 4).




3.5 Univariate and multivariate analyses of clinical features and biomarkers for irAEs

We performed ROC curve analysis to determine the optimal cutoff value of baseline EOS% and IFN-γ for irAEs (Supplementary Tables S2, S3): 1.15% for EOS% (AUC = 0.608 (95% CI, 0.515 to 0.701), sensitivity = 79.5%, specificity = 42.2%; p = 0.025); 3.75 ng/L for IFN-γ (AUC = 0.642 (95% CI, 0.511 to 0.772), sensitivity = 51.2%, specificity = 81.5%; p = 0.047).

Variables with a p-value of ≤ 0.2 in univariate models were analyzed in the multivariate analysis model for irAEs (Figure 3). Serum biomarkers including EOS% of ≥ 1.15 (HR: 8.30 (95% CI, 2.06 to 33.42); p = 0.003) and IFN-γ of ≥ 3.75 (HR: 5.10 (95% CI, 1.29 to 20.15); p = 0.02) were found to be predictive for irAEs. However, clinical features including sex, smoking status, pathological type of lung cancer, and first-line immunotherapy were not found valuable in predicting irAEs.




Figure 3 | Univariate and multivariable predictors of irAEs. Variables with p-value ≤ 0.2 in univariate models were analyzed in the multivariate analysis model. EOS, eosinophil; IFN-γ, interferon-γ; OR, odds ratio; CI, confidence interval. * p<0.05.






3.6 Univariate and multivariate analyses of clinical features and biomarkers for long PFS

Variables with a p-value of ≤ 0.2 in univariate models were analyzed in the multivariate analysis model for PFS (Figure 4). There was a difference in PFS favoring first-line ICI recipients when compared with second or above-line ICI recipients (HR: 0.46 (95% CI, 0.27 to 0.79); p = 0.005). Patients with EGFR/ALK mutations had shorter PFS than those with non-EGFR/ALK mutations (HR: 2.75 (95% CI, 1.54 to 4.90); p = 0.001). There was also a significant difference in PFS in favor of the group with irAEs (HR: 0.47 (95% CI, 0.29 to 0.76); p = 0.001). However, EOS% of ≥ 1.15 and IFN-γ of ≥ 3.75 have no difference in PFS.




Figure 4 | Univariate and multivariable predictors of progression-free survival. Variables with p-value ≤ 0.2 in univariate models were analyzed in a multivariate analysis model. EGFR, epidermal growth factor receptor; ALK, anaplastic lymphoma kinase; KRAS, Kirsten rat sarcoma viral oncogene homolog; irAEs, immune-related adverse events; HR, hazard ratio; CI, confidence interval. * p<0.05.






3.7 Validation of EOS% and IFN-γ for predicting the appearance of irAEs

To further evaluate the predictive usefulness of serum biomarkers selected from univariate and multifactor models for irAEs, we performed ROC curve analysis to determine the optimal cutoff value of baseline EOS% and IFN-γ. The AUC value demonstrated that EOS% of ≥1.15% combined with IFN-γ of ≥3.75 ng/L had greater predictive power for irAEs (AUC = 0.802 (95% CI, 0.701–0.904)). The sensitivity and specificity were 60.47% and 81.48%, respectively (Figure 5).




Figure 5 | ROC curve of EOS% of ≥ 1.15% combined with IFN-γ of ≥ 3.75 ng/L for predicting the appearance of irAEs in patients treated with immunotherapy. The area under the curve (AUC) of the ROC curve was 0.802 (95% CI, 0.701−0.904; p < 0.0001). The sensitivity and specificity were 60.47% and 81.48%, respectively.






3.8 Multisystem irAEs and corticosteroid treatment

The mPFS for multiple-organ system irAEs vs. single-organ irAE vs. non-irAE groups was (undefined vs. 17 and 8 months; p = 0.0017), respectively. The 1-year PFS rate for multisystem vs. single vs. non-irAE groups was 63%, 56%, and 31%, respectively (Figure 6). In the presence of grades 1–2 irAEs, the use of corticosteroids has no significant effect on the efficacy of immunotherapy.




Figure 6 | Kaplan–Meier curves for PFS in (A) patients with multisystem irAEs compared to patients with single irAEs and non-irAEs and (B) patients with irAEs in grades 1–2 used corticosteroid compared to unused. irAEs, immune-related adverse events.







4 Discussion

The heterogeneous nature of patients makes ICI treatment ineffective for all of them. Noninvasive measurement to predict treatment prognosis and to improve treatment management is one of the clinical needs. In the first phase, we try to identify clinical features and serum biomarkers in those advanced NSCLC patients who benefit from ICI treatment. We also found that the positive effect of ICI treatment, such as longer PFS, was associated with the appearance of irAEs. An evaluation of the relationship between irAEs and immunotherapy efficacy was conducted retrospectively. To identify the high-risk patients of irAEs in the real world, EOS% of ≥1.15% and IFN-γ of ≥3.75 ng/L were considered dependent risk factors in univariate and multivariate logistic regression analyses.

Immunotherapy made a breakthrough in the first-line treatment of NSCLC patients, and immunotherapy combinations further expanded potential beneficiaries regardless of PD-L1 expression (1, 11). Our study also found PFS benefit from first-line anti-PD-(L)1 treatment in unselected patients. Many clinical trials, such as KEYNOTE-189 (12), KEYNOTE-407 (13), and KEYNOTE-042 (14), have shown that first-line immunotherapy substantially improved OS and PFS. At present, first-line immunotherapy combined with chemotherapy has become the standard treatment strategy for EGFR and ALK-negative advanced NSCLC patients. Our study found that in patients with EGFR or ALK mutations, PFS was significantly shorter than in wide-type patients (20 m vs. 4 m). Those patients with driven mutations usually received targeted therapy first line, and although they achieved relatively good efficacy, they still needed a change in medication strategy when they progressed or relapsed after treatment. Whether patients with EGFR or ALK mutations can receive immunotherapy is still controversial (15–17).

Intriguingly, irAEs were observed in 52 of 109 (47.7%) NLT groups vs. 31 of 40 (77.5%) LT groups (p = 0.001). It appears that irAEs are closely related to clinical outcomes. According to the previous study, the occurrence of irAEs is positively correlated with clinical benefits (18). One mechanism is that activated T cells and increased cytokines induced by ICIs target both tumors and host organs with common antigens, which also shows that ICIs play a role in immune enhancement (19). On the other hand, when the effect of a double-edged sword occurs, it is often due to the impact of inflammatory progression and corticosteroid treatment. Serious adverse events caused by immunotherapy will have an impact on patients’ basic situation, leading to suspension or even termination of antitumor therapy. In addition, long-term corticosteroid therapy for patients with severe irAEs may have an effect on prognosis. In our study, irAEs were found to be an independent predictor of PFS (HR: 0.47 (95% CI, 0.29 to 0.75); p = 0.001). Consistent with previous studies, patients who experienced irAEs had a significantly higher ORR and a longer PFS than patients who did not (20–22).

Our study suggested that the most commonly involved organ was pneumonia (37/83, 44.6%), and a proportion of pneumonia irAEs (13/83, 15.7%) were rated above grade 3. Another commonly involved organ was the skin (34/83, 41.0%), but only a small proportion of skin irAEs (2/83, 2.4%) were rated above grade 3. Severe irAEs can lead to interruption of immunotherapy and often have a lower median OS (23). A meta-analysis of ICI-related fatal irAEs found that the fatality rate associated with pneumonitis was 35% (115/333) (24). However, our study found that even in the presence of grades 3–4 irAEs, the prognosis of patients is still better in the absence of irAEs. It has also been observed that individual patients who progress to multiple-organ system irAEs are benefiting from ICI treatment, which gives clinicians confidence when encountering irAEs.

The investigation of irAE predictive markers is still ongoing in order to identify high-risk groups in advance. We found that baseline increases in peripheral-blood EOS% and IFN-γ were significantly related to irAEs. A retrospective study found that absolute eosinophil count was shown to be linked with the appearance of ICI-pneumonitis in patients receiving ICI-based therapy (10). Previous studies has shown that eosinophils act as regulators or effector cells in tumor rejection by regulating the tumor microenvironment, such as attracting tumor-specific CD8+ T cells and promoting the maturation of several immune cells (25). The IFN-γ axis is an indispensable link in ICI treatment because it enhances tumor immunogenicity (26–28). Some studies suggested that active IFN-γ signaling triggers apoptosis and cell cycle arrest in lung cancer cells, explaining the mechanism of its antitumor effect (29, 30). Nevertheless, high expression of EOS% and IFN-γ can induce chemokine increases and magnify inflammation; at this time, irAE may be a type of collateral damage (31, 32). In the previous study, NSCLC patients with high expression of IFN-γ exhibited longer PFS and OS with immunotherapy (33). However, there was no association between the peripheral-blood markers and PFS benefit in our study. One possible reason for this is that the current study’s patients population was insufficient. Second, patients with a high EOS% and IFN-γ had a higher risk of irAEs, which may indirectly influence the PFS. Pay attention to high-risk patients whose baseline peripheral-blood EOS% of ≥ 1.15% and IFN-γ of ≥3.75 ng/L may help in balancing therapeutic benefit and treatment-related toxicity.

The treatment of irAEs is largely empirical. There is still controversy over whether corticosteroids are needed for grades 1–2-irAEs. A retrospective analysis showed that corticosteroid treatment for irAEs does not affect the clinical outcomes of patients with melanoma (34). Nevertheless, another study showed that patients who received corticosteroid treatment during ICIs had a significantly poor prognosis (35). In our study, we analyzed the survival curve of grades 1–2 irAE patients with or without corticosteroid treatment and found that corticosteroid treatment does not affect the immunotherapy efficacy and prognosis of these patients. Thus, practitioners and patients should consider using corticosteroids as appropriate to prevent aggravation of irAEs.

ICI drugs are widely used, and many existing large clinical trials are designed for drug efficacy, but there are few clinical trials for irAEs, so research on irAEs is in urgent need of real-world data analysis. We found that in the current clinical treatment of lung cancer in China, there are many different types of immune checkpoint inhibitors, including imported and domestic drugs, with vastly different therapeutic regimens from those found elsewhere. As a result, our study objectively reflects the real-world experience of ICI therapy in Chinese lung cancer patients. irAEs are still a field worth studying, and our retrospective study showed that irAEs are not fatal, and that patients can still have a good prognosis with early detection and treatment.

This study has several limitations. First, the total number of patients enrolled was small. Second, only a small proportion of patients underwent molecular pathological analysis, which may have an impact on the efficacy of ICIs.




5 Conclusions

Immunotherapy showed promising clinical outcomes as a first-line treatment for all patients with advanced NSCLC. Clinical factors such as the lack of driven gene mutations and the appearance of irAEs were independent predictive factors for PFS. EOS% of ≥1.15% and IFN-γ of ≥3.75 ng/L were considered peripheral-blood markers for irAEs.
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Background

The purpose of this study was to evaluate the role of differentiation-related genes (DRGs) in tumor-associated macrophages (TAMs) in non-small cell lung cancer (NSCLC).




Methods

Single cell RNA-seq (scRNA-seq) data from GEO and bulk RNA-seq data from TCGA were analyzed to identify DRGs using trajectory method. Functional gene analysis was carried out by GO/KEGG enrichment analysis. The mRNA and protein expression in human tissue were analyzed by HPA and GEPIA databases. To investigate the prognostic value of these genes, three risk score (RS) models in different pathological types of NSCLC were generated and predicted NSCLC prognosis in datasets from TCGA, UCSC and GEO databases.




Results

1,738 DRGs were identified through trajectory analysis. GO/KEGG analysis showed that these genes were predominantly related to myeloid leukocyte activation and leukocyte migration. 13 DRGs (C1QB, CCL4, CD14, CD84, FGL2, MS4A6A, NLRP3, PLEK, RNASE6, SAMSN1, SPN, TMEM176B, ZEB2) related to prognosis were obtained through univariate Cox analysis and Lasso regression. C1QB, CD84, FGL2, MS4A6A, NLRP3, PLEK, SAMSN1, SPN, and ZEB2 were downregulated in NSCLC compared to non-cancer tissue. The mRNA of 13 genes were significantly expressed in pulmonary macrophages with strong cell specificity. Meanwhile, immunohistochemical staining showed that C1QB, CCL4, SPN, CD14, NLRP3, SAMSN1, MS4A6A, TMEM176B were expressed in different degrees in lung cancer tissues. ZEB2 (HR=1.4, P<0.05) and CD14 (HR=1.6, P<0.05) expression were associated with a worse prognosis in lung squamous cell carcinoma; ZEB2 (HR=0.64, P<0.05), CD84 (HR=0.65, P<0.05), PLEK (HR=0.71, P<0.05) and FGL2 (HR=0.61, P<0.05) expression were associated with a better prognosis in lung adenocarcinoma. Three RS models based on 13 DRGs both showed that the high RS was significantly associated with poor prognosis in different pathological types of NSCLC.




Conclusions

This study highlights the prognostic value of DRGs in TAMs in NSCLC patients, providing novel insights for the development of therapeutic and prognostic targets based on TAM functional differences.
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1 Introduction

Lung cancer is one of the main global causes of cancer-related deaths (1, 2). Non-small cell lung cancer (NSCLC) is the most common type of lung cancer (2, 3). Despite improvements in therapy and the use of comprehensive treatments consisting of a variety of approaches, the overall survival (OS) of NSCLC patients remains poor (2). Significantly, tumor heterogeneity is found to be associated with drug resistance, tumor metastasis, and poor prognosis (4, 5).

A large number of recent studies has focused on the tumor microenvironment (TME) (6, 7). The composition of the TME can be complex and heterogeneous and that includes macrophages, T cells, bone marrow derived inflammatory cells, NK cells, fibroblasts, B cells, extracellular matrix, and various signaling molecules (6, 8, 9). Cellular interactions in the TME are thought to be closely associated with tumor invasion, growth and metastasis (8–10), and components of the TME can represent biomarkers with important roles in the detection, treatment and prognosis of tumors (7, 11–13). This is also the case for NSCLC, where several potential TEM targets have been explored in relation to diagnosis, treatment and prognosis (6, 11–13).

Macrophages are major component of TEM (14, 15) and their functional diversity and phenotypic plasticity has attracted increasing research interest (10). Several studies have shown that tumor associated macrophages (TAMs) are related to tumor metastasis, invasion, angiogenesis, and immunosuppression (9, 14, 16). TAMs are heterogeneous and consist of several subtypes, which have traditionally been grouped into “M1” and “M2” types. M1 macrophages exhibit proinflammatory and anti-tumor properties, while M2 macrophages are associated with inflammation resistance, angiogenesis, and tumorigenesis. Importantly, macrophages can transition between M1 and M2 subtypes (9, 14, 16, 17). TAMs have shown great potential in therapy and prognosis prediction of lung cancer (15–18) but due to the complex cellular heterogeneity in the TME, it has been difficult to clearly define their biological function and clinical value.

Traditional gene sequencing methods obtain the average gene expression of different cell types in a sample, which renders it difficult to identify and describe distinct immune cell states and types, and may result in the loss of important cell subtype information (19). In contrast, single-cell sequencing is a novel method that enables to assess the gene expression at single cell level, which offers great advantages for the elucidation of cellular heterogeneity in different tumors and their TME (4, 5). Furthermore, single-cell sequencing allows for the simulation of cell fate or differentiation trajectories and identification of fate or differentiation related genes (DRGs), enabling in-depth exploration of cellular phenotypes and biological differences between various cells types in the TME.

In this study, we designed a data mining experiment using single-cell sequencing data of NSCLC. Single-cell transcriptomic analysis was applied to probe gene expression in tumor samples and identify DRGs in TAMs. Gene Ontology (GO: molecular function, cellular component, and biological process) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enrichment analyses were conducted to evaluate the function of TAM DRGs. Through univariate Cox analysis and Lasso regression using TCGA-NSCLC bulk RNA-seq data, we screened 13 DRGs significantly related to patient prognosis. Next, we analyzed the gene function, involving pathway and expression of 13 DRGs. By constructing RS models in multiple data sets, we further explored the prognostic value of 13 DRGs in different pathological types of NSCLC. Our research reveals a potential role for TAM DRGs in the prognosis of NSCLC, provides clues for illuminating the function of TAM DRGs in the NSCLC TME, and discovers potential future therapeutic and prognostic targets for NSCLC.




2 Methods



2.1 Data mining

Single-cell RNA sequencing (scRNA-seq) data from human NSCLC samples were download from the GSE116947 dataset in the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). Bulk RNA-seq and clinical data of NSCLC patients were obtained from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/) to establish and verify the risk prediction models. In addition, multiple sequencing data (Lung cancer RAPONI 2006; GSE157009; GSE31210) of NSCLC from GEO and University of California Santa Cruz (USCS) databases (https://xena.ucsc.edu/public/) were used as external validation sets to verify the effectiveness of the prognosis models. All data used in this study are freely available from the respective databases.




2.2 Data processing

The ‘Seurat’ package in R 3.5.1 was used for data quality control and preliminary data exploration. Data filtering was conducted according to the following criteria: 1) Genes that were only detected in less than 3 cells were excluded; 2) Cells with less than 50 genes detected in total were excluded; 3) Cells with mitochondrial gene expression of equal to or more than 5% were excluded. Data were normalized using the Log Normalization algorithm and gene expression was subsequently normalized using a linear regression model. Significant and effective dimensions were determined by principal component analysis (PCA) with a P value <0.05. The t-Stochastic Neighbor Embedding (t-SNE) and Uniform Manifold Approximation and Projection for dimension reduction (UMAP) algorithm were used to reduce the dimension of the top 15 principal components (PCs) and obtain major cells clusters. For differential gene expression analysis and identification of marker genes for each cell cluster, we used the ‘Seurat’ package. |log2 (fold change) |>0.25 was the threshold for marker gene identification. Cell annotation was performed using the CellMarker database (20) and reports from the literature (21) based on the composition pattern of marker genes. Data were visualized using the ‘ggplot2’ package in R 3.5.1.




2.3 Single cell trajectory analysis

In many diseases, cellular state transitions are characterized by cascading changes in gene expression. In order to infer the gene regulatory events that drive the transition from one cellular state to another, we used the Monocle 2 algorithm (22) to construct a single-cell pseudo-time trajectory of scRNA-seq data. Cells in each branch show different fates and functions. Genes differentiated between branches were defined as differentiation-related genes (DRGs), which essentially reflect the different functions of cells in different states. Functional enrichment analysis (GO and KEGG pathways analysis) of DRGs was performed using Metascape (23) (http://metascape.org). According to membership similarities, terms with a P-value<0.01, minimum count of 3, and enrichment factor>1.5 were grouped into clusters. A network plot was rendered by a subset of selected enriched terms to show the relationships between terms, where terms with a similarity>0.3 were connected by edges.




2.4 Establishment and validation of a risk score

The relationship between patients’ survival and expression of risk genes was evaluated by univariate Cox regression analysis in the TCGA training cohort. Prognostic genes significantly associated with survival (P<0.05) were further filtered using least absolute shrinkage and selection operator (LASSO) with five times cross validation and multivariate Cox regression methods. The risk score for each patient was then calculated as follows: Risk scores (RS) = Exp (GENE1) × β1 + Exp (GENE2) × β2 +… + Exp (GENEn) × βn, where “Exp” represents the expression level of the corresponding gene (GENEn) and “βn” represents the regression coefficient in Cox analysis as obtained from multiple regression. Individuals in the TCGA cohort were then either classified as low (low RS) or high risk (high RS) based on median RS values. Kaplan-Meier survival analysis was used to assess the overall survival (OS) of the two groups, and differences in survival were assessed using the bilateral log-rank test. ‘Survcomp’ and ‘SurvivalROC’ packages in R were used to generate ROC and calibration curves for evaluating the predictive accuracy of the RS score. The AUC value could range from 0.5 and 1, with 1 representing complete discrimination, 0.5 representing no discrimination.




2.5 Analysis of differential expression and prognosis

Gene Expression Profiling Interactive Analysis (GEPIA) (24) is a Web-based tool that provides a variety of analytical capabilities based on TCGA and Genotype-Tissue Expression (GTEx) data. We used NSCLC data from TCGA and GTEx in GEPIA website to explore the differential expression of the 13 DRGs in tumor and non-tumor samples and assess their relationship with prognosis. OS was selected as the prognostic outcome. The relationship between gene expression and prognosis was evaluated by hazard ratio (HR).




2.6 Gene expression analysis

The protein expression data of the Human Protein Atlas (HPA) (25) database (http://proteinatlas.org) were used to analyze the expression of proteins encoded by DRGs in lung cancer tissues. The HPA mRNA expression data in single cell lines were used to analyze the mRNA expression of DRGs in different lung cell types, and transcripts per kilobase of exon model per million mapped reads (TPM) and Z-score were used to calculate the expression of mRNA in cell lines. Immunohistochemical staining assay was used to show the expression of proteins in lung cancer tissues.




2.7 Statistical analysis

All tests conducted in this study were two-tailed, with P<0.05 being considered statistically significant. We used Kaplan-Meier analysis and log-rank tests for survival analysis. Data visualization and statistical analysis were carried out using R version 3.5.1. The analysis pipeline is illustrated in Figure 1.




Figure 1 | Analysis overview. TAMs, tumor-associated macrophages; NTAMs, non-tumor-associated macrophages; TCGA, The Cancer Genome Atlas; PCA, Principal Component Analysis; GEPIA, Gene Expression Profiling Interactive Analysis; LASSO, Least absolute shrinkage and selection operator; t-SNE, t-Stochastic Neighbor Embedding; UMAP, Uniform Manifold Approximation and Projection for Dimension Reduction; USCS, University of California Santa Cruz; GEO, Gene Expression Omnibus.







3 Results



3.1 Identification of differentially expressed genes and cell annotation

We obtained macrophages single cell data from GSE116947. Before filtering, there were 31,760 features for 11,713 cells in the NSCLC tumor sample. After data standardization and quality control, we finally detected 15,194 genes for further analysis. The sequencing depth was significantly positively correlated with total intracellular sequences (R=0.95), but not with mitochondrial gene sequences (R=0.03, Figure 2A). Analysis of variance showed 2,000 highly variable genes (Figure 2B). Data dimensionality reduction was conducted by principal component analysis (PCA), revealing no obvious separation trend of cells (Supplementary Figure 1A). Finally, 15 principal components with significant differences were selected for further analysis (Supplementary Figures 1C, D). Using t-SNE and UMAP, cells were divided into 9 subgroups for which 1,521 marker genes were identified by differential expression analysis. Based on subgroup marker genes, the cell cluster highly expressing LGMN was annotated as M2 cells, the cell cluster with high expression of CXCL9 was annotated as M1 cells, and the cell cluster highly expressing FABP4 was annotated as non-tumor-associated macrophages (NTAMs; Figure 2C).




Figure 2 | Cell clustering and differentiation trajectory analysis. (A) Correlation between sequencing depth and mitochondrial gene sequences or total intracellular sequences. (B) 15,194 genes were analyzed in total, of which 13,194 exhibited low intercellular variation and 2,000 had high intercellular variation. (C) Cell annotation based on gene markers. (D) Pseudo-time and trajectory analysis. PCA, principal component analysis; PCs, principal components; NTAMs, non-tumor-associated macrophages; UMAP, Uniform Manifold Approximation and Projection for Dimension Reduction.






3.2 Differentiation trajectory analysis and identification of DRGs

According to the results of cell clustering and annotation above, we included the TAMs and NTAMs into the pseudo-time cell differentiation trajectory analysis (Figure 2D). We identified two branches with distinct differentiation types. Branch I contained 3,950 NTAM cells and branch II contained 314 M1/M2 cells, and a total of 1,738 DRGs were identified. GO enrichment revealed that DRGs were predominantly related to myeloid leukocyte activation and leukocyte migration, and lymphocyte activation, positive regulation of cytokine production, cell death, cell migration, apoptosis signal pathway, immune response regulation pathways were negatively correlated with DRGs (Figure 3). Transcription factor enrichment analysis indicated that DRGs had several common TFs, including PSMB5, GTF2A2, FOXE1, MAPK3, and MXD1, amongst others (Supplementary Figure 2A). Upstream TF enrichment analysis showed that the expression of DRGs was regulated by RELA, NFKB1, SP1, STAT3, and JUN, amongst others (Supplementary Figure 2B). KEGG analysis showed that DRGs were highly expressed in pneumonitis, myocardial ischemia, lupus nephritis and lung diseases, amongst others (Supplementary Figure 2C). DRGs expression was found to be tissue and cell specific, with blood, spleen, bone marrow, lung tissue, CD33 positive myeloid, adipocyte and B lymphocyte being enriched for these DRGs (Supplementary Figure 2D).




Figure 3 | GO/KEGG enrichment analysis of DRGs. (A, C) Network of enriched terms. (B, D) Bar graph of GO/KEGG enrichment analysis across DRGs. Results in B-D are colored by p-values. DRGs, Differentiation Related Genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.






3.3 Development of a differentiation-related gene prognostic risk score

Through univariate analysis and Lasso regression, we screened 13 DRGs (C1QB, CCL4, CD14, CD84, FGL2, MS4A6A, NLRP3, PLEK, RNASE6, SAMSN1, SPN, TMEM176B, ZEB2) related to prognosis in TCGA NSCLC dataset (Supplementary Figure 3). We next constructed a risk score (RS) model based on 13 DRGs by Multivariate Cox. The RS of each sample was calculated by the relative coefficient and expression (Exp) of each gene:

RS = 0.4605 * Exp (C1QB) - 0.1733 * Exp (CCL4) + 0.2277 * Exp (CD14) + 0.5458 * Exp (CD84) - 0.2402 * Exp (FGL2) - 0.4388 * Exp (MS4A6A) + 0.1058 * Exp (NLRP3) - 0.3260 * Exp (PLEK) + 0.5543 * Exp (RNASE6) - 0.1314 * Exp (SAMSN1) - 0.0766 * Exp (SPN) - 0.1092 * Exp (TMEM176B) + - 0.3229 * Exp (ZEB2).

Patients in the TCGA cohort were divided into two groups based to the median RS, resulting in a high and low RS group. The Kaplan-Meier survival curve suggested that the overall survival (OS) in high RS group was significantly lower than in the low RS group (Figure 4B), which indicated a relationship between RS and prognosis. Multivariate Cox analysis of the 13 genes found a significant association C1QB1, CD84, PLEK, ZEB2, and RNAASE6 with survival (Table 1). A high expression of C1QB (hazard ratio (HR)=1.58, P=0.006), CD84 (HR=1.73, P=0.005), and RNAASE6 (HR=1.74, P=0.005) was associated with poor prognosis, while the high expression of PLEK (HR=0.72, P=0.036) or ZEB2 (HR=0.72, P=0.021) was associated with a good prognosis. Receiver operating characteristic (ROC) curves and the c-index were used to validate our model, which identified an area under the ROC curve for prediction of 5-year OS of 0.654 (Figure 4C).




Figure 4 | Establishment of 13 DRGs RS model. (A) Heatmap of hallmark analysis of 13 genes in the RS model. (B) Kaplan-Meier analysis of the RS in the TCGA NSCLC cohort. Patients were divided into high and low risk groups according to the median RS. (C) ROC curve for predicting 5-year OS in the TCGA NSCLC cohort. DRGs, Differentiation Related Genes; TCGA, The Cancer Genome Atlas; NSCLC, Non-Small Cell Lung cancer; RS, Risk Scores; ROC, Receiver Operating Characteristic.




Table 1 | Multivariate Cox analysis of the 13 genes.



A hallmark enrichment analysis of the 13 DRGs in risk score showed that they associated with immune destruction, angiogenesis, resistance to cell death, apoptosis, growth signaling, tumor-promoting information, and oxidative stress (Figure 4A). This suggested that they may participate in tumorigenesis by promoting tumor formation, resistance to apoptosis, modifying genomic stability, and exhibiting anti-effects that promote tumor invasion and metastasis, which ultimately lead to a worse prognosis. It is worth noting that even if the genes PLEK and ZEB2 were associated with a good prognosis in multivariate Cox survival analysis, their functions are related to tumor-promoting inflammation (both PLEK and ZEB2), immune destruction, resistance to cell death, invasion and metastasis (ZEB2), and therefore their role will need to be further evaluated.




3.4 Expression and prognosis analysis of 13 DRGs

We used NSCLC and normal lung tissue data from TCGA and GTEx in the GEPIA database to analyze expression levels of the 13 DRGs in lung cancer and normal samples. Compared with normal lung tissue, C1QB, NLRP3, SAMSN1, SNP, and ZEB2 were significantly downregulated in patients with lung adenocarcinoma (LUAD; Figure 5); C1QB, FGL2, MS4A6A, NLRP3, PLEK, SAMSN1, SPN, CD84 and ZEB2 were significantly downregulated in patients with lung squamous cell carcinoma (LUSC; Figure 5). Next, we constructed Kaplan-Meier curves of the 13 genes, dichotomizing by median expression. This revealed that high expression levels of ZEB2 (HR = 0.64, P = 0.0034), CD84 (HR = 0.65, P = 0.005), PLEK (HR = 0.71, P = 0.022) and FGL2 (HR = 0.61, P = 0.0016) were significantly associated with a better prognosis in LUAD; high expression levels of ZEB2 (HR = 1.4, P = 0.013) and CD14 (HR = 1.6, P < 0.05) were significantly associated with a worse prognosis in LUSC (Supplementary Figure 4).




Figure 5 | Differential expression analysis of 13 DRGs in lung squamous cell carcinoma and lung adenocarcinoma samples. DRGs, Differentiation Related Genes; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; T, tumor; N, non-tumor. *P < 0.05.



We used the HPA database to further analyze the expression of 13 DRGs in human cells and tissues. The expression of 13 DRGs in lung cancer tissues was analyzed by immunohistochemical staining. Among them, CD84, FGL2, PLEK, RNASE6, ZEB2 were not detected in lung cancer tissues; C1QB, CCL4 and SPN showed low staining and weak density in the lung cancer tissue; CD14, NLRP3, SAMSN1 showed moderate staining and moderate density; MS4A6A, TMEM176B showed high staining and strong density (Supplementary Figure 5). By analyzing the mRNA expression of each cell types in lung tissue, it was found that the mRNA of 13 DRGs was significantly expressed in lung macrophages, showing strong cell specificity (Supplementary Figures 6A, B). In addition, we analyzed the expression of these DRGs in different cell clusters (Supplementary Figures 6C, D). It can be seen that these genes were differentially expressed in TAMs and NTAMs, indicating that those differences in genes expression might be related to the tumorigenesis and anti-tumor function of TAMs.




3.5 Reconstruction of RS models under different pathological types

It should be noted that the expression and prognostic value of the same DRGs in LUAD and LUSC might not be consistent. Therefore, it is necessary to verify the prognostic value of DRGs in LUAD and LUSC respectively. We then selected the DRGs with Log-rank P < 0.05 in GEPIA prognosis analysis and reconstructed RS models in TCGA-LUAD and TCGA-LUSC datasets. In the TCGA-LUAD dataset, FGL2, CD84, PLEK, and ZEB2 were used to reconstruct the prognosis model (LUAD-RS = 0.1727* Exp (FGL2) - 0.1986* Exp (CD84) - 0.1155* Exp (PLEK) - 0.0195* Exp (ZEB2)). CD14 and ZEB2 were used to reconstruct a prognosis mode in the TCGA-LUSC dataset (LUSC-RS = 0.0374* Exp (CD14) + 0.1081* Exp (ZEB2)). The results showed that the prognosis of patients with high RS was worse than that of patients with low RS (Figures 6A, D). In order to further validate two prognosis models, we used the lung cancer RAPONI 2006 data set and the GSE157009 data set to validate the results of LUSC-RS and LUAD-RS respectively. The results showed that patients with high RS had a worse prognosis than those with low RS (Figures 6B, E). In addition, we found that high LUAD-RS was associated with the tumor recurrence of LUAD patients with positive EGFR mutation in the GSE31210 data set (Figure 6C).




Figure 6 | RS models of different pathological types based on 13 DRGs. (A)LUAD-RS model reconstruction in TCGA LUAD dataset. (B) LUAD-RS model validation in UCSC lung cancer dataset. (C) LUAD-RS model validation in GSE31210 dataset. (D) LUSC-RS model reconstruction in TCGA LUSC dataset. (E) LUSC-RS model validation in GSE157009 dataset. Patients were divided into high and low risk groups according to the median RS. DRGs, Differentiation Related Genes; RS, risk scores; TCGA, The Cancer Genome Atlas; USCS, University of California Santa Cruz; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.







4 Discussion

Novel treatments involving the targeting of immune checkpoints or adoptive immune cell therapy provide promising strategies for cancer therapy. However, tumor heterogeneity (26), cell plasticity (27), and both primary and acquired drug resistance (28) remain significant problems faced by targeted therapies. By identifying and characterizing cancer subtypes with specific biological characteristics, personalized treatment plans and the implementation of precision medicine may be realized. The application of liquid biopsies and single-cell sequencing provide powerful methods for the development of personalized diagnosis and treatment schemes. In this study, we identified differentiation-related genes (DRGs) in tumor-associated macrophages through mining of NSCLC single-cell sequencing data from GEO database and trajectory analysis. Based on clinical data obtained from TCGA, we then screened 13 DRGs and constructed a RS model based on them. The RS was related to the prognosis of NSCLC patients. GO/KEGG analysis, differential expression analysis, and survival analysis further elucidated the role of these genes in the progression, metastasis, and drug resistance of lung cancer. Besides, we reconstructed the RS models under different pathological types according to the difference in DRGs expression and prognosis analysis in LUAD and LUSC. Our results indicate a potential value of TAM DRGs in NSCLC and provide insights for the further exploration of their therapeutic, and prognostic roles.

Transcription factor enrichment analysis revealed several common TFs of DRGs (Supplementary Figure 2A). Several studies have previously described a role for TFs in the occurrence, development, metastasis, and chemoresistance of tumors. For instance, EGR1, JUN, PPARG, and RELA may have a beneficial effect in lung cancer, related to inhibition of tumor proliferation and metastasis, induction of apoptosis, and sensitization for chemotherapeutic drugs (29–37). Conversely, NFB1, HDAC1, SP1, SPI1, and STAT3 have been found to be associated with the promotion of tumor proliferation, apoptosis resistance, cell migration, induction of angiogenesis, and drug resistance (38–49). It is worth noting that certain TFs such as PPARA (33, 34) and STAT1 (50–53) exhibit both tumor-promoting and anti-tumor effects. Besides, upstream TF enrichment analysis indicated that the expression of DRGs might be regulated by RELA, NFKB1, SP1, STAT3, and JUN, amongst others. (Supplementary Figure 2B). These upstream genes have previously been shown to play a role in autophagy (54, 55), proliferation and metastasis of tumor cells (56), and are related to the drug resistance (57) and prognosis (58, 59). Moreover, these upstream TFs also play both anti-tumor (such as PSMB5 (60)) and pro-tumor roles (such as FOXE1 (55, 59), GTF2A2 (58, 61), MAPK3 (54, 62, 63), and MXD1 (56)). These results suggested a multifaceted role of DRGs in NSCLC, which is in line with a dual role of TAMs in the TME.

CD14 is a classic monocyte marker (64), and a high prevalence of CD14-positive monocytes has previously been shown to be associated with better chemotherapeutic response and patient survival (64, 65). In this study, we found that patients with a high expression of CD14 had a worse prognosis, which may indicate that CD14 gene expression exhibits distinct effects in different cell types. In our study, CD14-positive cells in tumor samples were mainly macrophages and bone marrow-derived monocytes found to exhibit tumor-promoting and immunosuppressive effects. A previous study indicated that there is less infiltration of these cells in early lung cancer tissues which is consistent with our findings, suggesting that CD14-positive cells predominantly exist in advanced tumors and might related to a poor prognosis (66).

We found that FGL2, MS4A6A, and SAMSN1 were downregulated in NSCLC tissues compared to normal lung. In previous studies, these genes were found to play a protective role in lung cancer. FGL2 has previously been shown to be positively correlated with macrophage infiltration in lung adenocarcinoma and CD8-positive T cell activation, and is associated with a better prognosis (67). Anti-MS4A1 therapy has achieved a promising results in non-Hodgkin’s B cell lymphoma (68). SAMSN1, which is located in a common genomic deletion region in lung cancer and is associated with B cell differentiation (69), may act as a suppressor gene in lung cancer. Our results suggest that the above genes may have potential value in the treatment of lung cancer and their further exploration may be conducive to the development of new therapies.

A previous study found that overexpression of the C1QB protein was correlated with lymph node metastasis of lung cancer (70). In renal cell carcinoma (RCC), C1QB expression can influence CSF-1-induced macrophage migration and hamper their adhesion and chemotaxis (71). In our study, we found that C1QB was downregulated in NSCLC and related to poor prognosis in multivariate Cox analysis. Compared with macrophages in normal tissue, pancreatic cancer patients exhibited high expression of C1QB in TAMs and peripheral blood (72), indicating that it may be a suitable liquid biopsy biomarker to predict prognosis. Due to the lack of relevant research in lung cancer, the prognostic value of C1QB in lung cancer will need to be further explored.

CD84 promotes tumor cell survival in early chronic lymphocytic leukemia, and inhibition of CD84 leads to cell death (73). However, the role of CD84 in lung cancer is still not completely understood. One study showed that radiation-induced lung cell aging upregulates CD84, suggesting it may be related to radiation injury (74). In this study, we found differential expression of CD84 in lung cancer and normal lung tissue and further uncovered an association of CD84 expression with poor prognosis in multivariate Cox analysis. CD84 is a cell surface receptor involved in leukocyte activation highly expressed on monocytes, macrophages, and granulocytes, and is related to TNF-alpha secretion induced by lipopolysaccharide (LPS) (75). A previous study found that certain substances can prevent or treat prostatic cancer by inhibition of CD84 mRNA (76), suggesting that further exploration of the role of CD84 in lung cancer may guide the identification of novel therapeutic targets.

PLEK gene expression was previously found to be associated with poor prognosis and chemoresistance in lung cancer patients (77). It is involved in the regulation NSCLC cell migration and vascular infiltration, and its expression is correlated with poor OS. Overexpression of PLEK2 significantly promoted epidermal-mesenchymal transformation and tumor migration (78). Our results showed that PLEK was downregulated in LUSC tissues compared to normal lung, and multivariate Cox regression analysis as long as GEPIA survival analysis revealed that its expression was associated with a better prognosis. Therefore, our results indicated that a high expression of PLEK may play a protective role in NSCLC cancer, which is in contrast to previous findings. Interestingly, one previous study found that PLEK was negatively correlated with the purity of lung cancer tissue, and low expression of PLEK led to high tumor purity, low immune score, low CD8+ T lymphocyte content, and shorter 5-year survival (79). In multivariate Cox regression, the expression of ZEB2 was associated with a better prognosis, while LUAD patients with high ZEB2 expression had a poor prognosis in GEPIA survival analysis. ZEB2 mutations were found to be related to immunologic ignorance and immune tolerance microenvironments and may predict response to checkpoint inhibitors, and tumors without ZEB2 mutations are associated with lower risk of patient death (80). ZEB2 is involved in epithelial-mesenchymal transformation and is related to cisplatin and paclitaxel resistance (81, 82). Based on the above findings, ZEB2 may act as a tumor promoter in non-small cell lung cancer. However, some studies have shown that ZEB2 can also promote the apoptosis of lung cancer cells (83) and inhibits their proliferation and invasion (83–85). Taken together, these seemingly contradicting results suggest that PLEK and ZEB2 may show anti- or pro-tumor effects under different conditions which could be related to gene mutations and different cancer subtypes. Further exploration is needed to define their impact in lung cancer.

It is worth noting that there was inconsistency between the multivariate Cox results of 13 DRGs and the prognosis analysis in GEPIA database. In addition, the prognosis of DRGs was also affected by the pathological type of lung cancer. Since the expression of DRGs in various types of macrophages (M1/M2/NTAMs) is distinct, different types of macrophages can show anti-tumor or pro-tumor effects in lung cancer. We hypothesized that these genes might play different roles in different pathological types of lung cancer, which might be related to the differences in the expression of these genes in TAMs and NTAMs. By reconstructing new RS models in LUAD and LUSC, we proved that the prognostic value of DRGs was affected by pathological types. Therefore, it is necessary to further elucidate the role of differentially expressed genes of TAMs and NTAMs in different pathological types of lung cancer and explore their potential therapeutic value for crucial genes in the future.

We would like to point out the following limitations in this study: first, the sequencing data were mined in retrospective way and our results and proposed hypotheses need to be verified by further experiments. Second, genes included in our risk score may have distinct effects on promoting or inhibiting tumorigenesis which correspond to the distinct functions of different subtypes of macrophages in the TME; likely, not all will be directly related to the poor prognosis or malignant characteristics of lung cancer. Future single cell experiments may shed light on the distinct function of macrophage subpopulations and genes in our risk score. In the future, more effective prediction models based on DRGs may be developed.




5 Conclusion

Using single-cell sequencing data, the current research identifies a prognostic role of tumor-associated macrophage (TAM) DRGs and provides novel insights into the function of TAMs in the TME and potential therapeutic and prognostic targets for precision medicine in NSCLC patients.
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The corona virus disease 2019 (COVID-19) global pandemic has had an unprecedented and persistent impact on oncological practice, especially for patients with lung cancer, who are more vulnerable to the virus than the normal population. Indeed, the onset, progression, and prognosis of the two diseases may in some cases influence each other, and inflammation is an important link between them. The original chronic inflammatory environment of lung cancer patients may increase the risk of infection with COVID-19 and exacerbate secondary damage. Meanwhile, the acute inflammation caused by COVID-19 may induce tumour progression or cause immune activation. In this article, from the perspective of the immune microenvironment, the pathophysiological changes in the lungs and whole body of these special patients will be summarised and analysed to explore the possible immunological storm, immunosuppression, and immune escape phenomenon caused by chronic inflammation complicated by acute inflammation. The effects of COVID-19 on immune cells, inflammatory factors, chemokines, and related target proteins in the immune microenvironment of tumours are also discussed, as well as the potential role of the COVID-19 vaccine and immune checkpoint inhibitors in this setting. Finally, we provide recommendations for the treatment of lung cancer combined with COVID-19 in this special group.
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1 Introduction

Lung cancer is the second most diagnosed cancer and the leading cause of cancer deaths worldwide, to which 1.8 million deaths were attributed in 2020 (1, 2). As a public health concern, chronic inflammation is an important mechanism of lung cancer initiation, progression, and metastasis. Meanwhile, in patients with lung cancer, the long-term secretion of inflammatory substances also creates a special tumour immune microenvironment (TIME) and lung pathological changes (3). Cytotoxic chemotherapy has long been the main route of systemic drug therapy for lung cancer; however, it also destroys the body’s immune defence system while killing cancer cells. With the development of therapeutic technologies, targeted therapy and immunotherapy allow more patients to gradually achieve long-term tumorigenic survival through site-directed attack and immune activation.

In late 2019, there was an outbreak of corona virus disease 2019 (COVID-19) and a rapid worldwide mass spread ensued. As a single positive-strand RNA virus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of COVID-19, is constantly subject to variation, and currently, variants such as Alpha, Beta, Gamma, Delta, and Omicron are mainly found (4). The infection and replication of the virus provoke an acute inflammatory response, which can promote body self-protection and damage repair. However, an imbalanced immune response may also destroy normal tissues, causing acute lung injury, multiple organ failure, and even death. Among the various subgroups of patients, tumour patients are a special population who are often under systemic immunosuppression due to the primary lesion and anticancer treatment (5). Lung cancer patients are more susceptible to COVID-19 pneumonia than the normal population (6).

Indeed, the tumour cells themselves are in the TIME, and in this unhealed wound, a moment is accompanied by a chronic inflammatory response (7). Therefore, with the introduction of COVID-19, in addition to the original chronic inflammatory basis, patients with lung cancer were also faced with SARS-CoV-2-mediated activation of many immune cells, which led to host-pathogen interactions different from those in normal individuals (Figure 1). This article describes the changes and potential mechanisms of TIME after the consolidation of COVID-19 in lung cancer patients and discusses the therapeutic protective measures for this special population, hoping to provide a reference for future studies.




Figure 1 | Schematic diagram of the influence of inflammation on lung cancer and COVID-19. Chronic inflammation creates a suitable environment for lung cancer growth, proliferation, metastasis, as well as angiogenesis. The acute inflammation inflicted by COVID-19 dilates the alveolar wall and interstitial blood vessels with increased permeability, causing the accumulation of serous fluid in the alveolar space.





2 Lung cancer and chronic inflammation

The molecular pathways involved in lung cancer remain poorly defined, but in general, smoking, occupational and environmental exposure, air pollution, ionizing radiation are mainly implicated. The above external factors can induce gene alterations and cell malignant transformation, such as activating oncogenes KRAS, EGFR, ALK1 (8, 9) and silencing tumor suppressor genes P53, Rb1, UTX (10, 11). In addition, The lungs communicate with the external environment. To this end, the respiratory system forms a sophisticated set of defence mechanisms to filter or clear various adverse factors, such as secretory fluid and cilia within the lining of the respiratory tract, cough reflex, and alveolar surface proteins (12). However, the continuous occurrence of multiple types of infection sources in nature makes damage to lung tissue difficult to avoid, such as pathogenic microorganisms, toxins, pollutants, irritants, and allergenic sources. This enables a complex immune response between pro- and anti-inflammatory factors and contributes to tissue repair and organ damage as well as secondary pathophysiological alterations (Figure 2).




Figure 2 | Changes in immune microenvironment of lung cancer caused by chronic inflammation. The long-term presence of carcinogenic factors such as smoking and pathogens causes lung cancer and shapes the tumor immune microenvironment. Around the tumor, inflammatory cells massively infiltrate and recruit cytokines and chemokines, which promote immune escape of the tumor through complex interactions. DC, Dendritic cell; TAM, Tumor macrophage; MDSC, Myeloid-derived suppressor cell; T cell, T lymphocyte cell; B cell, B lymphocyte cell.





2.1 Occurrence of lung cancer

In the 1990s, Rudolf Virchow proposed the hypothesis that chronic inflammation may induce tumours based on observations from tumour biopsies (13). Studies have confirmed that the occurrence of lung cancer is closely related to chronic inflammatory diseases of the lungs, and there is an association between the use of nonsteroidal anti-inflammatory drugs and a reduction in the incidence of lung cancer (14). Lung diseases, such as chronic obstructive pulmonary disease, tuberculosis, and interstitial lung disease, increase the risk of lung cancer. Long-term exposure to various pollutants such as external pathogens, tobacco smoke, and asbestos fibres may cause the release of various cytokines and growth factors that provide a selective growth advantage to mutant cells (15–17). In lung cancer, due to endogenous and exogenous high-risk factors, chronic inflammation is a common and important pathogenesis. Chronic inflammation in the lung can induce the accumulation of inflammatory cells, which produce many inflammatory cytokines and chemotactic molecules such as interleukin (IL)-1, IL-2, IL-6, IL-8, tumour necrosis factor-α (TNF-α), and cyclooxygenase 2 (COX2) (3). Their persistence and the cascade they cause can induce normal cell damage and immune dysregulation and create an intracellular environment that favours genotoxic damage and lung carcinogenesis (18, 19).



2.2 Progression of lung cancer

Chronic inflammation triggers lung carcinogenesis and is an important driver of lung cancer progression. Faget et al. (20) found that in lung cancer models, neutrophils, tumour-associated macrophages, and T and B cells infiltrated greatly outside the tumour tissue, which was beneficial to tumour growth. Inflammatory cells together with fibroblasts, endothelial cells, and extracellular matrix in the tumour stroma constitute TIME. TIME has a pro-tumorigenic effect. Developing tumour cells produce cytokines and chemokines to recruit inflammatory components, such as leukocytes (21). In addition, accumulated genetic changes may contribute to the malignant development of some tumours, and the chronic inflammatory response is considered an important endogenous source of mutational events (22). The inflammatory component shapes the potentially genotoxic environment by releasing chemicals, especially the sustained expression of COX-2, to maintain the abnormal status of tumours and accelerate their malignant evolution (23).



2.3 Metastasis of lung cancer

The delicate balance between inflammation and anti-inflammation is essential for the homeostatic maintenance of the lungs. In tumour patients, the TIME boundary is chronically populated with inflammatory cells, which produce extracellular matrix degrading enzymes such as matrix metalloproteinases and other pro-invasive growth factors (24, 25). For example, macrophages can suppress antitumor immunity, stimulate angiogenesis, and tumour escape, while preparing the target tissue for the arrival of tumour cells at the site of invasion (25). Lung cancer activates macrophages via Toll-like receptor (TLR) family member TLRs and produces TNF-α, and the creation of an inflammatory environment favours the occurrence of metastasis (26). In lung cancer tissue, the chemokine receptor system is also significantly altered, and in addition to regulating the inflammatory state, exerts direct effects on tumour progression, as CXCR2 ligands are closely associated with vascular growth and spontaneous migration (27). At later stages of the tumorigenic process, in the face of high levels of chemokines and cytokines, the host immune response is weakened or blunted, and failure to upregulate anti-inflammatory cytokines allows tumour cells to evade immune destruction and achieve infiltration and metastasis.

In recent years, studies on the relationship between inflammation and lung cancer have been in-depth. We consider the need to further identify the most critical inflammatory drivers affecting the TIME, taking into account the inflammatory response in different patients, in order to more precisely improve the efficacy of lung cancer treatment.




3 Three phases of COVID-19 and acute inflammation

COVID-19 is caused by SARS-CoV-2 and is mainly divided into three temporal phases: acute infection, post-acute hyperinflammatory disease, and late inflammatory and viral sequelae (28). For most young and healthy people, the adverse effects caused by COVID-19 are relatively mild and have a good prognosis; however, a few patients have rapid progression and are critically ill, mostly seen in older individuals with chronic underlying diseases (29) (Figure 3).




Figure 3 | Effect of acute inflammation on alveolar immune microenvironment. The rapid replication of SARS-CoV-2 within the host induces acute inflammation in the lung, confers increased vascular permeability, heightened thrombotic risk, and triggers pulmonary edema. RBC, Red blood cell; T cell, T lymphocyte cell; ACE2, Angiotensin-converting enzyme 2; TMPRSS2, Transmembrane serine protease 2; VEC, Vascular endothelial cell.





3.1 Acute infection

The duration of acute infection typically ranges from days to weeks (30). At disease onset, viral replication in the body triggers an initial host immune response with positive real-time reverse transcription quantitative polymerase chain reaction (RT-qPCR) and rapid antigen testing. Patients present with typical flu-like symptoms such as fever, cough, and shortness of breath (31). In mild-to-moderate SARS-CoV-2-infected individuals, IL-6, IL-10, and TNF-α levels were mildly increased or within the normal range during the acute inflammatory phase and decreased during recovery (32). Typically, type I interferon (IFN)-α/β is the first line of defence that restricts virus replicative propagation upon entering the body and is mainly derived from uninfected cells such as resident macrophages and other phagocytic cells (33). However, human coronavirus (hCoV) can inhibit the IFN-α/β-mediated innate immune response (34, 35), making it either a delayed response or severely impaired (36). Inside the organism, an inadequate early front-line defence mechanism gives a viral multiplier, promotes COVID-19 progression, and induces an acute inflammatory response that can also lead to macrophage activation syndrome-like pathology, posing a hidden risk for subsequent acute post-hyperinflammatory diseases (37).



3.2 Post-acute hyperinflammatory disease

Following acute infection, a minority of patients develop systemic inflammation, and although RT-qPCR testing may be negative in patients at this time, the virus continues to replicate in vivo (29). Among them, in severe COVID-19 patients requiring intensive care unit (ICU) admission, the condition may be further exacerbated by massive inflammatory cell infiltration and high levels of proinflammatory cytokines and chemokines (38, 39), which in severe cases can progress to acute lung injury, acute respiratory distress syndrome (ARDS), or multiple organ failure (40). Respiratory failure due to ARDS is the leading cause of patient mortality (41). The lungs of these patients harbour a highly proinflammatory macrophage microenvironment (42), exhibiting significant elevation of IL-6, IL-8, IL-10, and TNF-α, and a decrease in CD4+ and CD8+ T cells, triggering a cytokine storm (32, 43, 44). In addition to a significant decrease in T cell counts, patients showed increased expression of PD-1 and Tim-3 on T cells, indicating that surviving T cells were functionally exhausted (45). This suggests that the cytokine storm may have suppressed the body’s adaptive immunity to viral infection.



3.3 Late inflammation and virological sequelae

Later in COVID-19 infection, the viral load decreases in the patient, and the associated symptoms generally resolve. However, increasing evidence suggests that in some patients after SARS-COV-2 infection, malaise, including tachycardia, fatigue, pain, and brain fog (46, 47). The aetiology of such symptoms is not fully defined but may be associated with the persistence of the later inflammatory state. Studies have found that peak viral levels remain detectable in plasma samples up to 12 months after diagnosis in patients with confirmed COVID-19 (48). Despite the ability of SARS-COV-2 to induce a systemic antiviral response, it also causes persistent inflammatory pathology well beyond the clearance of the primary infection (47). In addition, proinflammatory cytokines may establish a pathological proinflammatory feedback loop (TLR4/rage loop) during acute infection that remains operative even after viral clearance (49). This allows multiorgan and multisystem involvement and affects patient emotional status. Furthermore, Gold et al. (50) suggests that the prolonged presence of sequelae may not be a direct effect of SARS-COV-2 infection but a consequence of inflammation-induced Epstein–Barr virus reactivation in COVID-19.

Given the important role of inflammation in SARS-COV-2 infection, we speculate that combining antiviral and anti-inflammatory drugs may offer advantages over single agents, and natural products may provide inspiration in this regard. We believe that a comprehensive understanding of the immunological mechanism of infection and combining it with diagnosis and treatment will greatly advance the prevention and treatment of COVID-19.




4 Lung cancer patients with COVID-19

As of January 31, 2023 the World Health Organization has accumulated notifications of 753,479,439 confirmed cases and 6,812,798 deaths worldwide from COVID-19 (51). Owing to the limitations of detection capabilities across regions and the impact of death attribution, the true infection and mortality rates are likely to far exceed official statistics. In lung cancer patients, the presence of one or more additional comorbidities, such as age at presentation > 65 years, history of smoking, and presence of chronic obstructive pulmonary disease, can be confounded by the presence of several risk factors (52). This has led to increased morbidity and mortality when confronted with COVID-19.



4.1 Potential immunological impact of chronic inflammation in lung cancer on COVID-19



4.1.1 Increased risk of infection

Generally, inflammation is an organism’s resistance response to disease that is somewhat self-limiting, depending on the presence or absence of the threat. However, due to the presence of certain social, psychological, environmental, and biological factors, inflammation fails to resolve normally and instead converts into a low-grade, non-infectious chronic state (53). This distinguishes the immune components involved in the response from acute inflammation (54). The presence of chronic inflammation can lead to a breakdown of immune tolerance, impair the normal physiological function of tissue organs, and make the body more susceptible to infection, as well as a low response to vaccines (55). Patients with other underlying lung diseases, such as lung cancer, are more susceptible to infection because of the reduced clearance of the virus. Additionally, angiotensin-converting enzyme 2 (ACE2) and transmembrane serine protease 2 (TMPRSS2) are key molecules involved in the spread of SARS-CoV-2 (56). Viruses use the S protein to bind ACE2 on the surface of human cells to enter host cells, and TMPRSS2 promotes S protein activation, triggering fusion of viral and cellular membranes (56). Expression of ACE2 and TMPRSS2 is elevated in lung cancer survivors compared to non-cancer individuals (57, 58). This may be related to the susceptibility of lung cancer patients to the SARS-CoV-2 virus. Interestingly, the examination of resected tissue specimens (containing both tumor and normal part) from non-small cell lung cancer (NSCLC) patients found that ACE2 transcript detected in tumor part did not correlate with disease stage, whereas expression in normal part was higher in individuals with advanced stages (59).This suggests that normal lung tissue (but not tumour tissue) in NSCLC patients may be key to distinguishing between the expected low and high risk of severe COVID-19.



4.1.2 Exacerbated secondary injury

T cell antigen-mediated cellular immunity and humoral immunity can be provoked after SARS-CoV-2 infection in patients. An appropriate and timely immune response in most patients enables efficient clearance of SARS-CoV-2 and control of acute infection. Some groups experience prolonged exacerbation, which can be caused by excessive immune and inflammatory responses and is referred to as a cytokine storm. In lung cancer patients, chronic inflammation in the lung can cause a surge in proinflammatory immune responses, resulting in increased cytokine secretion by T cells and phagocytes (60). The TIME instead supports the SARS-CoV-2 protein by activating a cytokine storm and cell metabolism variant-related pathways, further accelerating the infection and weakening the immune system (61, 62). Compared to the general population, patients with lung cancer experience a further reduction in lung volume caused by the presence of neoplasias, which enables an earlier time to adverse effects in the case of inflammation (63). In addition, smoking, the most important high-risk factor for lung cancer (2), is associated with the severity of COVID-19 (64, 65). Smith et al. (66) found that chronic smoke exposure causes ACE2 content-dependent upregulation in the lungs of humans and animals, with protective expansion of mucus-secreting goblet cells. As a binding target of SARS-CoV-2, higher levels of ACE2 expression tend to be observed in the lung tissue of patients with severe COVID-19 (67). Downregulation of ACE2 due to binding may drive increased angiotensin II activity, contributing to pulmonary vasoconstriction and inflammatory and oxidative organ damage, thus contributing to acute lung injury and other systemic effect risks (68).




4.2 Potential immunological impact of acute inflammation of COVID-19 on lung cancer



4.2.1 Induction of tumour progression

Viral infection is thought to promote the growth of human cancers (69). Yan et al. (70) found that acute lung infection can significantly affect cancer cell homing to the lungs and lung metastasis, which may be associated with an altered lung immune microenvironment. The potential effects of the long-term prevalence of COVID-19 on lung cancer patients remain unknown, but some scholars propose (71, 72) that during acute inflammation, the immune homeostasis of tissues is disrupted, and severe COVID-19 may seriously worsen the prognosis of lung cancer patients by accelerating tumour progression (73), possibly induce the reactivation of dormant cancer cells, and increase the risk of cancer recurrence. For lung cancer patients, ACE2 and the renin-angiotensin system to which it belongs can inhibit tumour cell growth, control inflammation, and VEGF production, thus maintaining vascular homeostasis (74). Reduction of ACE2 by virus binding may then lead to NF-κB overactivation, stimulate angiogenesis and immunosuppression over time, and promote neoplastic processes (74, 75). Moreover, in patients with severe COVID-19, the cytokine storm is mainly associated with a massive production of proinflammatory cytokines (i.e. IL-1β, IL-6, and TNF-α) (44, 76). IL-1β can create an inflammatory microenvironment that favours tumour initiation and promotion, leading to an increased risk of lung cancer. Similar to IL-1β, high levels of IL-6 may contribute to the growth, metastasis, and immune escape of lung cancer cells (77).



4.2.2 Improved control condition

Severe COVID-19 is considered an acute hyperinflammatory disease characterised by massive immune cell activation, and its resulting lung infection has a certain negative impact on lung cancer patients. However, cases of an improved immune response to tumours after COVID-19 infection in sporadic cancer patients (78, 79), or even reports of improved responses to refractory cancer after mRNA vaccination, have also appeared (80). This may be related to the fact that, in the context of acute inflammation, rapid fluctuations in cytokines allow the immune system to be reactivated. For example, IFN-α can increase CD27+ and CD8+ T cell infiltration in the TIME to combat immune escape through competition for glucose metabolism (81). Additionally, it was found that the S1 protein of SARS-CoV-2 can activate the NF-κB signalling pathway in lung cancer cells, increase the expression of proinflammatory factors such as TNF-α, and thus induce lung cancer cell death (82). Second, COVID-19 acute infection prompts neutrophils to be recruited to the lungs in prophase, which may be a source of excessive neutrophil extracellular traps (NETs) (83). In mouse models inoculated with Lewis lung carcinoma, large areas of necrotic neutrophils and NET-like structures would release cytotoxic substances, impairing tumour vascular integrity (84). Additionally, during vaccination, CD4+ T cells and exhausted CD8+ T cells may also be reactivated and in turn prevent myeloid-derived suppressor cells or recruit regulatory T cells, exerting antitumor effects (80). Notably, there are many common signalling pathways between COVID-19 and lung cancer (85), and it is difficult for individual case reports to comprehensively reflect the correlation between various complex effects. So we still recommend cancer patients to be protected and avoid active or passive infection.




4.3 Potential immunological impact of COVID-19 vaccine in lung cancer

The COVID-19 vaccine is an effective way to prevent SARS-CoV-2 infection, stimulating the formation of virus-neutralising antibodies while inducing cellular immunity (86). With the marketing and popularity of different types of vaccines (87), the Society of Oncology Science recommends preferential vaccination of patients with cancer (88, 89). However, there is limited information on the safety and efficacy of the vaccine in patients with cancer because vulnerable populations, including immunocompromised patients, are not involved in research development and clinical trials of the vaccine (90). Previous evidence (91) shows that among those using immunosuppressive drugs, less than half of the vaccines developed sufficient levels of antiviral antibodies, and that the mean antibody level in positive patients was two-fold lower than that in healthy controls. As a key population in which normal immunity is compromised, early studies have argued that cancer patients have impaired neutralising IgG responses to mRNA vaccines and reduced neutralising antibody responses (92). In addition, a study found that during anti-CTLA4 and anti-PD-1 combination immunotherapy, a lung cancer patient developed cytokine release syndrome due to a new crown vaccination, elevated cytokine levels (IL-6, IL-10, and IFN-γ), and grade 2 liver and kidney dysfunction (93). However, Hernandez et al. (94) believe that the COVID-19 vaccine is safe for patients with lung cancer, and most patients can generate immunity after the first and second doses, reducing the risk of infection.

Harada et al. (95) also provided safety data on the use of the COVID-19 vaccine in patients with advanced lung cancer receiving anticancer treatments, such as chemotherapy, immunotherapy, and targeted therapy, while also noting that vaccine-related side effects tend to increase in patients with lung cancer receiving cytotoxic chemotherapy. Therefore, we call for more adequate studies focusing on the effects of vaccines on humoral and cellular immunity in lung cancer patients.




5 Treatment of lung cancer combined with COVID-19

Currently, the COVID-19 pandemic promotes the development of health care systems and severely affects the care of patients with cancer. In lung cancer patients receiving antineoplastic therapy, COVID-19 may interfere with their original treatment plan. For example, chemotherapy may weaken the anti-disease ability of the immune system for a short time, and molecular targeted drugs or immunotherapy may trigger inflammatory changes in the lungs (96). In response to this, it is recommended that the risk-benefit ratio of the various treatments of COVID-19 should be thoroughly discussed with patients and arranged based on clinical prioritisation. For example, given the risk of infection posed by surgical resection and the potentially immunosuppressive state triggered by perioperative chemotherapy, reassessment of therapy is warranted for individual patients.

Several institutions have conducted studies on the impact of various anticancer treatments received by lung cancer patients combined with COVID-19, but these are limited by sample size, geographic region, and diagnostic discrimination and data timeliness; the results obtained from preliminary reports are not yet in agreement. Calles et al. (97) found that COVID-19 morbidity and mortality were higher among lung cancer patients receiving immune checkpoint inhibitors, but no statistically significant differences were observed in either COVID-19 morbidity or mortality by treatment type. In contrast, another study concluded that cancer patients who had received antineoplastic treatments including chemotherapy, radiotherapy, targeted therapy, and immunotherapy within 14 days before COVID-19 diagnosis were at higher risk of developing serious adverse events (63). In response to this, two meta-analyses suggested that chemotherapy increases the risk of death in cancer patients with COVID-19, while immunotherapy, targeted therapy, surgery, and radiotherapy showed no significant differences in safety (98, 99).

In addition, immune checkpoint inhibitors (ICIs) have gained increasing attention because of their potential impact on the disease course of COVID-19 in cancer immunotherapy, where they either act directly on immune checkpoints and are able to enhance the immune response or relieve immunosuppression (100, 101) (Table 1). Studies have confirmed that the use of ICIs in patients with lung cancer does not affect symptom severity during COVID-19 (103). Meanwhile, Hanna et al. (107) found that prolonged doses of ICIs had similar efficacy and toxicity compared with standard doses, which provided a reference for extended dosing regimens to reduce the risk of viral exposure triggered by visits in patients with lung cancer. Indeed, accumulating evidence suggests (108, 109) that ICIs may exert antiviral effects by enhancing T cell (CD4+ and CD8+) levels and activity, improving clinical outcomes in critically ill patients. It remains to be noted that during COVID-19, ICIs may trigger an excessive release of cytokines, contributing to a systemic inflammatory disease, and we recommend close attention to therapeutic reflexes of patients.


Table 1 | Summary of the impact of immune checkpoint inhibitors on lung cancer combined with Corona Virus Disease 2019 (COVID-19).





6 Conclusions

Lung cancer is one of the most threatening malignancies to population health, and its relevance began to be recognised after COVID-19 caused a public health emergency that swept the globe. Analysis data showed that patients with lung cancer had a poor prognosis, higher rates of death (HR = 2.00 [95% CI 1.52, 2.63], p < 0.01) and severe infection (HR = 1.47 [95%CI 1.06, 2.03], p = 0.02) compared to patients without cancer (110). As discussed here, the onset, progression, and prognosis of the two diseases are not isolated and may, in some cases, affect each other and are causal. For example, lung cancer is a risk factor for COVID-19 infection and adverse outcomes, and the COVID-19 pandemic may worsen the condition in lung cancer patients (111–113). Among them, inflammation is an important link; it has a bifacial nature and can not only promote immune responses but also lead to immunosuppression. Some scholars have suggested (114) that although the pathological manifestations of acute inflammation and chronic inflammation are different, the driving mechanism of the two is relevant. As such, starting with acute inflammatory diseases may improve the diagnosis and treatment of chronic inflammation; conversely, therapies developed for chronic diseases may be beneficial for acute inflammation. Given the complex relationship between lung cancer and COVID-19, we think it is necessary to gain further insight into the roles and effects of acute and chronic inflammation-related cytokines, chemokines, and inflammatory mediators to provide more scientific treatment options and a basis for patients.
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Introduction

Although many studies have demonstrated the existing neurological symptoms in COVID-19 patients, the mechanisms are not clear until now. This study aimed to figure out the critical molecular and immune infiltration situations in the brain of elderly COVID-19 patients.





Methods

GSE188847 was used for the differential analysis, WGCNA, and immune infiltration analysis. We also performed GO, KEGG, GSEA, and GSVA for the enrich analysis.





Results

266 DEGs, obtained from the brain samples of COVID-19 and non-COVID-19 patients whose ages were over 70 years old, were identified. GO and KEGG analysis revealed the enrichment in synapse and neuroactive ligand-receptor interaction in COVID-19 patients. Further analysis found that asthma and immune system signal pathways were significant changes based on GSEA and GSVA. Immune infiltration analysis demonstrated the imbalance of CD8+ T cells, neutrophils, and HLA. The MEpurple module genes were the most significantly different relative to COVID-19. Finally, RPS29, S100A10, and TIMP1 were the critical genes attributed to the progress of brain damage.





Conclusion

RPS29, S100A10, and TIMP1 were the critical genes in the brain pathology of COVID-19 in elderly patients. Our research has revealed a new mechanism and a potential therapeutic target.





Keywords: COVID-19, lung-brain axis, long COVID, brain damage, sequelae, TIMP 1, RPS 29, S100A10





Introduction

Corona Virus Disease 2019 (COVID-19) is one of the biggest public health challenges in the world. It is a highly contagious disease. According to the latest data from the World Health Organization (WHO), as of January 17, 2023, there have been more than 660 million cases of COVID-19 worldwide, with approximately 6.69 million cumulative deaths (1). Once infected with Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the excessive inflammatory response can lead to lung injury, including microvascular and endothelial dysfunction, and subsequent coagulation disorders and thrombosis, especially in severe and critically ill patients. Although COVID-19 is a respiratory disease, there is sufficient evidence that SARS-CoV-2 also causes multi-organ dysfunction throughout the body, including the heart, kidneys, digestive system, and nervous system (2, 3). Meanwhile, some patients continue to experience long symptoms after recovery, which is termed “long COVID” (4–6).

Regardless of the severity of the disease, COVID-19 can present a myriad of neurological signs and symptoms throughout its course (7, 8). These symptoms can occur in the acute and/or recovery phase of the infection. Among the various neurological symptoms, the most prevalent is loss of taste and smell, which has been reported in up to 53% and 44% of patients in one study, respectively (9). In addition, it was reported that severe COVID-19 patients that are young (≤38 years old) have strikingly similar genetic regulation with much older (≥71 years old) uninfected individuals (8) Similarly, other symptoms were also reported, such as cognitive impairment, seizures, and cerebrovascular disease.

Given the various neurological manifestations of COVID-19, the mechanisms of neurologic injury may be multifactorial. After carrying out complete autopsies on 44 patients who died of COVID-19, Sydney R. Stein et al. revealed that SARS-CoV-2 can spread across the whole body, predominantly in the case of severe COVID-19 patients, and that virus replication is present in multiple respiratory and non-respiratory tissues, including the brain (10). Notably, despite the extensive distribution of SARS-CoV-2 RNA throughout the body, they observed little evidence of inflammation or direct viral cytopathology outside the respiratory tract. This can explain the long time it takes for the virus to be cleared in the body and the systemic distribution of the virus preliminarily, but it is not sufficient to elucidate the mechanism of many neurological-related symptoms brought by SARS-CoV-2.

In this study, we combined differentially expressed analysis, weighted gene co-expression network analysis (WGCNA), enrichment analysis, immune infiltration analysis, and key molecule identification, to identify the critical genes causing neurological symptoms in elderly COVID-19 patients and the possible pathogenesis.





Materials and methods




Data acquisition and differential gene analysis

GSE188847 was downloaded from gene expression omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/). We collected human brain tissue samples from COVID-19 patients and uninfected patients aged >70 years based on the previous study, with a total of 7 control and 6 COVID-19 patient samples (8). We used |logFC|>1 and p-value< 0.05 as filtering conditions and used the limma package normalize Between Arrays function for data correction, resulting in 266 differential genes (DEGs).





Functional and pathway enrichment analysis

For differential genes, The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of differential genes was performed using the cluster Profiler package with q-value < 0.05 as the statistically significant criterion. To reduce bias, we used GSEA (Gene Set Enrichment Analysis) and GSVA (Gene set variation analysis) (http://software.broadinstitute.org/gsea/index.jsp) for enrichment analysis because GO and KEGG were only applicable for differential genes. In GSEA analysis, we chose c2.cp.kegg.v7.4 as the annotated gene set with p < 0.05 and gene number > 15 as the filtering condition, where NES > 0 is enriched in COVID-19 and NES < 0 is enriched in con. In GSVA analysis, we selected c2.cp.kegg.v7.2 as the annotated gene set with p < 0.05 and gene number >10 as the filtering condition.





Evaluation of immune cell distribution and immune function in the brain of COVID-19 patients

In the GSE188847 dataset, we assessed the infiltration of 22 immune cell types in the brain of COVID-19 patients aged >70 years. The “CIBERSORT.R” code and the standard immune cell expression file are available from the official website (https://cibersort.stanford.edu/). The data were then analyzed in the R software using the limma package. Based on the expression of RPS29, the patients were divided into two groups with high and low expression; based on the immune cell infiltration of the patients, immune function assessments of the high and low expression groups were performed.





WGCNA analysis

The genes with 0 expressions in GSE188847 were deleted and all remaining genes were used for WGCNA analysis. A hierarchical clustering analysis is first performed, and we select 90 as the sample inclusion criterion to eliminate outliers in the sample. Then soft thresholds were calculated and optimal values were selected for subsequent network construction to obtain the real biological network state (scale-free network). When the scale-free index (R2) reached 0.90 and the average connectivity was close to 0, 7 is chosen as our soft threshold. The weighted gene co-expression network was constructed by the optimal soft threshold power based on gene expression correlation, and the co-expression modules were identified and clustered based on their similarity to each other. The minimum number of genes in each clustered module was set to 100 after determining the relationship and correlation between these clustered modules and phenotypes, the gene significance (GS) and module affiliation (MM) between each module and COVID-19 were calculated and visualized. Finally, the module with the highest correlation coefficient was selected as the key module and applied further analysis.





Aggregation analysis and identification of key molecules in the purple module

For the aggregation analysis of purple modules, GO and KEGG enrichment analysis of module genes were performed using the cluster Profiler package with q-value < 0.05 as the judgment criterion. Using COVID-related genes (https://www.kegg.jp/), differential and modular genes were taken to intersect to obtain RPS29, and by correlation analysis, intersected with DEGs to obtain TIMP1. The same method was used for immune genes (https://www.innatedb.com/ and https://immport.org/shared/home), differential, and modular genes to obtain S100A10, and by correlation of expression, intersected with differential genes to obtain an intersection set to obtain TIMP1. Finally, the scatter plot of TIMP1 was plotted to observe its expression. The COVID patients were divided into high and low-expression groups according to the expression of TIMP1, and GSEA enrichment analysis was performed for the high and low-expression groups.






Results




Identification of DEGs and enrichment analysis in the brain of COVID-19 patients

266 DEGs were identified from two groups (healthy and COVID-19 patients) based on p value < 0.05 and |logFC| > 1. Up-regulated and down-regulated genes were presented as red and green plots in the volcano plot (Figure 1A). The gene expression of DEGs was shown in a heatmap plot (Figure 1B). To gain further insight into their potential functions, GO and KEGG analyses were performed on DEGs. GO terms include biological process (BP), cellular component (CC), and molecular function (MF). Our results showed 36 BP terms (including adenylate cyclase-modulating G protein-coupled receptor signaling pathway, neuropeptide signaling pathway, adenylate cyclase-inhibiting G protein-coupled receptor signaling pathway, cellular response to zinc ion), 13 CC terms (presynapse, haptoglobin-hemoglobin complex, hemoglobin complex, collagen-containing extracellular matrix and more), 44 MF terms (G protein-coupled peptide receptor activity, neuropeptide receptor activity, peptide receptor activity, haptoglobin binding and more) (Figure 1C). According to their |logFC|, genes were shown the relationship with the first eight BP terms (Figure 1D). KEGG results suggested that several signal pathways were aberrantly changed in COVID-19 patients’ brains, such as Neuroactive ligand-receptor interaction, Taste transduction, Morphine addiction, and Glutamatergic synapse (Figure 1E). GSEA and GSVA analyses were also performed to prevent bias. GSVA analysis suggested several signal pathways were significantly enriched in the COVID-19 group, such as asthma, graft versus host reaction, allograft rejection, autoimmune thyroid disease, and intestinal immune network (Figure 1F). Meanwhile, GSEA analysis suggested that ribosome, autoimmune thyroid disease, antigen processing, presentation, and cell adhesion molecules were enriched in the COVID-19 group (Figure 1G), while neuroactive ligand-receptor interaction and protein export were enriched in the control group (Figure 1H).




Figure 1 | Identification of DEGs and enrichment analysis in the brain of COVID-19 patients. (A) Volcano plot of DEGs in GSE188847; Red plots, up-regulated genes; Green plots, down-regulated genes; Black plots, unchanged genes. (B) Heatmap of DEGs. (C) bubble plot of GO analysis. (D) According to the |logFC| the most relative genes were displayed. (E) bubble plot of KEGG analysis. (F) the result of GSVA analysis. (G) the result of GSEA analysis enriched in the COVID-19 group, (H) the result of GSEA analysis enriched in the con group.







Immune landscape in the brain of COVID-19 patients

Our enrichment analysis suggested that immune-related signal pathways were enriched in the brain of COVID-19 patients. Following that, we conducted immune infiltration and immune function analysis in GSE188847. The distribution of different kinds of immune cells was shown in each sample (Figure 2A). The immune landscape and proportion results revealed that CD8+ T cells were downregulated and Neutrophils were upregulated in COVID-19 patients (Figures 2B, C). Meanwhile, immune function analysis uncovered that HLA was significantly upregulated (Figure 2D). Our immune situation analysis results indicated that immune system dysfunctions occurred in the brain of COVID-19 patients.




Figure 2 | Immune landscape in the brain of Covid-19 patients. (A) immune cell distribution in each sample. (B) immune cell fraction in the brain of control and Covid-19 patients. (C) relative percent of immune cells in each sample. (D) immune function in the brain of control and Covid-19 patients. *p < 0.05; **p < 0.01.







Construction of weighted gene network and key module identification

Heterogeneity detection was conducted for each sample through hierarchical clustering analysis to check and remove outliers (Figure 3A). All genes from the 12 samples were performed WGCNA (weighted correlation network analysis) analysis. The threshold power was 7 when R2 reached 0.9 and the average connectivity was near 0 (Figure 3B). Therefore, we used the power value 7 to perform WGCNA network construction. To evaluate the relationship and generate a module of closely related genes, we performed a hierarchical clustering tree analysis, as shown in Figure 3C. We also investigated the correlation between different modules (Figure 3D). According to the distance of different genes between each other, we created a heatmap (Figure 3E). WGCNA network module-trait relationships were conducted to observe the most correlated modules. In the analysis, we found that MEpurple (p = 0.005) and MEyellow (p = 0.009) had a significant correlation with the brain prognoses in COVID-19 patients, which suggested that the genes in those modules have a positive or negative effect on the development of brain pathology in COVID-19 patients. Remarkably, MEpurple had the strongest correlation (r = 0.75) and the lowest p-value (p = 0.005) (Figure 3F). After identifying the key module, we conducted module membership (MM) vs. gene significance analysis in MEyellow (Figure 3G) and MEpurple (Figure 3H) modules. Finally, the MEpurple module was identified as the critical module for the brain progression of COVID-19 patients.




Figure 3 | Construction of weighted gene network and key module identification. (A) sample clustering. (B) threshold power confirmed. The left panel shows the scale-free fit index. The right panel represented mean connectivity. (C) gene dendrogram according to the value of dissimilarity measure (1-TOM). (D) enrich analysis of module eigengenes. (E) heatmap of genes based on distance on each other. (F) module-trait relationships and definite relativity and p-value. (G) module membership (MM) vs. gene significance analysis in MEyellow module. (H) module membership (MM) vs. gene significance analysis in MEpurple module.







Enrichment analysis on MEyellow module genes

We used a heatmap to display the expression of MEpurple module genes (Figure 4A). All genes in MEpurple module were also conducted GO and KEGG analyses. In GO analysis BB terms implied that several biological processes were disrupted, such as cytoplasmic translation, ribonucleoprotein complex assembly, myeloid leukocyte migration, and ribosome assembly. CC terms were enriched in the cytosolic ribosome, ribosomal subunit, cytosolic small ribosomal subunit, and the ribosome. MF term also suggested the most significant impact happened to the structural constituent of ribosome (Figure 4B). The results implied ribosome damage on the functionality and component., The correlation genes with the first eight BP terms were conserved in the chord diagram according to |logFC| (Figure 4C). KEGG analysis uncovered synaptic dysfunction signal pathways as shown in Figure 1E. Interestingly, the most enriched pathway was COVID-19 in MEpurple module genes (Figure 4D). Our results provided strong evidence that COVID-19 could not only cause multiple organ dysfunction but also brain damage.




Figure 4 | Enrichment analysis on MEpurple module genes. (A) heatmap of gene expression in MEpurple module. (B) GO analysis. (C) According to the |logFC| the most relative genes was displayed. (D) KEGG analysis. Con, control group; CV, COVID-19 group.







Critical genes in enriched pathways

Because of the inflammatory storm caused by COVID-19 in several organs, we explored the critical immune molecule in the brain of COVID-19 patients. The COVID-19-related genes, DEGs, and module genes were selected to obtain the intersection gene. As a result, RPS29 was identified (Figure 5A). The correlation between RPS29 and other gene expressions was analyzed by Pearson using a corrplot package according to correlation > 0.7 and p-value < 0.05. The TIMP1 was the most relevant with RPS29 in DEGs as shown in Figure 5B. For the critical role of the immune pathway in the brain of COVID-19 patients, the intersection genes were obtained by intersecting immune pathway genes, DEGs, and MEpurple genes (Figure 5C). The correlated genes with S100A10 were analyzed by Pearson using corrplot package and significant genes were shown in the cyclograph according to correlation > 0.7 and p-value < 0.05. TIMP1 was the most related gene with S100A10 in DEGs (Figure 5D). To further explore the expression and role of TIMP1, we found that the expression of TIMP1 was significantly elevated in the brains of COVID-19 patients by scatter plots (Figure 5E). Based on the expression of TIMP1, further analysis by GSEA revealed that the pentose and glucuronate interconversions pathways were significantly enriched in the TIMP1 low expression group, indicating that the metabolic pathways in the brain of COVID-19 patients were disrupted (Figure 5F).




Figure 5 | Critical molecules based on the signal pathway. (A) RPS29 was selected by intersecting the DEGs, MEpurple module genes, and COVID-19 genes. (B) the correlative analysis between RPS29 and TIMP1. (C) S100A10 was chosen by intersecting the DEGs, MEpurple module genes, and immune genes. (D) the correlative analysis between S100A10 and TIMP1. (E) different expressions of TIMP1. (F) GSEA analysis according to TIMP1 expression. **p < 0.01.







Immune landscape based on RPS29 expression in COVID-19 patients

To explore the relationship between immune situation and RPS29 expression, we divided the COVID-19 patients into two groups (low expression group and high expression group) according to the median value of RPS29 expression. It was found that T cells CD4 memory resting, T cells gamma delta, and Mast cells resting were significantly different in the two groups (Figure 6A). Among them, the most relevant was immune cell T cells CD4 memory resting (Figure 6B). The correlation of RPS29 expression with T cells gamma delta and Mast cells resting was also shown in Figures 6C, D.




Figure 6 | Immune infiltration analysis according to RPS29 expression in the brain of Covid-19 patients. (A) immune cell fraction between low and high expression of RPS29 in the brain of Covid-19 patients. (B) the correlation between RPS29 expression and T cells CD4 memory resting. (C) the correlation between RPS29 expression and T cells gamma delta. (D) the correlation between RPS29 expression and mast cells resting. *p < 0.05.








Discussion

Patients infected by SARS-CoV-2 may develop a wide range of clinical manifestations including not only pneumonia, acute respiratory distress syndrome (ARDS), and respiratory failure but also systemic inflammation and multiorgan failure as well as a range of chronic residual symptoms (2, 11, 12). Among the more prominent are neurological symptoms, including encephalopathy and/or cerebrovascular diseases. Some discharged patients have reported collective symptoms of “brain fog”, i.e. impairments in attention, executive function, language, reaction speed, and memory (13, 14). Unfortunately, the available evidence does not yet fully explain the exact mechanism by which these clinical symptoms occur in the acute and recovery phases (5, 14).

In the current study, a total of 266 DEGs were identified. GO and KEGG analysis were enriched in synapse and neuroactive ligand-receptor interaction, this indicated the possible mechanisms of neurological pathologies. Further analysis based on GSEA and GSVA found that asthma and immune system genes were significantly affected. Intracranial genes were co-expressed with intrapulmonary genes indicating the potential correlation along the lung-brain axis. The past report demonstrated lung infections and smoking as risk factors for multiple sclerosis, a T-cell-mediated autoimmune disease of the central nervous system (15). After cigarette smoke exposure in the COPD model, it was observed that systemic inflammation is associated with increased exploratory behavior, suggesting that neuroinflammation was present in the brain area involved in cognitive functioning and that blood-brain barrier integrity was compromised (16). Immune infiltration analysis demonstrated the imbalance of CD8+ T cells, neutrophils, and HLA, indicating the dysregulation of intracranial immune function. CD8+ T cells can kill infected cells and the presence of virus-specific CD8+ T cells was found to be associated with a positive prognosis of COVID-19 in SARS-CoV-2 infection (17). However, the CD8+ T cells gene in the brain had an expression decrease in patients who died of COVID-19. The HLA system coordinates immune regulation and plays a critical role in the immune response to pathogens and the development of infectious diseases. The interaction between HLA and viruses is complex, so there is room for further research on the role of HLA in COVID-19 (18). Innate immune cells, including macrophages, monocytes, dendritic cells, neutrophils, and innate lymphoid cells (ILCs) such as natural killer (NK) cells, have a repertoire of pattern recognition receptors (PRRs) that recognize pathogen-associated molecular patterns (PAMPs) or damp-associated molecular patterns (DAMPs) to induce inflammatory signaling pathways and immune responses (19). Our results also showed that innate immune cells, i.e. neutrophils, were upregulated in brain tissue, playing an important role in brain inflammation.

Previous reports have shown that there are 16 non-structural proteins (NSP1–NSP16) that encode the RNA-directed RNA polymerase, helicase, and other components required for virus replication (20). One of the reported roles of NSP1 in SARS-CoV-2 is that it can associate with the 40S ribosome to inhibit host mRNA translation (21, 22). NSP1 binds to 18S ribosomal RNA in the mRNA entry channel of the ribosome and leads to global inhibition of mRNA translation upon infection (23). GO and KEGG analysis of the purple module genes showed significant enrichment of ribosome-related gene expression and function, suggesting that ribosomal dysfunction plays a key role in brain dysfunction in elderly COVID-19 patients. Pathway analysis suggested upregulation of 40S Ribosomal Protein S29 (RPS29). Therefore, we speculate that SARS-Cov-2 probably affects brain function through the regulation of RPS29.

S100A10 is a member of the S100 family of proteins containing 2 EF-hand calcium-binding motifs. Previous studies have shown that the mRNA expression of S100A4 (FC = 1.43, p = 0.0071), S100A9(FC = 1.66, p = 0.0001), and S100A10 (FC = 1.63, p = 0.0003) were significantly upregulated in the severe COVID-19 subjects than mild-to-moderate subjects based on 65 COVID-19 subjects and 50 healthy controls (24) These sound evidence indicated that S100A4, S100A9, and S100A10 play a role in the inflammatory conditions in COVID-19 patients and lead the onset of serious illness. A positive correlation of S100A8/A9 may serve as a predictive biomarker for thromboembolism and tissue injury in COVID-19 (25). Likewise, our results showed that the expression of S100A10 was significantly elevated which supported the possibility of inflammation in the brain.

Stefano Brusa et al. pointed out that in patients with COVID-19, circulating TIMP-1 was associated with disease severity and systemic inflammatory index (26). Upregulation of TIMP-1 expression has been reported to be associated with liver and lung fibrosis (27–29). Meanwhile, TIMP-1 is a potential element in the development of the asthmatic phenotype (30, 31). Recent studies have shown that elevated levels of MMP regulator TIMP-1 are an indication of a TIMP-1-mediated host antiviral response in the brain (32). In this study, we found a marked increase in TIMP1 expression in the brain of COVID-19 patients. Interestingly, TIMP-1 is the most related differential gene between RPS29 and S100A10, these results demonstrate the presence of intracranial inflammatory response in COVID-19 patients. Further results of GSEA analysis of TIMP-1 indicated abnormalities in the pentose and glucuronate interconversion signaling pathway, which is strongly associated with diabetes (33). Interestingly, the mortality rate of SARS-Cov-2 infection combined with diabetes was significantly higher than that of COVID-19 patients without diabetes (34), further illustrating the key role of TIMP-1 in COVID-19 pathological development.

Overall, our results showed that the total immune infiltration in the brain of elderly patients with SARS-Cov-2 infection showed abnormalities in both innate and adaptive immunity, especially in neutrophil infiltration. Also, our pathway enrichment analysis showed abnormal brain function, especially synaptic dysfunction, suggesting the involvement of the immune system in brain dysfunction. Further WGCNA analysis suggested that ribosomal dysfunction may play a key role in brain dysfunction in elderly COVID-19 patients, with RPS29, S100A10, and TIMP1 as key molecules. In conclusion, our results provided the first systematic analysis of the immune profile and the mechanisms of symptom occurrence in brain tissues in elderly COVID-19 patients. More importantly, we identified key molecules and provided new ideas for encephalopathy in elderly COVID-19 patients.

In the present study, although we were able to identify key molecules with statistical significance, some limitations need to be elucidated. Firstly, because of the rapid mutation of SARS-Cov-2, the results of this study are not representative of the pathological features caused by all types of virulent strains. Secondly, the sample size in this study was relatively small and the analysis was based on a single sequencing dataset, which was not validated. Lastly, our study was based on a population older than 70 years old in accordance with the previous study. Therefore, the results apply only to that group of individuals.





Conclusion

COVID-19 patients may suffer from brain damage. Altered synaptic function and ribosome function may contribute to neurological pathological manifestations. RPS29, TIMP-1, and S100A10 may be the key molecules in craniofacial damage and immune function impairment.
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Pulmonary arterial hypertension (PAH) is a severe cardiopulmonary vascular disease characterized by progressive pulmonary artery pressure elevation, increased pulmonary vascular resistance and ultimately right heart failure. Studies have demonstrated the involvement of multiple immune cells in the development of PAH in patients with PAH and in experimental PAH. Among them, macrophages, as the predominant inflammatory cells infiltrating around PAH lesions, play a crucial role in exacerbating pulmonary vascular remodeling in PAH. Macrophages are generally polarized into (classic) M1 and (alternative) M2 phenotypes, they accelerate the process of PAH by secreting various chemokines and growth factors (CX3CR1, PDGF). In this review we summarize the mechanisms of immune cell action in PAH, as well as the key factors that regulate the polarization of macrophages in different directions and their functional changes after polarization. We also summarize the effects of different microenvironments on macrophages in PAH. The insight into the interactions between macrophages and other cells, chemokines and growth factors may provide important clues for the development of new, safe and effective immune-targeted therapies for PAH.
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Highlights

• Macrophages play an important role in the PAH process, and imbalance of M1/M2 ratio is a significant feature of aggravating PAH.

• Macrophage recruitment in the perivascular area as a marker of inflammatory response initiation will be a key factor in exacerbating pulmonary vascular remodeling.

• Cytokines such as CCR5 and IL-1R1 expressed by both macrophages and PASMCs can be bi-directionally chemotactic and stimulate each other, cyclically aggravating the abnormal proliferation of PASMCs.

• Metabolic disorders and immune cell interactions as well as viral invasion can lead to alterations in the microenvironment of macrophages.




1 Introduction

Pulmonary arterial hypertension (PAH) is defined as mean pulmonary arterial pressure (mPAP) ≥20 mmHg during right heart catheterization at rest (1). PAH is a chronic progressive cardiovascular disease caused by the remodeling of pulmonary vascular structure and progressive pulmonary artery obstruction (2), which continuously increases pulmonary artery pressure, and can lead to right heart failure and even death in severe cases. The pathogenesis of PAH is complex and unclear. In addition to gene mutations, imbalance of vasoactive substances, immune inflammatory reaction and abnormal energy metabolism are also involved in the development of PAH (3). At present, most of the drugs on the market are for symptomatic treatments (4). Although the short-term survival rate of patients has been improved, there is still no cure. PAH has become a public health problem that endangers the society, and heavily burdens members of our community and the medical industry. This is attributable to the unclear pathogenesis of PAH (5), so in-depth studies on its course are fundamentally important for us to develop novel therapeutic strategies.

The pathology of PAH is characterized by irreversible tissue changes called “pulmonary vascular remodeling” involving pulmonary artery endothelial cells (ECs), smooth muscle cells (SMCs), and fibroblasts (6). There is increasing evidence that perivascular inflammation plays a functional role in pulmonary vascular remodeling. It has been found that a large number of immune cells such as macrophages, neutrophils, dendritic cells, mast cells, T lymphocytes and B lymphocytes were clustered around the pulmonary vessels in patients with PAH (7). Among them, several subtypes of macrophages play key roles in PAH progression. M1-type macrophages amplify inflammation by secreting pro-inflammatory factors, while M2-type macrophages promote tissue repair and play a major role in pulmonary vascular remodeling (8). Simultaneously, the expression levels of pro-inflammatory factors such as interleukin-1 beta (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10), transforming growth factor beta (TGF-β) and tumor necrosis factor alpha (TNF-α) increased (9).

As an important part of the inflammatory process, macrophages are crucial in the development of PAH (10). In recent years, it is understood that macrophages can change their tissue remodeling by affecting cell survival, proliferation, migration and immune regulation (11). More and more evidence showed that the interaction between inflammatory cells, vascular cells and inflammatory mediators, which may provide an important theoretical basis for the development of new, safe and effective immune-targeted therapies for PAH.

Herein, this review is aimed to review the role of macrophages in the development of PAH.




2 Characteristics of macrophages and their pathophysiological significance



2.1 Origin and tissue distribution of macrophages

A complex host defense system that relies on innate immunity has evolved to contribute to the adaptation of environment and species diversity. Previous studies revealed that the source of macrophages was not the only one. Earlier scholars have found that phenotypically mature macrophages existed in some tissues before the emergence of hematopoietic stem cells based on the mouse model (12), and a subsequent study has shown that resident tissue macrophages (RTM) might emerge during the development of embryonic precursors (13). Experiments based on mouse model showed (14) that the replacement of embryonic liver monocytes by bone marrow-derived monocytes was not completed until 2 months after birth. Vascular macrophages, on the other hand, were more similar to dermal tissues and rapidly replaced by bone marrow-derived monocytes after birth (15, 16). In addition, calculations of monocyte influx into the spleen and local macrophages generated by DNA synthesis of monocyte phagocytes showed that in the steady-state mice, 55% of macrophages in the spleen were maintained by monocyte influx and 45% by local division of monocyte phagocytes. In addition, a quantitative study with analysis of macrophages in the rat ventricles of the brain revealed that the number of macrophages increased significantly with age and the increased number of macrophages in the cerebral ventricle was partly attributed to the proliferation of local cell, as mitotic cells were observed (17). Another explanation for the growing number of these cells was the uptake of blood monocytes and interstitial macrophages, which were thought to be their precursor cells (18). This implies that macrophages have a dual origin, that is, some macrophages are derived directly from circulating monocytes which are derived from bone marrow cells and others from tissue-resident, locally dividing mononuclear phagocytes.

Existing studies have shown that the tissue-resident macrophages were found to be divided into subpopulations based on their autopsy location and functioning phenotype, including microglia in the central nervous system, osteoclasts in bone, alveolar macrophages in the lung, phage cells in the spleen, histiocytes in interstitial connective tissue, and Kupffer cells in the liver (19, 20). On top of that, other organs and tissues in the body also have different types of macrophages that perform different functions and phenotypes. For example, in the intestine, macrophages of different phenotypes will be able to work together to maintain the balance of flora in the gut. Secondary lymphocytes, similar to those in the spleen, contain a large number of macrophages that self-initiate adaptive and antiviral immune responses (16, 21, 22). Unique macrophages reside in immune-privileged sites such as the brain, eye, and testis, which play a central role in tissue remodeling and homeostasis (23–25). Although the developmental origin of tissue macrophages has been widely recognized, there is high functional heterogeneity of macrophages even from the same origin, especially true for macrophage subsets in the cardiovascular system, which are functionally different. In addition, the investigators had performed single cell RNA sequencing against aortic cells from atherosclerotic mice (26). It was found that the expression profile of genes in aortic resident macrophages was analogous to that of aortic resident macrophages in healthy aortic bone marrow cell populations, whereas monocytes, monocyte-derived dendritic cells, and two macrophage populations were almost exclusively present in atherosclerotic aorta, including inflammatory macrophages showing Il1b enrichment and those expressing TREM2 (trigger receptor 2 expressed on bone marrow cells) macrophages showing Trem2 enrichment. The gene expression profile of TREM2-expressing macrophages appears to be similar to that of osteoclasts and may have a regulatory role in calcification in addition to functions in lipid metabolism and catabolism (26, 27).




2.2 Macrophage phenotypes and their related regulatory mechanisms

Macrophages exert high plasticity capable of rapidly changing their function via a process called polarization, by which macrophages respond to stimuli from the local microenvironment and acquire specific functional phenotypes. Macrophages are typically classified as classically activated, pro-inflammatory, or M1 (28, 29) and vicarious activated, anti-inflammatory, or M2 (30, 31). The specific gene expression program results in the acquisition of the distinct signers on the surface of macrophages, secretion of different cytokines, and metabolic adaptation. For example, unpolarized macrophages in humans are usually labeled with CD14, colony stimulating factor 1 receptor (CSF1R) and CD68, M1 with CD86, CD64, nitric oxide synthase 2 (NOS2), CXCL10, suppressor of cytokine signaling 1 (SOCS1), M2 with CD163, transglutaminase type 2 (TGM2), arginase 1 (ARG1) and so on (32, 33). Meanwhile, M1-type macrophages of mice show low or no expression of CD68, CD64, found in inflammatory zone 1 (Fizz1), chitinase-like protein 3 (Chil3) and other markers are obtained on the surface of M2-type cells (34). More importantly, the balanced polarization of M1/M2 macrophages governs the fate of an organ during inflammation or injury. When the body is exposed to an external infection or autoimmune inflammation severe enough to impact an organ, macrophages exhibit an M1 phenotype to counteract the stimulation of the release of TNF-α, IL-1β, IL-6 and IL-23 (35, 36). However, if the M1 stage continues, it will lead to tissue damage. Therefore, M2 macrophages secrete large amounts of IL-10 and TGF-β to suppress inflammatory responses, promote tissue repair, remodeling, angiogenesis, and maintain homeostasis (37).

The macrophage polarization has been orchestrated and fine-tuned by key mediators in the milieu. Interferon has long been recognized as a signal sensor for the initiation of inflammatory macrophages and plays a crucial role in the induction of M2 macrophage activation in particular (38, 39). TNF receptor associated factor 6 (TRAF6) is an important signaling node in the Toll-like receptor pathway, which can initiate the transcription of inflammation-related target genes (40). However, members of the CCAAT enhancer binding protein family and signal transducer and activator of transcription (STAT) family have been identified as key mediators of these responses (41, 42). In addition, the regulators of lipid metabolism peroxisome proliferator-activated receptor γ, circular RNAs, microRNAs, and long noncoding RNAs have been shown to be key regulators of macrophage polarization in both in vitro and in vivo models (43–46) (Figure 1).




Figure 1 | Schematic diagram of macrophage sources, distribution and their activation. Macrophages are derived from bone marrow and embryonic stem cells, and some bone marrow-derived monocytes subsequently flow into tissues to develop into tissue-resident macrophages together with embryonic hepatocytes and yolk sac cells, and specifically differentiate into different functional macrophages at different sites. They have in common that both can polarize into pro-inflammatory (M1) and anti-inflammatory (M2) phenotypes. M1-type macrophages are activated by TLRs ligands and involve several transcription factors, such as NF-κB, STAT1, STAT5, IRF3, IRF5 and HIF-1α, while releasing pro-inflammatory and chemokines including TNF-α, IL-1α, IL-1β M2 macrophages activate transcription factors including STAT3, STAT6, IRF4, KLF4, JMJD3, PPARδ, PPARγ and release anti-inflammatory substances, cytokines and chemokines including IL-10, TGF-β, CCL17, CCL18 and CCL22, which promote tissue repair and regeneration, immunosuppression.






2.3 Evidence to show macrophage recruitment promotes PAH

A distinctive feature of vascular remodeling associated with pulmonary hypertension is the accumulation of macrophages in the perivascular/epithelial membrane. In the PAH setting, macrophages appear to be one of the major cells responsible for causing inflammation in the regional lung (47). Out of the inflammatory cells implicated in PAH, macrophages usually influence the severity and progression of the disease. A variety of studies in experimental animal models have shown that perivascular macrophages perform a central role in the vascular remodeling associated with PAH (48, 49). In a mouse model of chronic thromboembolic pulmonary hypertension, significant aggregation of macrophages expressing specific markers was seen in high-volume arterial vasculature. In the rat model, macrophages were increased in number compared to controls and IL-6, IL-10 secretion was increased in the lungs (50). Also, the same results were found in diseased vessels of patients with PAH caused by left heart disease, whereby there was a significant increase in the number of macrophages around the vessels. In addition, macrophages in the vascular epithelium remained the most pronounced inflammatory cells in the vessel wall in patients with end-stage PAH who underwent lung transplantation (51).

Studies have shown that whole lung samples show up-regulation of pro-inflammatory M1 and alternatively activated M2 macrophage markers in a hypoxia-induced PAH model (52). A recent study showed that the inhibition of M2-type macrophage activation by Donepezil in monocrotaline (MCT)-treated rats could effectively reduce the proliferation of PASMCs and improve pulmonary vascular remodeling (53). To further verify the presence of altered macrophage polarization in PAH patients, it was investigated that an M1/M2 imbalance was observed between macrophage low (MacLow) bone marrow-derived macrophages in men and monocyte-derived macrophages in PAH patients under doxycycline and interleukin-4 (IL-4) stimulation. In addition, MacLow-derived alveolar macrophages exhibited characteristic differences in polarization and diphtheria toxin A-chain expression in response to doxycycline stimulation. This implies that immune cells are involved in this paradigm and that targeting the imbalance in macrophage numbers may provide a future therapeutic option (54).

To further determine the crosstalk that exists between macrophages and pulmonary artery SMC, Researchers showed that macrophage derivatives such as platelet-derived growth factor-belisa (PDGF-B) are essential for pathological SMC expansion in PAH (55, 56). They found that after hypoxic exposure, Pdgfb mRNA was up-regulated in mouse macrophages and Pdgfb expression was down-regulated in mouse macrophages carrying hypoxia-inducible factor 1α (hif-1α), hypoxia-inducible factor 2α (hif-2α) or the Pdgfb allele LysM-Cre and protected from distal muscularization and PAH. Conversely, LysM−Crevon-Hippel Lindaufl/fl mice had increased macrophage Pdgfb and developed distal muscularization, PH, and right ventricular hypertrophy (RVH) in normoxia (57, 58).

It has also been shown that in hypoxia-induced PAH mouse lungs, expression of tagged C-C chemokine receptor 5 (CCR5) (59), interleukin-1 receptor 1 (IL-1R1) and myeloid differentiation primary response protein 88 (MyD88) is predominantly localized to pulmonary arterial SMC (PASMC), whereas mice with CCR5, IL-1R1 and MyD88 gene disruption and inactivation show PASMC proliferation during hypoxia exposure and perivascular and alveolar macrophage recruitment was reduced, suggesting that PASMC-derived CCR5, IL-1R1 and MyD88 may mediate macrophage recruitment (60, 61), which provides a basis for further exploration of potential targets in the therapeutic process of macrophages and pulmonary hypertension.




2.4 Pathological effects of macrophages on other cardiovascular diseases

In addition to the essential point of macrophages in the progression of PAH, macrophages have been reported to play a major role in other cardiovascular diseases. It has been reported that macrophages play a vital role in all stages of atherosclerosis, among which foam cells formed by macrophage lipid metabolism disorders are markers of atherosclerotic (AS) plaque formation (62). There is evidence to suggest that proteolytic cleavage of the macrophage efferocytosis receptor c-Mer tyrosine kinase (MerTK) reduces efferocytosis and promotes plaque necrosis and defective resolution (63). Epidemiological studies have found that blood monocytes of hypertensive patients show obvious pro-inflammatory phenotype, and the content of inflammatory factors in serum is also significantly increased (64). In chronic angiotensin (Ang)II perfusion model, macrophage clearance can significantly prevent blood pressure rise, improve vascular endothelial and smooth muscle cell dysfunction, and reduce vascular reactive oxygen species (ROS) formation (65). In addition, according to the characteristics of macrophages, altered interactions between macrophages and damaged tissues in patients with ischemic heart disease may be a key factor in improving the regenerative potential of the heart. For example, macrophages derived from yolk sacs produce moderate inflammatory reactions and secrete various cytokines, such as chemokine ligand 24 (CCL24) and oncostatin-M (OSM), to promote cardiac recovery after MI and enhance the formation of neovascularization (66, 67). In addition, there are studies based on mouse models showing that resident macrophages prevent arterial stiffing and collagen deposition in the steady state, mainly due to the expression of the hyaluronic acid (HA) receptor LYVE-l on the surface of macrophages, which bind to the HA pericellular matrix of SMCs, thereby regulating SMC collagen expression (68). In conclusion, the function of macrophages varies in cardiovascular diseases, and their pathogenesis may be different.





3 Pathological mechanism of PAH



3.1 Classical pathological mechanism pathway

The imbalance of vasodilation and contraction caused by early pulmonary vascular endothelial function injury and excessive proliferation of pulmonary SMC is often considered as the main pathological mechanism of PAH. Three classical pathways (69) including prostacyclin pathway, endothelin-1 pathway and nitric oxide pathway, have been identified as the main pathways leading to excessive pulmonary vascular contraction.

Endothelin-1 (ET-1) is a small molecular active substance composed of 21 amino acids. Endothelin mainly exists in the precursor form in tissues and needs to be catalyzed by endothelin convertase to form active endothelin (70). Through bonding to two G protein-coupled receptors (GPCR) on pulmonary SMCs, endothelin-a and endothelin-b (ETA and ETB) receptors, ET-1 promotes the release of Ca2+ stored in cells and the opening of voltage-dependent Ca2+ channels, resulting in the increase of intracellular Ca2+, and further leading to vascular proliferation, hypertrophy, fibrosis, contraction and inflammation (71, 72). In addition, the increased expression levels of ETB on ECs can stimulate the production of nitric oxide (NO) and prostacyclin, thus leading to blood vessel vilation (73).

Ambrisentan, macitentan, and bosentan have been approved as ET-1 receptor antagonists to inhibit the vasoconstrictor activity of ET-1. Although amburecentine has a higher inhibitory effect on ETA, macetan and Bosentan are better choices as dual antagonists of ETA and ETB (74).

ECs are the principal generator of prostacyclin, which is synthesized by arachidonic acid under the action of cyclooxygenase (COX) and prostacyclin synthase (75). Prostacyclin released by ECs binds to GPCR and prostaglandin (IP) receptors on SMCs and activates adenylate cyclase, converting adenosine triphosphate (ATP) into a second messenger, cyclic adenosine phosphate (cAMP). It regulates smooth muscle relaxation and inhibits proliferation by activating cAMP-dependent protein kinase A and cAMP-activated exchange protein. In addition, prostacyclin can reduce platelet aggregation, inhibit smooth muscle cell proliferation, and play an antithrombotic and anti-inflammatory role (76).

Under the action of endothelial nitric oxide synthase in ECs, L-arginine is converted to L-citrulline and a small amount of NO is produced (77). NO spreads to pulmonary vascular SMCs, binds to guanosine guanylyl cyclase (GC), converts guanosine triphosphate (GTP) into cyclic guanosine monophosphate (cGMP), and then activates downstream cGMP-dependent protein kinase (PKG) to decrease myofilament tension, dilate SMCs, produce vasodilation and reduce pulmonary artery pressure (78). Studies have shown that the damage of NO-GC-CGMP-PKG pathway is one of the most important changes in the development of PAH. This is due to the abnormal expression of iNOs in ECs, the decrease of NO production, the decrease of NO bioavailability, the decrease of GC and PKG activities and the increase of type 5 phosphodiesterase activity caused by oxidative stress (79). PAH is caused by a decrease in the production of available vasodilators such as NO (80). Three drugs have been approved for this route, including tadalafil, vardenafil and sildenafil (81).

In view of the above classical pathway, a series of targeted drugs have been approved for clinical treatment of PAH, but these drugs are for symptomatic treatment. There is an urgent need to carry out more in-depth research on the pathogenesis of PAH.




3.2 Macrophages mediate PAH by interfering with immunomodulatory mechanisms

Inflammation is a prominent feature of PAH. The synergistic interaction between infiltrating cells and inflammatory cells plays an important role in the pathogenesis of PAH (10). Since macrophages have a vital catalytic role in the inflammatory response, it has been shown that macrophages exacerbate the PAH process by participating in immune homeostasis and by promoting adaptive immune responses during infection. In addition, other immune cells such as T lymphocytes, B cells, DC cells, mast cells and other inflammatory cells all have different roles on the course of PAH (7).

Macrophages are central regulatory cells for T cell activation, which participate in every step of T cell activation. Macrophages can regulate and provide effective costimulatory signals and cytokine secretion for T cell activation. T cells participate in pulmonary vascular remodeling and inflammation in PH by IL, TNF-α and interferon-γ (IFN-γ) (82). In addition, injection of T cells into rats for immune reconstruction can inhibit the inflammatory reaction of pulmonary artery wall and the apoptosis of ECs, thus blocking the occurrence of PH (83), suggesting that Treg cells may play an important role in inhibiting the occurrence and development of PAH.

Studies have reported that B cells promote monocytes to infiltrate into inflammatory sites of pulmonary vessels by secreting CCL7, and monocytes further differentiate into macrophages in inflammatory tissues (84, 85). The infiltration of B lymphocytes and the generation of ectopic lymphoid tissue (tertiary lymphoid tissue) can be seen around the pulmonary vessels of PAH lesions, as well as the deposition of immunoglobulin and complement molecules (86). In addition, a significant increase in the blood in patients with PAH of autoantibodies, including anti-endothelial cell antibodies, fibroblasts, resisting ribonucleoprotein antibodies and anti-topoisomerase I, these antibodies can be combined with vascular ECs and induce its apoptosis, inflammation response, promote the proliferation of vascular SMCs, resulting in the formation of the PAH (9).

Monocytes are derived from hematopoietic stem cells in bone marrow. When monocytes migrate into tissues and organs of the whole body, they develop into mature macrophages, which perform biological functions such as presenting antigens and regulating immunity (14). Under the stimulation of granulocyte-macrophage colony stimulating factor (granulocyte-macrophagecolony-stimulatingfactor, GM-CSF) and IL-4 in vitro, monocytes can differentiate into dendritic cells (DCs) (87). Promote the initiation and differentiation of T cell response and participate in adaptive immune response (88). It was found a large number of immature DCs clustered near the pulmonary tissue of IPAH patients and animal models, and the number was positively correlated with the severity of the disease (89). However, the quantity of mature bone marrow-derived DCs in the peripheral blood of IPAH patients is reduced and accompanied by functional defects. Studies have shown that DCs produce chemokine (C-X3-C motif) ligand 1 (CX3CL1) (90), which promotes the proliferation of SMCs in PAH. Therefore, some scholars believe that DCs may be involved in the pathogenesis of PAH.

In addition, many studies found that many studies have found significantly elevated mast cells count and function in PAH patients and animal models (91). It was found that mast cells B cell axis are involved in PAH vascular remodeling. Activated mast cells can produce a large amount of IL-6, which is directly involved in the vascular remodeling process on the one hand, and immunoglobulin and autoantibody production on the other hand (92). Blocking IL-6 or inhibiting mast cells activation can significantly reduce the generation of B lymphocytes, and alleviate the remodeling and hemodynamics of PAH vessels (7). Similarly, inhibiting B-lymphocyte activity or knockout B-lymphocyte activity in PAH rats decreased trypsin, vascular endothelial growth factor, and leukotriene 4 (LTE 4) levels in PAH patients (93, 94). It is suggested that the mast cell IL-6-B lymphocyte axis plays an important role in the pathogenesis of PAH.

The basic role of the immune system in the development of PAH has been paid more and more attention. PAH is no longer considered to be caused only by dynamic vasoconstriction. Inflammation mediates the vascular remodeling of PAH. Although the mechanism is still unclear, the basic role of the immune system in the pathogenesis has been accepted (Figure 2).




Figure 2 | Diagram of PAH pathological mechanism. Three classical pathways; ET-1 binds to ETA and ETB receptors to promote intracellular Ca2+ release and Ca2+ channel opening, leading to increased intracellular Ca2+ and vascular remodeling; prostacyclin binds to GPCR and IP receptors, activating adenylate cyclase, converting ATP to cAMP and inhibiting cell proliferation by activating PKA and Epac; NO binds to GC, converting GTP to cGMP, thereby activating downstream PKG and causing vascular diastole. Immune cells and pulmonary hypertension, DCs stimulate T cell activation, T cells participate in pulmonary vascular remodeling by producing IL, TNF-α, IFN-γ, B cells participate in pulmonary vascular remodeling by over-secreting antibodies, cytokines, etc. Mast cells participate in the development of PAH by producing large amounts of IL-6, while reducing IL-6 production or inhibiting mast cell activation can reduce B lymphocyte production and can alleviate PAH. EC damages will release microvesicles, which contain miRs, and others, these MVs will stimulate macrophages to secrete cytokine such as TGF-β, and then stimulate PASMC proliferation.







4 Macrophage microenvironment determines the function of macrophages in PAH

Pulmonary vascular inflammatory microenvironment includes intracellular microenvironment and extracellular microenvironment, which are specifically manifested in endothelial cells, fibroblasts, infiltrating immune cells, secreting products of corresponding cells and extracellular matrix composition (95). Macrophages, as a functionally heterogeneous cell population, are subject to changes in phenotype and function depending on the microenvironment in which they are located. In the immunosuppressive microenvironment of pulmonary vascular infiltration, factors such as imbalance of extracellular ion homeostasis, hypoxia, increased reactive oxygen species, and low PH stimulate macrophages to have intracellular metabolic disorders and abnormal transcription. Disturbances in intracellular metabolism can lead to abnormal activation of macrophages thereby disrupting the M1/M2 phenotype balance. This phenomenon leads to an abnormal transformation of the macrophage phenotype with excessive release of some chemokines or growth factors. These growth factors or chemokines accelerate the proliferation rate of pulmonary artery smooth muscle cells and the mesenchymal transformation of endothelial cells (Figure 3).




Figure 3 | Schematic diagram of the 5 important factors affecting the macrophage microenvironment. Lipid metabolism: monocrotaline induces an increase in body fatty acids and a decrease in fatty acid oxidation. Hypoxic environment: 5-lipoxygenase (5-LO) activation metabolizes leukotriene B4 (LTB4) to exacerbate ROS toxicity in mitochondria; Rho kinase signaling pathway activates TGF-β and causes vasoconstriction. Amino acid metabolism: two related transcriptional co-activators of Hippo signaling pathway, YAP/TAZ, can activate GLS enzymes and promote glutamine metabolism and TCA cycle disorder; arginine can generate citrulline in response to iNOS to participate in urea cycle and promote smooth muscle cell proliferation; methionine can induce elevated iNOS activity and increased TNF-α release, thus causing macrophages to M1 direction of polarization. Pro-inflammatory and anti-inflammatory factors: Inflammatory factors and chemokines secreted by immune cells are involved in the regulation of their respective inflammatory pathways, thus promoting or suppressing the inflammatory response. For example, IL-10 activates JAK1 and TYK2 phosphorylation and thereby activates the STAT3 pathway. Viral infection: Angiotensin-converting enzyme-2 (ACE2) receptor mediates the entry of SARS-CoV-2 virus via transmembrane protease serine 2 (TMPRSS2). On the one hand, the increase in free DABK content in the presence of decreased ACE2 function activates B1 receptors and also induces NO pathways to trigger inflammation; on the other hand, the virus attacks the body’s immune function through DNA replication, thus aggravating the body’s immune deficiency. Thus, these factors affecting the macrophage microenvironment can worsen the PAH process when they are deregulated.





4.1 Lipid metabolism

It has been previously shown that disorders of lipid metabolism can cause deterioration of PAH (10). In this process, lipid metabolism is also involved in macrophage activation (96). The synthesis and storage of triglycerides is increased in M1 macrophages in response to stimulation by lipopolysaccharide (LPS) and other pro-inflammatory factors, while M2 macrophages use fatty acid (FA) oxidation for energy supply. FAs mainly exist in blood or other extracellular fluid in the form of lipoproteins, which are covalently linked with glycerol to form triglycerides and phospholipids. Macrophages acquire FAs from lipoproteins in two ways. One is endocytosis of lipoproteins. Macrophages can only ingest metabolized triglyceride-rich lipoproteins. The second one is free FAs released by extracellular hydrolysis of glyceric acid in lipoproteins. Lipoprotein lipase (LPL) secreted by macrophages is the key enzyme for the extracellular release of FAs from triglyceride-rich lipoproteins.

An animal study found that MCT induced an increase in fatty acid synthase expression and activity in lung tissue of rats with PH. The increase of CD36 expression levels in M1-type macrophages in the right ventricle, leading to an increase in body fatty acid levels and a decrease in fatty acid oxidation (97), while inhibition of fatty acid synthesis up-regulated oxidative phosphorylation, which in turn inhibited PASMC proliferation and enhanced pulmonary vascular remodeling and right ventricular hypertrophy (98).

Furthermore, it has been well known that a bioactive lipid site 1 protease (S1P) plays an important regulatory role in vasoconstriction, proliferation, fibrosis and vascular inflammation (99). S1P is a key regulator of several cardiovascular and pulmonary pathophysiological processes, including PAH (100). Recently endothelial monocyte activating polypeptide-II (EMAP II) was found to produce S1P in a two-pronged manner by triggering bimodal phosphorylation of sphingomyelin, a common and coherent upstream signal in inflammatory macrophages and SMCs. Sphingomyelin regulates phosphorylation, transcriptional regulation and translocation of sphingosine kinase 1 in these cells (101). This suggests that EMAP II functions specifically to initiate downstream cellular pathophysiology, providing a reference for the discovery of new potential therapeutic targets for PAH.




4.2 Amino acid metabolism

There was earlier evidence to show transient glutamine depletion in human cell lines leads to disruption of the TCA cycle and autophagy, while mTOR signaling activation is usually activated under more severe glutamine deprivation (102), which in turn leads to the expression and secretion of IL-8 and other chemokines. Researchers found that α-ketoglutarate, which is produced by glutamine decomposition plays a special role in M2 activation of macrophages (103). This M2 promotion mechanism is regulated by high α-ketoglutarate/succinate ratio, while its low ratio enhances the pro-inflammatory phenotype of classically activated macrophages (M1 type).

In contrast, the role of glutamine metabolism in the development of PAH, particularly glutaminase (GLS) as the key enzyme that initiates the glutamine hydrolysis pathway, has attracted more and more attention worldwide in recent years (104). Current studies have demonstrated that pro-inflammatory factors secreted by inflammatory cells can cause extracellular matrix (ECM) remodeling and stiffness, leading to pulmonary sclerosis, which is an important component in the pathogenesis of PAH (105, 106). However, it has been found that pulmonary vascular sclerosis activates two relevant transcriptional co-activators of the Hippo signaling pathway, YAP/TAZ, early in PAH, and subsequently YAP/TAZ (Yes-Associated Protein/Transcriptional co-activator with PDZ-binding motif) activates glutaminase enzymes that promote glutamine metabolism and mesenchymal responses, leading to changes in the extracellular environment, such as macrophage recruitment, which in turn leads to PAH (107, 108).

In addition, in cardiovascular diseases, including PAH, L-arginine plays a key role in the initiation of intracellular signaling pathways that trigger inflammatory responses in macrophages. Extracellular L-arginine is essential for the activation of all mitogen-activated protein kinases (JNK1/2, ERK1/2, and p38) and significantly accelerates the stimulation of macrophages by LPS (109). In addition, arginine can generate sterilizing NO and citrulline under the action of iNOS, among which citrulline can participate in the urea cycle and promote smooth muscle cell proliferation and division (110). M2-type macrophages can induce ARG-1 to catalyze arginine metabolism to produce ornithine and urine, which can promote collagen synthesis, pulmonary artery smooth muscle proliferation and tissue remodeling.




4.3 Hypoxia environment

The hypoxia-induced PH model in mice shows that macrophages are activated and inflammatory markers are expressed in the early and transient stages of anoxic inflammation (48). Hypoxia stimulates alveolar macrophages to differentiate into M2 phenotype, which is required for vascular remodeling and subsequent establishment of PAH (111, 112). In animal models of chronic hypoxic induced PH, monocytes accumulate around the blood vessels (113). These cells expressing α-SMA protein promote cell proliferation through the production of type I collagen (114). However, liposomes including chlorophosphate or gadolinium trichloride prevent pulmonary vascular remodeling by the reduced production of collagen, fibronectin, and tenascin-C production and accumulation of myofibroblasts (115, 116). Studies have shown that reduction of alveolar macrophages attenuated hypoxia-induced PH, emphasizing the role of pulmonary macrophages in the pathogenesis of PAH (54). Hypoxia M2 macrophage supernatant can promote the proliferation of PASMCs, while carbon monoxide can inhibit this early inflammatory response and improve macrophage infiltration and cytokine production (111, 117). Leukotriene B4 (LTB4) derived from macrophages promotes endothelial injury and proliferation of PASMC (118). Flow cytometry showed that hypoxia-induced PH in mice resulted in the recruitment of circulating classical monocytes into the lungs to become interstitial macrophages, which expressed platelet spondin-1, activated TGF-β by increasing Rho kinase signaling pathway, and caused vasoconstriction (119).




4.4 Pro-inflammatory and anti-inflammatory factors

Studies have shown that the body will activate acute inflammation when stimulated by undergoing ventricular shunts or chronic inflammation, especially bone marrow inflammation, during which macrophages adopt a typically activating M1 phenotype to drive the liberation of inflammatory mediators (120). However, this spontaneous immune response mechanism, if uncontrolled, will further deepen tissue damage, while the shift to an anti-inflammatory M2 phenotype helps to facilitate wound healing and tissue repair. Polarization of M1 and M2 phenotypes is a specific response of the body to the outside world, and the dynamic balance between them can inhibit further tissue infection and maintain immune regulatory balance. Studies have shown that the pro-inflammatory cytokines IL-1β, IL-6, IL-12 and TNF-α, produced by monocytes and many other cell types, are implicated in the pathogenesis of primary PAH (PPAH) (121, 122). IL-6 is derived from epithelial cells and SMCs (123), and IL-1β and TNF-α have the ability to induce proliferation of fibroblasts and SMCs (124, 125) and promote thrombosis. Thus, these cytokines may affect the functional architecture of the fibroblasts in the outer layer of the pulmonary vasculature, the SMCs in the middle layer or the ECs in the inner layer, and the disrupted barrier will trigger serious cardiovascular diseases such as microthrombotic lesions and PPAH. In addition, studies have shown that PAH induces PASMC proliferation in vitro by distorting the M1/M2 ratio and releasing IL-6 (123). Similarly, MDMs in PAH patients after IL-4 stimulation exhibit depolarization toward the subtype of M2 with a corresponding damage response (126, 127). Interleukin 18 (Il-18), which is mainly secreted by macrophages, is closely associated with the IL-1 family of cytokines and similarly stimulates various pro-inflammatory changes at the target site, including activation of immune effector T cells and an indirect increase in the interferon content, along with positive feedback on the secretion of surface proteins and chemokines from target cell adhesion molecules. More compelling evidence has shown that compared with healthy controls (128), patients with PAH have elevated plasma IL-18 protein, and overexpression of IL-18 in the lung leads to mild dilation of PAH and RV. However, genetic ablation of IL-18 does not reduce hypoxia-induced PAH and RV hypertrophy (129), suggesting that IL-18 may be a modifier of the disease (130).

In addition, chemokines, as pro-inflammatory cytokines that induce cells of the immune system to enter the infection site during the immune response, has a central role to play in the process of PAH. In general, chemokines accumulate in the intimal layer of blood vessels in the form of lipoprotein particles, especially at arterial branches and bends, which are particularly prone to local endothelial cell dysfunction. Stored lipoproteins are modified by various mechanisms, including oxidation, enzymatic processing, demethylation and aggregation, leading to inflammation and activation of surrounding ECs. Activated ECs, in turn, launch of a large number of chemotactic cytokines that cause circulating monocytes in the blood to be transferred to the intima and surrounding spaces of the arterial vessels, where they eventually reside and polarize into monocyte-derived macrophages (131). These macrophages are aggressively consuming lipoprotein rich in esters of cholesterol and subsequently become “foam cells”. Although macrophage uptake of lipoproteins appears to be beneficial, these “foam cells” exacerbate disease by secreting pro-inflammatory mediators, including cytokines and ROS, and ultimately leading to death through necrosis or apoptosis. Studies have shown that CCR4 shows a more obvious M2 activation, as demonstrated by the elevated representation of the archetypal M2 markers ARG1 and FIZZ1 (132–134). Chemokine C-X-C motif ligand 4 (CXCL4/PF-4), a platelet-derived chemokine (135, 136), has been shown to prevent monocyte apoptosis and promote macrophage differentiation in vitro (137). In addition, CCR5 is expressed on pulmonary vascular walls and macrophages, and up-regulated in PAH (59). In human tissues, CCR5 is found in ECs, smooth muscle, and macrophages from patients with PAH and is also up-regulated after chronic hypoxia in rodent models. Mice lacking CCR5 are protected by hypoxic PH, and the proliferation of PASMC is reduced (59).




4.5 Viral infection

Researchers prospectively studied monkey immunodeficiency virus-associated PH (SIV-PH) and found that all animals exhibited a similar course of SIV acquisition, with an imbalanced plasma environment that was replaced more by an inflammatory infiltrate. Among the PH animals there was a higher frequency of conversion of tissue-resident M1-type macrophages and a lower frequency of anti-inflammatory M2c-like CD68+ macrophages (138).

In addition, during the SARS-CoV-2 virus pandemic a few years ago, it was shown that the angiotensin-converting enzyme-2 (ACE2) receptor mediates the entry of three coronavirus strains: SARS-CoV, NL63 and SARS-CoV-2, which triggers cardiovascular disease and severe lung injury and exacerbates the PAH process (139). They found that ACE2 removes an amino acid residue from the peptide des-Arg bradykinin (DABK), thereby preventing DABK from binding to the bradykinin receptor B1 receptor. When ACE2 function is reduced in the lung as a result of endotoxin, free DABK increases, which in turn activates the B1 receptor and also interferes with adaptive immunity by activating macrophages and other immune system cells, thereby increasing the secretion of IL-6, IL-10 and other inflammatory factors, thereby exacerbating the PAH process (140). It has also been demonstrated that SARSCoV-2 host cell entry is dependent on the SARS-CoV receptor ACE2 and can be blocked by a clinically proven inhibitor of the cytosolic serine protease TMPRSS2, which is used by SARS-CoV-2 for S-protein initiation. Furthermore, this suggests that antibody responses against SARS-CoV may at least partially protect against SARSCoV-2 infection, thereby slowing the progression of PAH, and also provides key insights for identifying potential targets for antiviral intervention (141, 142).





5 Crosstalk between macrophages and other cell types

More and more scientists agree that cross-talks between different cell types including endothelial cells, macrophages, fibroblasts and smooth muscle cells are so important for the development of PAH. In either patients with PAH or experimental models of PH, Acute lung injury, viral or bacterial infections or inflammatory cytokines/chemokines may induce endothelial cell damages, which are an initial event for the development of PAH. Damages of endothelial cells release microvesicles which may include miRNAs, caveolin-1 (143). In some patients, red blood cells may be lysed, and release chemokines/cytokines. These microvesicles and cytokines/chemokines activate macrophages to produce TGF-β. TGF-β stimulates smooth muscle cell proliferation and migration (143, 144).

Studies have shown that macrophages are recruited to the periphery of pulmonary vessels and overexpress HO-1, which may respond to Hb-mediated oxidative stress, as excess Hb contacts pulmonary vascular endothelial cells and triggers endothelial apoptosis (145). It has been found that activated macrophages can increase the production of CSF1 protein in fibroblasts in vitro and aggravate the inflammatory response (146). Activated fibroblasts produce CCL2, which attracts macrophages to the fibrotic or damaged area. In addition, the expression of pim-1 proto-oncogene (PIM1) and transcription factor NFATC2 in macrophages can be mediated by fibroblast-derived IL-6. And in any IL-6 responder cell, including fibroblasts, macrophages, endothelial cells, and smooth muscle cells, the enhanced proliferative and anti-apoptotic capacity in vascular walls is also controlled by fibroblast-derived IL-6 (147).




6 Conclusion

Over the past years, new breakthroughs have been made in the investigation of the pathogenesis and therapeutic strategies for PAH. In addition to the currently known classical therapeutic pathways including the endothelin pathway, prostacyclin pathway, and NO pathway, more and more scholars are focusing on immune inflammation-related therapeutic pathways. This review further elucidates that synergy between macrophages and immune cells have a key role in the pathogenesis of PAH. The microenvironment of macrophages is altered in response to disturbances in the regulation of lipid or amino acid metabolism, hypoxic and inflammatory infiltrative environments, and infections such as viruses, which drive alterations in macrophage polarization and function, ultimately leading to PAH pathological changes. Although the evidence provided by the current study delivers a persuasive argument that macrophages are instrumental in the PAH process, our empirical understanding of the specific mechanisms and roles of macrophages in the PAH process at different times remains immature, and more studies are warranted to better characterize the mechanisms of function and regulation of diverse macrophage subpopulations under normal and pathological conditions.
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Introduction

Asthma is characterized by an imbalance between proteases and their inhibitors. Hence, an attractive therapeutic option could be to interfere with asthma-associated proteases. Here we exploited this option by assessing the impact of nafamostat, a serine protease inhibitor known to neutralize mast cell tryptase.





Methods

Nafamostat was administered in a mouse model for asthma based on sensitization by house dust mite (HDM) extract, followed by the assessment of effects on airway hyperreactivity, inflammatory parameters and gene expression.





Results

We show that nafamostat efficiently suppressed the airway hyperreactivity in HDM-sensitized mice. This was accompanied by reduced infiltration of eosinophils and lymphocytes to the airways, and by lower levels of pro-inflammatory compounds within the airway lumen. Further, nafamostat had a dampening impact on goblet cell hyperplasia and smooth muscle layer thickening in the lungs of HDM-sensitized animals. To obtain deeper insight into the underlying mechanisms, a transcriptomic analysis was conducted. This revealed, as expected, that the HDM sensitization caused an upregulated expression of numerous pro-inflammatory genes. Further, the transcriptomic analysis showed that nafamostat suppressed the levels of multiple pro-inflammatory genes, with a particular impact on genes related to asthma.





Discussion

Taken together, this study provides extensive insight into the ameliorating effect of nafamostat on experimental asthma, and our findings can thereby provide a basis for the further evaluation of nafamostat as a potential therapeutic agent in human asthma.
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Introduction

Asthma is a non-communicable, heterogeneous chronic airway inflammatory disorder affecting ~300 million people worldwide. Asthma is characterized by airway inflammation and airway remodelling associated with various symptoms, including shortness of breath, wheezing, cough and chest tightness, and variable expiratory airflow limitation (1–4). The progression of asthma is complicated and is associated with a diverse interplay between environmental factors and genetic predispositions, thereby stratifying asthmatics into distinct phenotypes with significant clinical variance (1). Further, asthma endotyping is an emerging concept, through identifying different cellular and molecular mechanisms involved in the disease pathogenesis (2). Current therapies for asthma include a combination of anti-inflammatory agents like corticosteroids along with bronchodilators; however, the poor response to these regimens among certain asthmatic subsets and the adverse side-effects associated with their long-term use emphasizes the need to identify novel therapeutic interventions to treat asthma effectively (4).

Asthma is a multifaceted disease primarily allied with an altered Th2/Th17 immune system in response to environmental allergens (5). Proteolytic events mediated by a variety of proteases represent one of the mechanisms involved in the pathogenesis of asthma, having an impact at multiple levels, including production of inflammatory mediators, induction of airway leukocyte infiltration, airway hyperreactivity (AHR) and airway remodelling (6, 7). Such proteases can be derived either from exogenous sources such as environmental allergens, or can be produced endogenously by various immune cells. For example, mite allergens include several serine proteases such as Dermatophagoides pteronyssinus 3 (Der p 3), Der p 6 and Der p 9, and the cystine proteases Der p 1 and Der farina (8, 9). These proteases have the capacity to proteolytically disrupt tight junctions of the epithelial cell barrier, thereby increasing epithelial permeability and facilitating the access of antigen-presenting cells to antigen (10, 11). This can stimulate and activate various downstream inflammatory signalling pathways resulting in the induction of an immune response to the allergen.

Similar to the pathogenic role of the exogenous proteases, endogenous proteases released from various immune cells in response to allergen stimuli can also play a prominent role in the initiation and progression of allergic airway inflammation. Such endogenous proteases include chymases, tryptases and carboxypeptidase A3 from mast cells, elastase, cathepsin G and myeloblastin (proteinase 3) from neutrophils, bronchial epithelial cell-derived transmembrane protease serine 11D (TM11D; human airway trypsin-like protease), granzymes expressed by cytotoxic T lymphocytes and NK cells, as well as matrix metalloproteases expressed by epithelial and other inflammatory cells (6, 12–16). Such proteases can modulate allergic airway inflammation by affecting various targets, such as pattern recognition receptors (e.g., TLR4), protease-activated receptors (PARs) including PAR2, various extracellular matrix components and inflammatory mediators. This can promote various processes, including mast cell degranulation, inflammatory cell recruitment, release of AHR-promoting bronchoconstrictors and proliferation of fibroblasts and smooth muscle cells, the latter contributing to airway thickening and airway remodelling (6, 15, 17).

To mitigate the detrimental effects attributed to both exogenous and endogenous proteases, the human body is equipped with a range of endogenous protease inhibitors (EPIs). EPIs such as cystatin A and SPINK5 maintain the epithelial barrier integrity, thereby blocking inflammatory pathways and reducing the risk of allergic sensitization (18–20). Earlier findings have reported that there may be an imbalance between the corresponding proteases and EPIs in various pathological conditions. Hence, deficiency of certain EPIs has been observed in certain asthma endotypes due to genetic predisposition, resulting in exacerbated inflammation (19, 21). To compensate for such a protease-antiprotease imbalance, various synthetic protease inhibitors have been assessed for their ability to intervene with inflammatory conditions such as asthma (21, 22).

Nafamostat mesylate is such a synthetic inhibitor, with the ability to target multiple types of serine proteases, but with selectivity for mast cell tryptase (23). Nafamostat is in clinical use for the treatment of pancreatitis, but has also been considered as a potential therapeutic in other types of inflammatory settings (24–26). Earlier studies using various experimental models of allergic asthma in mice demonstrated an anti-asthmatic effect of nafamostat (27–29). However, the exact molecular and cellular consequences of nafamostat treatment in the attenuation of asthma remain poorly characterized and there is thus a need for a further understanding of this issue. In the present study, we therefore performed a detailed investigation of the therapeutic potential of nafamostat in a house dust mite (HDM)-based mouse model for asthma. Our findings reveal that nafamostat alleviates multiple hallmark features of asthma, including the suppression of gene expression patterns associated with inflammation.





Results




Nafamostat abrogates HDM-induced airway inflammation and airway hyperreactivity

To study the impact of nafamostat in allergic airway inflammation, we used a protocol based on sensitization with house dust mite (HDM) extract. The used model was shown to replicate major features of the clinical asthma, including an increased cell infiltration to the airway lumen (Figure 1A) and raised airway hyperreactivity (AHR) in response to methacholine (Figure 1B). In contrast, no effects of HDM sensitization on dynamic compliance (Cdyn) was seen (Supplementary Figure 1). The increase in inflammatory cell infiltration to the airway lumen was primarily due to a profound increase of eosinophils (Figure 1C) but increased infiltration was also seen for macrophages, lymphocytes and neutrophils (Figures 1D–F) as compared to control mice. Treatment of HDM-sensitized mice with nafamostat significantly reduced the airway inflammation and lung resistance (RL) (Figures 1A, B), which was accompanied by a substantial reduction in the infiltration of eosinophils (Figure 1C) and lymphocytes (Figure 1E) to the airway lumen, whereas a tendency of reduced neutrophil influx was seen (Figure 1F).




Figure 1 | Nafamostat inhibits airway inflammation and AHR in HDM-induced experimental asthma. Mice received either PBS or HDM twice a week for 6 weeks. Mice were treated with vehicle or with nafamostat (20 mg/kg) 30 min prior to each HDM extract instillation. Control mice were treated with PBS only. Total cells (A), eosinophils (C), macrophages (D), lymphocytes (E) and neutrophils (F) were measured in the BAL fluid. Lung resistance (RL) (B) was measured using a Buxco FinePointe series instrument. Data represent mean values ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 vs. the PBS group. #P < 0.05 and ##P <.01 vs. the HDM group. n = 4 – 5 mice per group. HDM, house dust mite.



To further evaluate the effect of nafamostat on lung inflammation, we examined effects on the peribronchial and perivascular infiltration of inflammatory cells by H&E staining, and infiltration of eosinophils into the lung tissue was assessed by chromotrope 2R staining. Consistent with the findings above, lung sections from HDM-sensitized mice showed a significant increase in peribronchial and perivascular inflammation (Figure 2A), which was mainly attributed to an excessive infiltration of eosinophils around the airways when compared to control mice (Figure 2B). Furthermore, treatment of the HDM-sensitized mice with nafamostat significantly attenuated the peribronchial and perivascular inflammation and caused a reduced infiltration of tissue eosinophils (Figures 2A, B). Together, these findings suggest that nafamostat could be beneficial to mitigate the hallmark features of allergic airway responses.




Figure 2 | Effects of nafamostat on lung peribronchial inflammation and eosinophil infiltration in HDM-induced experimental asthma. Mice received either PBS or HDM extract twice a week for 6 weeks. Mice were treated with vehicle or with nafamostat (20 mg/kg) 30 min prior to each HDM instillation. Control mice were treated with PBS only. Peribronchial inflammation (A) and eosinophil infiltration around the airways (B) were assessed by hematoxylin and eosin (H&E) and chromotrope 2R staining, respectively. Representative images for H&E (x 20 original magnification) and chromotrope 2R staining (x 40 magnification) are shown. Data represent mean values ± SEM. **P < 0.01, ***P < 0.001 vs. the PBS group. #P < 0.05 vs. the HDM group. n = 3 – 5 mice per group. HDM, house dust mite.







Nafamostat mitigates HDM-induced inflammatory cytokine production

Next, we examined the efficacy of nafamostat as an anti-inflammatory agent in allergic airway responses by measuring effects on inflammatory mediators recovered from the BAL fluid, by adopting a cytokine array approach. This assessment revealed increased levels of various cytokines/chemokines in BAL fluid from HDM-sensitized vs. control mice, including IL12p40/p70, MIP-1γ/CCL9, TARC/CCL17, TIMP-1, VCAM-1/CD106 and KC/CXCL1 (Figure 3). Notably, nafamostat treatment caused a profound reduction in the levels of each of these compounds in the BAL fluid, in most cases down to the baseline level (Figure 3). Of note, the HDM sensitization did not result in increased levels of Th2 cytokines (IL-4, IL-5, IL-13) in the BAL fluid.




Figure 3 | Effects of nafamostat on the release of cytokines into the BAL fluid of mice subjected to HDM-induced experimental asthma. Mice received either PBS or HDM extract twice a week for 6 weeks. Mice were treated with vehicle or with nafamostat (20 mg/kg) 30 min prior to each HDM instillation. Control mice were treated with PBS only. BAL fluid was collected, centrifuged and BAL fluid supernatants were pooled from each group and were then analysed with a RayBio mouse cytokine array. The pixel densities were semi-quantified using ImageJ protein array analyzer and are represented as mean pixel density. n = 4 mice per group. HDM, house dust mite.







Nafamostat alleviates HDM-induced goblet cell hyperplasia and airway smooth muscle layer thickening

Airway remodelling is a prominent feature of asthma, as characterized by increased smooth muscle cell proliferation and thickening of the smooth muscle layer, contributing to the airway narrowing and increased AHR. Considering our observed beneficial effects of nafamostat on HDM-induced airway inflammation and AHR, we next investigated the effect of nafamostat treatment on airway remodelling as manifested by goblet cell hyperplasia and smooth muscle layer thickening. Histological analysis demonstrated a significant rise in goblet cell density (assessed by PAS staining; Figure 4A) and an increased smooth muscle layer thickness (Figure 4B) in HDM-sensitized vs. control mice. Further, and consistent with its beneficial effect on other features of allergic airway inflammation, nafamostat treatment caused a modest, yet significant attenuation of the HDM-induced goblet cell hyperplasia and smooth muscle layer thickening (Figures 4A, B).




Figure 4 | Effects of nafamostat on goblet cell hyperplasia and smooth muscle layer thickness in mice subjected to HDM-induced experimental asthma. Mice received either PBS or HDM extract twice a week for 6 weeks. Mice were treated with vehicle or with nafamostat (20 mg/kg) 30 min prior to each HDM extract instillation. Control mice were treated with PBS only. Goblet cell hyperplasia (A) and smooth muscle layer thickness around the primary bronchi (B) were quantified by Periodic Acid – Schiff (PAS) staining. Representative images for PAS staining (x 40 original magnification) are shown. Data represent mean values ± SEM. **P < 0.01, ****P < 0.0001 vs. the PBS group. #P < 0.05 vs. the HDM group. n = 4 – 5 mice per group. HDM, house dust mite.







Nafamostat treatment targets the expression of pro-inflammatory genes induced by HDM sensitization

To provide a more extended insight into the mechanism by which nafamostat ameliorates allergic airway inflammation, we next performed a transcriptomic analysis of how nafamostat affects the gene expression profiles in the lung, by adopting the Ampliseq platform. Transcripts with less than 30 counts were considered to be poorly expressed and were disregarded from the analysis. Visualization using principal component analysis (PCA) of the total lung transcriptome revealed a well-defined separation between control- (PBS) vs. HDM-sensitized mice (PC1 93% of variance between the groups and PC2 2% of variance) (Figure 5A) and also between HDM-sensitized vs. HDM-sensitized/nafamostat-treated mice (PC1 66% of variance between the groups and PC2 14% of variance) (Figure 5B). These findings suggest that the HDM-sensitization causes major effects on the lung transcriptome, and also that nafamostat has the capacity to modulate the expression of genes that are induced by HDM sensitization.




Figure 5 | Effect of nafamostat on gene expression in lungs from mice subjected to HDM-induced experimental asthma. (A, B) Principal Component Analysis (PCA) of the comparison between the control- (PBS) vs. HDM (A) and the HDM vs. HDM + nafamostat (20 mg/kg) (B) groups. (C, D) Comparison of the differentially expressed genes (DEGs) between the control- (PBS) vs. HDM (C) and the HDM vs. HDM + nafamostat (20 mg/kg) (D) groups, by volcano plot analysis using the EnhancedVolcano package of R. Each dot represents a single gene. The x-axis depicts the log (base 2) of the fold change (FC), while the y-axis represents the negative log (base 10) of p-value. DEGs were identified as p < 0.05 and log2 FC ≥ 1.



Differential gene expression analysis revealed that a total of 1680 out of 14499 transcripts were differentially (p<0.05; log2FC ≥ 1) expressed in HDM-sensitized vs. control mice, out of which 1077 genes were upregulated and 603 genes were downregulated in response to HDM sensitization (see Supplementary Table 1). Further, a comparison between HDM-sensitized vs. HDM-sensitized/nafamostat-treated mice revealed that 139 genes were differentially expressed, out of which 19 genes were upregulated and 120 genes were downregulated in response to nafamostat treatment (see Supplementary Table 2). Notably, the nafamostat treatment caused a reversal of the expression, back to baseline levels, of several of the genes that were induced by the HDM sensitization. The latter supports the notion that nafamostat, at least partly, can block the effects of HDM sensitization on global gene expression patterns in the lung. Using the enhanced volcano plot the profound effects of HDM sensitization on the lung transcriptome (Figure 5C; see also Supplementary Table 1), and the marked effects of nafamostat on the lung transcriptome in HDM-sensitized mice (Figure 5D; see also Supplementary Table 2) were visualized. The gene expression patterns in the lungs of control- vs. HDM-sensitized mice and in HDM-sensitized vs. HDM-sensitized/nafamostat-treated mice were also hierarchically clustered and presented as a heat map (Figure 6). Overall, these analyses reveal extensive effects of the HDM sensitization on the lung transcriptome, and also reveal profound effects of nafamostat treatment on the lung transcriptome after HDM sensitization.




Figure 6 | Heatmap constructed with hierarchical clustering to compare gene expression patterns in the control- (PBS) vs. HDM and the HDM vs. HDM + nafamostat (20 mg/kg) groups. n = 3 – 4 mice per group. HDM, house dust mite. n = 3 – 4 mice per group. HDM, house dust mite.



To further address the effects of nafamostat on parameters of HDM-induced allergic airway inflammation, enriched GO and KEGG analysis was performed (the top 25 categories were visualized). The GO analysis revealed that the HDM sensitization, as expected, caused significant effects on the transcription of genes associated with immune responses, including the categories: leukocyte chemotaxis and migration, regulation of cytokine production and cytokine mediated signalling (Figure 7A). Further, the GO analysis showed that several of these pathways were suppressed by nafamostat (Figure 7B), providing further support for an anti-inflammatory impact of nafamostat on allergic airway responses. Similarly, enriched KEGG analysis provided further support for a strong association between the HDM sensitization and pathways related to inflammation and immunity, including categories such as: cytokine-cytokine receptor interaction, chemokine signalling, IL-17 signalling pathway, toll-like receptor signalling, asthma, c-type lectin receptor pathway and ECM-receptor interaction (Figure 7C). Moreover, the KEGG analysis supported an anti-inflammatory impact of nafamostat on such pathways, including categories such as: cytokine-cytokine receptor interaction, asthma, and IL-17 signalling pathway (Figure 7D). Altogether, these findings highlight the profound effects of HDM sensitization on the lung transcriptome, and also that nafamostat has the capacity to partly block the effects of HDM sensitization on pro-inflammatory gene expression in the lungs.




Figure 7 | Overview gene enrichment analysis outlining the effect of nafamostat on HDM-induced features of asthma. The top 25 biological process (BP) (A, B) and the associated KEGG pathways (C, D) of the DEGs between the control- (PBS) vs. HDM and the HDM vs. HDM + nafamostat (20 mg/kg) groups were analysed using the enrichGO and enrichKEGG functions. The output of the analyses was visualized using bar plot function in clusterProfiler. For each plot, the x-axis represents the enriched gene counts and the y-axis represents a significant GO definition/KEGG pathway, respectively. n = 3 – 4 mice per group. HDM, house dust mite.



Further analysis by gene set enrichment analysis on the KEGG pathways revealed that the HDM sensitization induced a positive enrichment of 62 pathways and negative enrichment of 49 pathways. The top positively enriched pathways (activated) that were mapped in response to HDM were: asthma, IL-17 signalling, linolenic acid metabolism, cytokine-cytokine receptor interaction, toll-like receptor signalling, chemokine signalling and c-type lectin receptor signalling (Figure 8A and Supplementary Table 3). The pathways that were negatively enriched (suppressed) in response to HDM sensitization included: Hippo signalling, Rap1 signalling, circadian entrainment, ECM-receptor interaction and Wnt signalling (Figure 8A and Supplementary Table 3). Moreover, a total of 46 pathways were positively enriched in HDM-sensitized/nafamostat-treated vs. HDM-sensitized mice, including several categories related to cardiomyopathy, and also including several of those categories that were associated with the HDM sensitization: Hippo signalling pathway, circadian entrainment, ECM-receptor interaction, Rap1 signalling (Figure 8B and Supplementary Table 4). Further, 8 pathways were shown to be suppressed by the nafamostat treatment. Importantly, “asthma” was one of the major pathways that was suppressed by the nafamostat treatment. Nafamostat also suppressed several other pathways, including the categories: linolenic acid metabolism, ribosome, oxidative phosphorylation, complement and coagulation cascades and cytokine-cytokine receptor interaction (Figure 8B and Supplementary Table 4). Hence, these findings provide further support for an ameliorating effect of nafamostat on the pro-inflammatory gene expression patterns that are associated with allergic airway inflammation.




Figure 8 | Gene set enrichment analysis revealed significantly enriched top 20 KEGG activated pathways (positive enrichment score) and supressed pathways (negative enrichment score) when comparing the control- (PBS) vs. HDM (A) and the HDM vs. HDM + nafamostat (20 mg/kg) (B) groups. The output of the analyses was visualized using dot plot function in clusterProfiler, with the y-axis representing the enriched KEGG pathway and the x-axis representing the gene ratio. The enrichment analysis was considered significant if p adjust ≤ 0.05. n = 3 – 4 mice per group. HDM, house dust mite.



To further validate the effects of HDM sensitization and nafamostat on the gene expression patterns in the lung, we performed qPCR analysis. To this end, we focused on genes of particular relevance in asthmatic settings, including genes involved in eosinophil chemotaxis. These assessments thus included an analysis of the expression of Ear2, Ear6, Clec7a, Slc26a4, Fcer1g, CCL8, CCL9 and CCL11. In concordance with the transcriptome analysis, qPCR analysis supported that HDM-sensitized mice display a significant increase in the expression of all these genes in lung, when compared with control mice (Figures 9). Further, it was demonstrated that treatment of HDM-sensitized mice with nafamostat caused a significant attenuation of the expression of clec7a (Dectin-1), CCL8, CCL9 and Ear6 (Figure 9), and a trend of reduced Slc26a4 and CCL11 expression (Figure 9), whereas no effects of nafamostat on Fcerg1 or Ear2 expression were seen.




Figure 9 | Nafamostat inhibits the expression of Dectin-1/Clec7a and chemokines in lungs of mice subjected to HDM-induced experimental asthma. Differential expression of genes in response to nafamostat was validated by qPCR analysis. The analysis included Dectin-1/Clec7a, Ear6, CCL9, CCL8, Slc26a4, CCL11, Fcer1g and Ear2. Data represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs. the control (PBS) group. ##P < 0.01, ###P < 0.001 and ####P < 0.0001 vs. the HDM group. n = 4 mice per group. HDM, house dust mite.








Discussion

It has been extensively documented by using various experimental models of asthma that HDM exposure triggers airway inflammation associated with increased infiltration into the lungs of various immune cells, including eosinophils, lymphocytes, neutrophils and macrophages, and that this is accompanied by an increase in AHR, goblet cell hyperplasia, smooth muscle thickening and airway remodelling (30–32). In agreement with this, the current study supports that HDM sensitization promotes the development of such cardinal features of asthma. The present study also extends our knowledge of how HDM sensitization promotes the development of allergic airway inflammation, through an extensive transcriptome analysis of the gene expression alterations that occur in response to the allergic sensitization. Notably, the HDM sensitization caused profound alterations in the gene expression patterns of the lung, in particular by affecting pathway related to immunological processes.

Many of the inflammatory cells that are recruited by the HDM exposure have the capacity to secrete large amounts of proteases, and it is also notable that HDM extracts contain several types of proteases (8, 9). Hence, the HDM sensitization can potentially cause an imbalance between proteolytic activity and corresponding mechanisms to block such activities. Indeed, previous studies have suggested that such an imbalance between proteolytic activity and corresponding protease inhibition, executed by various physiological protease inhibitors such as α-1-antitrypsin, is one of the major factors in asthma pathogenesis (21). Hence, a potential strategy to intervene with asthma could be to administer inhibitors to those proteases that are operative in the pathogenesis of asthma, and several studies have previously reported beneficial effects of such inhibitors in asthmatic settings (15). Based on these notions, we here assessed the effects of nafamostat in HDM-induced airway inflammation and show that this protease inhibitor alleviates cardinal features of asthma, including the recruitment of airway inflammatory cells, peribronchial inflammation, AHR, goblet cell hyperplasia and smooth muscle layer thickening. Hence, our study supports the possibility of using nafamostat as a novel treatment regimen in human asthma.

Nafamostat is known as a highly selective inhibitor of mast cell tryptase (23), and our findings thus suggest that suppression of mast cell tryptase activity can account for the ameliorating effect of nafamostat on asthma features in the HDM model. In agreement with this scenario, mast cell tryptase has been extensively linked to the pathology of asthma, both in various animal models and also in severe asthma in humans [reviewed in (6)]. For example, administration of tryptase into lungs of sheep and mice are known to trigger asthma-like symptoms and exposure of human or guinea pig bronchi to tryptase leads to airway contraction (33–36). In further agreement with this, tryptase knockout mice develop less severe AHR than wild-type counterparts in an ovalbumin-based asthma model (37). However, it should be noted that nafamostat, in addition to inhibiting mast cell tryptase, can have effects on multiple other serine proteases, in particular at higher concentrations (23). Hence, we cannot exclude that the effects of nafamostat observed in this study is a result of the combined inhibition of mast cell tryptase and other types of serine proteases.

Regardless of the major protease target for nafamostat in the HDM-sensitization setting, our findings provide extensive insight into the mechanism behind its effects on allergic airway inflammation. One important finding was that nafamostat caused a reduction in the levels of several cytokines in the airway lumen of HDM-sensitized mice, including KC/CXCL1, TARC/CCL17 and MIP-1γ/CCL9. Of these, CXCL1 is involved in neutrophil recruitment (38), TARC/CCL17 promotes Th2 cell recruitment (32), and MIP-1γ/CCL9 has a role in monocyte recruitment and in the release of mediators from activated eosinophils (39–41). The suppression of these cytokines by nafamostat could thus, at least partly, account for its anti-inflammatory impact in the allergic setting. It is notable that several types of cytokines require proteolytic processing to become fully active (32, 42, 43). Hence, nafamostat-sensitive proteases could have a role in such activating proteolysis.

We also noted that nafamostat caused a reduction in the levels of VCAM-1, which has a key role in the recruitment of leukocytes in inflammatory settings (44, 45). The appearance of this compound in the BAL fluid of HDM-sensitized mice suggests that it is released by proteolytic shedding from epithelial cell surfaces, and our findings hence suggest that nafamostat could prevent such shedding by inhibiting proteases that are responsible for this.

An intriguing finding in this study was that HDM-associated airway inflammation is accompanied by an increased expression of Dectin-1/Clec7a, implying that signalling downstream of this receptor may contribute to the inflammatory response in this setting. In agreement with such a scenario, it was previously reported that HDM-induced airway inflammation was associated with increased populations of CD11b+ dendritic cells in mesenteric lymph nodes, and that this effect was blunted in Dectin-1-deficient (Clec7a−/−) mice (46). Notably, nafamostat caused a profound inhibition of the expression of Dectin-1/Clec7a, as judged both by the global transcriptomic analysis and by qPCR analysis, and it is thus conceivable that the anti-inflammatory effect of nafamostat may be related to its effects on Dectin-1/Clec7a expression. However, further studies are required to identify the exact mechanism by which nafamostat inhibits Dectin-1/Clec7a expression.

Further insight into the effect of nafamostat on HDM-associated airway inflammation came from an unbiased transcriptomics analysis. As expected, this revealed that the HDM sensitization caused extensive upregulation of a large number of genes coding for pro-inflammatory factors, including numerous genes related to leukocyte migration/chemotaxis, cytokine production and regulation of inflammatory responses. Importantly, as judged by pathway analysis, “asthma” represented the top upregulated gene category in HDM-sensitized vs. control animals, hence verifying that the adopted protocol produced an asthma-like condition. Hence, our findings provide an extensive insight into the effects of HDM sensitization on gene expression patterns in the lung. Considering that nafamostat ameliorates several hallmark features related to asthma (airway hyperresponsiveness, eosinophil recruitment, SMC thickness) it would be expected that genes related to such parameters were repressed by the inhibitor. Indeed, we noted that nafamostat caused suppression of corresponding gene categories, with one of the top repressed gene categories being “asthma”. Hence the transcriptomics analysis provides further support for a beneficial impact of nafamostat on allergic airway inflammation.

Overall, our findings are largely consistent with previous studies in which the effect of nafamostat has been assessed in various models of asthma (27–29). However, previous studies on this topic have only provided limited insight into the mechanism of action for nafamostat in such settings. Specifically, in the study by Ishizaki et al. (28), asthma-like conditions were induced by sensitization with ovalbumin, whereas the present study and the studies by Lin et al. and. Chen et al. (27, 29) utilized antigens from house dust mite, the latter representing a physiologically more relevant model for asthma than sensitization with ovalbumin. Further, whereas the effects of nafamostat on tissue inflammation and smooth muscle thickness was evaluated in the present study, these parameters were not assessed in the studies by Lin et al. and. Chen et al. (27, 29). Finally, this study, for the first time, evaluated global effects of nafamostat on gene expression patterns and cytokine output through unbiased approaches (transcriptomics, cytokine arrays) whereas the studies by Lin et al. and. Chen et al. focused on selected genes and cytokines (27, 29). Altogether, the present study has thus led to a deeper understanding of how nafamostat inhibition affects hallmark events associated with asthma, and has also provided extensive knowledge of how nafamostat affects the gene expression patterns during allergic airway inflammation induced by HDM sensitization. Notably though, further work will be required to identify the exact proteolytic target(s) for nafamostat-sensitive proteases in the allergic airway inflammation setting. We foresee that, based on this study, nafamostat may be further considered as a potential therapeutic agent in the treatment of human asthma.





Materials and methods




Animals

Female BALB/c mice (8 – 9 weeks of age) were purchased from Taconic Biosciences (Lille Skensved, Denmark). All procedures were performed at the Swedish University of Agricultural Sciences animal facility under protocols compliant with the EU Directive 2010/63/EU for animal experiments and approved by the local ethical committee (Uppsala djurförsöksetiska nämnd; Dnr 5.8.18-12873/2019). Mice were acclimatized for one week in the experimental room prior to the start of the experiment. Mice were lightly anaesthetized with isoflurane using a portable isoflurane vaporizer. Anaesthetized mice were instilled with 10 μg of house dust mite (HDM) extract reconstituted in 30 μl PBS (Dermatophagoides pteronyssinus, CiteQ BV, Groningen, Netherlands) intranasally twice a week for three weeks. Control mice received 30 μl PBS via the intranasal route. To investigate the efficacy of nafamostat on asthmatic features, nafamostat (20 mg/kg) (Sigma-Aldrich, St Louis, MO) or vehicle (3% acetic acid in PBS) were administered thirty minutes before each PBS and/or HDM instillation via the intraperitoneal route. A total of 48 mice were used in two individual experiments and the mice were allocated to the following experimental groups: PBS (n = 8), HDM (n = 9), HDM + vehicle (n = 9), nafamostat (20 mg/kg) (n = 8) and HDM + nafamostat (20 mg/kg) (n= 9).





Measurement of airway hyperreactivity

Twenty-four hours after the last HDM instillation, airway hyperreactivity (AHR) was measured using a Buxco small ventilator (Buxco® FinePointe Resistance and Compliance, Winchester, UK). Mice were anaesthetized with pentobarbital sodium (50 mg/kg; Sigma-Aldrich), and a tracheostomy was performed to insert a 20-gauge needle. Mice were kept under ventilation at 160 breaths/minute with a tidal volume of 0.25 mL. Mice were acclimatized to the ventilator before measuring the baseline. Lung resistance (RL) and dynamic compliance (Cdyn) were measured using a dose-response curve for methacholine by administering increasing doses of nebulized methacholine (0 – 50 mg/mL; Sigma-Aldrich).





Blood and bronchoalveolar lavage collection and analysis

Immediately after measuring lung function parameters, blood was collected and centrifuged at 2300 x g for 15 minutes at 4°C and serum was separated to measure HDM-specific IgE using ELISA (Chondrex, Woodinville, WA) following the manufacturer’s instructions. For bronchoalveolar lavage (BAL), the cannulated lungs were lavaged twice with 0.5 mL of sterile Hanks Balanced Salt Solution (HBSS). The collected BAL fluid was centrifuged at 600 x g for 10 min at 4°C. Supernatants were collected for analysis of cytokines and chemokines, while the cell pellet was resuspended in 1 mL sterile HBSS for enumeration of total and differential cell counts. For total cell counts, a hemocytometer was used. For differential leukocyte counts, cytospins were performed by spinning 100 µl cell suspensions onto glass slides at 26 x g for 5 min using a cytospin centrifuge. Cells were stained with May Grünwald/Giemsa, and a minimum of 200 cells per slide cells were counted. Cytokines levels in the BAL fluid were measured using the C3 Mouse Cytokine Array (RayBiotech, Norcross, GO) according to the manufacturer’s instructions by pooling the individual samples within the group. Signal pixel density assessment was conducted by using the ImageJ software (https://imagej.nih.gov/ij/).





Lung histology

After BAL fluid collection, the right lung lobes were ligated, dissected and snap-frozen in liquid nitrogen and stored at -80°C for gene and protein analysis. The left lung lobes were inflated with 0.5 mL buffered formalin via the trachea cannula and trachea were sealed and fixed in buffered formalin. Formalin-fixed lobes were embedded in paraffin and 6 μm sections were prepared using a microtome. Sections were dewaxed and dehydrated by treatment with xylene, followed by a series of graded alcohol. Dewaxed lung sections were stained with haematoxylin and eosin (H&E) (30). Airway tissue inflammation was quantified by scoring the inflammatory cell infiltrate surrounding the airway using a semi-quantified score method ranging from 0-4 (0: no inflammatory cell infiltrates around the airway, 1: low-level cell infiltrates around part of the airway, 2: moderate cell infiltrates around part of or entire airway, 3: significant inflammatory cell infiltrate around part of or entire airway, 4: airway surrounded by inflammatory cell infiltrates). To study eosinophil infiltration, lung sections were stained with the chromotrope 2R (47). Bright red nuclei-stained cells around the airways were counted with a Nikon Microphot-FXA microscope using a 40 x objective lens and the Eclipse Net software.

To determine goblet cell hyperplasia and mucus production, airway sections were stained with periodic acid-Schiff’s (PAS). The number of goblet cells per μm of the airway epithelial layer was counted using a Nikon Microphot-FXA microscope with a 40 x objective lens and the Eclipse Net software (version 1.20, Developed by Laboratory Imaging, Prague, Czech Republic). The smooth muscle layer thickness around the airways was measured on the PAS-stained sections by measuring the thickness of every 30 μm basement membrane around the airways with a Nikon Microphot-FXA microscope and the Eclipse Net software; the average thickness was calculated. All quantitative histological assessments were performed and quantified by trained investigators in a blinded manner.





Transcriptomic analysis

Snap-frozen upper portions of the left lung lobes from separate experiments were grounded in liquid nitrogen, and RNA was extracted using the Qiagen RNeasy® plus mini kit (Hilden, Germany) following the manufacturer’s instructions. cDNA libraries were created and amplified using the Ion AmpliSeq™ Transcriptome Mouse Gene Expression Kit (Life Technologies, Carlsbad, CA) following the protocol of the manufacturer; the sequencing was performed on an Ion S5™ XL Sequencer (Thermo Fisher Scientific, Waltham, MA). Generated data had read lengths with an average of 98-110 bp and high mapping (95% of aligned bases). Normalized expression values generated by the Torrent Suite™ Software (version 5.10.1) were used for downstream differential gene expression analyses. The differential gene expression analysis was performed using the R package DESeq2 and genes with a log2FC ≥ 1 and an FDR-adjusted p-value <0.05 were considered as differentially expressed genes. To perform the gene enrichment analysis, we used the clusterProfiler package on the R program; the gene ontology with the biological process (BP) and KEGG pathway analyses were performed using the enrichGO and enrichKEGG functions in the clusterProfiler package (48). Functional enrichment analysis was performed using the Gene set enrichment analysis (GSEA) and the enrichment terms were considered significant with adjusted p < 0.05.





Quantitative RT-PCR analysis

Quantitative RT-PCR (qPCR) analysis was used for further validation of the expression of selected genes. RNA concentration and purity was measured using a NanoDrop device (ND-1000; Nano Drop Technologies, Wilmington, Delaware). cDNA was prepared using 1 µg of total RNA and the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) following the manufacturer’s instructions. Validated primers for selected genes were purchased from BioRad (Hercules, CA) and qPCR analysis was performed on a C1000 Touch Thermal Cycler instrument (Bio-Rad, Hercules, CA) using the iTaq Universal SYBR Green Supermix (Bio-Rad). Each sample was run in duplicates and qPCR data analysis was performed using the Bio-Rad CFX Maestro program. Gene expression levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and the levels of gene expression were quantified using the 2−ΔCT method





Statistical analyses

Data are presented as mean values ± SEM, as analysed using GraphPad Prism 8.0. Two-way ANOVA statistical analysis was conducted to compare the in vivo lung function measurements between the experimental groups in response to the methacholine dose-response curve using the Bonferroni post-hoc analysis. For the rest of the experimental endpoints, one-way ANOVA was performed for statistical comparison between the treatment groups using Tukey post-hoc multi-comparison analysis. Differences between the experimental groups were regarded statistically significant when the p-value reached <0.05.
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Neuroinflammation and neuroimmunology-associated disorders, including ischemic stroke and neurodegenerative disease, commonly cause severe neurologic function deficits, including bradypragia, hemiplegia, aphasia, and cognitive impairment, and the pathological mechanism is not completely clear. SIRT2, an NAD+-dependent deacetylase predominantly localized in the cytoplasm, was proven to play an important and paradoxical role in regulating ischemic stroke and neurodegenerative disease. This review summarizes the comprehensive mechanism of the crucial pathological functions of SIRT2 in apoptosis, necroptosis, autophagy, neuroinflammation, and immune response. Elaborating on the mechanism by which SIRT2 participates in neuroinflammation and neuroimmunology-associated disorders is beneficial to discover novel effective drugs for diseases, varying from vascular disorders to neurodegenerative diseases.
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Introduction

Neuroinflammation and neuroimmunology-associated disorders involve cerebral vascular diseases, neurodegenerative diseases, neuroinflammatory diseases, intracranial infectious diseases, traumatic brain injury, etc. Cerebral ischemic stroke and neurodegenerative diseases are the most common neuropathological disorders, which bring heavy burden to society and families (1, 2). The silent information regulator 2 (SIRT2), a cytoplasmic NAD+-dependent deacetylase, plays important roles in both cerebral ischemic stroke and neurodegenerative diseases (3–5).

Increasing evidence has elucidated various pivotal roles that SIRT2 plays in pathological processes, including apoptosis, necroptosis, autophagy, and Inflammatory immune response which were the pathological mechanism underlying cerebral ischemic stroke and neurodegenerative diseases (6–8). And SIRT2 is highly expressed in the brain. It is mainly expressed in Myelin-Rich Regions in Oligodendrocytes in brain (9). SIRT2 protein also expresses in neurons even though its biological function is not completely clear (10). In addition, Werner et al. and Beirowski et al. found SIRT2 could regulate myelin formation in nervous system (11, 12). The higher SIRT2 expression in brain suggests that SIRT2 regulates the pathophysiologic progress in the central nervous system.

SIRT2, as an important deacetylase, was proved to colocalize with microtubules mainly in the cytoplasm. SIRT2 deacetylated tubulin at lysine 40 with preferential affinity than histone H3 (3). And Tubulin involves in various pathophysiological processes such as cytoskeletal maintenance, axonal degeneration, and axial transport (13, 14). P38 was proved to be one of SIRT2 substrates, SIRT2 deacetylated P38 to suppress neuroblastoma (15). SIRT2 could deacetylate Forkhead Box Protein O3a (Foxo3a), P53, Foxo1, Nuclear Factor Of Activated T Cells 4 (NFATc4), P65, and the NLR Family Pyrin Domain Containing 3 (NLRP3) to influence cell viability and inflammation. P300 is the most important acetylase in mammals, and SIRT2 could regulate P300 autoacetylation (16). In addition, SIRT2 could be regulated as the substrate. P300 could acetylate SIRT2 and attenuate its deacetylase activity (17), and the cyclin-dependent kinase 5 (Cdk5) could promote the phosphorylation of SIRT2 at Ser331 and 335 sites (18) and cyclin E-Cdk2, cyclin A-Cdk2 could phosphorylate SIRT2 at Ser331 to inhibit its catalytic activity (19). Mitogen-Activated Protein Kinase 3/1 (ERK1/2) and was reported to interact with SIRT2 and induce the activity, stability, and protein levels of SIRT2 (20). And SIRT2 could be sumoylated, and desumoylated-SIRT2 possesses lower deacetylase activity (15). The complex protein interaction with SIRT2 may constitute the complex regulatory network of SIRT2 in neuropathological disorders (Figure 1).




Figure 1 | SIRT2 interacts with diverse proteins.






SIRT2 in ischemic stroke

Acute ischemic stroke (AIS) commonly causes hemiplegia, aphasia, paresthesia, coma, and even death. It is important to discover the pathological mechanism of ischemic stroke. Recent studies have shown acute ischemic stroke promotes SIRT2 protein expression. In ischemic stroke mouse brains, expression of SIRT2 was upregulated and translocated into neuronal nuclei in the ischemic penumbra (21). But in photothrombotic stroke rats, expression of SIRT2 was upregulated in the cytoplasm of the penumbra neurons and SIRT2 was not detected in penumbra astrocytes (22). The serum SIRT2 expression was increased in AIS patients alongside increasing serum Tumor Necrosis Factor (TNF), IL-6, and IL-17. Serum SIRT2 expression was positively correlated with deteriorated neurological function (23). SIRT2 induces neuron death after ischemic stroke. AK1 and AGK2 could downregulate the AKT/FOXO3a pathway and reduce cleaved caspase-3, Bim, and Bad, resulting in attenuating neuron apoptosis induced by middle cerebral artery occlusion (MCAO) (5). Down-regulation of SIRT2 by inhibitor or SIRT2 knockout could decrease the infarct volume and neurological impairment scores (5, 21). Another SIRT2 inhibitor AK7 showed a neuroprotective effect by activating the P38 MAPK signaling pathway in MCAO mice (24). However, the SIRT2 inhibitor, SirReal2, did not change the infarction volume in photothrombotic stroke rats (22). Nicotinamide phosphoribosyltransferase (Nampt) is the rate-limiting enzyme for mammalian NAD synthesis. Nampt and NAD showed a protective effect in increased neural stem cells, lower mortality, improved neurofunctional deficit, and enhanced body weight after middle cerebral artery occlusion. And SIRT2 regulated the Nampt-NAD axis-dependent prodifferentiative effect (25).

Neuroinflammation and immune response contribute to the pathophysiology after ischemic stroke. Infiltrating regulatory T cells (Treg Cells) provide neuronal protection in the penumbra region. And the microglia induced the expression of SIRT2 and hypoxia-inducible factor 1-alpha (HIF-1α) in Treg Cells to weaken its anti-inflammatory effect after MCAO (26). However, SIRT2 could enhance NAD/NADH mediated ATP increases in microglia (27) and prevent excessive microglia activation-induced inflammation through NF-κB deacetylation (28). The inflammasome is a multi-protein complex to recruit and activates proinflammatory caspase-1, followed by the secretion of inflammatory cytokines and other mediators (29). The microglia-specific Microglia-specific PPAR gamma coactivator-1alpha (PGC-1α) could decreased neurologic deficits of acute ischemic stroke mice by inhibiting inflammatory response (30). Glycogen synthase kinase 3β (GSK-3β) inhibitor and knockdown improved neurological function and reduced infarction volume by reducing NLRP3 inflammasome, cleaved caspase-1, IL-1β, and IL-18 in MCAO rats (31). SIRT2 was proved to inhibit NLRP3 inflammasome depending on its deacetylate activity suggesting SIRT2 may influence ischemic stroke by regulating inflammasome activity.





SIRT2 in neurodegenerative disease

The neurodegenerative disease involves a range of chronic and progressive disorders that are characterized by misfolding proteins deposition, loss, and dysfunction of neurons, neuroinflammation and immune homeostasis destruction (32). Parkinson’s disease is one of the most common Neurodegenerative disorders with distinctive manifestations of static tremor, rigidity, and bradykinesia (33). The serum SIRT2 expression was positively correlated to Parkinson’s disease, and the serum SIRT2 level could help to discriminate Parkinson’s disease from atypical Parkinson’s syndrome (34). YKK(ε-thioAc)AM, one of the SIRT2 inhibitors, could inhibit the serum SIRT2 of Parkinson’s disease patients (35). SIRT2 Inhibition has been considered a neuroprotective effect in Parkinson’s disease. Lei L et al. demonstrated SIRT2 exacerbates neuronal apoptosis and nigrostriatal damage by deacetylating Foxo3a and activating Bim both in vitro (36) and in vivo Parkinson’s disease (PD) model (37). SIRT2 level was highly increased in the PD model, and miR-212-5p could inhibit SIRT2-P53 axis-dependent programmed cell death in PD pathogenesis (38). In addition, SIRT2 was observed to translocate to the nucleus in both cellular and animal PD models. The cyclin-dependent kinase 5 (Cdk5) phosphorylated SIRT2 at the Ser331 and Ser335 sites and promoted SIRT2 nuclear translocation, and subsequently caused neuronal death and PD progression (18). SIRT2 inhibition could rescue alpha-synuclein toxicity and protect against dopaminergic cell death in the Drosophila PD model (39). The ICL-SIRT078, a selective SIRT2 inhibitor, showed neuroprotective function in vitro PD model (40). And AK7, another SIRT2 inhibitor, ameliorated alpha-synuclein toxicity and reduced dopaminergic neuron loss in Parkinson’s disease (41). But there have been few studies that proposed different conclusions. Éva M Szegő et al. found that SIRT2 interacted with protein kinase B and modulated DA neurons differentiation. SIRT2 knockout decreased the number of DA neurons in the substantia nigra and reduced striatal fiber density in mice (42). And Preeti Singh et al. found SIRT2 could reduce the formation of α-synuclein and enhance SOD2 expression to prevent neuronal stress in the PD brain (43). These results suggest that SIRT2 may mediate the pathogenesis of Parkinson’s disease with intricacy and important mechanisms.

SIRT2 plays important role in other neurodegenerative diseases. AK7 remarkably reduced aggregated mutant huntingtin, improved motor function, reduced brain atrophy, and extended survival of genetic mouse models of Huntington’s disease (44). And a thiazole-containing inhibitor of SIRT2 induced Nuclear respiratory factors 2 (NRF2) activation and reduced production of reactive oxygen species and nitrogen intermediated in Huntington’s disease (45). However, another study showed SIRT2 deletion in the gene could not influence mouse Huntington’s progression in the mouse model (46). It was found the level of SIRT2 was increased in the plasma of Alzheimer’s disease (AD) patients than control subjects (47). And SIRT2 level was found positively related with p-tau level in the cerebral fluid of AD patients (48). The risk of Alzheimer’s disease has been reported to be correlated with the single-nucleotide polymorphism (SNP) at the 3’un-translated region (3’UTR) of SIRT2 (49). And SIRT2 inhibition exhibited neuroprotection in Alzheimer’s disease. And SIRT2 was enhanced in insulin-deficient amyloid-β (Aβ) precursor protein (APP) transgenic mouse model, and overexpression of SIRT2 induced tau hyperphosphorylation through ERK activation (50). The SIRT2 inhibitor, AK1 or SIRT2 knockout could increase the elimination of Aβ oligomers to enhance cell survival by increasing microtubule stabilization and improving autophagy (51). Ning B et al. found that SIRT2 inhibition could enhance the acetylation of the amyloid precursor protein, increase soluble APP-α (sAPPα) protein, and inhibit β-amyloid-induced neuron toxicity to ameliorate cognitive impairment (52, 53). Based on the above reports, most studies showed SIRT2 inhibition plays a neuroprotective effect in neurodegenerative disease.






SIRT2 in apoptosis

Apoptosis is the most fundamental form of cell death which is called programmed cell death possessing special morphological features as their characteristic. The characteristic morphology changing of apoptosis includes cytoplasmic shrinking, activation of the caspase-3 pathway, fragmentation of chromosomes, nuclear membrane breakdown, and formation of apoptotic bodies, and consequently the cell breaks up (54). Importantly, apoptosis has been widely observed in neuropathological disorders. A large amount of reactive oxygen species (ROS), DNA damage, mitochondrial dysfunction, and Ca2+ overload caused by neuropathological progression could induce cell apoptosis (55, 56).

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is a dopaminergic neurotoxin causing nigrostriatal damage which is detected to be located in the central nervous system (CNS) after system administration. Knockout of SIRT2 could lead to the increase of Foxo3a acetylation and the decrease of tyrosine-hydroxylase and Bim expression levels, reduce of MPTP-induced apoptosis (36). Yongzhi L et al. reported noise exposure upregulated cochlea SIRT2 expression and SIRT2 inhibition attenuated the noise-induced hearing loss (NIHL). The AK7, a selective SIRT2 inhibitor, reduced oxidative nuclear DNA damage and cochlear cells apoptosis (57). Hui N and her colleagues found that down-regulation of SIRT2 could significantly alleviate cells early-stage apoptosis induced by H2O2 in PC12 cells. They detected that siRNA and AGK2 decreased apoptosis by attenuating H2O2-inducing caspase-3 activation and a decrease in ROS levels resulting from H2O2 application (58). Melatonin might suppress SIRT2-mediated FOXO3a deacetylation, reduce pro-apoptotic proteins, and increase Bcl-2 and Bcl-2/Bax in the hippocampus of aged rats (59). Above all, SIRT2 induces cell apoptosis in a pathological state.

Oppositely, other studies showed that SIRT2 inhibition may exacerbate cell apoptosis in a given pathological progression. Using Sirtinol and Salermide to inhibit SIRT2, P53 acetylating was increased as well as cell apoptosis was enhanced (60). AEM1 and AEM2, two selective SIRT2 inhibitors, increased p53 acetylation levels and up-regulated CDKNIA (Cyclin-dependent kinase inhibitor 1A gene) expression, and then CDKNIA targets with the cell cycle regulation element p21WAF11 and two pro-apoptotic genes PUMA and NOXA to mediate apoptosis (61). Furthermore, it is proved that Sirt2 deacetylate lysine residues in the catalytic domain of P300 indirectly influence p53 activity (16). Additionally, Sirt2 deacetylated and down-regulated the transcriptional activity of P53, and 14-3-3 β/γ augment deacetylation and down-regulation of P53 transcriptional activity by Sirt2 in an AKT-dependent manner (62). Further study showed that SIRT2 catalyzed P53 deacetylation in the cytoplasm at lysine 382 (63). And SIRT2 inhibition showed an induced-apoptosis effect in the vascular endothelial cell line (PIEC). Jie Z et al. showed both SIRT2 inhibitor and SIRT2 siRNA could induce mitochondrial depolarization and decrease intracellular ATP levels (64).





SIRT2 in necroptosis

Necrosis is initially known as a passive energy-independent cell death pathway that is inversely proved that at least partial forms of necrosis are well-regulated. There is evidence existing to elucidate the molecular regulation mechanism in the specific caspase-independent programmed necrosis. TNF-inducing necroptosis can activate receptor-interacting protein 3 (RIP3), and activating RIP3 further promotes receptor-interacting protein 1 (RIP1) phosphorylation, subsequently, RIP1-RIP3 complex formation. The complex can activate the pro-necrotic kinase, promote reactive oxygen species production, and finally, programmed necrosis occurring (65). Necroptosis is important in responding to environmental insults, for example, viruses or bacteria infection, and acute ischemia stroke (66). And current studies suggest that necroptosis is associated with neuroinflammatory disease (67). As for neurodegenerative disease, applying methamphetamine to embryonic cortical neurons, significant necroptosis was found in a time and dose-dependent manner with over-expression of tumor necrosis factor-α (68).

Knockdown of SIRT2 could reduce the RIP1-RIP3 complex formation in response to TNF inducing programmed necrosis in a casepase-8 activity manner (69). And SIRT2 down-regulation was proved to attenuate necroptosis by inducing the acetylation and nuclear translocation of the nuclear factor of activated T-cells 4 (NFATc4) (70), the acetylation of mitogen-activated protein kinase phosphatase-1 (MKP-1) and suppressing the phosphorylation of p38 and JNK (71). Confusingly, knockdown of SIRT2 by AGK2 or three independent siRNAs failed to prevent cells from necroptosis in L929 cells, mouse embryonic fibroblasts (MEFs), and bone marrow-derived macrophages (BMDMs) induced separately by TZ and TNF (72). So more works are warranted to elucidate the roles and underlying mechanisms of SIRT2 in necroptosis.




SIRT2 in autophagy

Autophagy is a self-digestion process of denatured proteins and damaged organelles. And autophagosomes with double membrane structures are gradually informed and delivered to lysosomes (73). Autophagy involves various complex autophagy protein network pathway that influences autophagosome formation and maturation (74). Appropriate autophagy plays neuroprotective effects on cerebral ischemia, while excessive autophagy deteriorates neurological injury (29). Autophagy activation help the elimination of the intracellular abnormal protein deposits, such as lewy bodies and α-Synuclein (75). So autophagy may be the potential target to regulate neurodegenerative and ischemic diseases.

Recent studies report that SIRT2 could deacetylate FOXO1. And the interaction between acetylated FoxO1 and Autophagy Related 7 (Atg7) is essential for autophagy induced by oxidative stress or serum starvation (76). Another paper elaborated that FoxO1 translocation through the cytoplasm and nuclear modulates time-dependent autophagy. It is noted that FoxO1 hypo-acetylation in nuclear and hyper-acetylation in the cytoplasm may induce autophagy. And SIRT2 could deacetylate FOXO1 in the cytoplasm to mediate autophagy (77). Jiyeong Gal et al. found that over-expression of SIRT2 inhibited lysosome-mediated autophagy by regulating autophagosome formation. And then, SIRT2 over-expression exacerbates MG132 and amyloid-inducing protein-mediated cytotoxicity, resulting in increased cell fragility in response to environmental stress. They also found SIRT2 down-regulation could reduce the level of ubiquitinated protein as well as cytotoxicity induced by MG132 in the siRNA-transfection-inducing SIRT2 silencing SH-SY5Y cell model (78). Consistently, a study reported that knockdown of autophagy genes (ATG5–ATG7) increased p62 accumulation and suppressed autophagy, and SIRT2 knockdown could attenuate p62 reduction so that basal autophagy levels were up-regulated in cells. SIRT2 knockdown would prevent post-slippage death, followed by mitotic arrest influenced by rapamycin and mild starvation which mediates autophagy up-regulation (79). These results suggested SIRT2 may suppress stress and starvation-induced autophagy.

Microtubule Associated Protein 1 Light Chain 3 (LC3) is the key marker of autophagy. The removal of the C-terminal 22 amino acids of cytosolic LC3-I to synthesize membraned bound LC3-II means autophagosome maturation. Song, T et al. found acetylation of LC3 highly influences its stability and cargo recognition ability. Acetylation inhibited the interaction of LC3 and P62 and the LC3 proteasome-dependent degradation process. In a word, acetylated LC3 is suitable for storage (80). The histone deacetylase 6 (HDAC6) could deacetylate LC3. And the HDAC6 inhibitor, tubacin could upregulate acetylated LC3 along with p62/SQSTM1 accumulation to reduce serum starvation-induced autophagy degradation (81). Moreover, there is a paper showing that SIRT1 could deacetylate nuclear LC3 at K49 and K51 to stimulate starvation-induce autophagy. The deacetylated LC3 could interact with the nuclear protein DOR and shuttle to the cytoplasm where it can bind Atg7 (82). As shown above, HDAC6 was not the only deacetylase acting on LC3B-II (81), and SIRT1 mainly deacetylated nuclear LC3. Consequently, there may be other deacetylases catalyzing LC3 in the cytoplasm, and SIRT2 is a deacetylate kinase mainly distributed in the cytoplasm. Whether SIRT2 involves in autophagy by promoting the deacetylation of cytoplasm LC3 remains unclear.





SIRT2 in neuroinflammation

Inflammation is a double-edged sword. it protects organisms against viruses and bacteria invasion. But in other conditions, inflammation may exacerbate tissue injury, especially in the process of Systemic inflammatory response syndrome (SIRS). The role of SIRT2 on inflammation is still controversial and seems to be tissue-specific and context-dependent. Several groups reported that SIRT2 can inhibit inflammation in different pathological processes (28, 83, 84). SIRT2 deacetylates P65 at Lys310 (85). In LPS-stimulated inflammation, it has been found that SIRT2 knockout mice showed increases in microglia activation and pro-inflammation cytokines expression by enhancing acetylated NF-kB and reducing its phosphorylation at serine 331 (S331) (28). Han, B et al. found that PGC-1α could reduce the NLRP3 activation and proinflammatory cytokine production after acute ischemic stroke (30). Liu, M et al. found SIRT2 impairment activated the NF-κB signal pathway by deacetylation and phosphorylation of P65. Consistently, Another study reported SIRT2 inhibitor AK7 increased NF-κB P65 acetylation, resulting in increasing of aquaporin4 (AQP4), matrix metalloproteinases (MMP)-9, proinflammatory cytokines, and chemokines, which exacerbates neuroinflammation (86). And SIRT2 was proved to inhibit the NLRP3 inflammasome activation by deacetylating NLRP3. And deacetylation of NLRP3 by SIRT2 could inhibit aging-associated inflammation (87).

Other studies found the opposite results: Inhibition of SIRT2 can attenuate inflammation in macrophages (88) and microglia (89). SIRT2 inhibitor may inhibit the phosphorylation of IκBα, which can inhibit inflammation by decreasing the NF-κB activity (88, 90). Besides, SIRT2 inhibitors might also decrease inflammation by suppressing the MAPK signaling (91). Moreover, the SIRT2 inhibitor exhibited a protective effect for SH-SY5Y cells by inhibiting LPS-stimulated production of TNF-αand PGE2 from microglial cells (92). AGK2, a SIRT2 inhibitor, could decrease the LPS-induced increase of the mRNA of TNF-α and IL-6, the level of active Caspase-3 & Bax and iNOS levels, block NF-κB nuclear translocation, increase the expression of MKP-1 and inhibit the activation of BV2 microglia (93, 94).

There are also several studies that reported that SIRT2 could not affect inflammation. Cambinol, a nonselective inhibitor of Sirt1 and SIRT2, could inhibit the expression of cytokines (including TNF, IL-1β, IL-6, IL-12and IFN-γ), NO and CD40 induced by toxic shock syndrome in macrophages, DCs, splenocytes, and whole blood. However, cambinol and sirtinol may not inhibit inflammation by acting with just SIRT1 and SIRT2 because selective SIRT1 (EX-527 and CHIC-35) and SIRT2 (AGK2 and AK-7) inhibitors could not inhibit inflammation (95). By comparing wild and SIRT2 knockout C57BL/6 mice, no significant alteration in inflammatory cells activating was shown in the ischemic brain hemispheres between wild-type mice and SIRT2(-/-) genotype mice (9). It is also reported that autophagy could inhibit inflammasome activation and inflammatory responses through mTOR and AMPK pathways after ischemic stress (29). So SIRT2 may partly regulate inflammation by inhibiting autophagy.





SIRT2 in neuroimmunology

The central nervous system had been viewed as an immune-privileged site (96). However, decades of studies have shown that the central nervous system is a rigorous immune regulatory tissue with both innate and adaptive immune cells. Neuro-immune response widely involves in both the development of the nervous system and neuropathological changes (97, 98). The central nervous system is protected by complex immune defense barriers constituted by the skull, meninges, blood-brain barrier (BBB), and cerebrospinal fluid (CSF) barrier (99). The skull contains special bone marrow niches connected to meningeal veins and dural sinuses which maintain the balance of immune cells and promote the rapid immune response to injury in the meninges (100). And the bone marrow pockets possess the tolerance to CNS antigens and can sign distinct developing cells (100, 101). The meninges contain various immune cells, including dendritic cells (DCs), natural killer cells, T and B cells, mast cells, innate lymphoid cells, neutrophils, and monocytes, and the immune cells can recruit from the meninges to the parenchyma in immune response (102, 103). The blood-brain barrier consists of various structures and cells, including vascular endothelial cells, basement membrane, astrocytic end-feet, and microglia (104). The BBB barrier limits pathogenic factors and the immune cells to reach the brain parenchyma from blood vessels (105). The choroid plexus is the main producer of cerebrospinal fluid. And the choroid plexus contains resident immune cells so that it could also regulate immune response (106). And the cerebrospinal fluid is important in parenchymal waste and antigen drainage, and immune surveillance (107, 108). Microglia are the main resident immune cells in the brain and the monocytes could be recruited quickly during the immune response and differentiate into DCs or macrophages (109, 110). Immune homeostasis is important in the physiological function maintenance of the central nervous system, and neuro-immunological response in the pathological processes involves multiple central nervous system diseases. For example, the amyloid-βinduces brain endothelial cell impairment and blood-brain barrier dysfunction in Alzheimer’s disease (111). And microglial activation, infiltration of immune cells, and deficit of blood-brain barrier integrity play vital roles in the damage of ischemic stroke (112).

Present studies have proved that SIRT2 plays an important role in neuroimmunology. SIRT2 directly mediates the AKT phosphorylation and intracellular ATP increasing in NAD-induced BV2 microglia (27). Downregulation of the SIRT2 level could inhibit the activation of microglia (93). And SIRT2 knockout help to maintain the integrity of BBB by inducing the expression of ZO-1 and reducing ZO-1 gaps (113). But another study showed that SIRT2 inhibitor could enhance the acetylation and nuclear translocation of NF-κB and upregulate AQP4 and MMP-9, followed by blood-brain barrier disruption (86). Recently reported, regulation T cells (Treg cells) infiltrated the brain 1 to 5 weeks after ischemic stroke in mice. Treg cells provided a neuroprotective effect by increasing microglial reparative activity, followed by oligodendrogenesis and white matter repair after ischemic stroke (114). And another study found SIRT2 expression was upregulated in Treg cells three days after transient middle cerebral artery occlusion. Inhibition of SIRT2 activity could upregulate the expression of immunosuppression-associated molecules and enhance the anti-inflammatory effect of Treg cells. Furthermore, microglia could induce the expression of hypoxia-inducible factor 1-alpha (HIF-1α) to enhance SIRT2 expression in Treg cells (26). And SIRT2 also regulates the immune response in neurodegenerative diseases. Sa de Almeida J et al. found that microglial SIRT2 protected the hippocampal by inhibiting N-methyl-D-aspartate (NMDA)-mediated excitotoxicity and affecting synaptic plasticity (115).






SIRT2 inhibitors

With the deeper study of SIRT2 biological function, various specific inhibitors have been developed (Table 1). AK-1, a small molecule SIRT2 inhibitor, shows neuroprotective effects in a mouse model of frontotemporal dementia (FTD) by regulating the expression of mutant tau protein (116). AK-7 is the developed sulfobenzoic acid derivation analog of AK-1. It is a specific SIRT2 inhibitor that is permeable to the blood-brain barrier (117). AK-7 can competitively inhibit SIRT2 in NAD+ binding sites (41). AGK2 is an effective and selective SIRT2 inhibitor with an IC50 of 3.5μM. Its inhibition activity level remained weak at 10 times higher concentrations for SIRT1 or SIRT3. AGK2 showed neuroprotective function in ischemic stroke (5). AEM1 and AEM2 show an SIRT2 inhibition effect with IC50 values of 18.5 and 3.8μM, but both the two compounds showed weak inhibition activity to SIRT1, SIRT3, and yeast Sir2 (61). A recent study showed that Thiomyristoyl (TM), a SIRT2 selective inhibitor, exerts anticancer activity by degradation of c-Myc oncoprotein (118). YKK (ε-thioAc) AM is a designed pentapeptide inhibitor containing N-thioacetyl-lysine against SIRT2. YKK (ε-thioAc) AM was more specific towards SIRT2 than SIRT1 with the IC50 of 0.15μM (35). The 3-((2-methoxynaphthalen-1-yl)methyl)-7-((pyridin-3-ylmethyl)amino)-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4(3H)-one(ICL-SIRT078) is a SIRT2 specific inhibitor with a Ki value of 0.62 ± 0.15 μM. ICL-SIRT078 inhibits SIRT2 in a substrate-competitive manner, and its affinity with SIRT2 was more than 50-fold selectivity against SIRT1, SIRT3, and SIRT5 (40). JH-T4 could inhibit SIRT2 by the formation of hydrogen bonding. Regretfully, JH-T4 could also inhibit SIRT1 and SIRT3 (119). These compounds inhibit SIRT2 with different mechanisms, which provides convenience for studying the pathophysiological mechanism of SIRT2.


Table 1 | The enzyme activity of novel SIRT2 inhibitors.







Conclusion and discussion

SIRT2 is playing an increasing role in cell death, including programmed cell death and non-programmed cell death, and neuroinflammation under complex mechanism (Figures 1, 2). The functions of SIRT2 in necroptosis and neuroinflammation are still contradictory and more investigations are needed in the future to determine the roles and mechanisms of SIRT2. Moreover, SIRT2 plays intricate complex roles in ischemic stroke and neurodegenerative disease. Why does SIRT2 play a completely contradictory effect? Does SIRT2 play more roles in both biological maintaining and disorder occurrence? Further research is still necessary to uncover the mechanism SIRT2 acts underlying disease occurrence. And clarify the mechanism of SIRT2 in the pathogenesis is important in supplying novel potential therapy methods in the clinic. Discovering the mechanism that SIRT2 acts in disease could provide a new method to explore new drugs.




Figure 2 | SIRT2 plays complex roles in neuroinflammation and neuroimmunology.
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Introduction

The association between multiple sclerosis (MS) and non-small cell lung cancer (NSCLC) has been the subject of investigation in clinical cohorts, yet the molecular mechanisms underpinning this relationship remain incompletely understood. To address this, our study aimed to identify shared genetic signatures, shared local immune microenvironment, and molecular mechanisms between MS and NSCLC.





Methods

We selected multiple Gene Expression Omnibus (GEO) datasets, including GSE19188, GSE214334, GSE199460, and GSE148071, to obtain gene expression levels and clinical information from patients or mice with MS and NSCLC. We employed Weighted Gene Co-expression Network Analysis (WGCNA) to investigate co-expression networks linked to MS and NSCLC and used single-cell RNA sequencing (scRNA-seq) analysis to explore the local immune microenvironment of MS and NSCLC and identify possible shared components.





Results

Our analysis identified the most significant shared gene in MS and NSCLC, phosphodiesterase 4A (PDE4A), and we analyzed its expression in NSCLC patients and its impact on patient prognosis, as well as its molecular mechanism. Our results demonstrated that high expression of PDE4A was associated with poor prognoses in NSCLC patients, and Gene Set Enrichment Analysis (GSEA) revealed that PDE4A is involved in immune-related pathways and has a significant regulatory effect on human immune responses. We further observed that PDE4A was closely linked to the sensitivity of several chemotherapy drugs.





Conclusion

Given the limitation of studies investigating the molecular mechanisms underlying the correlation between MS and NSCLC, our findings suggest that there are shared pathogenic processes and molecular mechanisms between these two diseases and that PDE4A represents a potential therapeutic target and immune-related biomarker for patients with both MS and NSCLC.





Keywords: shared gene signature, molecular mechanisms, multiple sclerosis, non-small cell lung cancer, shared local immune environment





Introduction

In recent years, the investigation of cancer risks in various chronic diseases has gained increasing attention in the scientific community. Notably, a long-term study conducted in Norway suggests that patients with multiple sclerosis (MS) may face an elevated risk of developing cancers, particularly respiratory, urogenital, and central nervous system cancers, with a 66% increased risk of respiratory system cancers (1). It is worth noting that cancer has been suggested as one of the principal causes of mortality among MS patients, who have a significantly reduced life expectancy (2). The etiology of MS involves a combination of autoimmunity, viral infection, genetic susceptibility, environmental factors, and individual predisposing factors (3). Notably, the malfunction and activation of self-reactive immune cells may underlie the pathogenesis of MS.

The association between MS and cancer risks has been extensively investigated, with evidence suggesting that MS patients may exhibit health behaviors associated with increased lung cancer risk, including smoking, lack of exercise, and obesity. Additionally, neurologic adverse events, including MS, have been identified as rare but potentially fatal complications of immunotherapy using immune checkpoint inhibitors (ICIs) for lung cancer, further highlighting the potential connection between MS and lung cancer (4). A few studies support an inflammatory patient-dependent immune-mediated component for MS, identifying genetic and environmental risk factors and showing that the pathogenic mechanism of T cell-mediated MS is similar to that of ICIs (5, 6), which suggests that MS and lung cancer might share common risk factors and potentially similar pathogenic mechanisms. Non-small cell lung cancer (NSCLC) accounts for 85% of all cases of lung cancer (7). However, to date, there have been few studies exploring the molecular mechanisms underlying the correlation between MS and NSCLC, and the common pathogenic mechanisms of MS and NSCLC are still unclear. As NSCLC has a high incidence in MS, investigating the mechanisms by which MS’s autoimmune processes promote NSCLC development can provide unique insights into the complex events behind NSCLC occurrence and help identify potential diagnostic and prognostic biomarkers and therapeutic targets.

In this study, we employed bioinformatics analysis techniques to uncover shared mechanisms and potential therapeutic targets for both diseases. The identification of these mechanisms and targets may aid in improving the management of MS patients and lead to earlier detection and treatment of NSCLC.





Methods




Data collection and processing

We searched MS data using the keyword “multiple sclerosis” and NSCLC data using the keyword “non-small cell lung cancer” within the Gene Expression Omnibus (GEO) dataset collection. The following conditions were required for each dataset: 1) the datasets must be complete and correct. 2) The datasets must be normalized using the corresponding method, such as the robust multi-array average (RMA) method. 3) The number of samples in each group must be more than three to ensure the accuracy of the conclusion. Following the above criteria, we finally obtained adequate datasets including GSE19188, GSE214334, GSE199460, and GSE148071, some of which included clinical information on patients, such as age and gender. GSE19188 contained 91 NSCLC and 65 adjacent normal lung tissue samples. GSE214334 contained three relapse–remitting MS, four primary progressive MS, four secondary progressive MS, and seven non-MS control white matter tissues. GSE199460 contained three experimental autoimmune encephalomyelitis (EAE) and three controls, which extracted brains from myelin oligodendrocyte glycoprotein (MOG)-induced EAE at the peak of the disease and control mice to isolate single cells following single-cell RNA-sequencing (scRNA-seq) using a microdroplet-based method from 10X Genomics. GSE148071 contained 42 scRNA-seq of tumor tissues of NSCLC patients. Moreover, to elevate the reliability of our conclusion, we also enrolled and filtered The Cancer Genome Atlas (TCGA) lung squamous cell carcinoma (LUSC) and lung adenocarcinoma (LUAD) RNA-seq data, as well as The Genotype-Tissue Expression (GTEx) project lung tissue RNA-seq data, and we excluded those data with incomplete clinical and survival information.





Analysis of bulk gene expression data

We analyzed bulk gene expression data mainly using RNAseqStat (0.1.0) R package, which was an integrated tool for processing gene expression data. After reading the corresponding datasets and group information, the pipeline analysis began. First, principal component analysis (PCA) of all samples in each dataset was performed to pre-check sample distribution. Second, the correlation among samples and the standard deviation of genes were calculated for the evaluation of potential relationships among samples. Third, after quality control (QC), differentially expressed genes (DEGs) were computed and exhibited by volcano plot and heatmap. Fourth, we performed gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment of upregulated or downregulated genes in each dataset using DEGs. Moreover, further enrichment analysis was performed on Metascape. After that, a portion of crucial pathways or processes was further performed in Gene Set Enrichment Analysis (GSEA) and visualization. Finally, we used the Venn tool for the identification of the shared gene signatures of two diseases.





Weighted gene co-expression network analysis

We used the Weighted Gene Co-Expression Network Analysis (WGCNA) tool to evaluate gene expression patterns in MS and NSCLC. The input data were the gene expression matrix and clinical information of each dataset. After loading the gene expression matrix, the missing values were checked, and the outliers were identified. Samples were clustered to figure out whether there were outliers. Then, the expression networks were constructed, and gene modules were identified; 7 were chosen for the soft power of MS and 5 for NSCLC in consideration of the best soft power estimation. Then, the modules were associated with phenotypic data and identified hub genes. Finally, the hub gene co-expression networks were constructed.





Construction of protein–protein interaction network

We constructed a protein–protein interaction (PPI) network with the help of STRING (https://string-db.org/). After inputting sharing proteins of MS and NSCLC identified by the above process, we constructed the PPI network including many edges and nodes, representing a potential relationship between two proteins. We performed GeneMANIA (https://genemania.org) to help to predict the function of core shared genes of MS and NSCLC and to construct a PPI network.





ScRNA-seq analysis process

ScRNA-seq analysis was performed on GSE199460 and GSE148071. The data went through the process of normalizing, finding variables, scaling, running PCA, scoring jack straw, finding neighbors, finding clusters, and running t-distributed stochastic neighbor embedding (tSNE) with the help of the Seurat package. After annotation of single cells according to the expression of markers, DEGs and cell fractions were calculated and visualized by the scRNAtoolVis package. The CellChat package was used to construct and visualize intercellular communication networks.





Protein intensity verification

Protein intensity was the result of gene expression, while NSCLC patients had diverse protein patterns. The Human Protein Atlas (https://www.proteinatlas.org/) was an online web tool for evaluating protein patterns for cancer and normal tissues using immunohistochemistry (IHC). By carefully searching and filtering, the expression of the given protein in NSCLC tissue and normal lung tissue was finally obtained.





Survival analysis

Survival analysis of NSCLC patients was performed on Kaplan–Meier Plotter (http://kmplot.com/analysis/). Patients were divided into two groups according to given gene expression. Immune infiltration condition was used for further stratified analysis to uncover the potential relationship between a given gene and the immune microenvironment of NSCLC patients.





Immune infiltration analysis

We used the online immune infiltration analysis tool TIMER 2.0 (http://timer.cistrome.org/) for evaluating the special relationship between a given gene and the immune microenvironment of NSCLC. TIMER 2.0 is a comprehensive resource for the systematic analysis of immune infiltrates across diverse cancer types. The web server provided immune infiltrate abundances estimated by multiple immune deconvolution methods, and we used it to generate figures dynamically to explore tumor immunological, clinical, and genomic features comprehensively. A portion of immune infiltration analysis was facilitated and visualized with Aclbi (www.aclbi.com).





Drug sensitivity analysis

Genomics of Drug Sensitivity in Cancer (GDSC) (https://www.cancerrxgene.org) was used to predict drug treatment response based on specific gene expression. A total of 1,017 NSCLC patients were taken into consideration. IC50 was an important indicator in evaluating drug efficacy and sample treatment response. This tool was based on GDSC, the largest open pharmacogenomics database at present.






Results




Evaluation of shared local immune environment between MS and NSCLC

In MS, an immune-related disease, the local immune environment was one of the most important factors affecting its progression. Considering the fact that NSCLC has a high incidence in MS, we speculated whether there was a shared local immune environment between NSCLC and MS. We used scRNA-seq data of the EAE mouse model to imitate the occurrence of MS. Our results showed that EAE had a unique local immune environment when compared with normal control (NC), including a reduced B-cell faction, increased macrophage fraction, reduced fibroblast fraction, and reduced neutrophils (Figures 1A–C). A portion of immune-related genes was differentially expressed in the EAE and NC groups, such as Cd74 and Ccl5 (Figure 1D). A portion of cells showed a potential relationship in secreted signaling (Figure 1E). As for NSCLC, different patients had diverse immune infiltration (Figures 1F–H). However, a portion of immune components in NSCLC was the same as that in MS, such as macrophage, B cell, and fibroblast. These immune cells had different gene expression patterns (Figure 1I). Similarly, these immune components showed a potential relationship in secreted signaling (Figure 1J).




Figure 1 | Evaluation of shared local immune environment between MS and NSCLC. (A) tSNE plot of scRNA-seq data of three EAE and three NC samples grouped by cell types. (B) tSNE plot of scRNA-seq data of three EAE and three NC samples grouped by sample types. (C) Cell fraction of different cell types in EAE and NC samples. (D) Volcano plot of upregulated and downregulated DEGs of EAE and NC groups. (E) Communication patterns of target cells in MS. (F) tSNE plot of scRNA-seq data of 42 NSCLC samples grouped by cell types. (G) tSNE plot of scRNA-seq data of 42 NSCLC samples grouped by samples. (H) Cell fraction of different cell types in NSCLC samples. (I) Volcano plot of upregulated and downregulated DEGs in each cell type. (J) Communication patterns of target cells in NSCLC. MS, multiple sclerosis; NSCLC, non-small cell lung cancer; tSNE, t-distributed stochastic neighbor embedding; scRNA-seq, single-cell RNA-sequencing; EAE, experimental autoimmune encephalomyelitis; NC, normal control; DEGs, differentially expressed genes.







Uncovering gene characteristics during the progression of MS

In order to identify molecular mechanisms and gene signatures between MS and NSCLC, first, the gene variation during the progression of MS was evaluated. A total of gene expression profiles of 11 MS white matter tissues and seven non-MS control white matter tissues were analyzed. PCA of these samples showed different gene expression patterns of MS tissue and relatively concentrated patterns of NC tissue (Figure 2A), which was possibly a result of different subtypes of MS. Although there were differences between MS subtypes, the correlation of samples suggested the potential correlation among MS (Figure 2B).




Figure 2 | Uncovering gene characteristics during progression of MS. (A) PCA of MS samples of GSE214334 datasets including 11 MS white matter tissues and seven non-MS control white matter tissues. (B) Correlation heatmap among each MS sample in GSE214334. (C) Volcano plot of DEGs between MS and NC. (D) GO enrichment analysis of upregulated genes in MS compared with NC. (E) GO enrichment analysis of downregulated genes in MS compared with NC. (F) KEGG enrichment analysis of upregulated and downregulated genes in MS compared with NC. MS, multiple sclerosis; PCA, principal component analysis; DEGs, differentially expressed genes; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.



After calculating the standard deviation expression of genes (Figure S1A) and dividing samples into two groups, we obtained DEGs between MS and normal control (Figure 2C). IGHG1, IGKC, IGLC2, and IGHG2 were significantly upregulated in MS, while MFRP, NTS, KC6, and TTR were significantly downregulated in MS. A portion of important genes was exhibited by heatmap (Figure S1B). GO analysis showed that upregulated genes in MS were enriched in the regulation of trans-synaptic signaling, synaptic membrane, and ion channel activity (Figure 2D), while downregulated genes in MS were enriched in cilium organization, motile cilium, and tubulin binding (Figure 2E). KEGG analysis showed that upregulated genes in MS were enriched in the Neuroactive ligand–receptor interaction and Calcium signaling pathway, while downregulated genes in MS were enriched in Malaria and ECM–receptor interaction (Figure 2F).





Identification of the unique gene signatures of NSCLC

Next, we sought to unveil the unique gene signatures of NSCLC. By integrating 191 NSCLC and 65 adjacent normal lung tissue samples in the GSE19188 dataset and performing PCA, we found that there was an obvious distinction between NSCLC and NC (Figure 3A). Correlation analysis also showed homogeneity among NSCLC samples (Figure 3B).




Figure 3 | Identification of the unique gene signatures of NSCLC. (A) PCA of NSCLC samples of the GSE19188 dataset including 191 NSCLC and 65 adjacent normal lung tissue samples. (B) Correlation heatmap among NSCLC samples in GSE19188. (C) Volcano plot of DEGs between NSCLC and NC. (D) GO enrichment analysis of upregulated genes in NSCLC compared with NC. (E) GO enrichment analysis of downregulated genes in NSCLC compared with NC. (F) KEGG enrichment analysis of upregulated and downregulated genes in NSCLC compared with NC. (G) GSEA results between NSCLC and NC in Cell cycle. (H) GSEA results between NSCLC and NC in Neuroactive ligand−receptor interaction. (I) GSEA results between NSCLC and NC in Pentose and glucuronate interconversions. NSCLC, non-small cell lung cancer; PCA, principal component analysis; DEGs, differentially expressed genes; NC, normal control; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, Gene Set Enrichment Analysis.



After calculating the standard deviation expression of genes (Figure S2A) and dividing samples into two groups, we obtained DEGs between NSCLC and NC (Figure 3C). CHGA, SST, DLK1, and PCK1 were significantly upregulated in NSCLC, while IL6, IL1RL1, SELE, and S100A12 were significantly downregulated in NSCLC. A portion of important genes is exhibited by heatmap (Figure S2B).

GO analysis showed that upregulated genes in NSCLC were enriched in epidermis development, spindle, and microtubule binding (Figure 3D), while downregulated genes in NSCLC were enriched in regulation of vasculature development, collagen-containing extracellular matrix, and enzyme inhibitor activity (Figure 3E). KEGG analysis showed that upregulated genes in NSCLC were enriched in Cell cycle and DNA replication, while downregulated genes in NSCLC were enriched in viral protein interaction with cytokine and cytokine receptor, Cytokine–cytokine receptor interaction, and Chemokine signaling pathway (Figure 3F).

Indeed, GSEA results showed NSCLC was significantly enriched in the Cell cycle (normalized enrichment score (NES) = 1.68, q value < 0.001) and Neuroactive ligand−receptor interaction (NES = 1.44, q value < 0.001) and significantly not enriched in Th17 cell differentiation (NES = −2.19, q value < 0.001) (Figures 3G–I).





Identification of shared gene signatures between MS and NSCLC

A total of 239 DEGs between MS and NC (false discovery rate (FDR) < 0.05) and 9,503 DEGs between NSCLC and NC (FDR < 0.05) were identified. Using the Venn tool, we finally obtained 102 shared genes, including PDE4A, TTR, NPTX2, IGHG1, ALOX15B, CD163, MT3, and IL1RL1 (Figure 4A). Enrichment analysis showed the shared genes enriched response to the bacterium, inflammatory response, and immune effector process (Figure 4B). Co-expression network showed potential correlations among these shared genes (Figures 4C, D). PPI network analysis showed a shared regulatory network between MS and NSCLC (Figure 4E). A portion of node genes, including CD163, IL10RA, TLR8, and NFKBIA, were identified, implying the potential shared mechanisms between MS and NSCLC, such as the formation of the local immune environment and cell motility.




Figure 4 | Identification of shared gene signatures between MS and NSCLC. (A) Venn plot of shared DEGs between MS and NSCLC. (B) Enrichment analysis of shared gene signatures. (C) Co-expression network of diverse DEGs. (D) Co-expression network of diverse DEGs exhibited by p-value. (E) PPI network of shared DEGs between MS and NSCLC. MS, multiple sclerosis; NSCLC, non-small cell lung cancer; DEGs, differentially expressed genes; PPI, protein–protein interaction.







Further analysis of shared molecular mechanisms between MS and NSCLC

We used WGCNA with adequate soft power for the further analysis of shared molecular mechanisms between MS and NSCLC (Figures S3A, D). MS patients were divided into relapse–remitting MS, primary progressive MS, and secondary progressive MS groups. By performing the analysis on GSE214334, we obtained 16 modules of genes closely related to the occurrence of MS compared to normal white matter (Figure 5A). WGCNA of GSE19188 showed 13 modules of genes closely related to the occurrence of NSCLC compared to normal lung tissue (Figure 5B). These modules showed respective associations with other modules (Figures S3B, E) and formed specific gene networks (Figures S3C, F). The blue module in GSE214334 showed the highest correlation with MS occurrence (R = 0.68, p = 0.002), while the blue module in GSE19188 showed the highest correlation with NSCLC occurrence (R = 0.79, p < 0.001) (Figures 5C, D). Moreover, the blue module in GSE214334 showed a correlation with the gender of MS patients (R = 0.3, p = 0.2), while the gray module in GSE19188 showed a significant correlation with the gender of NSCLC patients (R = 0.25, p = 0.001).




Figure 5 | Further analysis of shared molecular mechanisms between MS and NSCLC. Cluster dendrogram of co-expressed genes in MS (A) and NSCLC (B). Heatmap of module–trait relationships in MS (C) and NSCLC (D). Scatter plot of gene significance for OS vs. module member in blue module (E). (F) Venn plot of blue module in MS, blue module in NSCLC, DEGs in MS, and DEGs in NSCLC. MS, multiple sclerosis; NSCLC, non-small cell lung cancer; OS, overall survival; DEGs, differentially expressed genes.



There was a high (R = 0.94, p < 0.001) significant correlation between gene significance for overall survival (OS) module members in the blue module (Figure 5E). Venn plot shows the blue module in MS, blue module in NSCLC, DEGs in MS, and DEGs in NSCLC. Particularly, in order to improve accuracy, we introduce LUSC and GTEx lung tissue RNA-seq data and successfully identified the DEGs (log2FC > 1, q value < 0.05), with a total of 5,964 genes. Finally, we obtained one shared gene, PDE4A, which might be the most important shared gene during the progression of these two diseases (Figure 5F).





The expression of PDE4A and its impact on the survival of NSCLC patients

Next, we speculated whether PDE4A had different expression patterns in normal and tumor tissues. Indeed, it seemed that PDE4A was differentially expressed in diverse cancer types (Figure 6A). For example, PDE4A was expressed significantly higher in stomach adenocarcinoma rather than in normal stomach tissue, and it was expressed significantly higher in cholangiocarcinoma rather than in normal biliary tract tissue, which suggested a crucial role of PDE4A in cancer progression. Moreover, PDE4A was expressed significantly lower in NSCLC tissue compared with normal lung tissue (Figure 6B). However, the protein level of PDE4A was opposite from the RNA level, suggesting potential post-translational regulation (Figures 6C, D). Survival analysis showed NSCLC patients with higher PDE4A expression levels had worse prognoses, indicating the pro-tumor role of PDE4A (Figure 6E).




Figure 6 | The expression of PDE4A and its impact on survival of NSCLC patients. (A) The expression of PDE4A on various cancers and normal tissues. (B) The expression of PDE4A on LUSC. (C) The protein level of PDE4A on normal lung tissue test by IHC. (D) The protein level of PDE4A on NSCLC tumor tissue test by IHC. (E) The impact of PDE4A expression on survival of NSCLC patients. NSCLC, non-small cell lung cancer; LUSC, lung squamous cell carcinoma; IHC, immunohistochemistry. *p<0.05 , **p<0.01, ***p<0.001.







The influence of PDE4A expression on molecular mechanisms during the progression of NSCLC

In order to figure out how PDE4A affects the progression of NSCLC, we divided NSCLC patients into two groups: the PDE4A high-expression group and the PDE4A low-expression group. The volcano plot shows that there were different expressed patterns between the PDE4A high-expression group and the PDE4A low-expression group (Figure 7A). The PDE4A high-expression group expressed significantly higher levels of AGER, ITLN1, GKN2, and PAEP, whereas it expressed significantly lower levels of GHRH, ATP4B, APOA1, and APOA2.




Figure 7 | The influence of PDE4A expression on molecular mechanisms during the progression of NSCLC. (A) Volcano plot shows DEGs between PDE4A high-expression group and PDE4A low-expression group. (B) GO enrichment analysis of significantly upregulated genes in PDE4A high-expression group. (C) GO enrichment analysis of significantly downregulated genes in PDE4A high-expression group. (D) KEGG enrichment analysis of upregulated and downregulated genes in PDE4A high-expression group. (E) GSEA results between PDE4A high-expression group and PDE4A low-expression group. (F) PPI network of PDE4A. NSCLC, non-small cell lung cancer; DEGs, differentially expressed genes; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, Gene Set Enrichment Analysis; PPI, protein–protein interaction.



GO analysis showed that upregulated genes in the PDE4A high-expression group were enriched in extracellular structure organization, collagen-containing extracellular matrix, and carbohydrate binding (Figure 7B), while downregulated genes in the PDE4A high-expression group were enriched in epidermis development, intermediate filament cytoskeleton, and signaling receptor activator activity (Figure 7C). KEGG analysis showed that upregulated genes in the PDE4A high-expression group were enriched in complement and coagulation cascades and malaria, while downregulated genes in NSCLC were enriched in retinol metabolism and drug metabolism-cytochrome P450 (Figure 7D).

GSEA results showed the PDE4A high-expression group was significantly enriched in complement and coagulation cascades (NES = 2.07, q value < 0.001), chemokine signaling pathway (NES = 1.90, q value < 0.001), Th17 cell differentiation (NES = 2.19, q value < 0.001), and cytokine–cytokine receptor interaction (NES = 2.11, q value < 0.001) (Figure 7E). The PPI network of PDE4A showed that PDE4A, PDE4D, and PDE4B might integrally work together to influence the progression of NSCLC (Figure 7F).





The association between PDE4A and the local immune environment in NSCLC

Considering that PDE4A could influence the immune process according to the above analysis, we next tried to elucidate the association between PDE4A and the local immune environment in NSCLC. PDE4A expression showed a significantly high association with the local immune environment in NSCLC (Figure 8A), as with immune checkpoint (Figure 8B) and immune checkpoint blockade (Figure 8C).




Figure 8 | The association between PDE4A and local immune environment in NSCLC. (A) The association between PDE4A expression and local immune environment in NSCLC using the XCELL method. (B) The association between PDE4A expression and immune checkpoint in NSCLC. (C) The association between PDE4A expression and immune checkpoint blockade in NSCLC. (D) The correlation heatmap between PDE4A expression and local cancer-associated fibroblast in NSCLC. (E) The scatter plot of correlation between PDE4A expression and local cancer-associated fibroblast in NSCLC using different methods. NSCLC, non-small cell lung cancer. as with immune checkpoint. *p<0.05 , **p<0.01, ***p<0.001.



Interestingly, PDE4A expression showed a significant positive correlation with cancer-associated fibroblast in most cancer types (Figure 8D). As for NSCLC, PDE4A expression also showed a significant positive correlation with cancer-associated fibroblast in all methods: EPIC (R = 0.414, p < 0.001), MCPCOUNTER (R = 0.396, p < 0.001), XCELL (R = 0.252, p < 0.001), and TIDE (R = 0.357, p < 0.001) (Figure 8E).





Diversified treatment response of NSCLC with different PDE4A expression levels

Finally, we sought to figure out whether PDE4A expression would affect the treatment response of different NSCLC drugs. According to Figure 9, PDE4A expression has specific impacts on the treatment response of trametinib (R2 = −0.28, p < 0.001), docetaxel (R2 = 0.22, p < 0.001), bleomycin (R2 = −0.25, p < 0.001), cisplatin (R2 = 0.42, p < 0.001), temozolomide (R2 = 0.39, p < 0.001), vinorelbine (R2 = 0.25, p < 0.001), rapamycin (R2 = −0.27, p < 0.001), vinblastine (R2 = 0.26, p < 0.001), pyrimethamine (R2 = −0.28, p < 0.001), and crizotinib (R2 = −0.24, p < 0.001) during treatment of NSCLC.




Figure 9 | Diversified treatment response of NSCLC with different PDE4A expression. NSCLC, non-small cell lung cancer.








Discussion

With the development of society, chronic diseases and comorbidities (including complex diseases) have become the main health problems and causes of death. MS, the most common demyelinating disease of the central nervous system, has caused pain and inconvenience to more than 2 million people worldwide. Although multiple sclerosis itself does not cause death, a number of complications can seriously affect the quality of life and mortality of patients. The prospective cohort study by Grytten et al. found that MS patients had a higher risk of cancer than the population control group, with a 66% increased risk of respiratory system tumors at 65 years of age (1). NSCLC is the most prevalent type of lung cancer, accounting for 85% of all lung cancer cases (7). Most patients are diagnosed at an advanced stage, resulting in poor prognoses. The association between MS and NSCLC has been demonstrated in previous clinical cohorts, and earlier studies have explored genomic profiles associated with MS and NSCLC (8, 9). However, the molecular mechanisms underlying this association have not been comprehensively studied.

It has been reported that immune dysregulation, both locally and systemically, plays a pivotal role in the development of MS (10). Similarly, there is compelling evidence that the development of NSCLC is closely related to alterations in the tumor immune microenvironment (11). Given these observations, it is intriguing to ask whether the two diseases share similar immune microenvironments during their pathogenesis. To address this question, we conducted a joint analysis to identify characteristic genes involved in the development of both lung cancer and MS. Our investigation resulted in the identification of 102 common genes, including PDE4A, TTR, NPTX2, IGHG1, ALOX15B, CD163, MT3, and IL1RL1. Significantly, this set of common genes includes a large number of immune-related genes, suggesting that the two diseases may share similar alterations in the immune microenvironment during their pathogenesis. Moreover, pathway enrichment analysis supports the involvement of immune responses, immune effector processes, and cytokine signaling pathways in the common pathogenesis of these two diseases.

In order to investigate the potential relationship between MS and NSCLC, we employed WGCNA to identify gene modules associated with the development of these two diseases. We then conducted a joint analysis of the modular genes most closely related to the development of both diseases, identifying overlapping genes that are considered shared genes and may be related to the pathogenesis of both MS and NSCLC. Additionally, we examined the biological processes and signaling pathways in which these shared genes are involved. Intriguingly, enrichment analysis revealed that these shared genes were enriched in responses to bacteria, inflammatory reactions, and immune effects, which are known to be associated with the pathogenesis of both MS and NSCLC (10, 12, 13). Further analysis of a subset of nodal genes, including CD163, IL10RA, TLR8, and NFKBIA, indicated potential shared mechanisms between MS and NSCLC, such as the formation of local immune environments and cell movement. To enhance our findings, we integrated TCGA LUSC and GTEx lung tissue RNA-seq data and ultimately identified only one common gene, PDE4A, which may be the most crucial shared gene in the progression of both diseases. Furthermore, we used single-cell sequencing data to evaluate the local immune microenvironment of MS and NSCLC and observed some similar immune cell components in the immune microenvironments of both diseases, such as T cells and fibroblasts. Interestingly, we also observed that PDE4A expression showed a significant positive correlation with cancer-associated fibroblast in most cancer types. As for NSCLC, PDE4A expression also showed a significant positive correlation with cancer-associated fibroblast. Based on these findings, we can cautiously hypothesize that the development of both diseases may involve some potential similar changes in the immune microenvironment, which may contribute to the further malignant progression of lung cancer.

The PDE4 family of phosphodiesterases has been identified as the most diverse among all PDE families, with enzymes that are widely distributed in various tissues and present in all major organs, including the brain. Furthermore, PDE4 is abundant in immune and inflammatory cells in lung diseases such as asthma (14). The PDE4 family is mainly composed of four gene products, PDE4A, PDE4B, PDE4C, and PDE4D, as well as several N-terminal splice variants that differ in their tissue and cell expression patterns (15). The hallmark of this group of enzymes is their high affinity for cAMP and insensitivity to cGMP and calmodulin (16). Specifically, PDE4A is capable of hydrolyzing the second messenger cyclic adenosine monophosphate (cAMP) with a micromolar Km value and acts as a regulator and mediator of many cell-to-cell signaling responses, thereby playing a critical role in numerous important physiological processes by modulating the cellular concentration of cAMP (17). In recent years, the PDE4 family has been the subject of extensive research due to its significance as a major therapeutic target for intervention in various inflammatory diseases, such as asthma, chronic obstructive pulmonary disease (COPD), and rheumatoid arthritis (RA). This is primarily because cAMP-specific PDEs, particularly PDE4, are the main subtypes of PDE that regulate the activity of inflammatory cells. Consequently, several PDE4 selective inhibitors have been developed for the treatment of inflammatory diseases, including Zoryve emulsion for psoriasis and roflumilast for asthma.

There are some existing studies on PDE4A in MS and lung cancer. MS is characterized by chronic neuroinflammation, demyelination, and destruction of oligodendrocytes, axons, and neurons. Pro-inflammatory cytokines, including interferon-gamma (IFN-gamma), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), interleukin-12 (IL-12), and interleukin-23 (IL-23), are crucial in the pathogenesis of MS (18, 19). Evidence suggests that cAMP is a crucial participant in regulating the production of pro-inflammatory cytokines (20). Notably, cAMP analogs have been shown to have anti-inflammatory and anti-apoptotic effects. Previous studies have suggested that Dibutyryl-cAMP recruits endogenous neural stem cells and promotes their differentiation, thereby facilitating myelin lipid repair in MS (21). Given the critical role of PDE4A in cAMP hydrolysis, it is reasonable to hypothesize that this protein contributes to the pathogenesis of MS. Previous studies have also highlighted the importance of PDE4A in various tumors (22). In particular, PDE4A expression is upregulated in various lung cancer cell lines, and its expression can induce epithelial–mesenchymal transition in type 1 alveolar epithelial cells after stimulation with transforming growth factor-β2 (TGF-β2). E-cadherin loss, which is a hallmark of metastasis, is significantly associated with the upregulation of PDE4A mRNA and protein expression after stimulation with transforming growth factor-β1 (TGF-β1) (23). Moreover, hypoxia-inducible factor (HIF) has been linked to PDE4A expression in a subset of lung cancer cell lines during hypoxia, and PDE4A knockdown has been shown to reduce the secretion of vascular endothelial growth factor (VEGF) and has anti-tumor effects in lung cancer xenografts (24). Thus, it is clear that PDE4A is a promising therapeutic target in MS and lung cancer and warrants further investigation.

In our investigation, we employed a systemic biology analysis method to identify the genes with the highest correlation in the comorbidity of MS and NSCLC. Among the genes analyzed, PDE4A exhibited the highest correlation. Notably, patients with high PDE4A expression showed poor prognoses, suggesting that this gene may be associated with increased incidence and mortality of NSCLC in MS patients. Our investigation further revealed the regulatory effects of PDE4A on other immune cells and its association with immune checkpoints, indicating its significant role in regulating the human immune response in NSCLC. Additionally, our findings demonstrated that PDE4A was closely associated with the sensitivity of multiple NSCLC therapeutic drugs. Future research targeting PDE4A therapy may improve the incidence and mortality of NSCLC in MS patients.

However, it is important to acknowledge the limitations of our study. Although our findings suggest a potential molecular mechanism linking MS and NSCLC, our results are based solely on data analysis and lack experimental validation, which is not quite a comprehensive analysis. Therefore, further investigation is required to confirm our hypothesis and establish a causal relationship. Nonetheless, our study has contributed novel insights into the comorbidity of MS and NSCLC and has identified PDE4A as a promising therapeutic target and immune-related biomarker for these patients.
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Protein glycosylation is a widespread posttranslational modification that can impact the function of proteins. Dysregulated protein glycosylation has been linked to several diseases, including chronic respiratory diseases (CRDs). CRDs pose a significant public health threat globally, affecting the airways and other lung structures. Emerging researches suggest that glycosylation plays a significant role in regulating inflammation associated with CRDs. This review offers an overview of the abnormal glycoenzyme activity and corresponding glycosylation changes involved in various CRDs, including chronic obstructive pulmonary disease, asthma, cystic fibrosis, idiopathic pulmonary fibrosis, pulmonary arterial hypertension, non-cystic fibrosis bronchiectasis, and lung cancer. Additionally, this review summarizes recent advances in glycomics and glycoproteomics-based protein glycosylation analysis of CRDs. The potential of glycoenzymes and glycoproteins for clinical use in the diagnosis and treatment of CRDs is also discussed.
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1 Introduction

Protein glycosylation is a crucial posttranslational modification that affects more than 50% of known proteins. Glycosyltransferases (GTs) and glycoside hydrolases (GHs) are the two main types of glycoenzymes. The Carbohydrate-Active enZYmes Database (CAZy) (http://www.cazy.org) records 116 families of GTs (GT1-GT116) and 173 families of GHs (GH1-GH173), including 235 putative human GTs and 87 putative human GHs. GTs transfer sugar molecules from nucleotide sugar or lipid-linked sugar donors to hydroxyl groups of acceptors to form specific glycan structures and glycosidic linkages (1–3). For instance, sialyltransferases (STs), fucosyltransferases (FUTs), galactosyltransferases (GalTs) and MGAT3 (4, 5) are responsible for the formation of glycans that involve sialic acid (sialylation), fucose (fucosylation), galactose (galactosylation), and bisecting GlcNAc (6, 7), respectively. GHs constitute a superfamily of enzymes that hydrolyze glycosidic linkages during oligosaccharide maturation (3, 8), exhibiting broad and stringent substrate specificities (9). Common GHs include β-glucosidase, glucosidase II, N-acetyl-β-d-glucosaminidase, α-glucosidase, β-galactosidase, β-glucuronidase, α-mannosidase, β-mannosidase, α-fucosidase, and sialidase. O-linked β-N-acetylglucosamine glycosylation (O-GlcNAcylation), a distinctive form of protein glycosylation, involves the dynamic addition of N-acetylglucosamine from UDP-GlcNAc onto specific serine or threonine residues. O-GlcNAcylation cycling is mediated by O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) (10, 11).

Chronic respiratory diseases (CRDs), affecting the airways and other structures of the lungs, are a major threat to global public health. Common CRDs include chronic obstructive pulmonary disease (COPD), asthma, cystic fibrosis (CF), idiopathic pulmonary fibrosis (IPF), pulmonary arterial hypertension (PAH), non-CF bronchiectasis and lung cancer  (12, 13). COPD obstructs the airways, making breathing difficult, while asthma is a chronic inflammatory condition caused by environmental and genetic factors, leading to airways narrowing and excess mucus production during attacks  (14). CF is a multisystemic autosomal recessive disease caused by a mutation in the CF transmembrane conductance regulator (CFTR) gene, severely damaging the respiratory and digestive systems  (15). Interstitial lung diseases (ILDs), such as IPF  (16), are a heterogeneous family of lung disorders characterized by alveolar injury, inflammation, and fibrosis, while PAH is a rapidly progressive disease characterized by elevated pulmonary artery pressure. Non-CF bronchiectasis is a progressive lung disease resulting in permanently dilated airways. Lung cancers can develop from chronic irritation and inflammation  (17). Persistent inflammation is a common feature of most CRDs, involving epithelial and immune cells and cytokines in the respiratory tract  (18). Proinflammatory cytokines can regulate the glycosylation of cell surface-associated glycoproteins present in immune and epithelial cells  (4). Therefore, inflammation-induced glycosylation changes may play a crucial role in the development of CRDs.

Glycoproteins play essential roles in a variety of physiological functions, such as protein folding, cell-cell interaction, cell adhesion, and ligand binding  (19). Abnormal protein glycosylation has been observed in the pathological process of CRDs. In this review, we will focus on the role of glycosylation in CRDs by examining the involvement of glycoenzymes and aberrant glycosylation in the pathogenesis of different CRDs from three perspectives: (1) the altered expression of GTs and GHs, along with associated aberrant fucosylation, sialylation, and O-GlcNAcylation in CRDs; (2) advancements in glycomics and glycoproteomics that facilitate the exploration of CRDs; and (3) the potential clinical applications of glycoproteins and glycoenzymes as biomarkers and targets in CRDs.




2 Aberrant glycosylation in CRDs

Several experiments have shown that abnormal protein glycosylation is present in almost all CRDs, including COPD (20), asthma (21, 22), CF (23, 24), PAH (25), IPF  (26), and lung cancer (27–29). For example, in COPD, an N-glycomics study found an abnormal N-glycosylation pattern in plasma proteins, with a decrease in low branching forms and increase in more complex forms (20). Aberrant fucosylation and sialylation of mucins were observed in asthmatic patients (30, 31). CF airway epithelial cells were characterized by increased fucosylation and decreased sialylation (23). In PAH, augmented expression and activity of OGT, the enzyme for O-GlcNAcylation, were observed, suggesting the role of abnormal O-GlcNAcylation in PAH development (32). Abnormal protein glycosylation is also observed in almost all cancers (33, 34), including lung cancer  (27, 28). In IPF, the core fucosylation of TGF-β1, mediated by α-1,6-fucosyltransferase (FUT8), plays a crucial role in the transformation of pericytes into myofibroblasts (35). Changes in the protein glycosylation profile in body fluids, especially serum and sputum, may serve as biomarkers for early diagnosis of CRDs. For example, increased fucosylation levels of serum surfactant protein D (SP-D) were identified as a potential biomarker of COPD (36). Multiple integrated N-glycoproteomics analyses have been performed to screen new effective biomarkers for the early diagnosis of lung cancer and for monitoring lung cancer progression (37–40). Fucosylated alpha-1-acid glycoprotein (AGP), ceruloplasmin (CP), and paraoxonase 1 (PON1) in the serum may be potential biomarkers for lung cancer (41).

Protein glycosylation changes are prevalent in CRDs, making them a promising candidate for early diagnosis and therapeutic targets. Changes in protein glycosylation are often caused by aberrant expression and mutation of glycoenzymes, which affect glycosylation activity. Therefore, the analysis of glycoproteins and their related glycoenzymes has become a widely used approach for screening potential biomarkers and disease-associated regulators in various diseases, including CRDs.




3 Glycoenzyme-based protein glycosylation changes in CRDs

CRDs are associated with persistent inflammation in the respiratory tract, where glycoproteins are believed to play a critical role in regulating inflammation-related functions such as cell adhesion, immunogenicity, and cell-to-cell and cell-to-substrate interactions. Proinflammatory cytokines, such as interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha (TNF-α), are important regulators of inflammation and can influence the expression of GTs, particularly STs and FUTs  (42–45). This, in turn, affects downstream protein glycosylation changes, which contribute to the development of CRDs and other chronic inflammation diseases  (46).

Various GTs are involved in the biosynthesis of different glycosylation types, and changes in GT expression can alter protein glycosylation patterns. Growing evidence suggests that alteration of GT expression is present in many pathophysiological conditions (19, 47). Dysregulation of GT expression has been observed in multiple cancers (19, 48), such as pancreatic cancer (49), colorectal cancer (50), and breast cancer (51), and it is associated with tumorigenesis, metastasis, and chemoresistance (50). Moreover, a higher frequency of GT variants has been detected in cancers with higher global mutation burdens, as revealed by an integrative pan-cancer analysis (52). Additionally, several GHs are overexpressed in various types of cancer (53), and they play a crucial role in prodrug therapy by activating prodrugs that target cancer and diabetes (53–55). Therefore, GTs and GHs are important factors in physiological and pathological conditions, and their dysregulated expression can lead to various diseases. Abnormal GTs and GHs could serve as potential biomarkers and therapeutic targets.

In CRDs, abnormal fucosylation, sialylation, and O-GlcNAcylation can be attributed to changes in the expression of glycoenzymes, which are responsible for the enzymatic reactions involved in protein glycosylation. The dysregulation of these glycoenzymes is a major factor for underling the aberrant glycosylation patterns observed in these diseases. Table 1 and Figure 1 provide a summary of the glycoenzyme-mediated glycosylation changes and associated dysfunction in CRDs. Specifically, we will review the impact of the variations in the expression of FUTs, STs, OGTs and GHs on protein glycosylation in these diseases.


Table 1 | Altered glycoenzymes and the corresponding changes in CRDs.






Figure 1 | Overview of the glycoenzyme-related protein glycosylation and the functional changes in CRDs. COPD, chronic obstructive pulmonary disease; CF, cystic fibrosis; IPF, idiopathic pulmonary fibrosis; PAH, pulmonary arterial hypertension; EMT, epithelial–mesenchymal transition; ST, sialyltransferase; FUT, fucosyltransferase; O-GlcNAcylation, O-linked β-N-acetylglucosamine glycosylation; OGT, O-GlcNAc transferase; ST6GAL, beta-galactoside alpha-2,6-sialyltransferase; ST3GAL, beta-galactoside alpha-2,3-sialyltransferase; NEU, neuraminidase; TGF, transforming growth factor; EGFR, epidermal growth factor receptor; JNK, c-Jun N-terminal protein kinase; IL, interleukin; STST3, signal transducer and activator of transcription 3; SAM68, SRC-associated in mitosis, 68 kDa; HCF-1, host cell factor-1; NO, nitric oxide; SP1, specificity protein 1; DC, dendritic cells; HA, hyaluronic acid; SAP, serum amyloid P; IGF1/PI3K/AKT, insulin-like growth factor 1/phosphotylinosital 3 kinase/protein kinase B; AEC, alveolar epithelial cell; SPARC, secreted protein acidic and rich in cysteine; EGF, epidermal growth factor.





3.1 Aberrant FUT-mediated fucosylation in CRDs

Fucosylation is a process mediated by 11 N-linked and 2 O-linked fucosylation enzymes, collectively known as FUTs, which include FUT1-11 and protein O-fucosyltransferase 1 and 2 (POFUT1 and POFUT2). This process can be categorized as core fucosylation (α-1,6-fucosylation) or terminal fucosylation (α-1,2-fucosylation and α-1,3/4-fucosylation), depending on the location of fucose in N-glycan. FUT1 and FUT2 are responsible for α-1,2-linkage, while FUT3-7 and FUT9-11 catalyze α-1,3- and α-1,4-fucosylation, and FUT8 participates in core fucosylation. POFUT1 and POFUT2 transfer fucose from GDP-β-L-fucose to serine or threonine residues (41). It is increasingly evident that abnormal fucosylation occurs in cancer and inflammation (91, 92). Aberrant fucosylation of proteins can contribute to tumor proliferation, invasion, metastasis, and immune evasion (93, 94).



3.1.1 COPD

COPD, which encompasses emphysema and chronic bronchitis, is a progressive disease often linked to smoking and a heightened risk for lung cancer, particularly squamous cell carcinoma (95). Studies on COPD animal models and patients have shown that reduced levels of FUT8 and the corresponding reduction in core fucosylation may contribute to the pathogenesis of the disease. Fut8 knockout (Fut8-/-) mice exhibited emphysema-like changes in the lung, and Fut8 knockdown (Fut8+/-) mice exposed to cigarette smoke were found to be more susceptible to developing emphysema than wild-type mice (96). Knockout of FUT8 also resulted in alveolar destruction and loss of the core-fucosylated secreted protein acidic and rich in cysteine (SPARC), which impairs collagen binding (56). Decreased FUT8 activity has been correlated with poor lung function and exacerbation of COPD in patients (36, 96). FUT8 Thr267Lys mutation is also a risk factor for emphysema (97).

Studies have shown that treating airway smooth muscle cells in a lipopolysaccharide-induced COPD rat model with extracellular matrix components upregulates expression of cytokine factors like TGF-β1 and IL-6, but downregulates matrix metalloproteinase 9 (MMP-9) (98). In contrast, Fut8-/- mice overexpressed MMPs like MMP-12 and MMP-13 and showed a dysfunctional TGF-β1 due to lack of core fucosylation, leading to downregulation of the extracellular matrix (99). As TGF-β1 plays a significant role in lung remodeling (100), the abnormal expression of FUT8 and decline in core fucosylation may affect the cell-to-matrix communication via SPARC in COPD (56). Thus, FUT8 is a potential target for developing COPD therapies as it plays an important role in the COPD development and progression through its effects on the core fucosylation of various proteins, including TGF-β1 and SPARC.




3.1.2 Asthma

Asthma is characterized by the hypersecretion of mucus that is primarily composed of glycoproteins. Studies in mice have shown that knockout of the FUT2 gene can reduce eosinophilic inflammation and airway hyperresponsiveness caused by house dust mites, a common trigger for asthma (22). Dysregulation of FUT2 and epithelial fucosylation have been associated with various chronic inflammatory diseases (92). The main component of mucus, MUC5AC, is typically fucosylated, and FUT2 exacerbates asthma through α-1,2-fucosylation of MUC5AC (59). FUT2 genotypes are also linked to asthma risk (101). FUT2 has three secretor genotypes: nonsecretors (homozygous for the loss-of-function of FUT2), heterozygous secretors, and homozygous secretors. Homozygous secretors of FUT2 may have more severe asthma exacerbations and poor lung function (72). Thus, FUT2 and α-1,2-fucosylation may play a crucial role in asthma. Glycosylated immunoglobulin (Ig) affects various allergic diseases, highlighting the importance of Ig glycosylation patterns in mediating allergies, including asthma. Moreover, the glycosylation of IgE, rather than IgG and IgA, has a dominant role in allergy (102).




3.1.3 CF

CF is caused by defective CFTR, affecting chloride channels in mucus and sweat-producing cells. Phenotype analysis of the N-glycosylation of sputum proteins revealed that α-2,6-sialylation and α-1,6-core fucosylation are common structural features present in patients with CF (63). Abnormal glycosylation of mucins, especially MUC5B and MUC5AC, is reported in CF and other pulmonary conditions (61). However, aberrant O-glycosylation and N-glycosylation of mucins may result from bacterial infection and inflammation rather than CF pathogenesis, as both N-sialylation and N-fucosylation of mucins increase (63). In the small intestine of CF mouse models, increased levels of insoluble and soluble fucosylated mucins are observed (103), which may be due to upregulated FUT2 expression. The glycosylation patterns of CF airway epithelial cells alter with increases in α-1,3/4-fucosylation and decreases in α-1,2-fucosylation and sialylation (62). In CF, a different fucosylation phenotype was reported in mucus and airway epithelial cells, with increased α-1,2-fucosylation in mucus (103) and increased α-1,3/4-fucosylation in airway epithelial cells (23), indicating that different FUTs participate in the fucosylation of mucus and airway epithelial cells in asthma.




3.1.4 IPF

The exact etiology of IPF is still unknown, and the five-year survival rate is approximately 45% (104). Progress in improving overall survival in IPF has been limited since 2010 (104). Integrin α-3 (ITA3) mutation A349S has been discovered in ILD, leading to a gain-of-glycosylation (105). This mutation causes lung disorders by disturbing the biosynthesis of ITA3, a highly expressed integrin in lung epithelium that plays a key role in IPF and the epithelial-mesenchymal transition (EMT). The glycosylation of vacuolar H+-adenosine triphosphatase (V-ATPase) may promote collagen degradation and contribute to the progression of IPF (26). FUT8 upregulation is observed in a bleomycin-induced pulmonary fibrosis rat model, while glycyrrhizic acid can alleviate IPF by inhibiting FUT8-mediated core fucosylation of TGF-βR and WNT (67). Patients with IPF show upregulated expression of FUT8 and core fucosylation, which regulate the insulin-like growth factor 1(IGF1) signaling pathway in IPF (66). The upregulated expression of IGF1 is associated with the pathogenesis of IPF (106), and inhibition of core fucosylation alleviates IGF1-induced IPF (106). Therefore, FUT8 and core fucosylation may play a crucial role in the development and deterioration of IPF by regulating multiple signaling pathways, including those for IGF1, TGF-βR, and WNT. Interestingly, lower IPF expression is associated with increased levels of circulating FUT3 and FUT5 (65). Further research is needed to investigate the role of other FUTs in IPF besides FUT8.




3.1.5 Lung cancer

Lung cancer is the leading cause of cancer-related mortality worldwide (107). It can be categorized into non-small cell lung cancer (NSCLC) or small cell lung cancer (SCLC), with NSCLC accounting for approximately 85% of cases and SCLC accounting for 15% (108). Lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) are the most common subtypes of NSCLC. A variety of changes in glycosylation have been observed in lung cancer, such as aberrant glycosylation of mucins and increased sialylation of proteins (29), which are potential biomarkers for tumor development and progression (28).

Abnormal protein fucosylation has also been found in lung cancer (41, 109), with FUT8 and POFUT1 proteins being upregulated in blood and tumor tissue of patients with lung cancer (110). These proteins have shown potential as biomarkers for early detection of lung cancer. In addition, the activity of α-1,3-FUTs increases in NSCLC tumor tissues, with upregulated mRNA expressions of FUT3, FUT6, and FUT7 and downregulated mRNA expression of FUT4 (111). Gene expression analysis has revealed that the mRNA expression of FUT2, FUT3, FUT6, and FUT8 are increased in NSCLC, whereas that of FUT1 is decreased (112). FUT1 expression has been correlated with treatment outcomes in LUAD patients receiving epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI) (73). FUT2 is overexpressed in LUAD and may facilitate autophagy and suppress apoptosis via the p53 and JNK pathways (74), as well as induce EMT through TGF-β/Smad signaling in LUAD (75). FUT4 expression shows a negative correlation with the overall survival in operable LUAD (113, 114), and may induce lung colonization and distant metastases of lung cancer cells (114). Autophagic tumor-associated macrophages have been found to promote TGF-β1 secretion and EMT in LUAD through the FUT4/p-ezrin pathway (76). Downregulated expression of FUT4 inhibits EGFR activation and MAPK and NF-κB signal pathways, resulting in reduced migration, invasion and EMT (77). FUT4 may also be related to multidrug resistance in lung cancer (115) and may participate in chemoresistance to cisplatin by suppressing FOXO1-induced apoptosis in lung cancer (116). Additionally, FUT4 expression is positively correlated with PD-1 expression, and may be involved in PD-1-mediated-immunosuppression (113). FUT4 and FUT7 may also participate in lung-to-brain metastasis of NSCLC cells (117). Reduced levels of FUT7 CpG DNA methylation have been found in lung cancer, especially in LUSC (118), and FUT7 promotes lung cancer proliferation by activation of the EGFR/AKT/mTOR signal pathway (119). FUT8, whose expression is upregulated in most cancers, regulates the core fucosylation of PD-1 (120, 121), PD-L2 (122), TGF-β (123), TNFR (124), EGFR (78, 125, 126), B7H3 (127), α3β1 integrin (128), and E-cadherin (129) as well as that of mucins (130). Upregulated expression of FUT8 in cancer-associated fibroblasts promotes the construction of an invasive tumor microenvironment in NSCLC through the core fucosylation of EGFR (78). FUT8-mediated core fucosylation of E-cadherin may also be involved in the EMT in lung cancer cells (131). Abnormal FUT8-mediated core fucosylation plays an important role in tumor proliferation, invasion and metastasis, and FUT8 may be a potential biomarker and therapeutic target in lung cancer and many other cancers.




3.1.6 Other CRDs

Studies have reported an increase in glycosylation, particularly in O-GlcNAcylation, in the pulmonary vasculature of idiopathic PAH patients (46, 132). Additionally, there is evidence of a correlation between decreased O-GlcNAc levels and impaired angiogenesis and vascularization in idiopathic PAH (33). The glycosylation of IgG is also elevated in PAH patients (33), suggesting a potential role for glycosylation, especially O-GlcNAcylation, in the pathobiology of PAH.

Non-CF bronchiectasis, a progressive lung disease characterized by permanently dilated airways, may be driven by a complex cycle of infection and bronchial inflammation (133–135). Therefore, breaking this cycle is a promising therapeutic strategy (136). Research has shown that FUT2 polymorphism is closely associated with the prognosis of non-CF bronchiectasis (72). Patients with non-CF bronchiectasis with homozygous secretors of FUT2 had a poorer prognosis compared with those of nonsecretors and heterozygous secretors and exhibited lower lung function, more exacerbation, and a higher frequency of Pseudomonas aeruginosa-dominated infection (72). Therefore, FUT2 and α-1,2-fucosylation may serve as potential therapeutic targets for non-CF bronchiectasis.





3.2 Aberrant ST-mediated sialylation in CRDs

Cell surface glycoproteins and glycolipids are commonly capped with sialic acids, which are covalently attached through sialylation by four known families of human STs: ST6GAL (ST6GAL1 and 2), ST6GALNAc (ST6GALNAc1-6), ST3GAL (ST3GAL1-6), and ST8SIA (ST8SIA1-6) (109, 132, 137, 138). ST6GAL1 and ST6GAL2 transfer sialic acid to a β-D-galactopyranosyl (Gal) residue (α-2,6-linked sialylation), while ST6GALNAc1-6 transfer sialic acid to a β-D-N-acetylgalactosaminyl (GalNAc) residue (α-2,6-linked sialylation). ST8SIA1-6, one the other hand, creates a linear α-2,8-polysialic acid on various glycoproteins. Different STs show tissue specificity, suggesting distinct sialylation traits in various tissues. Aberrant sialylation, commonly observed in cancer and nervous system diseases (139–141), is also found in the body fluids and tissue of patients with CRDs, especially with lung cancer (109, 142). To gain insight into the role of sialylation in CRDs, we reviewed the abnormal expression of STs and sialylation in CRDs below.



3.2.1 COPD

Research has shown that the sialylation of IgG and other glycoproteins increases in the blood of patients with COPD (143). The glycosylation changes in IgG could potentially serve as a promising biomarker to distinguish between COPD and lung cancer. Furthermore, the level of circulatory ST6GAL1 negatively correlates with the severity of acute airway inflammation, and the administration of recombinant ST6GAL1 to a murine model mimicking acute exacerbations of COPD can alleviate the inflammation symptoms (58). In patients with COPD, low levels of ST6GAL1 and α-2-6 sialylation are associated with poor prognosis, and this may relate to the regulatory effect of IL-6 expression/secretion by ST6GAL1 (57). Therefore, as a potential therapeutic approach, the administration of recombinant ST6GAL1could prevent the exacerbation of COPD.




3.2.2 Asthma

Asthma is categorized as either type 2 (T2) or non-T2 based on the presence of T helper type 2 cells (Th2) and type 2 cytokines (144). The levels of ST6GAL1 and sialylated MUC4β have been shown to be increased in airway specimens from patients with T2 asthma (30), which may cause epithelial dysfunction. In contrast, the level of ST3GAL3-catalyzed sialylation of MUC5B is downregulated in most patients with asthma, and a reduced MUC5B level may be related to the severity of the disease (59). The sialylation pattern of mucins in asthma appears to play an important role in asthma pathogenesis. The sialylation of memory T helper and regulatory T cells alters in asthmatic children and is associated with asthma progression (145). Mice with a hepatocyte-specific knockout of ST6GAL1 (H-cKO) exhibit significantly increased morbidity due to T cell-dependent HDM-induced asthma. ST3GAL3 knockout (St3gal3−/−) and knockdown (St3gal3+/−) mice suffer more severe allergic eosinophilic airway inflammation. Therefore, sialylation could serve as a biomarker for the diagnosis and prognosis of asthma. The galactosylation and sialylation at Asn 297 of IgG decreased in the serum of adult allergic offspring from allergic mothers (21), and this reduction of IgG sialylation is associated with proinflammation (146). In summary, protein sialylation is altered in the airways, mucus, T cells, and sera of patients with asthma, and the related STs and sialylated proteins could potentially serve as biomarkers or therapeutic targets.




3.2.3 CF

CF is a hereditary disorder cause by mutations of CFTR, mainly prevalent in white population from Europe, North America, and Australia (147). Approximately 90% of patients with CF have a phenylalanine deletion at codon 508 (ΔF508), which was associated with decreased α-2,3 sialylation on cell membranes (64). Knockout of CFTR (CFTR−/−) in piglets result in an increase in sialylated mucins in the airways (148). The aberrant sialylation of proteins, especially mucins, is associated with CF. Reduced sulfation and fucosylation and increased sialylation of MUC5B and MUC5AC are also reported in the sputum of patients with CF (61, 63). Bacterial infection can affect mucin O-glycosylation, and protein N-glycosylation in sputum, and the N-sialylation and N-fucosylation of sputum proteins were increased in these patients (63). The proinflammatory cytokine TNF induces the expression of ST3GAL4 in lung epithelial cells (149, 150), and the inflammatory cytokines IL-6 and IL-8 upregulate the expressions of ST6GAL2 and ST3GAL6 in CF epithelial cells (151), indicating that STs may play a crucial role in inflammation conditions, including CF.




3.2.4 Lung cancer

Aberrant sialylation is a common feature in various cancers, including colorectal cancer (152), ovarian cancer (153), prostate cancer (153), and lung cancer (142). Sialylation is known to be involved in the regulation of tumor metastasis, cell survival, immune evasion, and multidrug resistance (140). A study on lung tumor N-glycoproteomics showed that 108 out of 303 quantified sialylated N-glycopeptides were differentially expressed, and differential Ig α-2,6-sialylation was also observed in lung tumor tissues (142). Moreover, hypersialylation and hyperfucosylation of saliva glycoproteins may be a hallmark of lung cancer in patients (109). The expressions of ST3GAL1, ST6GALNAc3, and ST8SIA6 are significantly reduced in lung cancer tissues and cells, whereas that of ST6GAL1 is significantly upregulated (80). ST6GAL1 may be involved in cell invasion and tumorigenesis of NSCLC via Notch1/Hes1/MMP signaling (80). ST3GAL4 may regulate the proliferation, invasion, and migration of NSCLC cells through α-2,3 sialylation of HSP60 (82). ST3GAL6 expression is downregulated in LUAD, which results in poor prognosis (79). Trp53R172H mutation increases the expression of ST6GALNAc1, which may promote tumor metastasis through sialylation of MUC5AC in LUAD (81). Thus, various aberrant ST expression profiles contribute to the abnormal sialylation patterns in lung cancer, which may partially contribute to its development and metastasis.





3.3 Aberrant OGT and OGA-mediated O-glycosylation in CRDs

According to the Human Protein Atlas database (https://www.proteinatlas.org/), the expression of OGT is most prominent in the respiratory system compared to other organs, while OGA expression is average. The OGT/OGA pairs may actively work in the regulation of the respiratory system. O-GlcNAcylation participates in various fundamental cellular processes, including transcription, epigenetics, cell signaling dynamics, protein translation, stability, and turnover  (10, 154). Dysfunction in O-GlcNAcylation is involved in several diseases, including neurodegenerative diseases  (155, 156), diabetes  (157, 158), and cancers  (159, 160). Therefore, targeting O-GlcNAcylation could be critical in developing new treatments for these diseases  (161), especially cancers  (162).



3.3.1 PAH

Glycosylation, especially O-GlcNAcylation, increases in the pulmonary vasculature of patients with idiopathic PAH (IPAH) (32, 163), while decreased O-GlcNAc levels correlate with impaired angiogenesis and vascularization in IPAH (25), suggesting that O-GlcNAcylation may contribute to the pathobiology of PAH. OGT is overexpressed in the pulmonary vasculature of patients with IPAH, and its levels are negatively associated with the severity and prognosis of IPAH (32). In IPAH, the OGT/OGA pairs regulates cell proliferation by mediating the activation of host cell factor-1 (HCF-1) in IPAH (32) and can regulate the expression of vascular endothelial growth factor (VEGF) by O-GlcNAcylation of specificity protein 1 (SP1) (164). Nitric oxide (NO) deficiency is also implicated in the development PAH (165), as endothelial NO (eNOS) activity, which produces NO, is reduced by O-GlcNAcylation at residue 615 in PAH (71). Thus, targeting OGT may be a promising for the diagnosis and treatment of PAH.




3.3.2 Lung cancer

In lung cancer, O-GlcNAcylation and expression of OGT are increased, potentially promoting tumorigenesis and cancer progression (166). O-GlcNAcylation can accelerate the KrasG12D-induced lung tumorigenesis (167). The nuclear RNA-binding protein, SAM68, has 11 identified O-GlcNAcylation sites (87). High levels of OGT and SAM68 result in poor prognosis of LUAD, and O-GlcNAcylated SAM68 may participate in modulating lung cancer aggressiveness (87). Overexpression of IL-8 can enhance protein O-GlcNAcylation, which may play an important role in the generation and maintenance of cancer stem cells in lung cancer (168). Elevated O-GlcNAcylation of p53/c-Myc induces cisplatin resistance, which could be an important mechanism of drug resistance (88). Upregulation of OGT is observed in SCLC and is associated with clinical outcomes of SCLC (89). OGT and O-GlcNAcylation may play a key role in the IL-6/STAT3 signaling-induced migration and invasion of lung cancer (169). altogether, OGT is typically overexpressed in lung cancer, resulting in hyper-O-GlcNAcylation of tumorigenesis and metastatic-related proteins. OGT has potential as a biomarker and drug target for lung cancer.





3.4 Aberrant GHs in CRDs

In addition to GTs, dysregulated expression of GHs can also contribute to the aberrant glycosylation in various diseases, especially in cancer (37, 38). GHs have been used in prodrug activation for cancer and diabetes treatment (38, 39). Interestingly, a higher incidence of congenital disorders of GHs has been observed due to the prevalence mutations in several GH genes in comparison to that in GT genes (40). GHs not only serve as critical enzymes in glycosylation but also play an essential role in prodrug design. The human sialidase family, also referred to as neuraminidases (NEUs), includes NEU1, NEU2, NEU3, and NEU4 (170). Among them, NEU1 is the predominant sialidase expressed in human airway epithelia and lung microvascular endothelia, which can inhibit endothelial cell migration (171, 172). Additionally, NEU1 has been implicated in various airway epithelia- and microvascular endothelia-related inflammatory reactions and diseases. NEU3 is also expressed in human airway epithelia and lung microvascular endothelia (171, 173).



3.4.1 IPF

NEU1 and NEU3 are the predominant sialidases in the lung microvascular endothelia (171). Increased expression of NEU1 is observed in the lungs of patients with IPF, and NEU1 may participate in the IPF pathogenesis by provoking lymphocytic infiltration and promoting accumulation of glycoprotein TGF-β1, type I and III collagen (68, 174). In mice, administration of NEU3 has been shown to induce lung fibrosis, with a gender-specific effect (175). NEU3 can stimulate extracellular accumulation of profibrotic cytokines IL-6 and IL-1β, and conversely, IL-6 can induce the expression of NEU3 in human peripheral blood mononuclear cells (70). Sialylation of serum amyloid P (SAP) is critical for its biological activity. It can inhibit the differentiation of monocytes into fibrocytes and promote high extracellular levels of IL-10. However, in patients with IPF, the sialidase NEU3 is highly expressed, leading to SAP desialylation in the sera (69). This desialylation may contribute to the dysregulated immune response and fibrotic remodeling observed in IPF. Maintaining SAP sialylation status could be a potential therapeutic strategy for modulating the pathogenesis of IPF. Therefore, inhibiting NEU1 and NEU3 could be a new therapeutic strategy for IPF.




3.4.2 Lung cancer

The abnormal expression of certain GHs has been observed in lung cancer. For instance, β-glucuronidase is preferentially concentrated within areas of necrosis in lung tumor tissues (176). Glucosidase IIβ subunits are overexpressed in lung tumor tissues and promote cell growth and migration through receptor tyrosine kinase (RTK) signaling and the p53 pathway (177, 178). Inhibition of these subunits can induce autophagy and apoptosis in lung cancer cells (90). The expression of NEU1 is increased in NSCLC tumors with p53R273H mutation and is associated with poor prognosis (84). NEU1 is also correlated with the severity of drug resistance in DLKP, a lung cancer cell line (83). NEU3 may regulate the ERK pathway via EGFR and serve as a prognosis biomarker for EGFR-targeted therapies in NSCLC (85). Furthermore, FUCA2, a fucosidase, is upregulated in most tumors and predicts poor overall survival in pan-cancer, including LUAD (86). These observations suggest that several GHs may serve as potential biomarkers or drug targets for lung cancer.




3.4.3 Other CRDs

There is a known correlation between diabetes mellitus (DM) and COPD, and studies have shown that patients with DM taking α-glucosidase inhibitor drugs have a higher morbidity of COPD (179, 180). In pediatric allergic asthma, the downregulation of NEU1 has been observed in the airway epithelial cells (181). In asthmatic mouse models, the interaction between hyaluronan and CD44 is crucial for the accumulation of antigen-specific Th2 cells (60, 182). NEU1 may also contribute to Th2 cell-mediated airway inflammation by influencing the glycosylation of CD44 (60, 182). Additional, abnormal activity levels of alpha-fucosidase, alpha-galactosidase, beta-galactosidase, alpha-glucosidase, beta-glucosidase, beta-glucuronidase, beta-hexosaminidase, and alpha-mannosidase have been were detected in the sera of patients with CF (183).





3.5 Summary

Bacterial infection and cigarette smoking are two major risk factors for CRDs. Smoke disrupts the heavily O-glycosylated MUC1 barrier that protects the airway, and N-acetyl-galactosaminyl transferase-6 (GALNT6), an enzyme that mediates the initial step of O-glycosylation, may be involved in the smoking-induced aberrant MUC1 glycosylation (184). Frequent respiratory infection is a symptom of many CRDs, such as COPD, CF, and non-CF bronchiectasis. Infection may change the glycosylation of lung epithelium cells, such as upregulation sialylation during Mycobacterium tuberculosis infection (185). Abnormal MUC1 glycosylation may be the major cause of persistent infection. Moreover, gender biases characterize most chronic inflammation diseases of airway (186, 187), including COPD (188, 189), asthma (190), CF (191), non-CF bronchiectasis  (192),and lung cancer (188). Women usually suffer more severe symptoms and have a poorer prognosis for CRDs than men (187). One reason for this may be estrogen regulation of protein glycosylation by affecting the expressions of glycoenzymes. Estradiol can increase FUT4, FUT5, and FUT6 expressions as well as the total amount of fucosylation (193). Estrogen can affect the expressions of ST3GAL1 (194), ST6GAL1 (195), and ST6GAL3 (196), indicating a regulation of sialylation by estrogen. Therefore, estrogen may be a mediator in the progression of CRD.

In conclusion, alterations in protein glycosylation mediated by GTs play a crucial role in the pathogenesis of different CRDs. Various cytokines, such as TNF-α and IL-6, may participate in the regulation of GT expression leading to proinflammatory responses. Additionally, downstream regulatory molecules like TGF-β1 and mucins, which are glycoproteins, contribute significantly to the development of CRDs. The expression profile of GTs in CRDs is also affected by factors such as infection, smoking, and gender. Our review of glycoenzyme-mediated glycosylation changes in CRDs highlights the potential for identifying biomarkers and drug targets of various CRDs.





4 Glycomics and glycoproteomics-based protein glycosylation changes discovered in CRDs

Traditional methods in molecular biology for screening target markers (28, 143, 145) and investigating physiological and pathological phenomena (36, 96, 97) often rely on studying the function and mechanism of one or a few proteins in tightly controlled experimental systems. However, such methods have limitations when it comes to analyzing large-scale samples and comprehensively capturing the complexity of biological systems. By contrast, omics strategies can provide a more inclusive molecular perspective of biological systems by analyzing diverse biological and clinical samples, which can lead to the identification of more effective biomarkers and a more comprehensive understanding of the underlying physiological and pathological mechanisms.

In recent years, glycomics and glycoproteomics strategies have been increasingly employed to study the protein glycosylation under various physiological and pathological conditions (197–199). Glycoproteomic analysis characterizes glycopeptides and provides information on glycoforms and their occupation sites (200), while glycomics profiles glycans, enabling the characterization of glycan structures and isomers (200, 201). These complementary strategies offer a comprehensive understanding of total glycosylation patterns. Lectin array and high-performance liquid chromatography (HPLC) with optical detection, commonly used for glycosylation analysis in respiratory-related diseases, have limited capabilities for glycan structure characterization (200–202). Mass spectrometry (MS)-based glycomics and glycoproteomics strategies have proven to be powerful for global glycosylation analysis in complex and large-scale biological samples (203–205) (206, 207). This section reviews recent developments in glycomics and glycoproteomics for the analysis of protein glycosylation in CRDs.



4.1 The MS-based glycomics analysis in CRDs

In recent years, there has been a growing interest in protein glycosylation and the use of MS technology for glycomics analysis in CRDs. A typical MS-based glycome experimental procedure involves sample pretreatment, glycan release, glycan purification and separation, glycan derivatization, MS analysis, and data interpretation. Efficient release of glycans from glycoproteins is a critical initial step in glycome analysis, which can be achieved by enzymes (e.g., peptide N-glycosidase F, peptide N-glycosidase A, endo-β-acetylglucosaminidase F, and O-glycosidases) or chemical methods (e.g., hydrazinolysis, β-elimination, and oxidation strategies) (201). MS-based characterization of released glycans can be performed in their native state or after chemical derivatization. Glycan derivatization can be achieved through derivation of the reducing end, hydroxyl group, and carboxyl group (201). For example, phenylhydrazine labeling (a reducing end derivation method) has been used for structural studies of fucosylated N-glycans by MALDI-MS in positive ion mode (208), and for efficient detection and discrimination of SA linkages when following alkyl esterification (209). MS-based systems commonly used for glycomic characterization include MALDI, electrospray ionization (ESI), capillary electrophoresis (CE), gas chromatography (GC) and liquid chromatography (LC) coupled to MS (143).

In the field of respiratory-related diseases, such as lung cancer, COPD, CF, and asthma, glycomics has gained increasing attention in recent years. Researchers have identified potential biomarkers for the diagnosis and differentiation of these diseases by studying fucosylated, sialylated, and galactosylated glycans with different structures. Borges’ research group (206, 207) found that α-2-6 sialylation, β-1-4 branching, β-1-6 branching, terminal, core and outer arm fucosylation markers were most effective in discriminating between lung cancer cases and controls, with the diagnostic performance being dependent on the cancer stage. Ma et al. (210) reported an increase in the abundance of fucosylated N-glycans from 40.9% to 48.3% in LUSC. Lattová et al. (211) reported a decrease in the amount of double-terminal core fucosylated glycans of the sialylation complex in LUAD. McQuiston et al. (212) found a significantly increased IgG1 N-glycan profile in lung transplant recipients with COPD and primary graft dysfunction. Glycomic analysis of mucins in CF revealed a significantly high abundance of sialylated glycans, and the total abundance of nonsulfated O-glycans correlated with the relative abundance of pathogens (213), whereas another study reported that submucosal gland mucins contained shorter and less branched glycans (214). The glycomics strategies utilized in the CRDs cases are concisely outline in Figure 2 (blue part).




Figure 2 | Summary of MS-based glycomics and glycoproteomics strategies used for glycosylation analysis in CRDs. The subscript number indicates the corresponding reference. PNGase F, peptide-N-glycosidase F; SPE, solid phase extraction; MS, mass spectrometry; GC-MS, gas chromatography-mass spectrometry; MALDI-TOF-MS, matrix-assisted laser desorption/ionization-time of flight mass spectrometry; MALDI FT-ICR MS, matrix-assisted laser desorption/ionization fourier transform-ion cyclotron resonance mass spectrometry; LC-ESI-MS, liquid chromatography-electronic spray ionization-mass spectrometry.



Glycomics enables the analysis of glycan phenotypes and provides information on the levels of different glycan subtype and associated glycoenzymens. In particular, glycan subtyping analysis can reveal the activity and expression of glycoenzymes, making it a valuable strategy for studying glycoenzyme-mediated functions. Studies on the human lung N-glycome have shown that biantennary complex-type N-glycans dominate (215), but dysregulation of the glycosylation-regulating mechanisms in CRDs can lead to changes in glycan structures, such as increased fucosylation (including terminal, core, and outer arm fucosylation), sialylation, and branching. The core fucosylation depends on FUT8 activity, while outer arm fucosylation relies on FUT3, FUT5, FUT6, and FUT11. ST6GalI glycosyltransferase is responsible for α-2-6 sialylation, and β-1-4 and β-1-6 branching of N-glycans are regulated by GnT-IVa and GnT-V enzymes, respectively (206, 207). However, because glycans can vary greatly in their length, branching, and connectivity, software for interpreting MS data from polysaccharides often requires manual intervention. The lack of generic annotation software has hindered the extensive investigation of the glycome in large scale sample sets from diverse disease, including the field of CRDs.




4.2 The MS-based glycoproteomics analysis in CRDs

Glycoproteomics is a valuable strategy for identifying potential biomarkers and understanding physiological and pathological changes. Unlike glycomics, a typical experimental procedure of glycoproteomics involves protein digestion, glycopeptide enrichment, MS analysis and MS data interpretation by software tools (142, 216, 217). Glycopeptide enrichment is critical for efficient glycopeptide identification, and different enrichment methods have been developed, such as lectin enrichment, hydrophilic interaction chromatography, boronic chemistry, hydrazide chemistry, reductive amination chemistry, oxime click chemistry, and ultracentrifugation (218). Although MS-based site-specific glycosylation analysis methods have developed rapidly in recent years, only a few glycoproteomics studies on the intact glycopeptide level have been conducted in the context of CRDs, mainly on lung cancer and pulmonary fibroblasts. For instance, Waniwan et al. (216) developed a lectin-magnetic nanoprobe for glycopeptide enrichment and site-specific glycosylation analysis and identified over 2,000 glycopeptides in NSCLC cell lines. Yang et al. (142) conducted an N-glycoproteomic study using selective alkylamidation and multiple tandem mass tag (TMT)-tagged sialic acid linkages to specifically quantify glycoproteins in lung cancer tissues. Yang et al. (219) found that the expressions of 11 glycoproteins were upregulated in both LUAD and LUSC, while two glycoproteins (ELANE and IGFBP3) and six glycoproteins (ACAN, LAMC2, THBS1, LTBP1, PSAP, and COL1A2) were increased in either LUSC or LUAD. The most comprehensive study on lung fibroblasts was published by Takakura et al. in 2015 (218). They used glycoproteomics method to analyze the membrane fraction of human fetal lung fibroblasts and identified more than 272 glycoforms on 63 sites of 44 glycoproteins. Figure 2 (red part) summarizes the glycoproteoimcs strategies applied in the CRDs cases.

Although glycoproteomics is a valuable strategy for studying the physiology and pathology of diseases and discovering biomarkers, it has been rarely used in the field of CRDs, and there has been no large-scale clinical sample data output yet. Actually, in the field of glycoproteomics, several relatively mature software portfolios have been established for identification and quantification, such as pGlyco3 (220, 221) and pGlycoQuant (220, 221). These tools are state-of-the-art for site-specific glycome analysis, providing fast and precise identification and quantification of intact glycopeptides. Moreover, high-throughput glycopeptide enrichment technologies for large-scale samples are also available, such as the one developed by Jiang et al. (222), which allows for high-specificity and high-throughput glycopeptide parallel enrichment in a 96-well plate. With the emergence of more effective methods and accurate identification and quantitative tools in the field of glycoproteomics, it is expected that research on glycosylation in CRDs will reach new levels.





5 Clinical potential in therapeutic applications

Protein glycosylation remodeling is a common feature of several pathological conditions, resulting from the dysregulated expression of glycoenzymes. Evaluating the expressions of glycoenzymes and protein glycosylation patterns could be a promising approach to creating diagnostic and prognostic biomarkers. Furthermore, targeting the dysregulated glycoenzymes and their associated changes could serve as a potential therapeutic strategy.



5.1 Potential diagnostic biomarkers

Protein glycosylation patterns vary across different CRDs due to the diverse profile of glycoenzymes (223, 224). Saliva and serum proteins with abnormal glycosylation have been identified as potential biomarkers for the diagnosis and prognosis of various CRDs (109, 225). Sputum proteins in progressive CRDs, such as COPD and CF, have also been observed to have aberrant glycosylation (63). Table 2 provides an overview of potential glycoprotein and glycoenzyme biomarkers.


Table 2 | Potential clinical applications of glycoenzymes and glycoprotein as biomarkers in CRDs.



For COPD, serum fucosylation levels of SP-D may serve as a diagnostic biomarker (36), while serum levels of ST6GAL1 may predict acute exacerbation of the disease (57). Glycosylated BPIFB1 in sputum may also act as a prognostic biomarker for COPD in smokers (226). In maternal asthma during pregnancy, the IgG glycosylation patterns may predict offspring asthma susceptibility (21). In IPF, circulating FUT3 levels are negatively associated with the risk of the disease and may serve as a biomarker. NEU3 may be involved in the IPF pathogenesis and a drug target, and serum NEU3 and sialylated SAP may act as biomarkers for IPF diagnosis and prognosis (69). FUT2 genotype in patients with non-CF bronchiectasis may also predict the disease outcomes (72). In lung cancer, various FUTs and STs expressed in tumor tissues have been identified as potential diagnostic and prognostic biomarkers (Tables 1, 2) (111, 112). Additionally, NEU3 is a promising biomarker for evaluating EGFR-targeted therapies in patients with NSCLC (85), and the expression level of GTs in lung cancer tumors may act as a biomarker for the diagnosis, prognosis, and treatment assessment (Table 2).

Glycoproteomics and glycomics are highly valuable strategies for the comprehensive analysis of glycoproteins and glycans in body fluids. By comparing the glycosylation profile of healthy and diseased individuals, researchers can identify specific changes in glycosylation patterns that are associated with particular diseases. This can be used to develop biomarkers for disease diagnosis, drug selection, and prognosis prediction, and to subtype patients and evaluate disease severity based on glycosylation patterns as illustrated in Figure 3. These techniques are also useful for monitoring the effects of therapy.




Figure 3 | The clinical potential of protein glycosylation for the development of biomarkers and therapeutic strategies in CRDs. GH, glycoside hydrolase.






5.2 Therapeutic strategies

Aberrant protein glycosylation may serve as both a cause and a consequence of CRDs. These changes in glycosylation can influence the functions of the glycoproteins. Potential therapeutic strategies for CRDs include targeting glycoenzymes to correct the protein glycosylation status, blocking abnormal selectin-mediated cell-cell interactions, and clearing dysfunctional glycans as depicted in Figure 3.

One promising approach for treat diseases involves using specific glycoenzyme inhibitors. Aberrant expression of GTs and the related changes in glycosylation are reviewed in the second section of this review. Increased expression of FUTs and STs is characteristic of most patients with NSCLC, and patient-specific overexpressed FUTs and STs are promising targets for developing new therapies. Munkley J. reviewed the inhibitors of STs, including ST3GAL1, ST3GAL3, ST6GAL1, ST6GalNAc2, and ST8SIA3 (140). Increased expressions of ST3GAL4 (82), ST6GAL1 (80), and ST6GalNAc1 (81) were identified in most patients with NSCLC, and inhibiting these enzymes may suppress NSCLC cell metastasis. Further research is required to map the expression of all STs in various lung cancers, and the use of different ST inhibitors in combination therapy may be a new promising cancer therapy.

Overexpression of most FUTs, including FUT2-8, has been observed in lung cancers, especially NSCLC (78, 112, 114, 117, 228). In vitro studies have demonstrated that inhibiting or genetically depleting FUT2 (228) and FUT4 (114) can be effective therapies for these cancers. FUT8, a key regulator of the p53 signaling cascade, is a promising therapeutic target for cancer and inflammatory diseases, including Alzheimer’s disease (AD) (229). FUT8 and core fucosylation inhibition are prospective therapeutic strategies for cancer and inflammation. In addition to inhibitors, glycomimetics may also offer alternative therapeutic strategies. Keratan sulfate disaccharide L4 and derivatives show promise as potential drugs for treating emphysema and COPD (230).

Selectins, which are transmembrane glycoproteins found on endothelial cells (E-selectin), leukocytes (L-selectin) and platelets (P-selectin), play a critical role in mediating leucocyte-endothelial adhesion during inflammatory and immune reactions associated with tumorigenesis and metastasis (231). Blocking selectin-ligand interaction interactions is being investigated as an anti-metastasis therapy. P-selectin (232) and E-selectin (111) may be involved in NSCLC cell metastasis, and disrupting the selectin-ligand interactions could potentially serve as a complementary therapy to traditional anticancer therapy (140). Furthermore, selectin antagonists are explored as potential drug candidates for other respiratory inflammatory conditions, such as CF, asthma and COPD (23, 233, 234). Targeting selectins has the potential to be a promising immunomodulation intervention and combination therapy.

GHs can selectively hydrolyze glycosidic bonds and eliminate dysfunctional glycans. Glycosylated prodrugs, which have been widely used to reduce the side-effects of anticancer drugs, can be activated through targeted deglycosylation mediated by certain GHs. One such enzyme, β-glucuronidase, has been utilized to cleave the glycans of prodrugs to activate them (53, 235). Various GHs, including glucosidase II (90, 236), FUCA2 (86), NEU1 (83), and NEU3 (85), are overexpressed in lung cancer and have the potential to be utilized in the development of lung cancer-specific prodrugs.





6 Conclusion and future perspective

CRDs encompass a range of inflammatory conditions affecting the respiratory tract. During inflammation reactions, various molecules involved in inflammation, such as p53 and selectins, undergo dysglycosylation. Targeting these glycoproteins represents a promising approach to anti-inflammatory and immunomodulation therapies. Moreover, the regulation of glycoenzymes and protein glycosylation by proinflammatory cytokines suggests a complex signaling pathway underlying the development and progression of CRDs.

Aberrant protein glycosylation plays a significant role in the pathogenesis of CRDs. Changes in the expressions of glycoenzymes in airway epithelial cells and mucus are responsible for variations in glycosylation patterns. Therefore, proteins with altered glycosylation patterns and various glycoenzymes present in the epithelial cells are potential targets for new monotherapies and combination therapies for CRDs. Abnormal protein glycosylation and glycoenzymes in body fluids, especially in sputum and serum, may serve as potential biomarkers for the diagnosis, prognosis, and treatment assessment of CRDs.

Glycoproteomics and glycomics are essential strategies for unveiling the protein glyco-codes, including glycosites, glycan structures, and glycosylation levels. This review focuses the glycoenzyme-protein glycosylation-CRD axis, highlighting two main aberrant terminal glycosylation modifications, fucosylation and sialylation, and their respective enzymes, FUTs and STs, in CRDs. The clinical potential of these glycoenzymes and glycosylated proteins has already been demonstrated in the diagnosis and treatment of CRDs.

The involvement of glycoenzyme-mediated glycosylation changes in CRD development and exacerbation suggests that targeting glycoenzymes and glycoproteins using chemical and biomacromolecular drugs may be a promising approach for CRD therapy. It is common to observe glycosylation changes such as increased fucosylation and sialylation. One potential avenue for treating different CRDs is inhibiting specific FUTs and STs. Furthermore, the study of GHs under different conditions can provide new insights into designing prodrugs that can minimize their side-effects. Despite some efforts to investigate glycoproteomic and glycomic changes in CRD research, there is still a considerable amount of work that needs to be done in the field of CRD development and diagnosis. A comprehensive understanding of the pathophysiological protein glycosylation in humans is urgently required. Therefore, a systematic mapping of such glycosylation patterns is essential to further advance our knowledge in this area.
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Objective

Inflammation is recognized as a contributor in the development of pulmonary arterial hypertension (PAH), and the recruitment and functional capacity of immune cells are well-orchestrated by chemokines and their receptors. This study is aimed at identification of critical chemokines in the progression of PAH via transcriptomic analysis.





Methods

Differentially expressed genes (DEGs) from lungs of PAH patients were achieved compared to controls based on Gene Expression Omnibus (GEO) database. Gene set enrichment analysis (GSEA) was applied for functional annotation and pathway enrichement. The abundance of immune cells was estimated by the xCell algorithm. Weighted correlation network analysis (WGCNA) was used to construct a gene expression network, based on which a diagnostic model was generated to determine its accuracy to distinguish PAH from control subjects. Target genes were then validated in lung of hypoxia-induce pulmonary hypertension (PH) mouse model.





Results

ACKR4 (atypical chemokine receptor 4) was downregulated in PAH lung tissues in multiple datasets. PAH relevant biological functions and pathways were enriched in patients with low-ACKR4 level according to GSEA enrichment analysis. Immuno-infiltration analysis revealed a negative correlation of activated dendritic cells, Th1 and macrophage infiltration with ACKR4 expression. Three gene modules were associated with PAH via WGCNA analysis, and a model for PAH diagnosis was generated using CXCL12, COL18A1 and TSHZ2, all of which correlated with ACKR4. The ACKR4 expression was also downregulated in lung tissues of our experimental PH mice compared to that of controls.





Conclusions

The reduction of ACKR4 in lung tissues of human PAH based on transcriptomic data is consistent with the alteration observed in our rodent PH. The correlation with immune cell infiltration and functional annotation indicated that ACKR4 might serve as a protective immune checkpoint for PAH.
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Introduction

Pulmonary arterial hypertension (PAH), characterized with pulmonary vessel proliferation and extracellular matrix remodeling (1–4), is still an incurable disease with various etiology and pathogenesis (1, 5). In contrast to previous studies directly focusing on the vascular cells and extracellular matrix, growing attention has been shifted to inflammation and other related issues in recent years. Inflammation, including macrophages recruited early in PAH and activities of various cytokines or chemokines, is being deemed as a major contributor to the pathogenesis of PAH (3). Several researchers have indicated that a wide variety of chemokine systems comprising the CCL2-CCR2, CX3CL1-CX3CR1 and CCL5-CCR5 axis involved in macrophage recruitment and pulmonary vascular remodeling (6–8). Even several chemokines, for example, CCL2 and CXCL10, have emerged as potential biomarkers of PAH due to the elevating trend in disease setting and their correlation with disease severity in different forms of PAH (9, 10).

As mentioned above, most of chemokines with increasing circulating levels are deemed as an accelerator because of participation in inflammation amplification during PAH progression (3). However, several chemokines and those receptors may play a protective role in elimination of inflammation. For example, atypical chemokine receptor 4 (ACKR4), familiar with name of CCR11 or PPR1, was originally isolated from bovine papillary tissue in gustatory receptors study (11). However, with further research, several studies have presented a phenomenon of higher ACKR4 expression in lung than in tongue (12). ACKR4, as a chemokine scavenger receptor, mediates the rapid internalization and degradation of chemokines, which is involved in the regulation of CCR7-dependent dendritic cell migration and elimination of homeostatic chemokines to limit Th17 cell-mediated overreaction, especially in tumor environment (13). Nevertheless, it is worth mentioning that the biological effect of ACKR4 in PAH progression is largely unknown.

In this study, we retrieve the gene profiling of lung samples from pulmonary hypertension (PH) patients and corresponding controls from gene expression omnibus (GEO). It was found that the gene expression of ACKR4 was lower in PAH patients than controls. A significantly lower expression of ACKR4 was displayed in PH mice and we speculated that the downregulation of ACKR4 may facilitate the progression of PAH, which might be an effective target for PAH prevention, surveillance and therapy.





Materials and methods




Acquisition of transcriptomic data

The transcriptomic data of human pulmonary hypertension (PH) lung samples were obtained from GEO database. In GSE113439, a total of 26 lung samples were obtained, including 15 PH samples (6 idiopathic PAH samples, 4 PAH secondary to connective tissue disease samples, 4 PAH secondary to congenital heart disease samples and 1 chronic thromboembolic pulmonary hypertension sample) and 11 controls (14). In GSE53408, a total of 23 lung samples were obtained to perform the following analyst, composing of 12 PAH and 11 controls (15). In GSE117261, a total of 83 lung samples were extracted to perform analysis process, including 58 PAH and 25 controls (16). Gene profiling of lung samples from 62 PH patients and 22 controls was contained in GSE24988. All gene expression microarray data were downloaded from GEO database in a form of gene expression matrix, which was standardized and quality controlled.





Identification of differentially expressed genes

We used the limma R package to perform the differential gene analysis as previously described (17, 18). Chemokine related genes were listed in Table S1. The following selection criteria were used to screen out differentially expressed genes (DEGs): ∣log FC∣> 0.25 between two groups and adjusted P value < 0.05. The t test method was used to calculate P value of genes, and the adjusted P value was calculated by Benjamini and Hochberg’s method. The results of differential gene analysis were visualized by volcano plot and heatmap conducted by ggplot2 R package (19).





Enrichment analysis

Gene ontology (GO), including three modules of biological processes, molecular functions and cellular components, can be used to annotate and analyze the uploaded gene list, so as to explore the functions involved in genes (20). The clusterProfiler R package were used to perform analysis, and the results of analysis were visualized by ggplot2 R package (21). The false discovery rate (FDR) of results < 0.05 was considered to be statistically significant.

Gene Set Enrichment Analysis (GSEA) is a method for enrichment and analysis of gene sets with different biological states or phenotypes, which can be used to obtain functional differences or pathway differences between gene sets of different biological states or phenotypes (22). The GO database was used to explore functional differences, and Kyoto Encyclopedia of Genes and Genomes (KEGG) or Reactome database was used to explore pathway differences (23). The clusterProfiler R package was used to perform GSEA, and nom P value < 0.05 was statistically significant.





Immune infiltration analysis

Immune infiltration analysis is to weigh the immune related genes in the gene expression matrix to get the activity status of related immune cells and pathways, which can be used to demonstrate relation of interested genes and immune status. The xCell R package was used to perform analysis, and P value < 0.05 was considered statistically significant (24, 25).





Weighted correlation network analysis

Co-expression networks have facilitated the development of network-based gene screening methods that can be used to identify candidate biomarkers and therapeutic targets. In this study, we constructed a gene expression data map of GSE117261 based on the WGCNA R package (26). WGCNA was used to identify genes which were related with clinical phenotype. In order to build the scale-free network, we used the function pickSoftThreshold to select soft powers β=5. An adjacency matrix was created and then transformed into a topological overlap matrix (TOM) as well as the corresponding dissimilarity (1-TOM). A hierarchical clustering tree diagram of the 1-TOM matrix was constructed to classify similar gene expressions into different gene co-expression modules. To further identify functional modules in the co-expression network, module-trait associations between modules and clinical feature information were calculated based on previous studies. As a result, modules with high correlation coefficients were considered as candidates for correlation with clinical features and were selected for subsequent analysis.





Establishment of hypoxia-induced PH mouse model

22 ± 2 g C57BL/6 male mice were purchased from the Beijing Vital River Laboratory Animal Technology Co., Ltd. The experiment was carried out in accordance with the Guideline for Care and Use of Laboratory Animals published by the US National Institutes of Health and the Guidelines for the ethical review of laboratory animal welfare People’s Republic of China National Standard GB/T 35892-2018 (27) and approved by the Animal Ethics Committee of Shanghai Children’s Medical Center, Shanghai Jiao Tong University School of Medicine. Animals were housed at a constant temperature (21 °C) and humidity (35%) under a 12-h light/dark cycle for one-week acclimatization. The animals were then randomized into two groups. Briefly, the mice were either placed into the hypoxia chamber (Tow-int Tech, Shanghai, China) at 8.5% oxygen level or fed in ambient air with a 12-h light/dark cycle for 30 days. Sodium lime (S103651, Aladdin, Shanghai, China) was applied to absorb excess carbon dioxide to maintain a low carbon dioxide concentration of hypoxia chamber (CO2 ≤ 0.5%).





Right heart catheterization

Right heart catheterization was used to evaluate the hemodynamics. Briefly, animals were subjected to isoflurane anesthesia (1.5%) by endotracheal intubation with ventilator throughout the procedure. After median thoracotomy, a fluid-filled catheter (Millar, SPR-671NR) was inserted into the right ventricle and connected to a force transducer to measure right ventricular systolic pressure.





Magnetic resonance imaging

Cardiac MRI was performed using nuclear magnetic resonance (Bruker biospec 94/30 USR). Animals were anesthetized with 1.5% isoflurane for MRI procedure. Small animal ECG electrodes (SA Instruments) were attached to the limbs and a respiration-detection cushion was placed under the abdomen for the monitoring of ECG and respiration signals. The image acquisition was triggered by the R wave of ECG and respiration signal. After three-dimensional plane localization, two-chamber views, four-chamber views and short-axis views were captured. The MRI images were analyzed by U-Viewer software (Shanghai United Imaging Healthcare Co.,Ltd). The thickness of left and right ventricular wall were measured at the level of papillary muscle at the end of ventricular diastole phase. The analysis and calculation of MRI data was performed by two independent investigators.





Echocardiography

The capture and measurement of echocardiography were performed using the animal’s ultrasonic machine (Vevo3100, Fujifilm). Animals were given 1.5% isoflurane and left ventricular ejection fraction was measured by M-mode at papillary muscle level under left ventricular long axis view. The level of tricuspid annular plane systolic excursion (TAPSE) was measured by M-mode under four chamber view. The measurement of echocardiography data was performed by two independent investigators.





Hematoxylin-eosin and immunofluorescent staining

Lung tissues were fixed in 4% paraformaldehyde, paraffin-embedded and then sliced at 2 μm. For H&E staining, the paraffin-free sections were placed in an aqueous solution of hematoxylin for several minutes followed by acid and ammonia water respectively, then the sections were washed by running water and soaked with distilled water. After dehydration in 75% and 95% alcohol for 2 min each, the sections were placed into the alcohol eosin staining solution for 2-3 min. For immunofluorescent staining, the sections were dewaxed, hydrated and antigen-retrieved, and blocked with 5% donkey serum for 1 h and incubated with primary antibodies overnight at 4°C (mouse anti-ACKR4 antibody, 1:200, no. PA5106552, ThermoFisher Scientific.; mouse anti-α-smooth muscle actin, 1:300, no. 14-9760-82, eBioscience; rabbit anti-CD31, 1:300, no. ab182981, abcam). Sections were stained with fluorochrome-conjugated secondary antibodies for 60 min the next day. Images were captured under automatic fluorochrome microscope (Leica, Germany).





Western blot

Tissue protein was extracted by RIPA buffer contained with protease inhibitors (Roche). Samples were resolved by SDS-PAGE and transferred onto nitrocellulose membranes by the iBlot 2 dry blotting system (Thermo Fisher Scientific). Transferred membranes were blocked in 5% non-fat dry milk in TBST (100 mmol/L Tris, pH 7.5, 0.9% NaCl, 0.1% Tween-20) for 1 h prior to incubation with primary antibodies against ACKR4 (mouse anti-ACKR4 antibody, 1:500, no. PA5106552, ThermoFisher Scientific) or against β-tubulin (rabbit anti-beta tubulin, 1:1000, no. ab179513, abcam) overnight at 4°C. Membranes were washed three times with TBST and incubated for 1 h with horseradish peroxidase-labeled secondary antibody at room temperature. After flushing, enhanced chemiluminescent substrate (no. WBKLS0500, Millipore) was used to develop the membranes. Image J was used to analyze the band intensities.





Real time polymerase chain reaction

Total tissue RNA was extracted by RNA extraction kit (R701-01, Vazyme) following the manual instruction of manufacture. Reverse transcription was performed using a Primescript RT reagent kit (no. RR047Q, Takara) and RT-PCR was performed using life Technology ABI 7500 System based on SYBR-Green PCR kit (no. A25742, Thermo Fisher Scientific). The △△Ct method was used for the calculation of gene expression relative to housekeeping gene. The primer sequences for RT-PCR were listed in Table 1.


Table 1 | Primers for validation by RT-PCR in mouse lungs of hypoxia induced PH.







Statistical analysis

Bioinformatical analysis was conducted through R (version: 4.2.1) software. The least absolute shrinkage and selection operator (LASSO) method was used to select the optimal predictive features from PAH samples in GSE117261. This method is suitable for high-dimensional data reduction. Features with non-zero coefficients in the LASSO regression model were selected. Then we use the selected features to establish a linear regression model. The receiver operating characteristic (ROC) curve was used to evaluate the effectiveness of the model, and the effectiveness of the model was evaluated according to the area under the curve (AUC). All samples in GSE117261 were randomly divided into two groups, one group was used to establish the model, and the other group was used to verify the model. The samples in GSE113439 and GSE24988 were used for external verification. Statistical analysis of anatomical structure measurement, immunofluorescent staining and gene expression at mRNA or protein level were conducted with GraphPad Prism software (version 9.0.0). Differences between two groups were examined with the student t test. One-way ANOVA was used for 3-group comparisons. A value of P < 0.05 was considered statistically significant. All data were expressed as mean ± SEM.






Results




Identification of chemokine related DEGs in lung tissues from PAH patients

We selected chemokine related genes for differential gene analysis. A total of 19 chemokine related DEGs were screened from GSE113439 (Figure 1A). In GSE113439, gene expressions were examined in lung samples from 15 PAH composing of 6 idiopathic PAH, 4 PAH associated with connective tissue disease, 4 PAH associated with congenital heart disease and 1 chronic thromboembolic pulmonary hypertension. To rule out the effect caused by inflammation related connective tissue disease, we next selected the samples from 6 idiopathic PAH and 4 PAH associated with congenital heart disease to perform differential gene analysis. A total of 23 chemokine related DEGs were screened from GSE113439 subgroups (Figure 1B), and a total of 10 chemokine related DEGs were also screened from another PAH cohort in GSE53408 (Figure 1C). The intersection of the above three DEGs lists was obtained and examined in GSE117261. Finally, 3 DEGs were obtained, among which ACKR4 was downregulated, CX3CL1 and CCL5 were upregulated (Figure 1D). Considering that CCL5 and CX3CL1 were well studied in PAH and ACKR4 is the only gene downregulated in PAH lungs among the three genes, indicating the role of ACKR4 as a protective modulator and immune checkpoint, we therefore selected ACKR4 as the key gene for further analysis. A total of 1657 DEGs were obtained from GSE117261, which included 772 downregulated and 885 upregulated genes (Figure 2A). GSEA analysis showed that the lung tissue of PAH and the normal groups had completely different biological processes and pathways (Figures S1A-B), with PAH lung samples enriched in extracellular matrix structural constituent and innate immune system. In addition, we divided PAH samples in GSE117261 into low ACKR4 group and high ACKR4 group by median ACKR4 expression. A total of 334 DEGs were obtained, with 152 downregulated and 182 upregulated in low ACKR4 group (Figure 2B). Top 25 upregulated and downregulated genes in PAH patients were displayed in Figure 2C.




Figure 1 | Chemokine related gene expression in pulmonary hypertension (PH) associated GEO datasets. (A) The heatmap of 19 chemokine related differentially expressed genes (DEGs) in lung tissues from dataset GSE113439 consisting of 11 controls and 15 PH patients. (B) The heatmap of 23 chemokine related DEGs in lung tissues from dataset GSE113439 consisting of 11 controls and 10 patients with pulmonary arterial hypertension (PAH). (C) The heatmap of 8 chemokine related DEGs in lung tissues from dataset GSE53408 consisting of 10 controls and 11 PAH patients. The red square in heatmap represents the upregulation of gene expression, and the blue square in heatmap represents the downregulation of gene expression. (D) The boxplot represents the gene expression of overlapped chemokine related genes in lung tissues from dataset GSE117261 consisting of 25 controls and 58 PAH. Data represent mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001 compared to controls, as analyzed by unpaired t test or Mann-Whitney test as appropriate.






Figure 2 | The DEG analysis in lung tissues from PAH patients in dataset GSE117261. (A) DEGs in lung tissues from PAH patients compared to those of controls in dataset GSE117261 were visualized in volcano plot. The red dots represent the upregulation of gene expression and green dots represent the downregulation of gene expression. (B) DEGs in lung tissues from PAH patients with low ACKR4 expression compared to those PAH patients with high ACKR4 in dataset GSE117261 (n=29/group; PAH patients were divided into high ACKR4 group and low ACKR4 group according to the median ACKR4 expression). The yellow dots represent the upregulation of gene expression and blue dots represent the downregulation of gene expression. (C) Top 25 upregulated and downregulated DEGs in lung tissues between PAH patients and controls in dataset GSE117261.







Enrichment in low ACKR4 group and the correlation of immune infiltration with ACKR4

According to GSEA analysis (Figure 3), most genes in PAH samples with low ACKR4 were enriched in the following biological process: leukocyte migration, MAPK cascade, negative regulation of apoptotic, negative regulation of cAMP-mediated signaling, positive regulation of fibroblast proliferation and regulation of lymphocyte activation. Pathways including HIF-1 signaling pathway, JAK-STAT signaling pathway, MAPK signaling pathway, PI3K-Akt signaling pathway and TNF signaling pathway were also unraveled to be enriched in low ACKR4 PAH group. Since immune cell infiltration and endothelial cell apoptosis are hallmarks in PAH pathogenesis, we then applied xCell analysis to test the correlation between ACKR4 level and the abundance of multiple immune cells and endothelial cells. It was demonstrated that infiltration of activated dendritic cells, Th1 and macrophage (both M1 and M2) were negatively correlated with ACKR4 expression level, whereas the abundance of endothelial cells was positively correlated (Figure 4). Both functional or pathway enrichment and the correlation with immune cell infiltration analysis suggest a potential protective role of ACKR4 in the setting of PAH.




Figure 3 | The functional and pathway enrichment in lungs from PAH patients with low ACKR4. (A) The Gene Ontology analysis displaying biological processes enriched in low ACKR4 group versus high ACKR4 group in dataset GSE117261. (B) The KEGG analysis displaying biological pathways enriched in low ACKR4 group versus high ACKR4 group in dataset GSE117261.






Figure 4 | Correlation of immune infiltration with ACKR4. (A–D) Infiltration of activated dendritic cells (aDC), Th1 and macrophage (both M1 and M2) in lung tissues were correlated with ACKR4 expression. Data source was PAH samples from GSE117261. (E–H) Infiltration of aDC, Th1 and macrophage (both M1 and M2) in lung tissues were correlated with ACKR4 expression, and data source was PAH and control samples from GSE117261.







Modules identified to be related to PAH via WGCNA analysis

To find disease related genes in PAH patients, we constructed a gene co-expression network using the WGCNA package. All genes were divided into different modules and each module was assigned a different color (Figure 5A). The correlation between each module and two clinical features was assessed and visualized via heatmap of module-trait relationships (Figure 5B), indicating that the brown, yellow and blue module in GSE117261 had high correlations with PAH [brown module (r = 0.57, P < 0.001), yellow module (r = 0.5, P < 0.001) and blue module (r = 0.46, P < 0.001). The results of GO demonstrated that most genes in brown module were enriched in positive regulation of fibroblast proliferation, platelet-derived growth factor receptor signaling pathway, GABAergic neuron differentiation, cellular response to transforming growth factor beta stimulus, cellular response to hydrogen peroxide, negative regulation of macrophage differentiation, growth factor activity. The most genes in yellow module were enriched in immune related function, whereas the most genes in blue module were enriched in metabolic and inflammatory response related functions (Figure 5C).




Figure 5 | Modules related to PAH identified via WGCNA analysis. (A) The cluster dendrogram of GSE117261. Genes with the same expression characteristics will be divided into modules with the same color. (B) The module-trait relationships map of GSE117261. The blue module represents negative correlation with selected traits and red module represents positive correlation with selected traits. (C) The GO enrichments analysis of brown, yellow and blue modules. (D) The correlation of ACKR4, TSHZ2, CXCL12 and COL18A1.







Construction of diagnostic model and its validation

Based on genes in brown modules, 3 features including TSHZ2, CXCL12 and COL18A1 were given non-zero coefficients in the LASSO regression model. We constructed the model by following formula: Index = 0.491*COL18A1 + 0.200*TSHZ2 + 0.051*CXCL12 -3.321. We then used correlation analysis to finally determine the correlation of these three genes with ACKR4. It was demonstrated that all genes had negative correlations with ACKR4, among which COL18A1 was the most negatively correlated (Figure 5D). The model performed well in the training group and the validation groups. In the training group, the AUC reached 0.89 (Figure 6A), whereas AUC reached 0.95 in test group (Figure 6B). In validation cohorts, AUC reached 0.84 and 0.78 (GSE113439-Figure 6C, GSE24988-Figure 6D), respectively. This finding suggests that the diagnostic model could distinguish PAH from controls.




Figure 6 | The construction of PAH diagnostic model and its validation. (A) The receiver operating curve of training group in dataset GSE117261. (B) The ROC curve of test group in dataset GSE117261. (C) The ROC curve of validation cohort in dataset GSE113439. (D) The ROC curve of validation cohort in GSE24988.







Decreased ACKR4 expression in experimental PH model

We established hypoxia-induced PH mouse model (8.5% oxygen, 30 days), displaying a higher right ventricular systolic pressure (32.2 ± 1.4 mmHg vs. 22.0 ± 1.6 mmHg; P < 0.001) and a 1.68-fold increase of Fulton index compared to that in normoxia group (Figures 7A, B). In addition, the media wall of pulmonary arteries in PH mice was significantly increased relative to mice in ambient air (Figures 7C, E). Meanwhile, the percentages of muscularized pulmonary arteries were statistically higher in hypoxia-induced PH mice (Figures 7D, F). The wall thickness of right ventricles in PH group was significantly thickened compared with normoxia group based on the results of MRI (Figure 7H and Figures S2, S3) and pathology (Figures 7K, L). Furthermore, we performed echocardiography to evaluate the heart function. The ejection fraction of left ventricle was slightly decreased (Figure 7I and Figure S4) and the right ventricular function was impaired evidenced by a reduction of tricuspid annular plane systolic excursion in mice after hypoxia exposure compared with normoxia group (Figures 7G, J).




Figure 7 | Establishment of hypoxia induced PH mouse model. (A, B) Right ventricular systolic pressure (A) and Fulton index (B) were assessed in hypoxia (Hx) induced PH mice or mice under normoxia (Nor) at day 30 (n=5-8/group). (C) Representative images of H&E staining of lung tissues in hypoxia-induced PH mice or mice under normoxia at day 30. Black asterisk indicates lumen of pulmonary artery. Scale bar = 30 μm. (D) Representative image of immunofluorescent staining of pulmonary arterioles. Scale bar = 30 μm. SMA = alpha smooth muscle actin. (E, F) Quantification of media thickness of small pulmonary arterioles (E) and the ratio of muscularized vessels (F) in lung tissues from mice under hypoxic or normoxic condition at day 30 (n=4/group). (G) Representative M-mode view of tricuspid annulus root. (H) MRI scanning of heart from mice under hypoxic or normoxic condition at day 30. Inside the yellow dashed circle is the right ventricular free wall. Yellow asterisk indicates right ventricular chamber. Scale bar = 5 mm. (I, J) Histograms of LV ejection fraction and TAPSE in hypoxia-induced PH mice or mice under normoxia at day 30 (n=6/group). (K) Representative image of H&E staining of right ventricule from mice under hypoxic or normoxic condition at day 30 (n=4/group). RV indicates right ventricular chamber. Scale bar = 150 μm. (L) Quantification of right ventricular free wall thickness from mice after hypoxia exposure or in ambient air (n=4/group). Data represent mean ± SEM. *P < 0.05; ***P < 0.001 compared to mice under nomorxia, as analyzed by unpaired t test or Mann-Whitney test as appropriate.



Next, we examined the mRNA expression of the three genes determined by WGCNA analysis in lung tissues of PH mice. It turned out that Cxcl12 was significantly increased in lungs after hypoxia exposure (Figures 8A–C). Of note, Ackr4 mRNA expression decreased almost 2-fold in lung tissues of PH mice (Figure 8D). In consistent with previous finding, fewer Ackr4+ endothelial cells were documented in lung tissues of PH mice as well compared with normoxia mice (Figures 8E, F). Similarly, the protein level of Ackr4 expression in lungs of PH mice was about two thirds of that in normoxia mice (Figure 8G). Additionally, ACKR4 expression at RNA level in lung tissues had strong negative correlations with log2-transformed right ventricular systolic pressure, as well as interleukin 6 (IL-6) and tissue necrosis factor (TNF)-α levels in lung homogenates (P < 0.05, All correlation coefficient > 0.7) (Figures 8H–J). This would suggest that ACKR4 might modulate the severity and inflammation of PAH.




Figure 8 | Verification of target genes in experimental PH mice. (A–D) The mRNA expression level of Cxcl12 (A), Tshz2 (B), Col18a1 (C) and Ackr4 (D) relative to housekeeping gene (Gapdh) were examined in lung tissues from hypoxia-induced PH mice or those under normoxic condition (n=4/group). (E, F) Representative images (E) of immunofluorescent staining of Ackr4 and CD31 (endothelial cell marker) and quantification of the ratio of Ackr4-expressing endothelial cells to all endothelial cells (F) in lung tissues from hypoxia-induced PH mice or those under normoxic condition (n=4/group). Scale bar = 30 μm. (G) Representative immunoblotting bands of Ackr4 in lung tissues and its difference between mice after hypoxia and those under normoxia (n=4/group). Ackr4 expression at protein level was normalized to β-tubulin. Data represent mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001 compared to mice under nomorxia, as analyzed by unpaired t test or Mann-Whitney test as appropriate. (H–J) Correlation analysis of ACKR4 mRNA expression in lung tissues with log2- transformed right ventricular systolic pressure (Log2RVSP) (H), interleukin-6 (IL6) (I), and tissue necrosis factor (TNF)-α (J). ns, not significant.








Discussion

Inflammation plays a central role in the development of PAH, and the recruitment and function of immune cells are tightly orchestrated via various chemokines. However, the chemokine network in lungs from multiple PAH cohorts remains largely undefined, especially those responsible for the inflammation resolvement. In this study, we first determined that atypical chemokine receptor 4 encoded by ACKR4 was downregulated in PAH lung tissues in all selected datasets by differential gene analysis. Subsequently, PAH relevant biological functions and pathways were enriched in patients with low-ACKR4 level according to GSEA enrichment analysis. The negative correlation of multiple immune cell infiltration with ACKR4 expression was also revealed. We screened three gene modules associated with PAH using WGCNA analysis, and finally constructed a diagnostic model to distinguish PAH from control subjects. The expression level of ACKR4 was also downregulated in lung tissues of our experimental PH mice compared to that of controls. Of note, ACKR4 expression had strong correlations with log2-transformed right ventricular systolic pressure as well as the inflammatory cytokines (IL6 and TNF-α) in lung homogenates. Our findings provide evidence in support of the notion that ACKR4 might serve as a previously unrecognized protective immune checkpoint of the pathological vascular remodeling in PAH.

The protein encoded by ACKR4 is a member of the G protein-coupled receptor family and is a receptor for C-C type chemokines (28). This receptor has been shown to bind chemokines activated by dendritic cells and T cells, including CCL19/ELC, CCL21/SLC and CCL25/TECK. Interestingly, ACKR4 is an atypical chemokine receptor that controls chemokine levels by binding with high affinity to chemokines, which leads to reduced levels of chemokines and resolved inflammation (29–31). It plays an important role in the migration of immune and tumor cells. Some studies have linked ACKR4 to cancer and immune deficiency disease (11, 32). In this study, it is proposed for the first time that ACKR4 may be related to PAH and might be a new target for the treatment of the disease.

CXCL12 encodes a protein that is inducible to lymphocytes and monocytes and acts as a positive regulator of monocyte migration (33). CXCL12 is a ligand that binds to CXCR4 as well as ACKR3, thus allowing monocytes to migrate in a specific direction, causing a local inflammatory response (34, 35). In this study, it was confirmed that CXCL12 expression levels were significantly upregulated in lung tissues from PH mice, indicating a close relationship between CXCL12 and PAH. This is in line with previous studies pertaining to the detrimental role of CXCL12 in pulmonary vascular remodeling and the fact that neutralization of CXCL12 attenuates experimental PH (36, 37). Our previous study in combination of metabolomics and transcriptomics of human pulmonary artery smooth muscle cells also showed that CXCR4, one of recognized receptors for CXCL12, was identified as metabolism associated gene responded to proliferating stimuli and positively correlated with immune cell infiltration (18). The blockade of CXCL12-CXCR4 axis was shown to mitigate the progression of PAH in β-catenin dependent manner (38). In contrast, ACKR4 expression level was downregulated in PAH group, which may indicate that down-regulation of ACKR4 expression levels resulted in the limitation of control of chemokine levels. Dysregulated CCL21 and CCL19, ligands of ACKR4, were also revealed in human PAH and CCL21 appears to be a potential biomarker for predicting the risk of PAH in systemic sclerosis (39, 40). As CXCL12 is predominantly expressed by lung endothelial cells and induced in PAH (41, 42). The negative correlation of ACKR4 with CXCL12 might indicate that downregulation of ACKR4 in endothelial cells might affect angiogenesis, cell survival or other functions, thus exacerbating PAH development. However, how the reduction of ACKR4 leads to the elevation of CXCL12 remains unclear and vice versa, which warrants further investigation in future studies to decipher a more comprehensive chemokine-related atlas in the setting of PAH.

We eventually developed a model for the diagnosis of PAH that incorporated TSHZ2, CXCL12 and COL18A1 as predictors. The predictive ability of this model performed well in the training group as well as in validation cohort using another two datasets. This model can guide clinicians in the diagnosis of PAH. However, this model has shortcomings. Experimental validation of the three predictors in the model by RT-PCR revealed that only the expression level of CXCL12 was statistically significant in both groups. This may be related to the different environmental adaptations among species. Mice are more capable of environmental adaptation, and the experimental use of a hypoxic chamber to construct a PH model in mice may lead to insignificant differences in the expression levels of TSHZ2 and COL18A1.

Some limitations should also be noted in this study. First, it is difficult to obtain human PAH lungs for the verification of ACKR4 alteration. Second, we had no access to more detailed clinical characteristics such as hemodynamics in the datasets. Additionally, we were unable to discern the causality between ACKR4 and immune cell abundance due to the cross-sectional design of the datasets. However, we used multiple datasets of PAH lungs to examine chemokine related genes and the reduction of ACKR4 was consistent among all the involved datasets, which was also in line with the ACKR4 alteration in PH mouse model. The role of ACKR4 in the progression of PAH warrants further investigation.

In conclusion, our results suggest that ACKR4 might be instrumental in PAH, targeting ACKR4 may represent a promising strategy in the intervention of PAH.
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Pulmonary hypertension (PH) is a progressive, pulmonary vascular disease with high morbidity and mortality. Unfortunately, the pathogenesis of PH is complex and remains unclear. Existing studies have suggested that inflammatory factors are key factors in PH. Interleukin-6 (IL-6) is a multifunctional cytokine that plays a crucial role in the regulation of the immune system. Current studies reveal that IL-6 is elevated in the serum of patients with PH and it is negatively correlated with lung function in those patients. Since IL-6 is one of the most important mediators in the pathogenesis of inflammation in PH, signaling mechanisms targeting IL-6 may become therapeutic targets for this disease. In this review, we detailed the potential role of IL-6 in accelerating PH process and the specific mechanisms and signaling pathways. We also summarized the current drugs targeting these inflammatory pathways to treat PH. We hope that this study will provide a more theoretical basis for targeted treatment in patients with PH in the future.
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1 Introduction

Pulmonary hypertension (PH) is a serious progressive pulmonary vascular disease, the main pathological feature of which is pulmonary artery disease associated with increased intrapulmonary arterial pressure, luminal coarctation, and progressive increase in pulmonary vascular resistance (PVR) due to remodeling of small pulmonary vessels, and in severe cases, right heart failure (RHF) and death (1–3). Patients with PH mainly present with progressively deteriorating RHF, and early clinical symptoms such as dyspnea, chest pain, chest tightness, and shortness of breath lack specificity; however, with the progression of the disease, irreversible decline in cardiopulmonary function can be life-threatening.

The pathogenesis of PH is complex and is thought to be the result of a combination of genetics (gene mutations), epigenetics (DNA methylation, histone modification, microRNA [miRNA], etc.) and environmental factors (hypoxia, inflammation, drugs, oxidative stress, etc.), but it has not yet been understood (4, 5). The current research on the pathogenesis of PH mainly focuses on exploring the roles of the above factors in the physiological processes of pulmonary artery endothelial cell dysfunction (PAEC), pulmonary artery smooth muscle cell (PASMC) remodeling and proliferation (6). Some studies suggest that the inflammatory response and inflammatory pathways play important roles in the pathogenesis of PH (7). A large number of inflammatory cells (such as macrophages, lymphocytes, neutrophils, etc.) infiltrated around pulmonary artery blood vessels were observed in PH clinical patients and PH animal models (8). Studies have demonstrated that macrophages around pulmonary vessels can be activated by fibroblasts and subsequently enhance inflammatory pathways such as interleukin-6 (IL-6) signal transduction (9), thereby promoting blood PH vascular reconstruction, suggesting that the onset of PH may be related to a variety of inflammatory cells and inflammatory factors. Therefore, targeted immune inflammation therapy may become a new direction of PH treatment (7).

Perivascular inflammation is a prominent feature in the pathogenesis of PH, but the exact role of the inflammatory pathway remains controversial. How do the inflammatory cells impact the proliferation of endothelial cells, smooth muscle cells and fibroblasts? A large number of studies have confirmed the role of IL-6 in the pathogenesis of PH. The lung function in patients with PH is inversely correlated with elevated serum IL-6 concentrations (10). A similar observation was displayed in PH mouse model (11). The inflammatory mechanism involved in IL-6 may become a potential target for PH therapy. Therefore, the purpose of this review aims to summarize the role of IL-6 in PH pathogenesis and potential regimes.

IL-6 was first discovered in 1980 by Weissenbach (12). It consists of 184 amino acids forming a peptide chain, with a molecular weight between 21,000-30,000 due to differences in glycosylation modifications and phosphorylation of protein peptides (13). IL-6 is a small molecular glycoprotein encoded by chromosome 7p15-21, which consists of four α structures and usually exists in monomer form (14). At the beginning of its discovery, IL-6 was named hybridoma/plasmacytoma growth factor, B-cell differentiation factor, B-cell stimulation factor 2, cytotoxic T-cell differentiation factor and heterocyst stimulating factor.

IL-6 is the most widespread multipotent cytokine and can be secreted by T cells, B cells, monocyte-macrophages, dendritic cells, mast cells, fibroblasts, smooth muscle cells, endothelial cells, osteoblasts, glomerular mesangial cells and tumor cells in the human body (15) and play roles in immune regulation, inflammation, hyperplasia, metabolism, and regeneration (16). In healthy bodies, IL-6 levels at physiological concentrations help regulate inflammation; however, in the pathological state, the increase in plasma IL-6 concentration lead to pathological damage (10).



1.1 Evidence of IL-6 in patients with PH

The general purpose of the clinical classification of PH remains to categorize clinical conditions associated with PH, based on similar pathophysiological mechanisms, clinical presentation, haemodynamic characteristics, and therapeutic management, including Group 1 PAH, Group 2 PH associated with left heart diseases, Group 3 PH associated with lung diseases and/or hypoxia, Group 4 PH associated with pulmonary artery obstructions and Group 5 PH with unclear and/or multifactorial mechanisms (17).

The relationship between IL-6 and PH has been explored for more than 27 years. In 1995, Humbert et al. first studied the serum levels of proinflammatory factors in a patient with severe Group 3 PH secondary to chronic obstructive pulmonary disease (COPD) and normal healthy people, and found that the serum IL-6 concentration of patients was higher than that in the control group (20 ± 14 pg/mL vs. 6 ± 0 pg/mL, p < 0.01), suggesting that IL-6 may be an important inflammatory mediator of PH (9).

First, IL-6 can be used as a biomarker for the assessment of PH severity. IL-6 is associated with the severity and pathological progression of Group 3 PH in patients with COPD and is an independent risk factor for pathogenesis (18, 19). The serum levels of growth factors vascular endothelial growth factor (VEGF), platelet-derived growth factor-B (PDGF-B), and transforming growth factor-β1 (TGF-β1), as well as IL-6, were significantly higher in PH patients compared with controls and that elevated IL-6 concentrations were independently correlated with mortality in patients with PH, and that IL-6 may be a biomarker for PH prognosis (20). Simpson et al. demonstrated that elevated blood concentrations of IL-6 are associated with pulmonary vascular remodeling in patients with PH; IL-6 may be released by PASMCs, serum IL-6 is associated with specific clinical phenotypes and outcomes in patients with PH, and IL-6 may become a potential therapeutic target for early disease diagnostic markers and treatment of PAH, including connective tissue diseases associated PAH (CTD-PAH) (21). Another study showed that the serum of IL-6 was significantly elevated in patients with idiopathic and hereditary PAH (IPAH and HPAH), and that IL-6 as a prognosis predictor was better than traditional predictors such as six-minute walking distance and hemodynamics in Group 1 PAH patients (22). Interestingly, serum IL-6 levels have been found to be significantly associated with hemodynamic deterioration and clinical deterioration (death, transplantation, palliative surgery) but are associated with a reduced incidence of pediatric IPAH, possibly because the child’s immune system is not fully established (23).

When the severity of pulmonary vascular lesions in Group 1 PAH patients was comparable, IL-6 levels were independently negatively correlated with right ventricular (RV) dysfunction (24, 25). Elevated IL-6 levels can predict mortality and were associated with Group 1 PAH patient survival (20, 21, 26). Prins and colleagues found that serum IL-6 levels in patients with PH were independently correlated with RV function and RV- pulmonary artery (PA) coupling. Although pulmonary vascular disease is comparable in patients with Group 1 PAH, patients with higher serum IL-6 concentrations have more severe RV dysfunction and reduced RV-PA coupling (27).

Since increase of IL-6 was documented in the pathogenesis of Group 1 PAH patients, inhibition of IL-6 signal transduction may provide a new therapeutic approach for patients with PH. The IL-6R antagonist tocilizumab were able to block IL-6 immune inflammation regulation, thereby effectively reducing pulmonary artery pressure, which could reduce adverse outcomes and improve the quality of life in PH patients. This suggests that the inhibition of IL-6 mediated pathways may be a promising strategies for PH (28).

In addition, single nucleotide polymorphisms in the IL-6 promoter region can transcribe and regulate the expression of IL-6, and populations with special IL-6 gene polymorphism exhibit a higher risk of Group 1 PAH and a more severe phenotype. It was shown that IPAH risk was related to the (-572C/G) [rs1800796] polymorphism in the IL-6 promoter region but not to the -6331T/C [rs10499563] polymorphism (29). Similarly, Chaouat and colleagues observed that elevated serum IL-6 levels in patients with Group 3 PH were suggestive of an association with mean pulmonary artery pressure (mPAP), but not in COPD patients without PH. The IL-6 GG genotype has a higher mPAP and is related with more severe PH than the CG/CC genotype (30).




1.2 Evidence of IL-6 in the PH animal model

Many animal studies have shown that the cytokine IL-6 plays a role in driving the pathogenesis of PH. In mouse animal models, IL-6 deletion blocks the inflammatory process of PH. IL-6-deficient mice had better right ventricular (RV) function than wild-type mice. Immunostaining showed less hypoxia-induced recruitment of lung inflammatory cells in IL-6-deficient mouse, but there was no change in the expression of adhesion molecules (intercellular cell adhesion molecule-1 [ICAM-1] and vascular cell adhesion molecule-1 [VACM-1]) or cytokines (monocyte chemoattractant protein-1 [MCP-1]) (11). Similarly, IL-6 is produced by PASMCs and the medial layer of the pulmonary arteries of mice under chronic hypoxia, while IL-6 knockout mice do not develop the effects of hypoxia-induced PH (31). This indicates that the absence of IL-6 may prevent the PH process. Interestingly, Maston and others discovered that IL-6 may be produced and promote pulmonary artery cell migration through the trans-signaling pathway (that is, IL-6 combines with soluble IL-6 receptor [SIL-6R] released by activated T cells to promote pulmonary artery cell migration and chronic hypoxia-induced PH (31) (Table 1).


Table 1 | Role of drugs associated IL-6 in pulmonary hypertension.



Conversely, in mouse animal models, overexpression of IL-6 enhances PH processes. In the lung-specific IL-6 overexpression transgenic mice, the vascular damage was accompanied by the activation of VEGF, proto-oncogene transcription factor (c-MYC) and MYC-associated factor X (MAX), as well as the anti-apoptotic proteins survivin and Bcl-2, while the pro-apoptotic proteins c-Jun N-terminal kinase (JNK) and p38 kinase were downregulated. The pathological manifestations of muscularization and proliferative arteriopathy were observed in the distal arteriolar vessels of PH patients (73). Overexpressed IL-6 may promote pulmonary vascular remodeling and PH development through proliferative antiapoptotic mechanisms. Similarly, injecting mice with recombinant IL-6 resulted in PH and RV hypertrophy. The results indicated that IL-6 was associated with pulmonary vascular remodeling in which PASMC proliferated excessively (74).

In addition, other studies have elucidated additional possible mechanisms by which IL-6 was involved in the PH process in animal models. The expression of IL-6R was displayed in the remodeled pulmonary vessels of mice with enhanced IL-6 accumulation. The specific IL-6R antagonists could reverse the course of experimental PH in animal models (75). Takahiro and colleagues also identified IL-21 inducible secretion by Th17 cells and CD4+ T cells as downstream signals of the IL-6 signaling pathway in PH. The deficient in the IL-21 receptor (IL-21R) were observed to be resistant to PH and had no accumulation of M2 macrophages in the lungs of Mice. The mechanism of IL-6-induced PH was associated with the accumulation of M2 macrophages in the lungs. Furthermore, the promotion of PH by IL-21 may be related to the polarization of M2 macrophages downstream of IL-6 signaling. The IL6/IL-21 signaling axis may be a potential target for the treatment of PH (10) (Table 1).





2 Pathogenesis and pathways of IL-6 in PH



2.1 IL-6 and the mononuclear phagocyte system

The IL-6 protein has one IL-6 binding receptor protein (IL-6R) binding site and two glycoprotein 130 (GP130) binding sites (76). The major activators of IL-6 expression are IL-1β and tumor necrosis factor (TNF-α). IL-6 can be activated by three different signal transduction modes: classical signaling, trans-signaling, and trans-presentation. The classical signaling pathway contributes to the anti-inflammatory effect of IL-6, in which IL-6 binds to IL-6R and GP130 on the cell membrane to form a hexamer, which then initiates intracellular signaling. Trans-signaling contributes to the pro-inflammatory effect of IL-6, which refers to the combination of IL-6 with SIL-6R in serum or tissue fluid and GP130 present on the surface of most cells. IL-6 trans-presentation means that membrane-bound IL-6R (mIL-6R) on dendritic cells binds to IL-6 and is later presented to T cells expressing GP130, resulting in pathogenic TH17 cells (77). The hexameric complex of IL-6 with IL-6R and GP130 activates Janus kinase (JAK), which in turn activates three possible downstream signaling pathways. First, JAK induces autotyrosine phosphorylation and subsequently activates signal transducer and activator of transcription 3 (STAT3) (78). Second, JAK activates the Ras/Raf pathway, which subsequently leads to hyperphosphorylation of MAPK and increases its serine/threonine kinase activity (78). Third, JAK activates phosphatidylinositol-3-kinase (PI3K) and nuclear factor kappa-B (NF-κB) via the PI3K/AKT pathway (Figure 1) (79).




Figure 1 | The signaling pathways of IL-6 in pulmonary hypertension. Anti-inflammatory classical signaling, pro-inflammatory trans-signaling, and trans-presentation make up the three components of the IL-6 signaling cascade. IL-6 can regulate PH through a variety of upstream and downstream pathways. Created by bioRend.com. Abr, active BCR-related gene; ASK1, apoptosis signal-regulating kinase 1; BAD, BCL2 associated agonist of cell death; Bcr, B-cell lymphoma; BMPR II, bone morphogenetic protein receptor type II; CRP, c-reactive protein; eIF2α, eukaryotic initiation factor 2α; EndMT, endothelial-mesenchymal transition; eNOS, endothelial nitric oxide synthase; ERK, extracellular signal-regulated kinase; ERS, endoplasmic reticulum stress; ET-1, endothelin-1; GM-CSF, granulocyte-macrophage colony stimulating factor; GP130, glucoprotein 130; HERV-K, human endogenous retrovirus K; Hes1, hairy and enhancer of split1; HES5, hes family bHLH transcription factor 5; HMGB1, high mobility group box 1; IKK, ikappaB kinase; IL-6, interleukin-6; IL-6R, interleukin-6 receptor; JAK, the janus kinases; KLF5, KLF transcription factor 5; MAPK, mitogen-activated protein kinase; MCAM, melanoma cell adhesion molecule; MIF, macrophage migration inhibitory factor; mTOR, mammalian target of rapamycin; Myd88, myeloid differentiation factor 88; NF-κb, nuclear factor kappa B; NOTCH, notch receptor; PAEC, pulmonary arterial endothelial Cell; PASMC, pulmonary artery smooth muscle cell; PDGF-B, platelet derived growth factor-B; PGA, platelet granulocyte aggregates; PI3K, phosphatidylinositol 3 kinase; PKB/Akt, protein kinase B; PMA, platelet monocyte aggregates; Rac1, Rac family small GTPase 1; Raf, Ras-associated factor; Ras, rat sarcoma virus oncogene; sgp130, soluble glucoprotein 130; sIL-6R, soluble interleukin-6 receptor; Skp2, s-phase kinase associated protein 2; SOCS3, suppressor of cytokine signalling 3; STAT3, signal transducer and activator of transcription 3; TAK1, transforming growth factor-β activated kinase 1; TLR, toll-like receptor; TNF-α, tumor necrosis factor-α; TSC2, TSC complex subunit 2.



In human immunity, the main functions of IL-6 are to stimulate the activation and proliferation of B cells, stimulate T-cell proliferation and cytotoxic lymphocyte activation, stimulate hepatocytes to synthesize acute phase proteins to participate in inflammatory responses, and promote blood cell development (80, 81). Therefore, IL-6 is affected in severe burns, tumors, hepatitis, and diseases of the nervous system, immune system, blood system, kidney system, and vascular system (82–85). Macrophages and pulmonary arterial smooth muscle cells (PASMCs) are regulated by the classical IL-6 signaling pathway (86). In young male SV129 mice, increased IL-6 in plexogenic lesions may be associated with increased recruitment of macrophages (87). Macrophage M1 polarization mainly secretes proinflammatory factors in the early stage of inflammation. Macrophage M2 polarization mainly expresses anti-inflammatory factors, inhibits inflammatory factors and anti-inflammatory factors in the later stage of inflammation, and carries out tissue repair and reconstruction. IL-21 is the downstream target of IL-6 signaling, which can promote the polarization of PH alveolar macrophages toward M2 phenotype to excrete matrix proteins, and exert anti-inflammatory, angiogenic and tissue repair effects by stimulating the proliferation of human PASMCs (HPASMCs) (10). Studies have found that mononuclear cell derived macrophages in male PH mice and male PAH patients have a decreased M1/M2 ratio (Figure 1) (88).

Hypoxia, as the main driver of PH, lead to increased levels of macrophage migration inhibitory factor (MIF) in the monocyte-macrophage system, thereby activating NF-κB and p38 mitogen-activated protein kinase (p38MAPK) pathways to regulate IL-6 (37, 89, 90). Thyroxine T4 is a natural ligand inhibitor of MIF, which can inhibit the inflammatory activity of MIF by blocking the MIF site, and different anti-MIF treatments achieve good efficacy in animal models (Table 1) (37). Circulating monocytes and macrophages in the adventitial of the pulmonary arteries of PH patients express high levels of human endogenous retrovirus K deoxyuridine 5’-triphosphate pyrophosphatase (HERV-K dUTPase) and activate the Toll-like receptor 4 (TLR4) myeloid differentiation primary response-88 signaling pathway in pulmonary artery endothelial cells (PAECs) after vesicle release, leading to IL-6 elevation (Figure 1) (91). HERV-K dUTPase could also interact with melanoma cell adhesion molecule (MCAM) followed by NF-κB and p38/MAPK activation and promote IL-6 release (91). The viral Toll-like receptor 3 (TLR3) expressed in HPASMCs could release endothelin-1 (ET-1) in large quantities after activation, which leads to an increase in Ca2+ in monocytes and the release of IL-6 through p38/MAPK pathway (92–94). Peripheral blood platelets in patients with WHO Group 1 and 4 PH are activated by aggregation with monocytes and granulocytes to form platelet-monocyte aggregates (PMAs) and platelet-granulocyte aggregates (PGAs), thereby promoting IL-6 production and release, but the mechanism remains unclear (95). Human Regnase-1 is a ribonuclease that downregulates IL-6 by degrading IL-6 mRNA (96). Regnase-1 is expressed less in PH subtype, while mice lacking Regnase-1 in alveolar macrophages develop severe PH, and transcriptomic analysis has shown that IL-6 is a potential target for Regnase-1 in alveolar macrophages of PAH patients, demonstrating that Regnase-1 might be another mediator of IL-6 in monocytes/macrophages in PH (Figure 1) (97).




2.2 IL-6 and JAK/STAT signaling pathways

JAK, also known as Janus Kinase, is a non-receptor tyrosine protein kinase. It can mediate signal molecules activation by IL-6. STAT is recruited and activated so that it enters the nucleus in the form of a dimer to bind to target genes, regulate downstream gene transcription, and participate in many important biological processes, such as cell growth, differentiation, apoptosis, and immune regulation. The activated JAK protein phosphorylates the receptor and itself, and the phosphorylation site binds to the STAT and adaptor proteins that link the receptor to MAPK, PI3K/AKT, and other pathways (Figure 1) (98).

JAK2 is overactivated and expressed abundantly in HPASMCs from IPAH patients (34). IL-6, IL-6R and IL-6R subunit β (GP130) form a hexamer, and activation of the CD52/STAT3 signaling pathway is a classic IL-6 signaling pathway that occurs in macrophages and PASMCs (86). STAT3 signaling can inhibit the transcription of cytokine signal suppressor 3 (SOCS3), which is involved in IL-6 signaling (72). IL-6 also activates Kruppel-like factor 5 (KLF5) in HPASMCs through STAT3 signaling, promotes the upregulation of cyclin B1 and the proliferation of PASMCs, triggers the expression of hyperpolarized mitochondrial membrane potential of survival proteins, and reduces PASMC apoptosis (99). In Schistosoma-induced PAH, IL-6 can induce upregulation of the IL-6-STAT3-nuclear factor of activated T cells c2 (NFATc2) pathway, which has a protective effect on intimal remodeling (100). However, it is generally believed that IL-6 ultimately induces the transcription of proinflammatory and proangiogenic genes through STAT signaling and promotes PH progression. Moreover, IL-6 can induce RV hypertrophy and fibrosis in PH rats through the JAK2/STAT3 signaling pathway (101). Finally, miR-125a-5p ameliorates MCT-induced PH by targeting the TGF-β1 and IL-6/STAT3 signaling pathways (Figure 1) (102).

The Jak1 and Jak2 inhibitor ruxolitinib can effectively reduce the proliferation and migration of HPASMCs induced by IL-6, and reduce pulmonary vascular remodeling (34). Prostaglandins could not only stimulate intracellular 3’,5’-cyclic adenosine monophosphate (cAMP) levels to induce vasodilation, but also induce SOCS3, thus inhibiting IL-6-induced inflammation and vascular remodeling, which is also considered as one of the current therapeutic ideas for PH (72) (Table 1).




2.3 IL-6 and NF-κB signaling pathways

NF-κB is a nuclear transcription factor that plays a key role in the cellular inflammatory response and immune response (103). In the contexts of aging, obesity, stress, infections, injuries and smoking, activation of NF-κB and STAT3 in nonimmune cells triggers a positive feedback loop of the IL-6-STAT3 axis to NF-κB, which is called the IL-6 amplifier (104). IL-6 also inhibits NF-κB levels through the downstream PI3K/AKT signaling pathway (Figure 1) (105).

TLR4, one of the TLR family, activates downstream NF-κB and/or MAPK signaling pathways, and induces the production and secretion of IL-6 after lipopolysaccharide (LPS) challenge (47). Knocking out the E26 transformation-specific 2 gene can inhibit MAPK/NF-κB signals and negatively regulate IL-6 in inflammation (106). TLR4/NF-κB expression levels can even reflect the severity of PH in COPD patients (107). BMPR II deficiency confers resistance to growth inhibition by TGF-β in PASMC (108). Wynants et al. found NF-κB pathway is involved in CRP-induced effects on PASMCs in chronic thromboembolic pulmonary hypertension (CTEPH). The NF-κB pathway inhibitor pyrrolidinedithiocarbamate ammonium (PDTC) can reduce IL-6 secretion (109).

The endoplasmic reticulum (ER) is a central organelle of the mammalian intracellular membrane system and is extremely sensitive to stress that affects intracellular energy levels, oxidative states, or abnormal calcium concentrations. When cells are subjected to certain stresses (such as infection, hypoxia, drug toxicity, etc.), ER dysfunction causes the accumulation of unfolded proteins or misfolded proteins in the lumen of the endoplasmic reticulum and a state of calcium imbalance: that is, ER stress (ERS). Early ERS exerts a protective effect and is beneficial to RV function; if this imbalance exceeds the body’s ability to regulate itself, it will eventually lead to apoptosis of cardiomyocytes and RV dysfunction (48). ERS activates and induces IL-6 elevation through the ERK/eIF2α/NF-κB signaling pathway, promotes pulmonary vascular remodeling, and participates in PH development (38). Increased pericyte coverage mediated by endothelial-derived fibroblast growth factor-2 and IL-6 is a source of smooth muscle-like cells in PH (110). Hypoxia leads to upregulation of miR-27b expression in HPAECs, inhibits peroxisome proliferator-activated receptor gamma (PPARγ), induces IL-6 secretion through the NF-κB signaling pathway, and aggravates HPAEC dysfunction (35). The low expression of miRNA-340-5p in the plasma of patients with PH led to the activation of the NF-κB pathway and induced the upregulation of IL-6, thereby promoting the inflammatory response, proliferation and migration of PASMCs and participating in PH progression (Figure 1) (111).

The treatment of PH through the NF-κB signaling pathway is a hot spot in current research. The traditional Chinese medicine SroloBzhtang (SBT) produces anti-inflammatory effects by inhibiting the MAPK/NF-κB signaling pathway, resulting in a decrease in IL-6 (47). Dapagliflozin (DA) can significantly reduce Toll-like receptor 4 (TLR4) and NF-κB levels in monocrotaline-induced PH rats (MCT-PH) and alleviate PH-related symptoms (49). By attenuating NF-κB activation, 10 μmol/L atorvastatin completely eliminated the increase in CRP-induced IL-6 in cultured HPASMCs, proving that atorvastatin and similar drugs may be able to control the PH inflammatory response by inhibiting NF-κB activation (71). 18β-glycyrrhetinic acid (18β-GA) significantly reduces the accumulation of misfolded proteins in rat lung tissue, inhibits ERS activation, inhibits NF-κB migration to the nucleus, and increases the expression of the inhibitor of NF-κB (IκB), resisting vascular remodeling and alleviating PH (38). 4-Phenylbutyric acid (PBA) can inhibit ER stress and alleviate RV remodeling and dysfunction (48). Sevoflurane and thymoquinone can reduce IL-6 and TNF-α by inhibiting the NF-κB and MAPK pathways, partially inhibiting pulmonary vascular remodeling and right ventricular hypertrophy in PH rats (51, 52). Hypoxia leads to upregulation of miR-27b in HPAECs, inhibits the expression of PPARγ and induces the secretion of IL-6, while fibroblast growth factor 21 (FGF21) can reduce the expression of IL-6 by inhibiting miR-27b, thus alleviating PH and right ventricular hypertrophy (RVH) (35, 36). Chronic intermittent hypobaric hypoxia attenuates MCT-PH by modulating TNF-α and IL-6 and suppressing the NF-κB/p38 pathway (50) (Table 1).




2.4 IL-6 and MAPK signaling pathways

Mitogen-activated protein kinases (MAPKs) are a group of serine-threonine kinases that are important transducers of signals from the surface of eukaryotic cells to the interior of the nucleus, including ERK, p38, and JNK (112). Activation of MAPK signaling can drive the remodeling and inflammation of the pulmonary vasculature and resist apoptosis of PASMCs (Figure 1).

In PH, the current research mainly involves the p38 subfamily. Hypoxia leads to increased MIF levels in fibroblasts, endothelial cells and mononuclear macrophages, which can induce the activation of the p38/MAPK pathway (91). Hypoxia itself activates p38, JNK, and ERK in the pulmonary arteries (113). Activated p38/MAPK can phosphorylate inhibitors of NF-κB, thereby migrating activated NF-κB into the cell nucleus and regulating IL-6 expression at the transcriptional and posttranscriptional levels. The expression of p38/MAPK and IL-6 in the pulmonary vessels of IPAH patients increased, as demonstrated the fact that p38/MAPK antagonists was able to reduce IL-6 in PH rat models (114). Upregulation of IL-6 in both transgenic mice and HPASMCs cultured with siRNA against BMPR II could be abolished with p38 (MAPK) inhibitors, highlighted the interaction of IL-6 and the BMP pathway in PASMCs (16). BMPR II silencing resulted in impaired endothelial barrier function and activation of p38MAPK in human pulmonary microvascular endothelial cells (HPMECs) (115, 116). Inhibition of MCT-induced BMPR II downregulation and phosphorylation of the transforming growth factor-β (TGF-β)-activated kinase 1 (TAK1)-MAPK/NF-κB pathway prevents the proliferation and migration of HPASMCs and reverses endothelial-to-mesenchymal transition (EndMT), which can be attenuated by paeoniflorin (39). Downregulated BMPR-II induces the translation of granulocyte macrophage colony-stimulating factor (GM-CSF) mRNA via p38/MAPK activation, increasing the recruitment of perivascular inflammatory cells and intensifying PH (117). The activity of p38MAPK signaling is tightly regulated by the inactivation of dual-specificity phosphatase 1 (DUSP1) (Figure 1). Phosphorylated/activated MAPKs, including p38MAPK, induce the expression of DUSP1. DUSP1 can dephosphorylate JNK, p38 and ERK. However, the impaired p38/MAPK/DUSP1 pathway in PH causes unregulated activation of p38/MAPK, resulting in an IL-6 surge and HPASMC proliferation and migration (118). DUSP1 expression can be increased by prostacyclin receptor agonists—prostacyclin and MRE-269 (an active metabolite of selexipag).

Bcr and Abr are GTPase activating proteins that specifically downregulate the activity of the small GTPase Rac in restricted cell types in vivo. Rac1 is expressed in PASMCs and involved in the pathogenesis of PH. Bcr and Abr can reduce p38/MAPK phosphorylation, IL-6 production, HPASMC proliferation, and leukocyte oxidative stress by specifically downregulating Rac1 activity in HPASMCs (119). The downregulation of miRNA-126 affects MAPK activation, reduces microvascular density through the vascular endothelial growth factor (VEGF) pathway, and promotes the decompensated RV (Figure 1) (120).

There are many more drugs involved in the MAPK pathway. Thymoquinone, Sevoflurane, and Baicalein all downregulate IL-6 levels by inhibiting the p38/MAPK and NF-κB pathways, with the traditional Tibetan medicinal formula SroloBzhtang (SBT) (47, 51–53). Capsaicin pretreatment reversed PH by alleviating inflammation via p38MAPK pathway (54). Aspirin weakens PH by inhibiting the ERK signaling pathway (55). Oral administration of the apoptosis signal-regulating kinase 1 (ASK1) inhibitor GS-444217 reduced phosphorylation of p38 and JNK in rat cardiomyocytes, reduced the remodeling of the pulmonary vasculature and RV, and prevented PH progression (33). Resveratrol (trans-3, 5, 4’-trihydroxystilbene) can inhibit IL-6 expression and PH vascular remodeling by inhibiting multiple signaling pathways, such as ERK/MAPK, NF-κB, bone morphogenetic protein (BMP), PI3K/AKT, and hypoxia inducible factor-1α (HIF-1α) (32). The metabotropic glutamate receptor 5 (mGluR5) inhibitor 3-((2-methyl-4-thiazolyl) ethynyl) pyridine (MTEP) inhibits the signaling cascade involving PI3K/AKT, p38/MAPK, angiopoietin 2 and VEGF (56). Baicalin reduces chronic hypoxia-induced PH by downregulating the p38/MAPK/MMP-9 pathway (121). Low-dose masitinib resisted vascular remodeling in lung tissue by blocking MAPK pathway (Table 1) (57).




2.5 IL-6 and PI3K/AKT signaling pathways

Phosphatidylinositol 3-kinases (PI3K) are intracellular phosphoinositide kinases with phosphatidylinositol kinase activity and serine/threonine (Ser/Thr) kinase activity that consist of a dimer that regulates subunit p85 and catalyzes subunit p110. The p110α subunit is a pathogenic signaling pathway downstream of multiple receptor tyrosine kinases (RTKs) and a key regulator of HPASMC proliferation, migration, and survival. Pharmacological inhibition of p110α can inhibit vascular proliferation, induce apoptosis, and reverse vascular remodeling and PH development (122). RTKs and other cytokines activate PI3K, and cause downstream PKB/AKT activation. Downstream substrates of the PI3K/AKT pathway include the BCL-2 family members BAD, tuberin, p21, IκB kinase (IKK), and ASK1. The effects of the PI3K/AKT signaling pathway mostly cause cell proliferation and apoptosis resistance. The hexameric complex of IL-6 with IL-6R and GP130 activates JAK, which in turn activates the PI3K/AKT signaling pathway. In MCT-PH rat, IL-6 and PI3K/AKT signaling pathways increase with PH progression, and IL-6 can serve as a marker for the PH chronic inflammatory (123). Hypoxia caused increase of IL-6 in rat lung tissue, activated PKB/AKT/mTOR pathway to inhibit autophagy, and thus leading to the proliferation, migration of HPASMCs and HPAECs (62, 124). AKT induces phosphorylation of the tuberin to activate the mTOR pathway, which itself can be activated by hypoxia. At the same time, PDGF-B, which is elevated in patients with PAH, can activate STAT3 through the PKB/AKT signaling pathway, inhibit apoptosis, and promote disease progression (125). IL-6-activated JAK can also activate STAT3. Tripartite motif 32 (TRIM32), a member of the TRIM family, is involved in cardiovascular diseases (126). TRIM32 protein inhibits cardiomyocyte hypertrophy by acting as a key regulator of cell viability and apoptosis in cardiomyocytes (126). TRIM32 levels in plasma of patients with PH were lower than that of control subjects. Overexpression of TRIM32 enhanced the apoptosis of hypoxia-induced PASMCs through the PI3K/AKT signaling pathway (127). PI3K/AKT can induce eNOS activation, exacerbating PH by protein kinase G nitration (Figure 1) (128).

Atorvastatin alleviates the symptoms of PH in rats by activating the PI3K/AKT signaling pathway by effectively upregulating the expression of apoptosis proteins (63). Sodium tanshinone II sulfonate A (STS) alleviates hypoxia-induced PH by promoting apoptosis, inhibiting the PI3K/AKT/mTOR pathway, upregulating autophagy, and inhibiting inflammatory responses (62). Resveratrol and 3-((2-methyl-4-thiazolyl)ethynyl)pyridine inhibit multiple signaling pathways, including the PI3K/AKT pathway, to treat PH (32, 56). Luteolin inhibits PI3K/AKT by downregulating the expression of LATS1, YAP and PDGF-B and is therapeutic for experimental PH (40). Telmisartan, genistein, and tanshinone IIA all inhibit PH development by the PI3K/AKT/eNOS pathway (Table 1) (43, 58, 59).




2.6 IL-6 and BMP signaling pathways

According to structural and functional similarities, the TGF-β superfamily is divided into TGF-β and BMP subfamilies. It has been recognized that BMP pathway is related to IL-6 elevation and disease progression in PH patients. BMP usually combines with BMPR II, and activates downstream classical or non-canonical signaling pathways. The canonical pathway involves phosphorylated Smad1/5/8 binding to Smad4 in the cytoplasm to form a complex and enter the nucleus, which affects cell proliferation, migration, and apoptosis by regulating target genes (129). In the non-canonical signaling pathway, BMP activates the signaling pathway of TAK1, a member of the MAP3K family, through BMPR I and activates NF-κB and JAK pathways (Figures 1 and 2) (130, 131).




Figure 2 | The IL-6 and BMP signaling pathway in pulmonary hypertension. BMP signaling pathways can be divided into signaling pathways and non-canonical signaling pathways. The classical pathway refers to BMP II forming complex with BMPR II, BMPR II promoting BMPR-I activation, three forming polymer, BMPR I causing Smad1/5/8 phosphorylation in the cytoplasm and binding Smad4 forming complex, finally entering the nucleus regulating target gene, affecting cell proliferation, Inhibition of BMPR II can lead to inhibition of the BMP classical pathway. Non-classical pathways are BMPR I activation TAK1/MAPK signaling pathways and activation of NF- κB, causing IL-6 secretion. Created by bioRend.com. BMP, bone morphogenetic protein; BMPR, bone morphogenetic protein receptor; EndMT, endothelial-mesenchymal transition; ET-1, endothelin-1; ETR, endothelin receptor; HIF, hypoxia-inducible factor; Id1, inhibitor of differentiation 1; IL-6, interleukin-6; IRF3, interferon regulatory factor 3; MAPK, mitogen-activated protein kinase; NF-κb, nuclear Factor kappa B; P, phosphorylation; p53, tumor protein 53; PAEC, pulmonary arterial endothelial cell; PASMC, pulmonary artery smooth muscle cell; POSTN, periostin; SARA, smad anchor for receptor activation; SM22α, smooth muscle 22 alpha; SMAD, SMAD family member; Smurf2, SMAD specific E3 ubiquitin protein ligase 2; TAK1, transforming growth factor-β activated kinase 1; TNF-α, tumor necrosis factor-α; TGF-β, tumor necrosis factor-β; TLR, toll-like receptor; HMGB1, high mobility group box 1; VE-cadherin, vascular endothelial cadherin.



Currently, the roles of BMPR II in PH research have been well studied. It is known that only 20-30% of people with BMPR II mutations exhibit hereditary PH (46). BMPR II silencing has been proven to enhance the activation of TNF-α on p38MAPK and endothelial dysfunction injury (115). POSTN (Periostin) is an extracellular matrix protein involved in tissue remodeling in response to injury and a contributing factor in tumorigenesis and downregulation of BMPR II by activation of HIF-1α, which was induced by overexpression of POSTN with a positive feedback loop, along with the increased production of ET-1 and VEGF in HPAECs and excessive proliferation and migration of HPASMCs and HPAECs (Figure 2) (132). In the pathological state, ET-1 affects classical BMP signaling by activating p38/MAPK, downregulating BMPR II and expressing gremlin (116). Increased expression of gremlin1, a secreted glycoprotein antagonizing BMPR II signaling through the binding of BMPs, was recently reported to contribute to the development of experimental murine hypoxic PH (116). BMPs can upregulate the expression of potassium two pore domain channel subfamily K member 3 (KCNK3) via the classical BMP-BMPR II-Smad1/5pathway, and the dysfunction and/or downregulation of BMPR II and KCNK3 observed in PH work together to induce aberrant changes in the PASMC phenotype, providing insights into the complex molecular pathogenesis of PH (133). PAEC-specific p53 knockout exaggerated PH, and clonal expansion reduced p53 and TLR3 expression in rat lung CD117+ ECs. Reduced p53 degradation (Nutlin 3a) abolished clonal PAEC expansion, induced TLR3 and BMPR II, and ameliorated PH. Polyinosinic/polycytidylic acid increased BMPR II signaling in PAECs via enhanced binding of interferon regulatory factor-3 (IRF3) to the BMPR II promoter and reduced PH in p53-/- mice, but not in mice with impaired TLR3 downstream signaling. The p53/TLR3/IRF3 axes can be used to regulate the expression and signaling of BMPR II in HPAECs (134).

BMPs are involved in both classical and non-classical pathways. The BMPR II mutation inhibits the classical pathway of BMPR II-assisted BMPR I activation, thereby increasing the proportion of non-classical pathways. The non-classical pathway induces TGF-β1 secretion, IL-6 expression is increased through NF-κB signaling, and IL-6 inhibits the antiproliferative function of TGF-β1 (Figure 2) (108). The IL-6 and BMP pathways are mainly non-classical signaling pathways. In PH patients with BMPR II mutations, HPASMCs produced more IL-6 after stimulation by LPS, demonstrating that BMPR II was associated with elevated IL-6 in patients with PH (46). HPAH PASMCs exhibited enhanced IL-6 and IL-8 induction by TGF-β1, an effect reversed by NF-κB inhibition (108). This effect is Smad-independent but is associated with inappropriately altered NF-κB signaling and enhanced induction of IL-6 and IL-8 expression. Anti-interleukin therapies may neutralize this inappropriate response and restore the antiproliferative response to TGF-β1 (108). BMPR II mutation carriers develop PH, suggesting that the most important function of BMPR II mutation is to cause susceptibility to a “second hit”, such as dysregulated inflammation, particularly by the IL-6 (16). In both transgenic mice and PASMCs cultured with siRNA against BMPR II, the BMP pathway regulates IL-6 in pulmonary tissues, and conversely, IL-6 regulates the BMP pathway. A complete negative feedback loop between IL-6 and BMP suggested that an important consequence of BMPR II mutations may be poor regulation of cytokines, and thus vulnerability to an inflammatory second hit (16). Additionally, in PAECs, prolonged EndMT signaling characterized by a loss of VE-cadherin, induction of transgelin (SM22α), and reorganization of the cytoskeleton were found, accompanied by sustained elevation of proinflammatory, prohypoxic, and proapoptotic signaling. Among them, IL6-dependent signaling was identified to be the central mediator required for the BMP9-induced phenotypic change in PH PAECs. BMP9-induced EndMT by an IL6 capturing antibody prevented mesenchymal transformation and maintained a functional PAEC phenotype in PH PAECs (Figure 2) (16, 135).

Dexamethasone, which is commonly found in clinical practice, can prevent and reverse experimental PH by restoring BMPR II expression and reducing IL-6 levels, inhibiting the proliferation of HPASMCs, and improving blood flow and pulmonary vascular remodeling (60). The HMGB1 inhibitors saquinavir and glycyrrhizic acid and the TLR4 inhibitor TAK-242 can restore BMPR II signaling and alleviate PH development in rats. This is because HMGB1 promotes PASMC proliferation, migration and pulmonary vascular remodeling through activation of the ERK1/2/Drp1/autophagy/BMPR II/Id1 axis (45, 136). BMPR II deficiency promotes an exacerbation of inflammatory responses in vitro and in vivo, while chronic administration of superoxide dismutase mimetic (TEMPOL) alleviates inflammation and PH (46). Both baicalin and isorhamnetin can improve the hemodynamics by improving BMPR II expression in experimental rats, and inhibit HPASMCs proliferation induced by IL-6 and TNF-α through the BMP pathway (41, 42). Paeoniflorin (PF) can prevent the proliferation and migration of HPASMCs by inhibiting BMPR II downregulation and TAK1 phosphorylation, and block EndMT by reversing inflammatory factors in HPAECs (Table 1) (61, 86).




2.7 IL-6 and notch signaling pathways

The Notch signaling pathway is composed of Notch receptor, Notch ligand (DSL protein), intracellular effector molecule (CCL-DNA binding protein) and other regulatory molecules. It is an important pathway for communication between adjacent cells and regulation of cell development. Notch receptors include Notch1/2/3/4, while Notch ligands include Delta-like1/3/4, Jagged1/2, and CSL-DNA-binding proteins [CBF-1/Suppressor of hairless (Su (H))/Lag] (137, 138). The Notch signaling pathway eventually forms the NICD/CSL transcriptional activation complex, which activates target genes of the hairy and enhancer of split (HES), HEY, HERP and other transcriptional inhibitory factor families and plays a biological role (138, 139).

Currently, there is substantial evidence that the Notch signaling pathway regulates IL-6 levels in Graves’ ophthalmopathy, fibroblasts, endometriotic lesions and breast tumor cells of pancreatic cancer (140–143).

The indispensable involvement of Notch1 in the arterial endothelial phenotype and angiogenesis provides intriguing prospects for its involvement in the pathogenesis of PH. The Notch ligand Delta-like 4 (DLL4), which is least expressed in HPASMCs in patients with PH, inhibits Notch3 cleavage and signaling and delays vascular smooth muscle cell proliferation (144). Delta-like 4 neutralizing antibodies (DLL4nAbs) can lead to impaired HPAEC barrier function and inhibit Notch1 activation, so PH occurs in 14 to 18% of patients treated with DLL4nAbs (145). Increasing the level of DLL4 in patients can help delay disease progression through two pathways: Notch1 and Notch3. This partly supports the fact that the primary focus of the Notch signaling pathway in lung disease is Notch1 and Notch3 (146). Hypoxia can also induce increased expression of Notch1 in HPAECs, while Notch1 promotes HPAEC proliferation by downregulating p21 and inhibits apoptosis through Bcl-2 and Survivin (147). Upregulated miR-18a-5p in patients with PAH promotes the proliferation and migration of HPASMCs by inhibiting Notch2 expression (148). Notch2 reduces the activation of Notch1 through retinoblastoma gene-transcription factor E2F-1 (Rb-E2F-1)-mediated signaling and induces the proliferation and antiapoptotic resistance of HPAECs (149). On one hand, TNF-α selectively reduces BMPR II transcription and mediates posttranslational BMPR II cleavage via the ADAM10 and ADAM17 in PASMCs. On the other hand, TNF-α-mediated suppression of BMPR II subverts BMP signaling, leading to BMP6-mediated PASMC proliferation via preferential activation of the ALK2/ACTR-IIA signaling axis. Furthermore, TNF-α, via proto-oncogene protein tyrosine kinase (SRC) family kinases, increases pro-proliferative Notch2 signaling in HPAH PASMCs with reduced BMPR II expression. Anti-TNF-α immunotherapy reverses PH progression, restoring normal BMP/NOTCH signaling (150). Notch3 is expressed only in vascular smooth muscle cells and is involved in pulmonary vascular remodeling. Notch3-mutant cells in pediatric PAH patients have increased proliferation and viability than wild-type cells, thereby affecting the Notch3/HES5 signaling pathway to induce the pathogenesis of PH (151). Notch3 signaling also stimulates cell proliferation in pulmonary vascular cells via S-phase kinase associated protein 2 (Skp2) and Hes1 (152, 153). Activation of the Notch3 signal also enhances transient receptor potential canonical 6 (TRPC6), allowing Ca2+ to enter HPASMCs through store-operated Ca2+ channels, combined with Ca2+ sensing receptor activation-mediated TRPC6 receptor-operated Ca2+ channels, which cause persistent vasoconstriction of the pulmonary arteries (154, 155). Overexpression of Jagged1 and chemokine C-C motif ligand 2 (CCL2) in HPASMCs of PAH induces Notch3 signaling and leads to cell proliferation and PH development (Figure 1) (152, 156).

In recent years, more studies have confirmed the role of miRNAs in regulating NOTCH in PH. For example, miR-27b upregulation was found in PH patients associated with congenital heart disease (157). MiR-27b upregulation can inhibit PPAR-γ expression, leading to endothelial dysfunction and remodeling (158). However, in vitro studies have shown that overexpression of miR-27b reduces the expression of Notch1 protein, which can delay the development of PH (157). Although the study did not involve Notch1 protein expression in patients, it is speculated that cell density-dependent activation is the main activation mode of Notch1 in vivo. MiR-30d-5p was downregulated in both patients with PAH and animal models compared with control groups. The regulatory mechanism underlying PASMCs may be via the Notch 3 signaling pathway (159).

Evidence that NOTCH and IL-6 are activated in mouse embryonic fibroblasts NIH 3T3 cells in a density-dependent manner has been reported. Notch signaling regulates cell density-dependent apoptosis of NIH 3T3 cells through an IL-6/STAT3-dependent mechanism (160).

Although there is no direct evidence related to how the Notch signaling pathway regulates IL-6 levels in patients with PH, it is deduced that Notch signaling may also exert an effect on IL-6 expression in PH. For example, enhanced Notch signaling mediates IL-6 levels through noncanonical Notch signaling, which is regulated by inhibitors of NF-κB kinase subunits α and β (IKKα and IKKβ) in the p53 and NF-κB signaling pathways but does not participate in the NF-κB signaling pathway (140). As mentioned earlier, the NF-κB signaling pathway mediates IL-6 to play an important role in PH. Therefore, Notch signaling may have an effect on IL-6 expression in PH. In pancreatic cancer, IL-6 induces the expression of Jagged-1/2 through Jak/STAT signaling, which enhances the expression of IL-6 mRNA in fibroblast cell lines through the NF-κB pathway to form a positive feedback loop and stimulates the production of platelets to form a hypercoagulable state (142). The hypercoagulable state is one of the most important factors affecting the PH development.

Atorvastatin effectively inhibits the expression of Notch1 and IL-6 (64). Hesperidin may reduce respiratory syncytial virus (RSV)-induced lung inflammatory damage in mice with bronchiolitis by inhibiting the Jagged1/Notch1 signaling pathway and promoting M2-type polarization of macrophages (70). Asiatic acid mitigates LPS-induced damage by inhibiting the activation of the Notch signaling pathway (68). Sildenafil inhibits RVH and pulmonary vascular remodeling by inhibiting Notch3 signaling (Table 1) (65).




2.8 IL-6 and HMGB1

High mobility group box 1 (HMGB1) is a highly conserved nuclear protein widely distributed in mammalian cells with advanced proinflammatory effects. HMGB1 is significantly upregulated in the pulmonary arteries of patients with IPAH (45). Serum HMGB1 levels were significantly increased in hypoxia-induced neonatal PH patients, and the changes in HMGB1 were positively correlated with serum TNF-α and IL-6 levels (161). Both hypoxia and HMGB1 can promote IL-6 expression, and HMGB1 can promote IL-6 expression in HPASMCs and HPAECs (162). In Huntington’s disease studies, the HMGB1/TLR4/NF-κB signaling pathway has been shown to be key to the regulation of IL-6 levels (69). Meanwhile, HMGB1 can promote advanced glycation end products (RAGE) expression, suppress BMPR II signals through the HMGB1/TLR4 channel, and promote PH development (45, 162).

The HMGB1 inhibitors saquinavir and glycyrrhizic acid and the TLR4 inhibitor TAK-242 can shut down the HMGB1/TLR4/NF-κB signaling pathway and affect the proliferation and migration of HPASMCs caused by HMGB1 signaling (Figures 1 and 2) (45). Baicalin administration significantly attenuated mPAP and RV hypertrophy in infant rats with PH. Expression levels of HMGB1, RAGE, IL-6 and TGF-β1 in lung tissue were dramatically decreased by baicalin in a dosage-dependent manner. Activation of PPARγ that inhibited HMGB1/RAGE inflammatory signaling was involved (66). Ethyl pyruvate (EP) also affects the proliferation of HPASMCs by inhibiting HMGB1/RAGE expression and alleviating PH (67). Interestingly, HMGB1 is released by either HPAECs or HPASMCs that underwent necrotic cell death, although only HPASMCs produce HMGB1 during apoptosis. Moreover, only HPASMC death induced a release of dimeric HMGB1, found to be mitochondrial reactive oxygen species dependent, and TLR4 activation (Table 1) (163).




2.9 Iron deficiency

Patients with IPAH are more likely to develop unexplained iron deficiency, and IL-6 levels are associated with iron levels and transferrin saturation (164). IL-6 causes hepcidin transcription and release, inhibits iron transporter-mediated iron excretion in iron cells, contributes to the proliferation of HPASMCs, and regulates the hemoglobin receptor CD163 on HPASMCs, affecting iron uptake by hemoglobin to HPASMCs, and thus leading to cell proliferation (Table 1) (165).





3 Discussion

IL-6 plays a huge role in the occurrence and development of PH. In PH patients, IL-6 is not only an inflammatory factor, but also serves dual proinflammatory and anti-inflammatory roles and is also the “mediator” that leads to the onset and progression of PH. IL-6 transmits information by participating in various signaling pathways, inducing immune reactions in the body and causing pathological damage. By modulating the IL-6 signaling pathway, cell proliferation, migration and pulmonary artery remodeling in PH can be improved or even reversed, improving the quality of life of patients and reducing mortality.

Simpson and Hirsch have validated the association between IL-6 and connective tissue diseases associated with PAH (21, 26). IL-6 levels can be used to identify all stages and severity of scleroderma (SSc). The gene expression and cytokine profiles of limited SSc-PAH patients suggest the presence of activated monocytes and show markers of vascular injury and inflammation. Among them, IL-6 could serve as a biomarker of PAH involvement in limited SSc. Compared with SSc patients with a short course or no complications from SSc, IL-6 levels were higher in patients with SSc with PAH ≥ 5 years or with severe complications (166, 167). In the early stages of SSc, IL-6 leads to damage-associated molecular patterns that maintain inflammation and play an important role in fibroblast transformation development, and the use of tocilizumab can inhibit IL-6 by binding to IL-6R, thus inhibiting inflammation and fibrosis (168). However, IL-6 levels did not predict the response of PH to tocilizumab, and PVR did not change before and after IL-6 signaling block treatment (169). It is speculated that tocilizumab combined with IL-6R inhibited classical anti-inflammatory IL-6 signaling and affected proinflammatory IL-6 trans-signaling, resulting in the maintenance of pulmonary vascular tone.

Japanese researchers found that increased plasma IL-6 levels in patients with CTEPH were positively correlated with endotoxin levels, and the intestinal flora of patients was different from that of healthy people. Endotoxin causes increased activity of IL-6 and acid sphingomyelinase (aSMase) in HPASMCs, promotes pulmonary vasoconstriction, induces endothelial dysfunction and enhances the contractile response to serotonin, ultimately leading to PH in patients with acute respiratory distress syndrome (ARDS) (170). It has also been shown that both endotoxin and IL-6 can increase PVR, causing cirrhosis leading to PH (171). In other words, the reasons for the increase in IL-6 in PH patients are diverse. IL-6 exerts impacts on the lungs and intestines, and determining whether there may be a lung-gut axis in patients with PAH should be the next research direction.

In PH, IL-6 can activate JAK/STAT and further activate the MAPK, PI3K/AKT, NF-κB and BMP downstream pathways. It has also been found that IL-6 has a protective effect on intimal remodeling of Schistosoma-induced PH through upregulation of the IL-6/STAT3/NFATc2 pathway (100). Therefore, IL-6 can activate a variety of downstream pathways and produce a variety of biological effects through the JAK/STAT pathway. In addition, there are series between various signaling pathways, such as the activated PI3K/AKT pathway to activate NF-κB and p38/MAPK to activate NF-κB, and p38/MAPK mediates the inhibition of the BMP pathway and leads to the development of PH (16, 116). IL-6 can directly lead to hypertrophy and fibrosis of cardiac fibroblasts in rats with PH via the JAK2/STAT3 signaling pathway (101). This shows that the target organ of IL-6 in PH is not only the lungs, but that the damage to cardiopulmonary function in PH patients occurs simultaneously, and cardiopulmonary interaction may further lead to the worsening of the disease. Many drugs can suppress heart damage and ventricular dysfunction by relieving PH (33, 51, 52, 65). Therefore, finding a drug that has simultaneous therapeutic effects on cardiomyocytes, HPAECs and HPASMCs may be the best way to alleviate PH.

PI3K/AKT has been found to be associated with increased development of PH (123). Ding et al. found that the AKT pathway is inactivated in PASMCs exposed to hypoxia as well as in human and rat pulmonary hypertensive lungs (172). We hypothesize that in the early stage of PH, the body inhibits the PI3K/AKT signaling pathway to prevent activation of its downstream pathway from aggravating disease progression. With the aggravation of hypoxia, inflammation or the action of drugs, inflammatory substances such as IL-6 and upstream signaling pathways activate PI3K/AKT signaling, producing the homogeneous effects of promoting proliferation and inhibiting apoptosis, further aggravating the development of the disease. Atorvastatin upregulates PI3K/AKT to treat PH, while other drugs are mostly used to inhibit the PI3K/AKT pathway (63). This may be due to the different targets that drugs affect through the PI3K/AKT pathway. PI3K/AKT may be one of the pathways involved in the treatment of PH with certain drugs but does not play a major role. CO therapy can alleviate PH through the eNOS pathway (173). Telmisartan, genistein, and tanshinone IIA can cause PI3K/AKT activation and ultimately release NO in the endothelium. Trace amounts of NO help to maintain vascular homeostasis (43, 58, 59). However, the activation of PI3K/AKT can also lead to the activation of NF-κB, mTOR and other pathways and aggravate PH (124). Therefore, the PI3K/AKT pathway plays a dual regulatory role in PH. Further research is needed to determine the dosages of the three drugs and at what stages of PH treatment they should be used.

Other literature has also mentioned the use of CO in the treatment of lung injury (174). However, treatment with toxic CO requires careful determination of therapeutic concentration. Many drug studies involving PH therapy tend to influence HPASMCs and HPAECs through various signaling pathways, inhibit pulmonary artery, remodeling and reduce pulmonary artery pressure. There are few studies focused on how to reduce IL-6 and the expression of various inflammatory factors through anti-inflammatory drugs. Clinical experience suggests that the occurrence of inflammation and arterial smooth muscle and endothelial cell lesions promote each other, and anti-inflammatory therapy itself is conducive to the treatment of PH.

The association of sex hormones and gender imbalance with cardiopulmonary disease has already attracted great attention, especially in the context of PH. The proportion of female patients is higher than that of men, while male patients exhibit greater disease severity (5, 88, 175, 176). The overall decrease in CD68 macrophages in male PH mice and male PH patients caused a decrease in the M1/M2 ratio of monocyte-derived macrophages (macrophage transformation to M2), and M2 polarization-induced proliferation of HPASMCs, vascular fibrosis and remodeling were the causes of exacerbation of the condition in male PH mice patients (88). Male HPAECs are more sensitive to stress and impaired mitochondrial function due to hypoxia, and an increase in the active HMGB1 dimer in the systemic circulation is induced by the nonprogrammed death necrosis of HPASMCs, inducing the development of PH in men (163, 177). These differences may be caused by the protective effects of sex hormones, XY chromosomes, and regulatory T cells (Tregs) on females (178).

As stated above, both hypoxia and HMGB1 can promote the expression of IL-6 in HPASMCs and HPAECs. Hypoxia and HMGB1 can also induce the proliferation and migration of HPASMCs and induce the proliferation of HPAECs but inhibit their migration (162). There is no evidence for gender imbalance in the IL6/HMGB1 signaling pathway, and further research is needed.




4 Conclusion

Existing studies have suggested that inflammatory factors are key factors in PH. IL-6 is a multifunctional cytokine that plays a crucial role in the regulation of the immune system. Since IL-6 is one of the most important mediators in the pathogenesis of inflammation in PH, signaling mechanisms targeting IL-6 may become therapeutic targets for this disease.
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Pulmonary fibrosis (PF) and pulmonary hypertension (PH) have common pathophysiological features, such as the significant remodeling of pulmonary parenchyma and vascular wall. There is no effective specific drug in clinical treatment for these two diseases, resulting in a worse prognosis and higher mortality. This study aimed to screen the common key genes and immune characteristics of PF and PH by means of bioinformatics to find new common therapeutic targets. Expression profiles are downloaded from the Gene Expression Database. Weighted gene co-expression network analysis is used to identify the co-expression modules related to PF and PH. We used the ClueGO software to enrich and analyze the common genes in PF and PH and obtained the protein–protein interaction (PPI) network. Then, the differential genes were screened out in another cohort of PF and PH, and the shared genes were crossed. Finally, RT-PCR verification and immune infiltration analysis were performed on the intersection genes. In the result, the positive correlation module with the highest correlation between PF and PH was determined, and it was found that lymphocyte activation is a common feature of the pathophysiology of PF and PH. Eight common characteristic genes (ACTR2, COL5A2, COL6A3, CYSLTR1, IGF1, RSPO3, SCARNA17 and SEL1L) were gained. Immune infiltration showed that compared with the control group, resting CD4 memory T cells were upregulated in PF and PH. Combining the results of crossing characteristic genes in ImmPort database and RT-PCR, the important gene IGF1 was obtained. Knocking down IGF1 could significantly reduce the proliferation and apoptosis resistance in pulmonary microvascular endothelial cells, pulmonary smooth muscle cells, and fibroblasts induced by hypoxia, platelet-derived growth factor-BB (PDGF-BB), and transforming growth factor-β1 (TGF-β1), respectively. Our work identified the common biomarkers of PF and PH and provided a new candidate gene for the potential therapeutic targets of PF and PH in the future.
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1 Introduction

Pulmonary hypertension (PH), defined as a mean pulmonary artery pressure (mPAP) >20 mmHg at rest (1), is a major global health issue, with an estimated prevalence of ~1% in the population worldwide and 10% in individuals aged >65 years  (1). PH is often accompanied by pulmonary fibrosis (PF). In idiopathic pulmonary fibrosis (IPF), 8%–15% of patients have PH at diagnosis, and the prevalence is raised to 30%–50% in the advanced stage and >60% at the end stage of the disease. PH significantly complicates the course of PF and heralds an unfavorable disease prognosis (2, 3). As a well-known fatal lung disease, the average life expectancy of IPF is 3–5 years after diagnosis (4, 5), and the mortality climbs even higher when pulmonary vascular remodeling is involved (6–8). Currently, although several drugs targeting group 1 PH [pulmonary arterial hypertension (PAH)] have been studied in patients with PF associated with PH, the results are inconsistent, with some studies indicative of ineffective or even harmful impact (9–11), which unfortunately left lung transplantation the only durable treatment for PH secondary to PF (6). Therefore, finding a new common therapeutic target for PF-PH is particularly important.

The pathological feature of PF associated with PH involves an overexuberant fibroproliferative process gradually destructing the normal lung architecture and sustained remodeling in the pulmonary vasculature. Even though the underlying pathophysiology is complex and unique, accumulating evidence indicates that the development of fibrosis and vascular obliteration (both in PAH and secondary PH) share several similar mechanisms involving epigenetics, metabolism, inflammation, immunity, DNA damage, and oxidative stress (6, 12–14). We have recently reported that targeting checkpoint kinases 1/2 exhibited a promising antifibrotic and antiproliferative activity in PF and pulmonary vascular remodeling (13, 14). However, the pathological origins of PF and PH remain undetermined, and understanding at the systems level and developing novel therapeutic strategies remain highly recommended.

With rapid advances in sequencing technology (15), it is available to measure the expression of thousands of genes in various diseases, which helps people understand the pathogenesis of diseases in depth from the gene level (16). In this study, we identified co-expression modules and shared genes of PF and PH by using publicly available gene expression data from the NCBI Gene Expression Omnibus (GEO) database. The results revealed that PF and PH shared 313 genes in discovery cohorts, and they were mainly enriched in lymphocyte activation. We further validated that IGF1 was particularly noteworthy, which may serve as the key modulator and potential therapeutic target in PF and PH in the future.




2 Materials and methods



2.1 Patients and samples

The lung tissues from six PF-PH and five healthy subjects were obtained from patients undergoing an open lung biopsy or lung transplant in Shanghai Pulmonary Hospital in the period from 2020 to 2022. The diagnosis of PF-PH was established from the European Society of Cardiology and the European Respiratory Society guidelines (1). All of the experimental procedures using human tissues were approved and supervised by the Ethics Committee of Shanghai Pulmonary Hospital (numbers: K22-137Y). Written informed consent was obtained from all participants.




2.2 Data collection and processing

We used “pulmonary arterial hypertension” or “idiopathic pulmonary fibrosis,” the two typical diseases for pulmonary vascular remodeling and PF, as keywords to search in the GEO database (https://www.ncbi.nlm.nih.gov/geo/) and obtain the expression profiles. Database inclusion criteria were as follows. First, the sequencing methods of the selected database are expression profiling by array, and the dataset must contain both control and disease groups. Second, the tissue sources used for sequencing were all human lung tissue. Third, the number of samples should be sufficient to ensure the accuracy of each analysis, and the database must provide either processed or raw data that can be used for reanalysis. Finally, we selected GSE53845, GSE113439, GSE110147, and GSE15197 from the GEO database. Subsequently, we used R 4.2.0 software to convert probes in GSE53845 and GSE113439 into gene symbols. We provide all involved R programs in Supplementary Table 1.




2.3 Weighted gene co-expression network analysis

PF- and PH-related modules were gained by weighted gene co-expression network analysis (WGCNA) (17), and WGCNA was carried out using SangerBox (sangerbox.com). The gene cluster map and the correlation heat map between modules and phenotypes were obtained.




2.4 Identification of shared unique genes in PF and PH

We selected the modules highly correlated with PF and PH and screened the overlapping shared genes in the modules that are positively associated with PF and PH. ClueGO (18) explored the potential role of these shared genes in PF and PH and made a biological analysis of these shared genes. A p-value <0.05 was considered significant. Protein–protein interaction (PPI) network analysis used STRING (string-db.org), and the “MCODE” algorithm in Cytoscape software was used to realize visualization.




2.5 Validation of shared genes through differential expression analysis

To further identify potential functional genes for PF and PH, differential expression analysis was performed using GEO2R between patients and healthy controls in GSE110147 or GSE15197. The screening threshold of differentially expressed genes (DEGs) was set at a log2 |fold change (FC)| >1 and a p-value <0.05. Overlapping DEGs in PF and PH databases were acquired by Venn. A set of immunity-related genes was achieved from the ImmPort database (19) and crossed with identified common genes by Venn mapping.




2.6 Immune infiltration analysis and correlation analysis between immune cells and feature genes

The normalized GSE53845 and GSE113439 expression data were analyzed by CIBERSORT (https://cibersort.stanford.edu/) to evaluate enrichment for immune invasions and to obtain an immunocyte infiltration matrix. Furthermore, we displayed the percentage of each immunocyte in the samples in a histogram, constructed a heatmap of 22 kinds of immunocytes, and compared the levels of 22 immunocytes between patients and controls using SangerBox. Spearman’s rank correlation analysis was used to analyze the relationship between immunocytes and feature genes. A p-value <0.05 was considered statistically significant.




2.7 Quantitative real-time PCR assay

Lung tissue samples were obtained from patients with PF-PH who underwent a lung transplant and healthy donors (controls) and stored at −80°C until use. Total RNA was extracted from the lung tissue using TRIzol reagent. RNA purity was determined using the NanoDrop 2000 spectrophotometer at 260/280 nm (ratio = 1.9–2.1). Then, reverse transcription using the PrimeScript™ RT reagent Kit (TaKaRa, RR0371, Japan) was performed according to the manufacturer’s instructions. RT-PCR was then performed with the SYBR Green-based RT-PCR (TOYOBO, QPK201, Japan). For RT-PCR analysis, the expression level of genes was represented as a fold change using the 2−△△Ct method, and a p-value <0.05 was considered statistically significant. Primer sequences are listed in Supplementary Table S2.




2.8 Cell culture, transfection, and cell function test

Human pulmonary microvascular endothelial cells (PMECs), human pulmonary artery smooth muscle cells (PASMCs), and human fibroblasts were purchased from ScienceCell (Shanghai, China) and cultured in endothelial cell medium, smooth muscle cell medium, and Dulbecco’s modified Eagle’s medium, respectively, and incubated with 5% CO2 at 37°C. Hypoxia-induced PMECs were acquired in anoxic incubators with 5% O2 at 37°C. PASMCs and fibroblasts were induced to proliferate with 10 ng/mL platelet-derived growth factor-BB (PDGF-BB) (PeproTech, USA) and 5 ng/mL transforming growth factor-β1 (TGF-β1) (PeproTech, USA), respectively.

Cells were transfected with 20 μM siRNA IGF1 (Genomeditch, Shanghai, China) using Lipo2000 Transfection Reagent (Invitrogen, USA). The control groups were treated with equal concentrations of negative control sequences to eliminate nonspecific effects.

Cell Counting Kit-8 (CCK-8, Dojindo, Japan) was used to measure cell proliferation. Cells were inoculated into a 96-well plate at a density of 3 × 103 cells per well. After 48 h of siRNA IGF1 treatment under the stimulation of proliferation induction, cells were treated with 10 μL CCK-8 solution at 37°C for 60 min and then tested. The absorbance at 450 nm was then detected, with a relative proliferation level obtained by normalization from five independent experiments.

In this study, 2 × 103 treated cells were planted in each well of a 96-well plate. After 48 h of treatment, cell proliferation was measured by EdU Kit (BeyoClick™, China). Hoechst (blue) labeled the nucleus and EdU (green) labeled the proliferating cells, and these were observed and counted under the fluorescence microscope.

The Annexin V apoptosis kit (Dojindo, Japan) was used to detect the apoptosis of cells. In this study, 2 × 105 cells were planted into each well of a 6-well plate with or without treatment. After 48 h, cells were digested with trypsin, and cells were washed with phosphate buffered saline (PBS) three times. Then, 500 μL of 1× Annexin V binding solution was added to the washed cells to prepare a cell suspension, and 3 μL of Annexin V-FITC and PI were added, respectively. The samples were mixed thoroughly and were left in the dark for 15 min. Finally, the apoptosis was analyzed by flow cytometry.

The cells were analyzed for fluorescence by Calcein-AM/PI staining (Calcein-AM/PI Double Stain Kit, YESEN, China). Cells were seeded in 24-well plates (2 × 105 cells) for 48 h with or without treatment. Dyeing solution was added, and the cells were incubated at 37°C for 30 min. Finally, the cells were analyzed using a fluorescence microscope.




2.9 Molecular docking

In order to further verify the ability of protein IGF1 to target drugs, molecular docking was carried out. Firstly, a database was selected in The NCGC Pharmaceutical Collection, which contained 7,929 FDA-approved drugs. The crystal structure of 2OJ9 was downloaded from the PDB database as the receptor protein structure for molecular docking. Secondly, the Discovery Studio LibDock program was used for molecular docking screening, and the top 20 compounds of LibDock score were selected for further study. Subsequently, for the top 20 compounds, the ligands and protein needed for molecular docking were prepared by AutoDock Vina software (http://vina.scripps.edu/), and for the target protein, the crystal structure obtained from the PDB database (https://www.rcsb.org/) needed pretreatment. Finally, the target structure was molecularly docked with the active ingredient structure, and the affinity value of the target structure is the binding ability of the target structure and the active ingredient structure using vina in pyrx software (https://pyrx.sourceforge.io/).




2.10 Statistical analysis

SangerBox (sangerbox.com) was used for all statistical analyses. Differences between the two groups were compared using parametric tests for normally distributed variables. All of the statistical differences were p-value <0.05.





3 Results



3.1 GEO information

Based on the screening criteria mentioned in the method, we selected four GEO datasets numbered GSE53845, GSE110147, GSE113439, and GSE15197. Furthermore, GSE53845 (20) and GSE113439 (21) served as discovery queues for WGCNA. A concise description of these samples was summarized in Supplementary Table S3. Additionally, GSE110147 and GSE15197 served as validation queues for DEG analysis.




3.2 Key modules associated with PF and PH by WGCNA

We identified eight relevant modules for GSE53845 through WGCNA, with each color representing a different module. A heat map of the module–trait relationship was then drawn based on the correlation coefficients to assess the association of each module with disease (Figures 1A, C). Among them, the “red” module (r = 0.81, p = 4.9e-12) had a high correlation with PF and was selected as the module with the highest positive correlation with PF, including 1,260 genes. Similarly, in GSE113439, module “pink” (r = 0.89, p = 1.8e-9) was the module with the highest positive correlation with PH, including 5,013 genes (Figures 1B, D).




Figure 1 | Weighted gene co-expression network analysis (WGCNA). (A) The cluster dendrogram of co-expression genes in PF. (B) The cluster dendrogram of co-expression genes in PH. (C) Module–trait relationships in PF. (D) Module–trait relationships in PH. (E) Shared genes overlap between the red module of PF and the pink module of PH. IPF, idiopathic pulmonary fibrosis; PAH, pulmonary arterial hypertension; CON, control.






3.3 Common genes and biological functions in PF and PH

Among PF and PH, 313 genes in the most relevant positive correlation module overlapped and were defined as gene set 1 (Figure 1E). To explore the potential function of gene set 1, Gene Ontology (GO) enrichment was analyzed using ClueGO. The first significantly enriched GO terms for Biological Process (BP) are “lymphocyte activation,” which accounted for 53.12% of the total GO terms (Figures 2A, B ), confirming that this pathway may be essential in both PF and PH. Then, we constructed a protein-level PPI network for dataset 1 (Figures 3A-D). Four clusters were extracted using MCODE analysis, and cluster 1 contains 60 nodes and 759 edges (score = 25.73). We performed functional enrichment analysis on the genes of the four clusters respectively and selected the first 10 immune-related pathways (Figure 3E). GO enrichment analysis showed that the genes in cluster 1 were mainly related to the lymphocyte activation pathway; this was consistent with the enrichment of dataset 1. Therefore, this gene cluster belongs to the gene part shared by PF in PH.




Figure 2 | ClueGO enrichment analysis of dataset 1. (A) The interaction network of GO terms generated by the Cytoscape plug-in ClueGO. The significant term of each group is highlighted. (B) Proportion of each GO terms group in the total. GO, gene ontology. **p < 0.05.






Figure 3 | (A–D) PPI network analysis was performed on gene set 1, and four clusters were identified. (E) GO analysis was performed on each cluster.






3.4 DEGs in PF and PH

We performed DEG analyses of GSE110147 and GSE15197 to validate our results. Among the 2,579 DEGs in GSE110147, 1,213 were significantly downregulated and 1,366 were significantly upregulated. In GSE15197, 3,497 DEGs were identified, including 1,328 downregulated and 2,169 upregulated genes. Further cross-analysis of GSE110147 and GSE15197 revealed that there were 32 co-downregulated genes and 165 co-upregulated genes in PF and PH, defined as gene set 2 and expressed by Venn diagram (Figures 4A, B). There were eight overlapped genes, ACTR2, COL5A2, COL6A3, CYSLTR1, IGF1, RSPO3, SCARNA17 and SEL1L, in GS1 and GS2 (Figure 4C). Notably, COL5A2, IGF1, and COL6A3 are contained in cluster 1, and RSPO3 is contained in cluster 3. At the same time, the expression level of the overlapped genes in the four datasets was visualized (Figures 4E-H).




Figure 4 | Validation Group: (A, B) Differential gene analysis of PF dataset GSE110147 and PH dataset GSE15197, respectively: downregulated intersection gene and upregulated intersection gene. (C) The intersection gene set 1 and gene set 2 were selected, and there were eight key genes. (D) The intersection of immune-related genes with the eight key genes was retrieved in the ImmPort database. Analysis of expression levels of eight key genes in the verification group of the discovery group: GSE53845 (E), GSE113439 (F), GSE110147 (G), and GSE15197 (H). IPF, idiopathic pulmonary fibrosis; PAH, pulmonary arterial hypertension; CON, control. **p < 0.01; ***p < 0.001;  ****p < 0.0001.






3.5 Immune-related common genes and immune infiltration analysis in PF and PH

In the enrichment assay, immune-related biological functions were significantly enriched in PF and PH. Therefore, we further performed CIBERSORT to predict immune cell infiltration between patients with the disease and control groups. The percentage of each of the 22 immune cells in each sample was shown in the bar and heat graphs of GSE53845 (Figures 5A, B) and GSE113439 (Figures 5D, E). The box diagram of the differences in immunocyte infiltration when samples were classified into disease and control groups showed significant differences of T cells CD4 memory resting, T cells CD4 memory activated, T cells regulatory (Tregs), T cells gamma delta, natural killer (NK) cells resting, Macrophages M1, Macrophages M2, and Neutrophils in PF patients compared with those in controls (Figure 5C). Compared with the control group, there were significant differences in T cells CD8, T cells CD4 memory activated, T cells follicular helper, NK cell activated, Mast cells resting, Eosinophils, and Neutrophils in patients with PH (Figure 5F). As can be seen from the results, T cells CD4 memory activated was a common significantly different immune feature to PF and PH. In addition, IGF1 and CYSLTR1 were the shared genes between 1,792 immune-related genes retrieved from the ImmPort database and eight common genes (Figure 4D). IGF1 and CYSLTR1 were also related to several immune cells (Figure 6).




Figure 5 | Immune infiltrates between PF and normal controls: (A) Relative percentage of 22 immune cells; (B) Heat map of 22 immune cells; (C) Difference in immune infiltrates between PH and normal controls. Immune infiltrates between PH and normal controls: (D) Relative percentages of 22 immune cells; (E) Heat maps of 22 immune cells; (F) Differences in immune infiltrates between PH and normal controls. IPF, idiopathic pulmonary fibrosis; PAH, pulmonary arterial hypertension; CON, control. *p < 0.05; **p < 0.01; ***p < 0.001;  ****p < 0.0001.






Figure 6 | Correlation between IGF1 and CYSLTR1 and immune cells. (A) Correlation between IGF1 and immune cells (in GSE53845). (B) Correlation between CYSLTR1 and immune cells (in GSE53845). (C) Correlation between IGF1 and immune cells (in GSE113439). (D) Correlation between CYSLTR1 and immune cells (in GSE113439). The length of the line represents the correlation between genetic biomarkers and immune cells. The size and color of the points represent p-values and FDR, respectively, and the smaller the point, the greater the difference.






3.6 Demonstration of the expression of overlapped genes in PF-PH patients

To further demonstrate the expression of overlapping genes in PF-PH patients, we performed RT-PCR in six lung tissue samples from PF-PH patients and five healthy donors. The results showed that IGF1 and COL5A2 expression was distinctly increased in PF-PH samples compared with healthy samples (Figure 7), which is consistent with previous findings in DEGs of PF and PH.




Figure 7 | RT-PCR for the expression of common genes of PF and PH in PF-PH patients and healthy donors. PF, pulmonary fibrosis; PH, pulmonary hypertension; CON, control.






3.7 Effect of siRNA IGF1 on cell function

In view of the upregulation of IGF1 in lung tissue of patients with PF-PH, we used siRNA IGF1 to reduce the expression of IGF in PMECs, PASMCs, and fibroblasts to further study the effect of IGF1 on cell function. Hypoxia, PDGF-BB, and TGF-β1 were used to induce the proliferation of PMECs, PASMCs, and fibroblasts, respectively. As shown in Figures 8A–C, the cell proliferation was increased obviously after stimulation and significantly inhibited after adding siRNA IGF1. In addition, we used EdU Kit to verify the cell proliferation, and the results were consistent (Figures 8D–F). Then, using flow cytometry and AM/PI Kit, we identified that siRNA IGF1 could reduce the apoptosis rate and death rate promoted by hypoxia, PDGF-BB, and TGF-β1 in PMECs (Figures 9A, D), PASMCs (Figures 9B, E), and fibroblasts (Figures 9C, F), respectively.




Figure 8 | Effects of IGF1 on the proliferation of PMECs, PASMCs, and fibroblasts. The CCK-8 Kit test proliferation of PMECs (A), PASMCs (B), and fibroblasts (C) with siRNA IGF1. The EdU Kit test proliferation and analysis results of PMECs (D), PASMCs (E), and fibroblasts (F). All data are presented as the mean ± SEM. Scale bar 100 μm. *p < 0.05; **p < 0.01; ****p < 0.0001. Veh, vehicle; PDGF-BB, platelet-derived growth factor-BB; TGF-β1, transforming growth factor-β1.






Figure 9 | Effects of IGF1 on the apoptosis and mortality of PMECs, PASMCs, and fibroblasts. The flow cytometry test apoptosis of PMECs (A), PASMCs (B), and fibroblasts (C) with siRNA IGF1. The AM/PI Kit test mortality and analysis results of PMECs (D), PASMCs (E), and fibroblasts (F). All data are presented as the mean ± SEM. Scale bar 100 μm. *p < 0.05; **p < 0.01; ***p < 0.001. Veh, vehicle;  PDGF-BB, platelet-derived growth factor-BB; TGF-β1, transforming growth factor-β1.






3.8 The ability of IGF1 to target drugs

The LibDock docking results showed that 2,720 compounds in 7,929 were successfully docked to protein IGF1. The higher the LibDock score, the closer the interaction between molecules and proteins. We selected the top 20 compounds of LibDock score (Table 1) to enter the next research. Subsequently, the lower the binding ability, the more stable the binding between the ligand and the receptor (the lower the binding energy, the better the binding) in vina docking results. Therefore, among the first 20 compounds, we screened out the compounds with binding energy less than -7.0 kcal/mol by vina (22), namely, deslanoside (Figure 10A), flavitan (Figure 10C), ivermectin (Figure 10E), and posaconazole (Figure 10G), which have strong binding activity with IGF1. The results also show the interaction between these drugs and IGF1. Deslanoside forms hydrogen bonds (HBs) with ARG1062, GLU985, and ARG973 of IGF1 and forms alkyl bonds with ARG1062 and ARG1054 (Figure 10B). Six HBs were formed between flavitan and IGF1, namely, SER1059, SER1063, ARG1054, GLU1115, GLU985, and GLU974, and also formed alkyl with ILE1130 and pi-alkyl with ARG1062 (Figure 10D). Ivermectin forms HBs with GLU985 and ASP1056 of IGF1 and alkyl with ARG1054 (Figure 10F). Posaconazole forms HBs with ILE1136, ARG1062, and SER1059 of IGF1, alkyl with ARG1054, pi-pi stacked with TYR1131, and halogen with GLU974 and GLU985 (Figure 10H).


Table 1 | The top 20 compounds of LibDock score.






Figure 10 | The ability of IGF1 to target deslanoside (A, B), flavitan (C, D), ivermectin (E, F), and posaconazole (G, H).







4 Discussion

The recent approval of the first PAH therapy for treating PF-associated PH represents an encouraging advancement, which indicates that despite the heterogeneity in patients, shared molecular mechanisms contribute to the perpetuation of the fibrotic process and pulmonary vascular remodeling (23). In this study, we conducted WGCNA to find clusters (modules) of highly relevant genes, explored the relationship between gene networks and the two diseases (17), and then obtained the DEGs, which refer to the specific genes expressed between healthy subjects and patients with PF or pulmonary vascular remodeling. After integration, the final “important” intersecting genes were discovered, probably the potential vital genes and therapeutic targets of PF-associated PH.

Drawing support from WGCNA, we first described several intersection genes of PF and pulmonary vascular remodeling, most of which are enriched in lymphocyte activation. Then, we performed CIBERSORT analytical tool (24) to specifically analyze the essential fractions of 22 subpopulations of immune cells and observed that activated memory CD4+ T cells were upregulated in the lung of both PF and PH patients compared with control. Further evaluation and validation allowed us to identify IGF1 as a potential immune-related critical gene for pulmonary vascular remodeling and fibrosis.

Immunity is one of the critical factors involved in the pathogenesis of PH and PF besides genetic predisposition (25, 26), epigenetic regulation (27, 28), metabolic derangement (26), and environment insults (28, 29). Both innate immunity and adaptive immunity contribute to all forms of PF and pulmonary artery vascular remodeling. Pulmonary vasculopathy in patients with PH is characterized by varying degrees of perivascular inflammatory infiltration, including T lymphocytes, B lymphocytes, macrophages, dendritic cells, and mast cells (30). Meanwhile, those immune cells are also important players in fibroblast biology and fibrogenesis (31, 32). In our study, we first demonstrated that the shared genes between PF and PH are mainly functionally enriched in lymphocyte activation, which refers to a series of cellular biochemical changes and processes of lymphocytes under the stimulation of antigen or mitogen, including the transmission of the cell activation signal and the activation of a variety of related enzymes. According to their migration, surface molecules, and functions, they can be divided into T lymphocytes (also known as T cells), B lymphocytes (also known as B cells), and NK cells.

Using CIBERSORT, we predicted that CD4+ T cell activation was a common immune feature to PF and PH. CD4+ T cells can differentiate into several effector subsets, such as Th1, Th2, Th17, Tregs, and Tr1 cells, depending on factors in the local environment, such as cytokines and T cell receptor (TCR) signaling strength (33). Previous studies have already described a specific depletion of CD4+ T cells in peripheral venous blood of patients with PH (34) and PF (35); this significant downregulation is associated with poor outcomes in patients with PF (35) and PH (36). While in the perivascular (37) and fibrosis area (38), a significantly increased helper T cell (CD4) prevalence could be found, such as Th17, which produces several cytokines promoting pulmonary vascular remodeling (36) and fibrogenesis (38). Unlike Th17, Treg cells, especially their CD4+/CD25+/Foxp3+ phenotype, are essential for maintaining immune system homeostasis, especially in long-term inflammatory responses. They inhibit the activity of other T cells, especially CD8+ cytotoxic T cells, limit the immune response (39), reduce endothelial injury, and then impede PH-mediated vascular remodeling (40, 41) by upregulating COX-2, PTGIS, HO-1, and PD-L1 in the media layer of the pulmonary arteriole (40). A previous study identified Treg-associated genes in the progression of PH, and the gene signature based on these genes was revealed to be a novel indicator to distinguish PH from controls (42). The imbalanced Th1/Th2 immune response has been considered central to the pathogenesis of PF (43); Treg impairment is also dedicated to the development of PF (44). Global impairment of CD4+CD25+FOXP3+ Tregs has been identified in the peripheral blood and bronchoalveolar lavage fluid in IPF patients and is strongly correlated with disease severity (45). Tregs can attenuate fiber recruitment and PF by inhibiting the CXC chemokine ligand (CXCL)12 (46). Recently, Ichikawa et al. (47) found that depletion of CD69hiCD103hiFoxp3+ Tregs resulted in substantially higher levels of lung fibrosis in mice during chronic exposure to Aspergillus fumigatus because tissue-resident CD44hiCD69hi CD4+ T cells had increased expression of fibrosis-related genes. Nevertheless, a profibrosis effect of CD4+CD25hiFoxp3+ Tregs has been shown in bleomycin-induced PF (48) and other types of fibrosis animals (31), so the potential role of Tregs in PF remains uncertain and can be controversial.

To further identify the hub gene, we validated 313 shared genes of PF and PH in two GEO datasheets by differential gene expression analysis. Then, we confirmed their mRNA expression in the lung tissues of PF-PH patients. Ultimately, the IGF1 gene with high functional significance was selected as a central shared gene related to immunity in PF and PH. It is a single-chain polypeptide with a high sequence homology to pro-insulin and has been reported as a critical factor for developing T and B cells from pluripotent precursors (49). IGF1 interacts with the IGF1 receptor, whose signaling regulates T-cell proliferation, apoptosis, and Treg cell function by inducing phosphorylation of phosphoinositide 3-kinase/Akt pathway (50, 51). Meanwhile, IGF1 is also highly expressed in lung fibroblasts (52, 53), pulmonary artery endothelial cells, and PASMCs (54). In vivo, IGF1 can increase the levels of phosphorylated AKT at residue position S473 in PASMCs and elevate the expression of endothelin-1 (ET-1) in pulmonary artery endothelial cells (54). In neonatal mice, hypoxia exposure can modulate DNA methylation in the IGF1 promoter region, upregulating its levels in the lungs (54). Smooth muscle cell (SMC)-specific deletion of IGF1 reduced the proliferation of PASMCs and attenuated hypoxia-induced pulmonary vascular remodeling, right ventricular hypertrophy, and right ventricular systolic pressure (55). Consistent with our analysis, IGF1 has been shown to be overexpressed in fibrotic fibroblasts, especially class 1 and IGF-1Ea variants, and promoting fibroblast proliferation and extracellular matrix deposition (53).

Blocking the IGF1 pathway by a monoclonal antibody against the IGF1 receptor exhibited a protective effect on bleomycin-induced lung injury in animal models (56). All of these indicate that IGF1 was probably involved in the pathogenesis of fibrogenesis and PH. As IGF1 has long been implicated in various tumorigeneses, including pancreatic cancer, breast cancer, Ewing sarcoma, and melanoma, several small molecules and monoclonal antibodies targeting IGF1 signaling have been developed (57, 58). Further translational research is needed to provide direct evidence proving that inhibition of IGF1 could become a potential new therapeutic target for PF and PH.

Among the eight shared genes we discovered, COL5A2 is another gene that has been successfully validated. Studies have shown that COL5A2 is related to fibrosis. Foxf2 interacted with Smad6, downregulated COL5A2 transcription, and reduced fibrosis (59). Moreover, C57BL/6 mice presented with increased tissue elastance and a nonspecific interstitial pneumonia histologic pattern in the lung, combined with the thickening of the small and medium intrapulmonary arteries, increased fibrosis, and increased COL5A2 gene expression (60). In addition, COL5A2 expression linked to cell morphogenesis, angiogenesis, and blood vessel development (61). Gene co-expression network revealed that COL5A2 shows predictive potential in myocardial infarction, which may be a new candidate marker for identifying and treating ischemic cardiovascular diseases (62).

The results of molecular docking show that four important compounds (deslanoside, flavitan, ivermectin, and posaconazole) have strong binding activity with the target protein IGF1, and the main forms of interaction between components and targets are HBs, alkyl interaction, π-π stacking, and halogen bonding. They make that compound have a strong binding force with the target protein IGF1.

Deslanoside is widely used to treat a variety of heart diseases, such as arrhythmia and hypotension, mainly by inhibiting Na/K-ATPase. Recently, in vitro and in vivo studies have shown that deslanoside reduces the proliferation rate of tumor cells, causes G2/M cell cycle arrest, induces cell apoptosis, reduces colony formation, and inhibits migration and invasion, thus exerting anticancer activity (63). Flavin is an important component of flavin adenine dinucleotide (FAD) and riboflavin. FAD was effective in recycling glutathione disulfide in vivo and promoted alveologenesis but did not impact alveolar fluid clearance nor attenuate fibrosis following high fraction inspired oxygen exposure (64). However, ATP content was increased, and the content of free fatty acids and reactive oxygen species were decreased by FAD in vivo and in vitro (65). FAD can inhibit pathological cardiac hypertrophy and fibrosis through activating short-chain acyl-CoA dehydrogenase, thus preventing them from developing into heart failure (65). Riboflavin also works as an antioxidant by scavenging free radicals. Administration of lipopolysaccharide (LPS) resulted in marked cellular changes including interstitial edema, hemorrhage, infiltration of PMNs, which were reversed by riboflavin administration (66). Ivermectin is one of the most important drugs for the control of parasitic infection, which has antiviral activity against many DNA and RNA viruses, including coronavirus disease-2019 (COVID-19) (67). With regard to its anti-inflammatory properties, ivermectin has been proven to significantly reduce the recruitment of immune cells and the production of cytokines (68) and inhibit TNF-α and IL-6 induced by LPS (69). Posaconazole is being used for invasive pulmonary aspergillosis at present (70). In addition, posaconazole accumulates in lung tissue, especially in macrophages (71). This characteristic allows for the long duration of action commonly observed in epithelial cells (71).

We acknowledge that this study has some limitations. First, the datasets used were all derived from transcriptomics. The use, mutual verification, and supplement of other omics must be addressed. Further analysis and verification of other omics will be needed after this research. Second, the sample size in RT-PCR validation was small because obtaining lung samples from patients and controls is challenging. Third, heterogeneity of PF and PH has not been considered in this study. Fourth, further demonstration of machinery by future studies is necessary.

In conclusion, we proposed that lymphocyte activation might be a vital pathway affecting the pathogenesis of PF and PH and identified IGF1 as the critical immune-related common gene. These data findings provide a basis for future research and new potential therapeutic targets for the future treatment of PF and PH.
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Background

In chronic cystic fibrosis (CF) lung disease, neutrophilic inflammation and T-cell inhibition occur concomitantly, partly due to neutrophil-mediated release of the T-cell inhibitory enzyme Arg1. However, the onset of this tonic inhibition of T cells, and the impact of pulmonary exacerbations (PEs) on this process, remain unknown.





Methods

Children with CF aged 0-5 years were enrolled in a longitudinal, single-center cohort study. Blood (n = 35) and bronchoalveolar lavage (BAL) fluid (n = 18) were collected at stable outpatient clinic visits or inpatient PE hospitalizations and analyzed by flow cytometry (for immune cell presence and phenotype) and 20-plex chemiluminescence assay (for immune mediators). Patients were categorized by PE history into (i) no prior PE, (ii) past history of PE prior to stable visit, or (iii) current PE.





Results

PEs were associated with increased concentration of both pro- and anti-inflammatory mediators in BAL, and increased neutrophil frequency and G-CSF in circulation. PE BAL samples showed a trend toward an increased frequency of hyperexocytic “GRIM” neutrophils, which we previously identified in chronic CF. Interestingly, expression levels of the T-cell receptor associated molecule CD3 and of the inhibitory programmed death-1 (PD-1) receptor were respectively decreased and increased on T cells from BAL compared to blood in all patients. When categorized by PE status, CD3 and PD-1 expression on blood T cells did not differ among patients, while CD3 expression was decreased, and PD-1 expression was increased on BAL T cells from patients with current PE.





Conclusions

Our findings suggest that airway T cells are engaged during early-life PEs, prior to the onset of chronic neutrophilic inflammation in CF. In addition, increased blood neutrophil frequency and a trend toward increased BAL frequency of hyperexocytic neutrophils suggest that childhood PEs may progressively shift the balance of CF airway immunity towards neutrophil dominance.
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Introduction

Pulmonary exacerbations (PEs) are a frequent occurrence among people with CF, with up to 20,000 episodes recorded in the United States each year in a population estimated at 40,000 (1). PEs are characterized by increased cough, mucus production and reduced lung function and are often promoted by pulmonary infections; with severe PEs requiring treatment with intravenous antibiotics (2). PEs can be detrimental even for young children with CF who do not yet exhibit overt structural lung damage, as repeated PEs have been shown to accelerate lung function decline (3). Pro-inflammatory cytokine secretion has been reported in numerous studies as a consequence of PEs (4–6), particularly the potent neutrophil chemoattractant CXCL8 (also known as interleukin-8) (7, 8). Total circulating leukocyte counts are elevated during PEs and have been shown to decrease following antibiotic treatment (7) but little is known about phenotypic or functional changes that immune cells undergo in the airway during PEs. Also, there are key limitations to prior studies of inflammatory markers associated with PEs, including discrepancies in criteria used to define PEs in different centers, differences in sample collection and processing procedures, and the time at which samples are collected between the advent of PEs and the inception of high-impact treatment (9).

As CF lung disease progresses during childhood, infiltrating neutrophils become the dominant cell type in the airway lumen where they undergo functional reprogramming including increased degranulation, and nutrient transporter expression, but decreased expression of phagocytic receptors (10). We termed these highly activated airway-adapted neutrophils “GRIM” (for granule releasing, immunomodulatory, and metabolically active) (11). Previously, we demonstrated that release of neutrophil elastase (NE) by GRIM neutrophils in CF lungs correlates with measures of lung disease (structural damage by chest computed tomography and lung function by spirometry). We also showed that GRIM neutrophils suppress other immune cell populations in CF airways, including macrophages via activation of the inhibitor PD-1 pathway (12) and T cells via secretion of arginase 1 (Arg1) from the primary granules, which cleaves the essential amino acid arginine required by T cells for T-cell receptor signaling (13). Other granule enzymes such as NE and matrix metalloproteinases are major contributors to development of bronchiectasis (14). Despite the highly inflammatory state of the airways, people with CF are unable to clear routine infections (15), due in large part to reduced bacteria killing capability of these GRIM neutrophils (16). Despite an increased understanding of the pathological adaptations exhibited by neutrophils in the CF airways and the mechanisms through which they modulate the function of other leukocyte populations, we do not fully understand the sequence of how these events occur or how they may be impacted by childhood events.

Early life PEs may offer the opportunity to study non-neutrophil populations in the airway, before neutrophils dominate this microenvironment and alter their activity. Furthermore, these events may prefigure impending neutrophilic inflammation, since recent PE occurrence is the most important risk factor for occurrence of future PEs (17). To gain further understanding of both soluble and cellular markers of inflammation related to PEs, we obtained blood and bronchoalveolar lavage (BAL) samples from young children with CF at stable clinic visits and hospitalizations for treatment of a PE. Some of these subjects enrolled for collection of samples at stable clinic visits had prior hospitalizations for a PE, but all subjects in the study were in the early stages of CF lung disease. Through measurement of immune mediators, NE, and leukocyte phenotypes in blood and BAL, we demonstrate that early life PEs are not characterized by elevated biomarkers of neutrophilic inflammation in the airway. Rather, early life PEs associate with changes in neutrophil poise in the circulation, which may foreshadow future neutrophilic inflammation in the airways. Furthermore, we show evidence for T-cell activation during early-life PEs, which differs from later stages of CF lung disease when T cells in the airways are strongly inhibited by neutrophils (13).





Materials and methods




Human subjects and samples

Twenty-six patients (median age at enrollment = 35 months, age range 23 months - 8.5 years, male:female ratio = 2.3) with CF were enrolled over a period of 3 years as part of the IMPEDE-CF study at Emory University and Children’s Healthcare of Atlanta. All aspects of subject enrollment and sample collection were approved by the Emory University Institutional Review Board (IRB00097352). A total of 39 study visits were conducted on these subjects with collection of blood and/or BAL samples at the clinic during a scheduled stable visit or in the hospital upon admission for a PE.

Visits were classified into three groups based on their history of PE as follows: (i) no PE: samples collected at a stable clinic visit, from a subject with no history of hospitalization for treatment of PE; (ii) prior PE: samples collected at a stable clinic visit from a subject who had previous history of having been hospitalized for treatment of a PE; (iii) current PE: samples collected during current hospital admission for a PE.

A summary of demographics for the 39 study visits grouped by PE status is presented in Table 1. Detailed subject demographics (including but not limited to race/ethnicity, mutation types, BAL microbiology) are provided in Table S4. As is common for pediatric studies, not all samples/outcomes could be obtained for all visits, due to prioritization of samples for clinical testing and limitations in material available for research. Sample collection totals are recorded in Table S1, with a summary of assays performed provided in Table S2.


Table 1 | Demographics of enrolled subjects.







Blood and BAL collection and processing

Blood was collected by venipuncture using K2 EDTA tubes, and were processed within 2 hours of collection by centrifugation at 400 x g (10 minutes, 4°C) to separate plasma from blood cells. The plasma was removed and further centrifuged at 3000 x g (10 minutes, 4°C) to remove platelets and debris. The platelet and debris-free plasma was frozen at -80°C and banked for later quantification of immune mediators. The blood cell pellet was washed with 10 mL of sterile ice-cold phosphate-buffered saline with 2.5 mM EDTA added (PBS+EDTA). After centrifugation at 400 x g (10 minutes, 4°C) and aspiration of supernatant, the blood cell pellet was resuspended to its original volume using PBS+EDTA. This washed blood pellet was used for staining and flow cytometry analysis of blood leukocytes.

BAL was performed during flexible fiberoptic bronchoscopy procedures under general anesthesia at stable visits and hospitalizations for PEs. A 3.1 mm bronchoscope (BF-XP190, Olympus, Japan) with a 1.2 mm suction channel was used to retrieve BAL fluid. All BAL samples were collected from the right middle lobe by instillation and aspiration of sterile 0.9% saline (1 mL/kg up to a maximum volume of 20 mL per aliquot). A total of 2 or 3 aliquots were instilled depending on the yield, with the first aliquot reserved for clinical microbiology. Microbiological cultures and cytology typically require 7 mL of BAL fluid, with additional volumes transported on ice to the research laboratory for immediate processing. EDTA was added to each BAL sample for a final concentration of 2.5 mM. Blood and BAL sample yields are summarized in Table S1. BAL samples were processed as described previously (18). In brief, the sample was homogenized by passing through an 18-gauge needle for 12 cycles. The sample was centrifuged at 800 x g (10 minutes, 4°C) and the supernatant was removed for a further centrifugation at 3000 x g (10 minutes, 4°C) to yield debris-free supernatant. The BAL cell pellet was washed in PBS+EDTA and counted using fluorescent microscope with ethidium bromide + acridine orange staining. BAL supernatants were frozen at -80°C and banked for later quantification of immune mediators and NE, and cells were stained for analysis by flow cytometry.





Immune mediators

A 20-plex panel of inflammatory response mediators was measured in plasma and BAL using a high-sensitivity chemiluminescence assay (U-PLEX, Meso Scale Diagnostics) according to the manufacturer’s protocol. Analytes included mediators related to neutrophil recruitment/activation (CXCL1, CXCL5, CXCL8, CXCL10, CXCL11, TNF-α), monocyte/macrophage recruitment/activation (CCL2, CCL4, IFN-γ, IL-6, VEGF-A), the IL-1 family (IL-1α, IL-1β, IL-18), the colony-stimulating factor (CSF) family (G-CSF, M-CSF, GM-CSF), and anti-inflammatory mediators (IL-1RA, IL-10, TNFSF10). We note that some mediator may be bound to factors that could impede their measurement, e.g., IL-18 binding to IL-18BP. In this particular case, proprietary data from the vendor (Meso Scale Diagnostics) confirmed that IL-18 detection is not impaired by binding to other factors such as IL-18BP. It is important to note that these are generalized groupings and individual mediators may have different functions or classifications in specific contexts. For concentrations that fell below the lower limit of detection, a value of half the lower limit was assigned. These values are represented as open symbols in related figures. Statistical comparisons were not performed between groups if more than half of the data points from one group consisted of imputed values.





NE activity

Extracellular NE activity in BAL was measured by Förster resonance energy transfer (FRET) assay using the NEmo‐1 probe (Sirius Fine Chemicals SiChem GmbH), as previously described (19–21).





Flow cytometry

Analysis of leukocytes in blood and BAL fluid by flow cytometry was performed as described previously, using a gating strategy to identify neutrophils, monocytes/macrophages, and T cells (18). The gating strategy with representative subject-matched blood and BAL is shown in Figure S2. In brief, cells were pre-stained with Fc block to prevent non-specific binding of antibodies (Biolegend #422302) and calcein violet for viability for 10 minutes, followed by staining with antibodies for surface proteins for 20 minutes. Targets included CD3, CD16, CD36, CD41a, CD45, CD63, CD66b, CD115, CD304, epidermal growth factor receptor (EGFR), surface NE (R&D Systems), PD-1, PD-L1, and Siglec-8. All incubations were performed on ice in the dark. Cells were washed with PBS+EDTA and fixed in BD Phosflow Lyse/Fix Buffer (BD Biosciences #558049) by incubating overnight in the dark at 4°C. The next day fixed cells were washed with PBS+EDTA and stored at 4°C in the dark until acquisition. Samples were acquired in batches when possible but all were acquired within 2 weeks of staining. All samples were acquired on a BD LSRII or BD FACSymphony, which were calibrated using 6-peak Rainbow Calibration Particles (Biolegend #422901), as previously described (22), to ensure consistent fluorescence output. Compensation was computed using single-stained UltraComp eBeads (Invitrogen #01-2222-42). All compensation, gating, and calculation of median fluorescence intensity (MFI) and cell frequencies was performed using FlowJo V9.9.5 (BD). A threshold of at least 50 events after all gating steps was established for populations to be considered reliable for analysis of fluorescence parameters, as we demonstrated before in published analyses of blood, sputum and BAL (12, 18, 22, 23). Staining panels are detailed in Table S4.





Statistical analysis

Data were analyzed in Prism (version 8; GraphPad Software) to conduct group comparisons, using nonparametric statistical tests (Mann-Whitney) due to the small sample size. Principal component analysis (PCA) was conducted using MATLAB.






Results




Participant demographics

Of the 39 study visits conducted, 28 were on male and 11 on female subjects (72% and 28%, respectively). Breakdown based on F508del mutation status was 17 for homozygotes, 17 for heterozygotes, and 4 for other mutations (44%, 44% and 12%, respectively). The median age at the time of the study visit was 35 months. On review of their medical records, 19 visits (49%) were on subjects who had no prior history of any hospitalizations for PEs, 12 (31%) on subjects who had one or more prior hospitalizations and 8 on subjects currently hospitalized for PE (49%, 31% and 20%, respectively). Only a limited number of visits were on subjects on CFTR modulator therapy (1 on ivacaftor, and 2 on lumacaftor + ivacaftor) due to age and approved therapies available at the time. Of the 8 visits on subjects with current PE, 5 had viral testing done within 48 hours of admission, with 3 of them being positive for a viral infection (parainfluenza 4, rhinovirus and influenza A virus infections). The average total length of hospital stay for subjects with current PE was 10.1 days.





Current PEs are associated with pulmonary infections

We assigned each study visit to one of three groups based on PE history as described in Methods, including no PE, prior PE, and current PE. We then compared airway colonization by pro-inflammatory pathogens and neutrophil frequency in BAL among these groups. In this cohort, detectable pro-inflammatory pathogens included S. aureus and S. marcescens (24), listed in Table S4. Study visits in the no PE and prior PE groups were evenly divided between infected and non-infected (10 detected vs. 9 not detected, and 5 detected vs. 7 not detected, respectively), while the majority of visits for subjects currently experiencing a PE had detectable airway pathogens (6 detected vs. 2 not detected). We then compared airway neutrophilia in each group of subjects, using 10% as the threshold for determining elevated neutrophil frequency in BAL. Neutrophil frequencies were greater than 10% in all samples except for one BAL sample from the no PE group (Table 2; Figure S1).


Table 2 | PEs are associated with airway infection.







Pro- and anti-inflammatory immune mediators are elevated in BAL and plasma during early CF PEs

Previous studies have shown inflammatory mediators to be elevated in response to PEs and declining after treatment with antibiotics (4–8). However, much of these data are from adolescent or adult subjects with very little data from young children with early stages of CF lung disease. We quantified 20 immune mediators in BAL and plasma and compared concentrations between study visits from no PE, prior PE, and current PE categories. First, we conducted an unsupervised clustering by PCA in plasma and BAL. We excluded GM-CSF, IL-1α, and IL-1β in plasma and CCL4, IFN-γ, IL-10, IL-18, and TNF-α in BAL due to many data points below the limit of detection. In this PCA analysis, data points representing individual subjects will cluster together if they share similar cytokine profiles. In plasma, we observed no separation of visits according to no PE, prior PE, and current PE categories based on immune mediator concentrations in each group (Figure 1). However, in BAL, current PE visits were distinct from no PE and prior PE groups, with the neutrophil chemoattractants CXCL1 and CXCL8 driving this distinction by PCA as shown in the accompanying clustergram (Figure 1).




Figure 1 | CXCL1 and CXCL8 are distinguishing signatures of early CF PEs. Principal component analysis of immune mediators in plasma and BAL from no PE (n = 17 in plasma, 7 in BAL), prior PE (n = 11 in plasma, 6 in BAL), and current PE (n = 6 in plasma, 5 in BAL) groups shows separation of the latter in BAL (but not plasma) which is driven by CXCL1 and CXCL8.



Next, we compared concentrations in BAL between no PE, prior PE, and current PE groups. Nine neutrophil-related mediators were significantly elevated in the current PE group compared to the no PE group, namely CXCL1, CXCL8, CXCL10, CXCL11, IL-6, TNF-α, IL-1 α, IL-1β, and IL-18. In addition, CXCL8, IL-6, TNF-α, IL-1β and IL-18 were significantly higher in the current PE group vs. prior PE group, while only TNF-α was greater in the prior PE group vs. the no PE group (Figure 2).




Figure 2 | Neutrophil chemoattractants are elevated in BAL during PEs. Immune mediators in BAL were compared between no PE (n = 7), prior PE (n = 6), and current PE (n = 5) groups using the Mann-Whitney test. An imputed value of ½ the lower limit of detection (LLOD) was assigned for data points < LLOD (open symbol). Significant differences are indicated as *p ≤ 0.05, **p ≤ 0.01.



We also observed increased concentrations in monocyte/macrophage-related and anti-inflammatory cytokines. CCL2, GM-CSF, and VEGF-A were higher in the current PE group compared to the no PE and prior PE groups. CCL4 levels were also higher in the current PE group vs prior PE group, and also comparing the current PE group vs. no PE group, although the latter was not compared statistically due to the majority of data points for the no PE group being below the limit of detection for CCL4. Similarly, the concentration of IFN-γ was higher in the current PE group than in no PE and prior PE groups, but this was not compared statistically due to points from the latter two groups below the limit of detection for IFN-γ (Figure 3). Among anti-inflammatory mediators, IL-1RA was higher in the current PE group compared to no PE and prior PE groups. Same was true of IL-10, which was not compared statistically due to points below the limit of detection in no PE and prior PE groups. TNFSF10 was also higher in the current PE group vs. the no PE group (Figure 3).




Figure 3 | Macrophage-related and anti-inflammatory cytokines are elevated in BAL during PEs. Immune mediators in BAL were compared between no PE (n = 7), prior PE (n = 6), and current PE (n = 5) groups using the Mann-Whitney test. An imputed value of ½ the LLOD was assigned for data points < LLOD (open symbol). Statistical comparison was not performed between groups for IFN-γ or IL-10, where the majority of points were < LLOD. *p ≤ 0.05 and **p ≤ 0.01.



Finally, we conducted the same comparisons in plasma. Concentrations of CCL2, IL-6, G-CSF, and IL-1RA were significantly higher in the current PE group compared to the no PE and prior PE groups (Figure 4). IL-1β was below the limit of detection in approximately half of the samples from no PE and prior PE groups, but was measurable in all but one sample from the current PE group. The concentration of IL-1β was comparable among samples from each group that were within the limits of detection.




Figure 4 | Neutrophil chemoattractants and anti-inflammatory cytokines are elevated in plasma during PEs. Immune mediators in plasma were compared between no PE (n = 17), prior PE (n = 11), and current PE (n = 6) groups using the Mann-Whitney test. An imputed value of ½ the LLOD was assigned for data points < LLOD (open symbol). *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.







Extracellular NE activity, but not scavenging by myeloid cells, is increased during early CF PEs

We quantified the activity of soluble NE in BAL and compared it among the three types of study visits and observed increased NE activity in the current PE group compared to the no PE group. We also measured surface-bound NE on BAL neutrophils and monocytes/macrophages by flow cytometry but observed no significant differences between groups (Figure 5).




Figure 5 | NE is not differentially secreted or scavenged during PEs. Soluble NE activity was quantified in BAL by FRET assay. Surface-bound NE on neutrophils and monocyte/macrophages from BAL was determined by flow cytometry. Comparisons between no PE (n = 7 for soluble, n = 3 for neutrophil, n = 4 for monocyte/macrophage), prior PE (n = 6 for soluble, n = 3 for neutrophil, n = 3 for monocyte/macrophage), and current PE (n = 5 for soluble, n = 3 for neutrophil, n = 3 for monocyte/macrophage) groups used using the Mann-Whitney test. *p ≤ 0.05.







Neutrophil frequency in circulation, but not the airway, increases during PE

We used flow cytometry to identify neutrophil, monocyte/macrophage, and T-cell populations in blood and BAL and compared their frequencies out of total leukocytes in both fluids. We also calculated the proportion of neutrophils with the pathological GRIM phenotype defined as CD63high and CD16low (10), which have a major role in progression of CF lung disease (23). The frequency of neutrophils in blood was significantly higher in the current PE vs. no PE group, with a concomitant decrease in T-cell frequency, while there were no differences for proportion of blood monocytes. There were no significant differences in airway leukocyte frequencies between groups, although we noted a trend towards increased proportion of GRIM neutrophils in the current PE group (Figure 6).




Figure 6 | Neutrophil frequency in blood, but not BAL, increases during PE. The frequencies (out of total live leukocytes) of neutrophils, monocytes/macrophages, and T cells in blood and BAL, as well as that of BAL neutrophils displaying the GRIM phenotype were compared between no PE (n = 11 for blood, n = 6 for BAL), prior PE (n = 10 for blood, n = 6 for BAL), and current PE (n = 5 for blood, n = 4 for BAL) groups using the Mann-Whitney test. *p ≤ 0.05 and **p ≤ 0.01.







T cells modulate activating and inhibitory receptors during early CF PEs

Previously, we showed that neutrophilic inflammation in CF airways, particularly their release of Arg1, contributes to inhibition of T-cell activity and their eventual exclusion from the airway lumen (13). Early in disease, however, T cells can still comprise 5-10% of total leukocytes obtained from BAL (18). We used flow cytometry to conduct a basic phenotypic analysis of T cells in blood vs, BAL and between the three groups of study visits reflecting PE history. BAL T cells showed a significant decrease in CD3 expression and a significant increase in PD-1 expression compared to their blood counterparts. There was no effect of PE history on expression of CD3 or PD-1 for blood T cells. However, CD3 expression was decreased, and PD-1 expression was increased for BAL T cells in the current PE group vs. prior PE group (Figure 7). We also investigated expression patterns of CD45 and PD-L1. CD45 expression did not differ in BAL compared to blood T cells. However, PD-L1 expression was significantly lower in the former. In addition, CD45 did not differ in blood but was significantly reduced on BAL T cells in the current PE group. PD-L1 expression was lower on T cells from both blood and BAL in the current PE group vs. both prior PE and no PE groups (Figure S3).




Figure 7 | T cells downregulate CD3 and upregulate PD-1 during PEs. Surface expression of CD3 and PD-1 on T cells from blood and BAL was measured by flow cytometry and reported as median fluorescence intensity (MFI). Comparisons between blood (n = 26 for CD3 and n = 24 for PD-1) and BAL (n = 15 for CD3 and PD-1) used the Mann-Whitney test. No PE, prior PE, and current PE groups were also compared by the Mann-Whitney test. CD3: n = 11, 10, and 5 for no PE, prior PE, and current PE groups in blood and n = 6, 5, and 4 for no PE, prior PE, and current PE groups in BAL, respectively. PD-1: n = 11, 9, and 4 for no PE, prior PE, and current PE groups in blood and n = 6, 5, and 4 for no PE, prior PE, and current PE groups in BAL, respectively. *p ≤ 0.05, **p ≤ 0.01, and ****p ≤ 0.0001.








Discussion

Through analysis of immune mediators and leukocyte subsets, this study provides new information on the coordination of immune responses in the airway during acute inflammatory reactions linked to PEs in young children with CF. With expanding use of highly effective CFTR modulatory therapy among younger patients with CF, including recent approval for elexacaftor/tezacaftor/ivacaftor for ages two and above, the natural history of the onset and progression of lung disease in young children is likely to change. This could significantly impact the age at which neutrophil predominance is established in the airways of young children and thereby change the rate of progression of lung disease over time. This evaluation of the airway immune cell interactions prior to the occurrence of chronic neutrophil influx and reduction in the proportion of airway macrophages and T cells provides key insights into the interactions between these cells in the context of repeated early life acute respiratory illnesses. When these acute respiratory illnesses are severe enough to be diagnosed as PE and require hospitalization, the differential changes in T-cell expression profile seen in BAL compared to blood suggests that these events could become the catalyst (or perhaps the trigger) for the pathological activation of neutrophils to a GRIM phenotype while simultaneously causing exhaustion of T cells through upregulation of PD-1 expression and reduction in CD3 expression. Further studies to track these changes in the post-modulator era will help to understand and develop better biomarkers for airway disease in young children with CF.

In this study, we collected blood and BAL fluid from young children with CF, who had either no history of hospitalization for PE, a prior PE event but were currently stable, or who were currently hospitalized for treatment of a PE. Half of the subjects who provided samples at stable clinic visits tested positive for airway colonization with pro-inflammatory pathogens but, as expected, the majority of subjects currently experiencing a PE tested positive for infection. Similarly, only half of subjects with no PE history had neutrophil frequencies of >10% in BAL, while the majority of subjects who had either prior or current hospitalizations had elevated BAL neutrophil frequencies. Considering that the overall comparison of neutrophil frequency in BAL was not different statistically between the no PE, prior PE and current PE groups, future studies including larger cohorts are needed to determine if PEs promote a higher threshold for neutrophil presence in the lung, as this may foreshadow impending chronic neutrophilic inflammation in the airways that is characteristic of established CF lung disease. Indeed, experiencing PEs is a recognized driving risk factor for occurrence of future PEs (17). While neutrophils were not yet dominant in the airways during this early stage of disease, we did observe a trend towards increasing frequency of neutrophils bearing the GRIM phenotype in BAL, suggesting that they are already beginning the process of reprogramming directing this pathological activity (10, 11) even if they do not yet constitute the dominant cell population therein.

We measured a panel of 20 immune mediators, including a) neutrophil mediators, b) monocyte/macrophage mediators, and c) anti-inflammatory mediators. The current PE group had significant increases in concentrations of cytokines from each subcategory in BAL, including IFN-γ and IL-10 which were largely unmeasurable in prior PE and no PE groups. The significant increase in the potent neutrophil chemoattractants CXCL1 and CXCL8 likely contribute to increasing neutrophil recruitment to the airways, but the concurrent increases in mediators related to monocyte/macrophage recruitment, such as CCL2, and resolution of inflammation, such as IL-10. This observation suggests that the airway immune response is not yet overwhelmed by neutrophilic inflammation, whereas later in the course of lung disease children with CF have long been known to exhibit elevated CXCL8 but lower IL-10 concentrations in the airways compared to healthy children (25). However, the increased concentration of plasma G-CSF and concurrent increase in frequency of circulating neutrophils during PEs suggests that inflammatory signaling feedback from the lungs may promote ongoing neutrophil recruitment to CF airways. This idea is supported by the modulation of osteoclast activity in response to PEs (6), and the decrease in total circulating leukocytes following intravenous antibiotic treatment (7). These previous studies show that even though CF may not be synonymous with systemic inflammation, changes in immune responses in the lungs may directly influence circulating cytokines and blood leukocyte subset distribution. While prior studies have documented an increase in inflammatory mediators in response to PEs and a decrease following treatment with antibiotics (4–8), the majority of these data are derived from adolescent and adult subjects, with limited data being reported from young children with CF who have yet to undergo persistent neutrophilic airway inflammation. Therapies aimed at blocking excessive neutrophil recruitment to the lung after resolution of a PE episode could potentially help to delay the onset of persistent neutrophilic airway inflammation in young children who experience these events frequently.

There are additional mediators of importance to lung disease not assessed in this study. For example, the IL-17 family of mediators (including IL-17 A, IL-17F and to a lesser extent IL-17 B, C D, and E) is a highly relevant target for CF lung disease given its role in combating bacterial and fungal pathogens, and its association with airway inflammation and PEs in CF (26). Additional studies are needed to address the relative levels of the IL-17 family of mediators in the neutrophil/T-cell crosstalk (reference) occurring during early CF PEs. Furthermore, it should be noted that our groupings of mediators as shown in Figures 1, 2 are a simplification and not representative of all sources of mediators (i.e., neutrophil, macrophage, epithelial, T-cell origins), nor of the breadth of their physiological roles and elicited responses. For example, CXCR3, the receptor for CXCL10 and CXCL11, is commonly associated with expression on T cells and lymphocytes but has been shown to be expressed on lung neutrophils from patients with acute respiratory distress syndrome (27).

Airway T cells represent an important line of defense against bacterial and viral pathogens (28). Although T-cell activity is inhibited by neutrophilic inflammation in the airway lumen of people with CF (13), Th17 cells and rare T-cell subsets are abundant in the submucosa (29). The Th17 pathway is actively engaged during pulmonary infections associated with CF and can further intensify neutrophilic inflammation (30), so understanding the level of T-cell engagement during PEs would be beneficial for improving immunomodulatory therapeutics which have shown promise but have yet to demonstrate definitive efficacy in treating CF lung disease (31). BAL T cells demonstrated phenotypic changes related to increased activation during PEs. CD3 is an important component of the T-cell receptor expressed at the cell surface with cytoplasmic tails that promote signal transduction. A decrease in CD3 is suggestive of activation, as TCR signaling has been shown to result both in degradation of CD3 at the cell surface (32) and reduced recycling (33).

Signaling through the PD-1 pathway is well characterized for its role in T-cell exhaustion during chronic viral infections and cancer (34), but expression of the receptor is induced on T and B lymphocytes upon cellular activation (35). When comparing T cells in BAL to those in blood, we observed decreased CD3 and increased PD-1 in the former, suggesting a heightened state of activation. It should be emphasized that samples for this study were collected from young children in the very early stages of CF lung disease, prior to established neutrophilic inflammation that represses airway T-cell activity (13). However, the observed decrease in CD3 and increase in PD-1 was most pronounced on BAL T cells from the current PE group, suggesting an active T-cell response to a bacterial and/or viral infection which is likely instigating the exacerbation. CD4+ T cells are important for orchestrating immune responses against bacterial infections, including in the respiratory tract (36). Arguably, the increase in PD-1 expression is unlikely to result in T cell exhaustion, as we previously showed that T cell inhibition in the airways is primarily due to cleavage of arginine by neutrophil-derived Arg1 rather than the PD-1 pathway (13). Moreover, as T cells increased PD-1 expression during PEs, the surface expression of its ligand PD-L1 was not increased on myeloid cells (data not shown) and was reduced on T cells. Assessing the level of airway T-cell activation during PE is complicated by the observation that CD45 (transmembrane phosphatase expressed in all leukocytes), which has roles for both positive and negative regulation of signaling in T cells (37), was reduced on T cells in the current PE group, but did not differ in blood vs. BAL (irrespective of PE status). CD45 expression was also reduced on BAL neutrophils and monocytes/macrophages during PEs. More work is needed to determine how CD45 modulates the activation poise in different leukocyte subsets during PEs compared to stable disease. In addition to T-cell activation, future studies should investigate how early life PEs influence development of CD69+ tissue-resident memory T cells (38), which may have important consequences for responding to pulmonary infections later in life. A more extensive subsetting of T cells including Th subsets should also be documented, which we were unable to perform here due to lack of material.

There are several limitations to our study. This was a single-center study, so validation of these findings in other cohorts would be beneficial. The overall number of study visits was small, in particular for those with a current PE. The ability to follow up on these findings with future sample collection will be limited by the declining number of PEs in general and in the availability of BAL, but these samples may still be collected at hospital visits for treatment of PE. As such, our reported findings are an important basis of future studies to make use of such rare and valuable samples. More frequent collection of airway samples will provide more data on the earliest inflammatory mechanisms and resolution of PEs and may be enabled by expanded use of induced sputum collection, which can be done in young children with CF and has many similarities as well some differences with BAL (18). Another limitation of this study is the lack of control groups, which prevents us to state decisively whether observed changes in CF PEs are CF-driven or PE-driven. Such control groups are difficult to enroll for BAL studies to compare to early CF. For example, diseased controls such as children with aerodigestive symptoms (39) or non-CF bronchiectasis (40) have complex etiologies that preclude simple comparisons to CF. On the flipside, BAL is very difficult to obtain from healthy control childrens, and prior data indicate that their BAL has completely different cell composition (41). More in-depth phenotyping of T cells, including determination of subset frequency and analysis of additional activation markers and effector molecules, as mentioned above, is also warranted. Studies with our local cohort were designed with a focus on myeloid cells in early CF lung disease and have recently been published (12, 18), but the findings presented here call for further investigation into adaptive immunity in the airways despite the eventual dominance by neutrophils and exclusion of T cells as CF lung disease progresses. Investigation into type I interferons are of particular importance for their role in initiating immune responses to viral as well as bacterial and fungal infections in the lung (42), all of which are highly relevant to CF lung disease. Our understanding of immune mediator production can be improved by mechanistic studies. While analysis of clinical samples as done here is translatable to patient health, we cannot discern the sources of mediators such as CXCL1 and CXCL8 (secreted by neutrophils and macrophages), or CXCL5 (secreted by various cell types) (43). Further studies may help improve our understanding of how the expression of these mediators differs between compartments.

In summary, we demonstrate that PEs in young children with CF are characterized by distinct immune mediator signatures but no significant phenotypic changes in airway neutrophils or monocytes/macrophages. However, we observed an increase in blood neutrophil frequency and slightly higher frequency of GRIM neutrophils in BAL, which may foreshadow the future mass-recruitment of neutrophils to the airway and their resulting contribution to progressive CF lung disease. Furthermore, we identified a signature for increased T-cell activation during early CF PEs reflected by reduced CD3 and increased PD-1 expression. These findings suggest that T cells may have a significant role in immune responses in the airway lumen early in CF lung disease, particularly during PEs, prior to the establishment of neutrophil dominance. These findings may also have implications for unsolved questions regarding CF lung disease such as the development of T-cell repertoires in the CF lung, and how this may relate to influence pathogen-induced respiratory illness in young children (44).
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1PI3K/AKT, |Notchl
SuHx rat — |IL-6, JTNF-01, |MPO, |Bcl-2, Caspase-3
—lung tissues apoptosis—RVSP, |RVH

PI3K agonist

Atorvastatin (63, 64) Notchl inhibitor

INotch3, |Hesl— |PASMC proliferation, tPASMC

Sildenafil (65) PDE-5 inhibitor SuHx rat spoptosisi (PP, JRVH
T . § 1PPARy, |HO1—|HMGBI, |RAGE
Baicalin (66) PP ARy agonist SuHx rat 1116, ITGE-B1—|PAP, |RVH
PASMCs (hypoxia -induced); |HMGBI, |RAGE
EP (67) Anastomosis of the common carotid and —|HPASMCs proliferation
jugular veins-induced PH mouse —|PAR, |RVH

RAW 264.7 macrophages
AA (68) Notch inhibitor (LPS-induced):
Experimental sepsis mouse

|Notch3, |DLL4, |Hesl, }IxB, |NF-Kb
—JIL-6, lIL-1B, 1NO

JHMGB1/TLR4/NF-xB

Glycyrrhizic (69) Saponin triterpenoid | 3-NP-induced HD rats oL, I TNE, Jeaspased, 1812,

1Jaggedl, |Notch1—|IL-6, IL-4}, | TNF-0, 1IL-101, TM2
RSV-induced bronchiolitis mouse macrophage polarization
—lung tissues damage

Notch signaling

Hesperidin (70) pathway inhibitor

Atorvastatin (71) NEF-kB inhibitor HPASMCs (LPS induced) | CRP—|NF-kB—| IL-6, |]MCP-1

1cAMP—1SOCS3, 1PKA

Prostanoid (72) Camp-mobilising HUVECGs —vasodilation, |1L-6—Jak/Stat—| PAR

AA, asiatic acid; ANDRO, andrographolide; ANG-2, angiopoietin-2; ASK1, apoptosis signal-regulating kinase 1; BAX, BCL2- Associated X; Bel-2, B-cell lymphoma-2; BMP, Bone Morphogenetic
Protein; BMPR-11, Bone Morphogenetic Protein Receptor Type Il; Ca**, intracellular free Ca* concentration; cAMP, cyclic adenosine monophosphate; CD4-+; T cells, Cluster of differentiation 4
positive T cells; cGMP, cyclic guanosine monophosphate; CIHH, chronic intermittent hypobaric hypoxia; C-KIT, C-kitproto-oncogeneprotein; CRP, C-reactive protein; CXCL-1, Chemokine (C-
X-C motif) ligand 1; DA, Dapaglifiozin; DLL4, delta-like ligand; eIF2a, eukaryotic initiation factor 205 EndMT, endothelial-mesenchymal transition; eNOS, endothelial nitric oxide synthase; EP,
ethyl pyruvate; ERK, extracellular Signal-Regulated Kinase; ERS, Endoplasmic Reticulum Stress; ET, endothelin; FGF, fibroblast growth factor; GRP78, glucose-regulated protein78; Hesl, hairy
and enhancer of splitl; HMGBI, High mobility group box 1; HOL, heme oxygenase 1; HPAECs, human pulmonary arterial endothelial cells; HPASMCs, human pulmonary artery smooth muscle
cells; HUVECs, human umbilical vein endothelial cells; Id1, inhibitor of differentiation 1; IL, interleukin; iNOS, nitric oxide synthase; IxB, inhibitor of NF-kB; JAG1, Jagged1; Jak, janus kinases;
JNK, c-jun N-terminal kinase; LATS, large tumor suppressor; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MCP-1, monocyte chemoattractant protein-1; MCT,
‘monocrotaline; mGluR5, metabotropic glutamate receptor 5; MIF, macrophage migration inhibitory factor; miR-27b, microRNA-27b; MMP, matrix metalloproteinases; mPAP, mean pulmonary
arterial pressure; MPO, Myeloperoxidase; MTEP, 3-((2-Methyl-4-thiazolyl)ethynyl)pyridine; mTOR, mammalian target of rapamycin; NF-kB, nuclear factor kappa B; NO, Nitric oxide; Notch3,
Notch receptor; NOX, NADPH oxidase; NP, Nitropropionic; Nrf2, nuclear factor (erythroid-derived 2)-like 2; p38 MAPK, p38 mitogen-activated protein kinase; PAB, pulmonary artery banding;
PAR, pulmonary arterial remodeling; PBA, phenylbutyric acid; PDE, pPhosphodiesterase; PDGF, platelet derived growth factor; PDGFR-B, anti PDGF receptor-; PF, paconiflorin; PI3K,
phosphatidylinositol 3 kinase; PKA, protein Kinase A; PPARY, peroxisome proliferator-activated receptor y; RAGE, receptor for advanced glycation end products; ROS, reactive oxygen species;
RSV, respiratory syncytial virus; RV, right ventricule; RVF, right ventricular failure; RVH, right ventricular hypertrophy; RVR, right ventricle remodeling; RVSP, right Ventricular Systolic
Pressure; SGLT2, sodium glucose cotransporter 2; SMAD, drosophila mothers against decapentaplegic protein; SOCS3, suppressor of cytokine signalling 3; SP, substance P; STAT3, signal
transducer and activator of transcription 3; STS, sodium tanshinone II sulfonate A; SuHx, rat Sugen rats with hypoxia; 3,5,3',5'-tetraiodothyronine; TAK, transforming growth factor-§
activated kinase; TGF-P, transforming growth factor-beta; TIMP, human tissue inhibitor of metalloproteinase; TLR, Toll-like receptor; TNF, tumor necrosis factor; VA, ventricular arrhythmia;
VEGE, ascular endothelial growth factor; YAP, Yes-associated protein;18B-GA, 18beta-Glycyrrhetinic acid; 3-NP, 3-nitropropionic acid.
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Ge Forward Primer Reverse Primer
Ackrd AACCCCATCCTGTATGTCT CTTGTTTACTCTCTGGCGTCT
Cxc12 CTCTCCTCAAGACAGCCGAA CTGTGCTCCTCATCGCAAC

Col18al TGCCACAACAGCTACATCGTC TTCGCCAGGAAGCTCTACCAA
Tshz2 ACACTCTGAAACAAACGACCA TTCGACTGCCATCTCAATCCG

CACCAGTAGACTCCACGACA

Gapdh TCAACGACCCCTTCATTGACC
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Variable Sivelestat

[GEE)]
Lowest PaO,/FiO, (mmHg) <0.01*
Admission to ICU 93.0 (86.1-97.2) 94,0 (86.7-104.2) 0.12
POD 1 945 (77.5-120.0) 86.0 (73.0-104.5) 044
POD 2 129.0 (107.7-149.6) 103.9 (79.6-126.7) <0.01*
POD 3 170.2 (145.5-201.8) 145.0 (98.3-173.4) <0.01*
POD 4 189.2 (142.9-256.5) 151.8 (122.7-198.7) <0.01*
POD 5 1925 (176.0-257.0) 171.5 (153.2-195.5) <0.01*
White cell count (x10%/L) 037
POD 1 113 (8.0-13.6) 10.1 (82-12.7) 098
POD 2 117 (104-14.9) 13.1 (11.4-16.6) 0.11
POD 3 113 (9.0-11.9) 11.6 (9.9-16.0) 0.15
POD 4 8.6 (6.2-94) 8.9 (8.4-10.9) 0.06
POD 5 82 (6.9-94) 82 (7.4-10.2) 021
[ Neutrophil (%) 0.61
POD 1 87.1 (85.2-89.1) 88.1 (85.1-91.9) 024
POD 2 86.7 (82.4-89.4) 87.1 (82.9-89.2) 0.60
POD 3 87.0 (80.0-89.6) 86.1 (84.1-89.1) 0.98
POD 4 84.5 (81.2-86.6) 84.3 (78.5-86.2) 037
POD 5 77.5 (76.3-82.9) 77.5 (73.9-83.4) 050
C-reactive protein (mg/L) ‘ <0.01*
POD 1 ‘ 179.4 (162.5-226.3) 302.2 (162.7-357.5) <0.01%
POD 2 121.9 (86.0-161.6) 228.5 (164.9-250.9) <0.01%
POD 3 116.1 (70.5-141.9) 184.3 (143.7-224.1) <0.01*
POD 4 58.2 (36.7-92.3) 82.3 (69.5-213.9) <0.01*
POD 5 38.5 (34.7-53.8) 58.2 (36.3-202.5) 0.12
Interleukin-6 (pg/ml) 0.02
POD 1 2146 (57.6-375.1) 240.5 (139.1-346.6) 036
POD 2 78.5 (55.7-127.4) 174.1 (50.4-418.5) 0.02
POD 3 363 (22.6-46.6) 55.2 (43.9-61.4) <0.01*
POD 4 187 (135-27.1) 49.5 (14.5-65.1) 001
POD 5 15.1 (103-18.1) 152 (13.4-20.8) 027
Procalcitonin (ng/ml) <0.01*
POD 1 29 (1.9-3.7) 4.7 (24-7.6) 0.02
POD 2 1.8 (0.6-2.5) 7.1 (15-9.4) <0.01*
POD 3 1.1 (0.6-1.3) 35 (0.6-10.1) <0.01*
POD 4 0.5 (02-0.8) 1.2 (0.2-5.9) 025
POD 5 0.3 (02-07) 2.4 (0.6-6.1) <0.01*

PODI, The first postoperative day; POD2, The second postoperative day; POD3, The third postoperative day; POD4, The fourth postoperative day; POD5, The fifth postoperative day; ESR,
Erythrocyte sedimentation rate.
*P<0.0001.
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Variable Sivelestat  Control P value

(n=50) (n=50)
ary outcomes (n, %) 816% 1224% 032
30-day morality 816% 221% 0
6% 510% 016
24% % 010
Stoke 12% % o017
CRRT use % 1020% 008
Secondary outcomes (n, )
Preumonia 2040% 62 003
Ventricular archythmias % 1020% 008
High areria lactic > 48 hours | 2040% 370 0003
New.onset uial fbilltion 24% s16% 005
Lenggh of ICU stay (days) 706092 9060442 <00
MV time (hours) 9602120 1sII0186) <001
BPI on POD (n, %) <001+
Mild 2955% 1a28%
Moderate 16:32% 550
Severe s10% nam

MV. Mechsnical ventlations CRRT, Comtinuous rensl eplacement therapys BP, Bilstea
pulmonary infitrates on chest X ray; Median (Intrquarte ranges ECMO, xracorporea
membrane oxygenation: ABP, Intes-aotic bllon pump: High arerial lctic,sreial lcic > 2
mmolL: POD2, The second postopertive day.

ks
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Pre-Propensity Matched After-Propensity Matched

e Sivelestat (N (Co=n6t1rgl) Sivelestat (n=50) Control (n=50) va'l>ue
Age (year) 58.5+14.2 58.9+13.7 0.84 56.2+12.9 56.113.5 0.95
Gender (n,%)* 37,71.1% 387,63.1% 0.29 37,74% 34,68% 051
BMI (kg/m®) 25.0 (23.0-28.4) 237 (224-26.1) 0.004 249+3.1 24425 037
[ LVEF (%) 533£9.1 [ 515493 0.32 53.148.3 53.8+6.1 0.81
History (n,%)
Diabetes 7,13.5% 74,12.1% 0.82 7,14% 6,12% 077
Hypertension 37,71.1% 436,71.1% 0.99 36,72% 34,68% 0.66
CKD 0 0 — 0 0 —
CLD 0 [ 0 — 0 0 —
Stroke 0 0 — 0 0 —
Marfan 0 2,03% 0.68 0 0 —
Liver disease 0 6,1.0% 0.47 0 0 —
Smoking 13,25% 134,21.6% 0.60 13,26% 9,18% 033
Drinking 9,17.3% 96,15.7% 0.75 6,12% 4,8% 051
PCO 6,11.5% [ 67,19.9% 0.89 5,10% 4,8% 073
AF 6,11.5% 74,12.1% 0.91 5,10% 4,8% 073
B-blocker 3,5.8% 33,54% 0.75 3,6% 2,4% 0.65
ACEi/ARB 10,19.2% 114,18.6% 0.85 8,16% 6,12% 0.56
CCB 12,23.1% 147,24.0% 0.88 11,22% 18,36% 0.12
Digitalis 0 0 — 0 , 0 -
Amiodarone 0 0 — 0 0 —
Diuretic 4,7.7% 40,6.5% 0.74 24% 2,4% —
Clopidogrel 1,19% 10,1.6% 0.87 0 0 —
Ticagrelor 0 0 — 0 0 —
Warfarin 2,38% 22,3.6% 0.92 24% 2,4% —
TCO(n,%) 076 ‘ : » 0.90
CABG 59.6% 60,9.8% 6,12% 6,12%
VR 14,26.9% 173,28.2% 11,22% 11,22%
AAR 30,57.7% 353,57.6% 27,54% 28,56%
LAM resection 2,3.9% 24,3.9% 6,12% 5,10%
SVA repair 1,19% 3,0.5% 0 0
CPB (min) 181.9+46.7 183.8+48.9 0.78 180.3+48.2 17424544 0.56
DHCA (n,%) 30,57.7% 353,57.6% 0.98 27,54% 28,56% 0.84
*male.

BMI, Body mass index; LVEF, Left ventricular ejection fraction; CKD, Chronic kidney disease; CLD, Chronic lung disease; AF, Atrial fibrillation; PCO, Previous cardiac operation; ACEi, Angiotensin-
converting enzyme inhibitors; ARB, Angiotensin receptor blockers; CCB, Calcium channel blocker; TCO, Type of cardiac operation; CABG, Coronary artery bypass grafting: VR, Valvular
replacement; AAR, Aortic arch replacement ; SVA, Sinus of valsalva aneurysm; LAM, Left atrial myxoma; CPB, Cardiopulmonary bypass; DHCA, Deep hypothermic circulation arrest.
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Variables Odds ratio 95% Cl

Age > 60 years-old 073 ‘ 025-2.14

Pre-operative LVEF<35% 3.92 : 1.42-10.77 0.01
Previous cardiac operation 2.70 0.98-7.40 0.06
Pre-operative ACEi/ARB 2.88 1.10-7.57 0.03
Type of cardiac surgery 051 0.24-1.07 o
CPB time>2 hours 7.08 0.87-57.59 0.06
DHCA 048 0.12-2.02 0.32
Postoperative pneumonia 9.38 2.79-31.55 <0.01*
High arterial lactic > 48 hours 045 0.13-1.55 0.21
BPI on the POD2 1.86 1.06-3.28 0.03

LVEF, Left ventricular ejection fraction; ACEi, Angiotensin-converting enzyme inhibitors; ARB, Angiotensin receptor blockers; CPB, Cardiopulmonary bypass; DHCA, Deep hypothermic circulation
arrest; Bilateral pulmonary infiltrates on chest X ray; POD2, The second postoperative day.

High arterial lactic: arterial lactic > 2 mmol/L.

*P<0.0001.
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The patients underwent emergent cardio-
vascular surgery from 2020 to 2022 (n=665)

Sivelestat (n=52)

Sivelestat (n=50)

|
v
Statistic analysis

Propensity-Score Matching

Control (n=613)

Control (n=50)

Include:

Aged > 18 years old, PaO,/FiO, <150mmHg
Exclude:

Non-emergent surgery; DHCA >25 minutes
poor hepatorenal dysfunction

cardiogenic shock at the end of CPB

fluid overload at the end of CPB

baseline inflammatory indicators abnormal
diagnosed with inflammatory immune diseases,|
infectious or tumor disease

received treatment of sivelestat previously
sivelestat allergy or intolerance
pregnancy
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Features OR(95%CI)

>60 years 2.29(1.39-6.11) ——
Gender 0.70(0.34-1.44) —
BMI>25 1.17(0.60-2.28) —_—
Smoking 1.91(0.95-3.84) —y
Drinking 0.44(0.13-1.46) —_— .
Diabetes 0.39(0.09-1.63) -
Hypertension 1.56(0.70-3.46) L —)
LVEF<35 2.72( 114-6.51) —_—
Previous cardiac operation 5.62( 2.76-11.44) —_—
ACEi or ARB 3.94(2.01-7.71) —_—
Betaloc 0.46(0.06-3.43) =
CCB 1.71(0.86-3.43) —_—
Diuretic 0.77(0.18-3.33) -
Type of cardiaic surgery  0.38( 0.25-0.58) —
CPB>120 min 5.57(0.75-41.13)
DHCA 0.24(0.12-0.51) —_—
Pneumonia 5.15( 2.63-10.06) —_—
High lac > 48 hours 2.45(1.24-4.82) —.—
BPI on POD2 1.81( 1.12-2.91) —
r T T T T
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Publication Patient

5 i featur nclusion

tie e Disease features Conclusiol

2020 Jun 12 54 76% NSCLC, 15% 63% ICls, 37% Chemotherapy+ICIs Immunotherapy did not worsen outcomes for (102)
Small-cell lung cancer patients with cancer with COVID-19 in our analysis

2020 May 12 69 93% NSCLC, 7% Anti-PD1/PDL-1 PD-1 blockade exposure was not associated with (103)
Small-cell lung cancer increased risk of severity of COVID-19.

2021 Jun 26 1 Metastatic lung cancer Anti-PD1+chemotherapy+pemetrexed Discharge in an improved overall condition, and no (104)

sign of recurring pneumonitis.

2021 Feb 16 159 34% NSCLC 86.2% anti-PD1/PDL-1, 12.6% anti- The mortality rate is higher in SARS-CoV-2-positive (105)
CTLA4+anti-PD1, 1.2% anti-CTLA4 patients treated with ICIs.
2022 Feb 19 228 41.7% Lung cancer 25%IClIs+chemotherapy, 75% ICIs The use of ICIs before SARS-CoV-2 infection does (106)

not affect COVID-19 severity or survival outcomes.

Ref., References; Jun, January; NSCLC, Non-small cell lung cancer; ICls, immune checkpoint inhibitors; PD-1/PD-L1, the programmed death-1/programmed death ligand-1; Feb, February;
CTLA-4, Cytotoxic T lymphocyte-associated antigen-4.
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Infection status Neutrophil frequency in BAL

PE status Uninfected Infected <10% >10%
No PE 9 9 1 5
Prior PE 7 6 0 6
Current PE b 1 6 0 4

Infections were defined as 2 out of 4 positive throat swab cultures with a pro-inflammatory pathogen. Neutrophil frequency in BAL was determined by flow cytometry. Study visits were divided
by PE history, including stable clinic visit with no history of PE (No PE), stable clinic visit but previously hospitalized for PEs (Prior PE), and currently hospitalized for treatment of an PE
(Current PE).
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Sample collection CFTR mutation Modulators

PE status Clinic visits Median age (yrs) Blood BAL M 2 V4 oT IVA LUM+
IVA
No PE ‘ 18 ‘ 35 17 7 10 8 8 9 1 0 ‘ 1
Prior PE ‘ 13 292 11 6 11 2 4 5 4 1 1
Current PE ‘ 8 325 6 5 7 1 5 3 0 0 0

A total of 34 blood samples and 18 BAL samples were collected at 39 clinic visits. Subjects were divided by PE history, including stable clinic visit with no history of exacerbation (no PE), stable
clinic visit but previously hospitalized for PE (prior PE), and currently hospitalized for treatment of PE (current PE). F, female; HO, homozygous for the F508del mutation; HZ, heterozygous for
the F508del mutation; IV, ivacaftor; LUM, lumacaftor; M, male; OT, carrying two mutations other than F508del.
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Number 66 83 =

Age (mean + SD) 62+ 11 679 0.007*
Female (N (%)) 20 (30.3) 13(15.7) 0.033*
Smoker (N (%)) 33 (50.0) 60 (72.3) 0.005*
Squamous (N (%)) 15 (22.7) 30 (36.1) 0.076
ECOG >2 (N (%)) 6(9.1) 10 (12.0) 0.562
PD-L1 250% (N (%)) 18 (43.9) 26 (43.3) 0.955
PD-L1<1% (N (%)) 11 (26.8) 18 (30.0) 0.729
EGFR/ALK mutation (N (%)) 12 (18.2) 13 (15.7) 0.865
KRAS mutation (N (%)) 6(9.1) 9 (10.8) 0.724
First-line ICIs (N (%)) 22(33.3) 47 (56.6) 0.005*
Combined treatment (N (%)) 49 (74.2) 65 (78.3) 0.560
Neu% 69.0 £ 10.0 67.0 £ 10.1 0.309
L% 21.0 £89 210 +83 0.998
EOS% 23£26 32%39 0.025*
Neu (x10%/L) 52£33 50 +24 0.994
L (x10%/L) 14+06 14+ 06 0487
NLR 4.6 +3.8 42+31 0.897
EOS (x10°/L) 02+03 0.2+04 0.063
CRP (mg/L) 232 +504 334 £ 60.2 0712
CD3 920.3 + 464.9 908.7 + 390.0 0.966
CD4 505.0 + 283.6 531.6 + 2769 0.598
CD8 366.2 + 241.7 348.5 + 185.5 0.801
NK 327.6 +211.5 292.0 + 200.3 0.302
IL-6 (ng/L) 242 +439 33.6 + 121.0 0.463
IL-8 (ng/L) 53.5 + 547 59.4 £ 78.6 0.903
IL-10 (ng/L) 40+18 44 £4.1 0.369
IL-1B (ng/L) 6.3 £6.1 64 £5.3 0.997
TNF-o. (ng/L) 59+53 47 +4.0 0.164
IFN-y (ng/L) 38+33 82+ 128 0.039*

*p < 0.05.

NLT, non-long-term treatment; LT, long-term treatment; PD-L1, programmed cell death-ligand 1; EGER, epidermal growth factor receptor; ALK, anaplastic lymphoma kinase; KRAS, Kirsten rat
sarcoma viral oncogene homolog; irAEs, immune-related adverse events; ICIs, immune checkpoint inhibitors; Neu, neutrophil; L, lymphocyte; EOS, eosinophil; NLR, neutrophil to lymphocyte
rate; CRP, C-reactive protein; CD3, cluster of differentiation 3; CD4, cluster of differentiation 4; CD8, cluster of differentiation 8; NK, natural killer cell; IL-6, interleukin-6; IL-8, interleukin-8; IL-
10, interleukin-10; IL-1B, interleukin-1p; TNE-c, tumor necrosis factor-0; IEN-y, interferon-y; SD, standard deviation.
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Total (N (%))

Age
265 83 (55.7)
<65 66 (44.3)
Sex
Female 33 (22.1)
Male 116 (77.9)

Smoking status

Smoker 93 (62.4)

Nonsmoker 56 (37.6)
Histology

Squamous 45 (30.2)

Nonsquamous 104 (69.8)
ECOG

0-1 133 (89.3)

> 16 (10.7)

PD-L1 expression

PD-L1 250% 44 (29.5)
PD-L1 1-49% 28 (18.8)
PD-L1 <1% 29 (19.5)
Unknown 48 (32.2)

Drive mutations

EGFR/ALK mutation 25(16.8)
Non-EGFR/ALK 28 (18.8)
KRAS mutation 15 (10.1)
Wild type 59 (39.6)
Unknown 37 (24.8)

Therapeutic lines
First-line 69 (46.3)
Second-line and above 80 (53.7)

Therapeutic schedule

Monotherapy 35(23.5)

Combined treatment 114 (76.5)
irAEs

Exist irAEs 83 (55.7)

Non-irAEs 66 (44.3)

PD-LI, programmed cell death-ligand 1; EGFR, epidermal growth factor receptor; ALK,
anaplastic lymphoma kinase; KRAS, Kirsten rat sarcoma viral oncogene homolog; irAEs,
immune-related adverse events.
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N L p-value

Number 109 40 =

Age (mean + SD) 65+ 10 65+9 0.349
Female (N (%)) 26 (23.9) 7 (17.5) 0.408
Smoker (N (%)) 65 (59.6) 28 (70.0) 0.247
Squamous (N (%)) 31 (28.4) 14 (35.0) 0.440
ECOG >2 (N (%)) 13 (11.9) 3(75) 0.329
PD-L1 250% (N (%)) 29 (39.7) 15 (53.6) 0.209
PD-L1 <1% (N (%)) 21 (28.8) 8(28.6) 0.984
EGFR/ALK mutations (N (%)) 22(202) 3(7.5) 0.066
KRAS mutation (N (%)) 12 (11.0) 3(7.5) 0.760
First-line ICIs (N (%)) 42 (38.5) 27 (67.5) 0.002*
Combined treatment (N (%)) 79 (72.5) 35 (87.5) 0.055
Exist irAEs (N (%)) 52 (47.7) 31(77.5) 0.001*
Neu% 68297 67.7 £ 11.0 0.783
L% 21382 20293 0.476
EOS% 26£27 34+48 » 0219
Neu (x10%/L) 50+27 53 +31 0.869
L (x10°/L) 14+06 13406 0.627
NLR 41+28 50 + 4.6 0.651
EOS (x10°/L) 02+02 0.3£05 0.374
CRP (mg/L) 214 395 49.3 + 83.9 0.156
CD3 918.0 + 434.2 900.6 + 391.1 0.845
CD4 5314 +287.1 486.3 + 254.3 0.574
CD8 349.3 + 221.6 376.9 + 176.7 0.213
NK 3124 + 2089 2858 £ 1925 0.696
IL-6 (ng/L) 31.8 +110.0 23.3 +329 0.175
IL-8 (ng/L) 55.7 £734 61.3 £ 58.6 0.344
IL-10 (ng/L) 41+26 49 +53 0.777
IL-1PB (ng/L) 6.4+52 62+68 0.460
TNF-o. (ng/L) 52+45 5252 0.949
IFN-y (ng/L) 6.3 +8.1 74 +168 0.397

*p < 0.05.

NLT, non-long-term treatment; LT, long-term treatment; PD-L1, programmed cell death-ligand 1; EGFR, epidermal growth factor receptor; ALK, anaplastic lymphoma kinase; KRAS, Kirsten rat
sarcoma viral oncogene homolog; irAEs, immune-related adverse events; ICIs, immune checkpoint inhibitors; Neu, neutrophil; L, lymphocyte; EOS, eosinophil; NLR, neutrophil to lymphocyte
rate; CRP, C-reactive protein; CD3, cluster of differentiation 3; CD4, cluster of differentiation 4; CD8, cluster of differentiation 8; NK, natural killer cell; IL-6, interleukin-6; IL-8, interleukin-8; IL-
10, interleukin-10; IL-1B, interleukin-1p; TNE-c, tumor necrosis factor-0; IEN-y, interferon-y; SD, standard deviation.
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Category Grades 1-2 Grades 3-4
All(N (%)) 109 (100) 19 (100)
Skin (N (%)) 32 (29.3) 2(105)
Endocrine (N (%)) 10 (9:2) 0(0)
Hepatitis (N (%)) 8(7.3) 3 (15.8)
Pneumonia (N (%)) 24 (22.0) 13 (68.4)
Myocarditis (N (%)) 10 (9:2) 1(53)
Neurologic (N (%)) 7 (64) 0(0)
Enteritis and diarrhea (N (%)) 9(83) 0(0)
Renal (N (%)) 9(83) 0(0)
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Variable

Age=65 vs <65

Male vs Female

Smoker vs Nonsmoker

Squamous vs Nonsquamous
ECOG=2 vs <2

First-line vs Second-line and above
Combined vs Nomotherapy

PD-L121% vs <1%

EGFR/ALK mutations vs
Non-EGFR/ALK mutations

KRAS mutaion vs Non-KRAS mutation
Exist irAEs vs Non irAEs
EOS%21.15vs <1.15

IFN-y23.75 vs <3.75

0.1

Univariate analysis

—e—

HR(95%CI)

1.03(0.65-1.63)
0.79(0.47-1.33)
0.87(0.55-1.39)
0.69(0.40-1.19)
1.59(0.81-3.09)
0.35(0.22-0.58)
0.72(0.42-1.23)
0.98(0.53-1.82)
3.02(1.79-5.12)
1.62(0.85-3.07)
0.46(0.29-0.73)
0.86(0.53-1.41)

0.91(0.45-1.85)

10

p-value

0.896
0.381
0.567
0.182
0.177
<0.001*
0.233
0.953
<0.001*
0.143
0.001*
0.554

0.794

Multivariable analysis HR(95%Cl)  p-value

1.19(0.66-2.12)  0.565
1.89(0.96-3.72)  0.066
0.46(0.27-0.79)  0.005*

—e— 275(1.54-4.90) 0.001*
1.78(0.93-341)  0.084

0.47(0.29-0.75)  0.001*

01 1 10
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Gene Name HR

CIQB 1.58 (1.14 - 2.20) 0.006
CD84 1.73 (1.18 - 2.53) 0.005
NLRP3 1.11 (0.81 - 1.52) 0.505
PLEK 0.72 (0.53 - 0.98) 0.036
ZEB2 0.72 (0.55 - 0.95) 0.021
CD14 1.26 (0.96 - 1.64) 0.096
FGL2 0.79 (0.53 - 1.16) 0.226
TMEM176B 0.90 (0.70 - 1.15) 0.395
MS4A6A 0.64 (041 - 1.02) 0.063
RNASE6 1.74 (1.18 - 2.56) 0.005
SPN 0.93 (0.71 - 1.21) 0.571
CCL4 0.84 (0.64 - 1.11) 0.233

SAMSN1 0.88 (0.70 - 1.10) 0.254
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Disease iomarkers Clinical applications Reference
COPD Serum SP-D fucosylation levels Diagnosis (36)
COPD Serum ST6GALL Prognosis (57)
COPD Sputum glycosylated BPIFB1 Prognosis (226)
Asthma Serum IgG glycosylation patterns Offspring asthma prognosis (1)
IPF Serum FUT3 Diagnosis (1)
IPF Serum NEUS3 and sialylated SAP Diagnosis and prognosis (69)
non-CF bronchiectasis FUT2 genotype Diagnosis and prognosis (72)
Tumor FUT1 Prognosis (73)
Tumor FUT2 Prognosis (74, 75)
Tumor FUT3 Diagnosis and prognosis (111)
Tumor FUT4 Prognosis (113, 117, 227)
Tumor FUT7 Prognosis (117)
NSCLC Tumor and Serum FUT8 Diagnosis and prognosis (78, 110)
Tumor and Serum POFUT1 Diagnosis (110)
Tumor ST3GALL, ST6GALNAc3, ST8SIA6 and ST6GAL1 Prognosis (80)
Tumor ST6GALNAc1 Prognosis (81)
Tumor ST3GAL6 Prognosis (79)
Tumor NEU3 Prognosis of EGER targeted therapies (85)
SCLC Tumor OGT Prognosis (89)

COPD, chronic obstructive pulmonary disease; SP-D, surfactant protein-!

ST6GAL, beta-galactoside alpha-2,6-sialyltransferase; BPIFBL, bactericidal/permeability-increasing fold-containing

protein BI; IgG, immunoglobulin G; IPF, idiopathic pulmonary fibrosis; FUT, fucosyltransferase; NEU, neuraminidase; SAP, serum amyloid P; CE, cystic fibrosis; NSCLC, nonsmall cell lung
cancer; POFUT, protein O-fucosyltransferase 1; ST3GAL, beta-galactoside alpha-2,3-sialyltransferase; STEGGALNAc, N-acetylgalactosaminide alpha-2, 6-sialyltransferase; ST6GAL, beta-
galactoside alpha-2,6-sialyltransferase; SCLC, small cell lung cancers EGER, epidermal growth factor receptor; OGT, O-GIcNAc transferase.
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Glyco-
enzymes

Modified key
glycoproteins

Role of protein glycosylation in CRDs

FUT8 SPARC Decreased core fucosylation of SPARC inhibits collagen binding (56).
COED/ SeEkin L6 Reduced STGGALI and 0.-2-6 sialylation augment TL-6 expression/secretion in human bronchial epithelial
B cells (57). Plasma ST6GALL levels are associated with inflammation and exacerbation of COPD (57, 58).
FUT2 MUCSAC Fncreased fucosylation of MUC5AC exacerbates airway inflammation and increases mucus viscoelasticity
in asthma (59).
Asthma ST6GAL1 MUC4B Sialylation of MUC4 inhibits epithelial cell proliferation (30).
ST3GAL3 MUC5B Sialylation of MUC5B induces apoptosis in eosinophils (59)
NEUL CD44 CD44 glycosylation affects its recognition of hyaluronan (60).
FUTs Mucins Mutated CFTR may influence the compartmentalization of FUTSs (61, 62).
CF - Mucins and membrane | The sialylation of MUCSB and MUCSAC increases in CF patients’ sputum (61, 63). CFTR AF508
proteins mutation decreases membrane sialylation (64).
FUT3 and
FUT5 an / An increase in circulating FUT3 and FUTS is associated with a reduced risk of IPF (65).
IGF1/PI3K/AKT
FUTS th / T/GF BR, and Upregulated expression of FUT8 activates IGF1/PI3K/AKT signaling in AEC senescence and IPF (66).
\P;Nﬁ):cepwr- > an Core fucosylation of TGF-BR and WNT receptor activates EMT (67).
IPF a: — —
OGT HCF-1 OGT-facilitated PASMC proliferation through activation of HCF-1 (32)
NEUI Collagen types T and ITl, | Up-regulated NEUI induces lymphocytic infiltration and increases TGF-B1 and collagen accumulation
TGF-B1 (68).
The inhibition activity of SAP on fibrocyte differentiation and IL-10 accumulation reduces in IPF patients
NEU3 SAP and IL-6 and IL-1
2 an B with high levels of NEU3 (69). NEU3 upregulates extracellular accumulation of IL-6 and IL-1B (70).
HCE-1, SPL, VEGE, and OGT facilitates PASMC proliferation through HCF-1 (32). OGT modulates VEGF expression and
PAH 0OGT s » ¢ vascularization in IPAH by regulation of SP1 (32). Increased O-GlcNAcylation of eNOS at site 615
¢ reduces eNOS activity in IPAH (71).
non-CF . . . - . .
_ 3 FUT2 ! FUT?2 genotype influences exacerbation and infection in non-CF bronchiectasis (72).
bronchiectasis
FUT1 / Decreased FUT1 is correlated with low EGFR-TKI responsiveness, poor prognosis and tumor metastasis
of NSCLC (73).
FUT2 TGF-B/Smad signaling, FUT? facilitates autophagy and suppresses apoptosis via p53 and JNK signaling (74). FUT2 promotes
p53 and JNK signaling,  EMT by TGE-B/Smad signaling (75).
FUT4 promotes TGF-B1 secretion and induces EMT (76). Down-regulated FUT4 inhibits EGFR
FUT TGE:p! and BGER activation, MAPK and NF-B signal pathways (77).
FUTS EGER FUTS regulates the cancer-promoting capacity of cancer-associated fibroblasts by modifying EGFR core
fucosylation (78).
ST3GAL6 EGFR Downregulated ST3GALS6 regulates EGFR signaling (79).
NSCLC ST6GALL Esffdéesfuﬁst::; Downsegalation of STEGALI decreases Jaggedl, DLL-1, Notchl, Hes1, Heyl, MMPs and VEGF, and
suppresses cancer cell proliferation, migration and invasion (80).
VEGF
STRGHTNAG | WtcEAD Matant p53RI75H upregalates ST6GAINACI expression and the sialyation of MUCSAC, leading to lung
cancer metastasis (81).
. Elevated ST3GALA4 and sialylation of membrane proteins contribute to the activation of E-cadherin/
ST3GAL4 Memb: t
embrane proteins B-catenin, AKT, and ERK/NF-kB mediated signal transduction pathways (82).
NEUL / NEUL is correlated with the severity of drug resistance in DLKP, a lung cancer model with a series of
drug-resistant variants (83). NEUI is correlated to p53R273H mutation (84).
NEU3 EGFR NEUS3 overexpression stimulates the ERK pathway through EGFR (85).
FUCA2 ; High level of FUCA2 expression may contribute to increased infiltration of tumor-associated
macrophages and associate with an immunosuppressive microenvironment in pan-cancer (86).
High levels of OGT and O-GlcNAcylated SAM68 predict poor prognosis in LUAD (87). Elevated O-
OGT SAM68 and p53/c-M;
AP GleNAcylation of p53/c-Myc induces cisplatin resistance (88).
SCLC OGT / Upregulated OGT expression is associated with poor prognosis (89).
Glucosidase Inhibition of glucosidase IIB decreases activation of the EGFR/RTK and PI3K/AKT signaling pathways in
Lung cancer P53
1B a p53 dependent manner (90).

CRD, chronic respiratory disease; COPD, chronic obstructive pulmonary disease; CF, cystic fibrosis; IPF, idiopathic pulmonary fibrosis; PAH, pulmonary arterial hypertension; NSCLC, nonsmall
cell lung cancer; LUAD, lung adenocarcinomas; SCLG, small cell lung cancer; ST, sialyltransferase; FUT, fucosyltransferase; O-GlcNAcylation, O-linked B-N-acetylglucosamine glycosylation;
OGT, O-GleNAc transferase; OGA, O-GlcNAcase; ST6GAL, beta-galactoside alpha-2,6-sialyltransferase; ST3GAL, beta-galactoside alpha-2,3-sialyltransferase; STE6GALNAc, N-
acetylgalactosaminide alpha-2, 6-sialyltransferase; NEU, neuraminidase; FUCA2, alpha-L-fucosidase 2; IL, interleukin; HCF-1, host cell factor-1; ECM, extracellular matrix; EMT, epithelial-
mesenchymal transition; IGF1, insulin-like growth factor 1; TGF, transforming growth factor; NF-kB, nuclear factor-kB; JNK, c-Jun N-terminal protein kinase; SPARG, secreted protein acidic
and rich in cysteine; CFTR, CF transmembrane conductance regulator; MMP, matrix metalloproteinase; VEGF, vascular endothelial growth factor; eNOS, endothelial nitric oxide synthase;
EGFR-TKI, epidermal growth factor receptor tyrosine kinase inhibitor; PASMC, pulmonary artery smooth muscle cell; MAPK, mitogen-activated protein kinase; ERK, extracellular-signal-
regulated kinase; RTK, receptor tyrosine kinase; PI3K/AKT, phosphotylinosital 3 kinase/protein kinase B; AEC, alveolar epithelial cell; SAM68, SRC-associated in mitosis, 68 kDa; SAP, serum
amyloid P; SP1, specificity protein 1./, the modified key glycoproteins were not specified in the associated studies.
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Variable Univariate analysis OR(95%Cl)  p-value Multivariable analysis OR(95%CI)  p-value

Age=65 vs <65 He— 1.52(0.79-2.91) 0212 - -
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EOS%21.15vs <1.15 —e— 2.83(1.37-5.87)  0.005* ——oe—— 8.30(2.06-33.42) 0.003*
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Total number (N)
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Female
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Never 71 374
<40 pack-years 61 321
>40 pack-years. 58 305

Respiratory diseases 25 132
Hypertension 64 337
Endocrine system diseases 22 116
Musculoskeletal diseases 8 42
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T/
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Adenocarcinoma 78 411
Squamous cell lung cancer 50 263
Small cell lung cancer 26 137
Other types 36 189
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811

0 95 50.0
1 74 389
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No 84 442
Yes 23 12.1
NO-test 83 437

No-metastasis 41 216
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Multi-metastasis 63 332
Lung 39 20.5
Liver 30 158
Bone 53 279
Brain 35 184
Adrenal gland 25 132
Pleura 40 211
Other 20 105

Monotherapy 73 384
Combined chemotherapy 110 579
Combined anti-angiogenic agents 7 37

First-line 84 442
Second-line 52 274
Subsequent line 54 284

Negative 49 258
1-49% 48 253
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mPFS1(95%Cl) p value HR (95%Cl)

<65 7.29 (5.72, 1051) 0.5423 — —
>65 651 (5.45, 10.38) - —
Gender
Male 7.16 (5.82, 10.25) 0.196 - -
Female 5.62 (3.42, 10.51) - -
Smoking history
Never 877 (5.62, 12.42) 0.7845 — —
<40 pack-years 6.64 (5.29, 9.66) — —
>40 pack-years 6.67 (5.32, 1041) - -
Therapy
Monotherapy 6.21 (4.83, 10.15) 0.2582 — =
Combined chemotherapy 8.31(5.82, 11.4) — -
Combined anti-angiogenic agents 3.81 (0.36, 10.51) - -
Treatment line

| First-line 9.66 (6.51, 12.91) 0.0303 ref
Second-line 534 (3.25, 8.77) 233 (1.21,447) 0.011
Subsequent line 6.47 (5.22, 10.25) 1.59 (0.78,3.24) 0.202
Stage
/11 8.64 (5.68, 22.97) 0.1439 - -
v 6.64 (5.62, 9.66) - -
5
0 8.67 (5.75, 10.51) 0.152 = =
1 6.67 (5.42, 1038) s -
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EGFR/ALK/ROS1 mutation
No 9.86 (5.72, 13.24) 0.0145 ref
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PD-L1 expression
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Adenocarcinoma 8.67 (5.52, 12.42) 02613 - -
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Small cell lung cancer

Other types
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