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Abstract

:

Hypersensitivity pneumonitis (HP) is an exposure-related interstitial lung disease with two phenotypes—fibrotic and non-fibrotic. Genetic predisposition is an important factor in the disease pathogenesis and fibrosis development. Several genes are supposed to be associated with the fibrosing cascade in the lungs. One of the best-recognized and most prevalent is the common MUC5B gene promoter region polymorphism variant rs35705950. The aim of our study was to establish the frequency of the minor allele of the MUC5B gene in the population of patients with HP and to find the relationship between the MUC5B promoter region polymorphism and the development of lung fibrosis, the severity of the disease course, and the response to the treatment in patients with HP. Eighty-six consecutive patients with HP were tested for the genetic variant rs35705950 of the MUC-5B gene. Demographic, radiological, and functional parameters were collected. The relationship between the presence of the T allele and lung fibrosis, pulmonary function test parameters, and the treatment response were analyzed. The minor allele frequency in the study group was 17%, with the distribution of the genotypes GG in 69.8% of subjects and GT/TT in 30.2%. Patients with the GT/TT phenotype had significantly lower baseline forced vital capacity (FVC) and significantly more frequently had a decline in FVC with time. The prevalence of lung fibrosis in high-resolution computed tomography (HRCT) was not significantly increased in GT/TT variant carriers compared to GG ones. The patients with the T allele tended to respond worse to immunomodulatory treatment and more frequently received antifibrotic drugs. In conclusions: The frequency of MUC5B polymorphism in HP patients is high. The T allele may indicate a worse disease course, worse immunomodulatory treatment response, and earlier need for antifibrotic treatment.
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1. Introduction


Hypersensitivity pneumonitis (HP) is an interstitial lung disease (ILD) that develops as a result of exposure to different particulates, usually organic (antigens) but also inorganic (haptens) [1]. According to the recent American Thoracic Society (ATS)/Japanese Respiratory Society (JRS)/Latin American Thoracic Association (ALAT) guidelines, two types of HP are distinguished—fibrotic and non-fibrotic [2]. Non-fibrotic HP may resolve completely after exposure elimination, and, in the majority of patients, it is combined with a good prognosis [3]. Fibrotic HP may progress despite the antigen elimination, and results in progressive pulmonary fibrosis (PPF) in as much as 20% of patients [4].



Genetic predisposition to the development of lung fibrosis has been the subject of extensive scientific research recently. Several genome-wide association studies (GWAS) revealed a number of genes involved in the risk of fibrosis development, i.e., telomerase reverse transcriptase (TERT), CST complex subunit STN1, desmoplakin (DSP), dipeptidyl peptidase (DPP9), Toll interacting protein (TOLLIP), and A-kinase anchoring protein 13 (AKAP13) [5,6,7,8,9,10].



One of the best-recognized and most prevalent genetic disorders is the common MUC5B promoter polymorphism variant rs35705950. The MUC5B gene is located in chromosome 11p15.5 and encodes the high-molecular-weight glycoprotein mucin 5B, which increases the viscosity of mucus gel in the airways. MUC5B is expressed in human airway mucosa, and its product, mucin 5B, is present in the tracheobronchial epithelium [11,12]. Mucin 5B is a key molecule in maintaining lung immune homeostasis and mucociliary clearance; thus, it plays a vital role in controlling infections [13]. The lack of MUC5B in mice resulted in impaired airway clearance and decreased survival due to disseminated infections [13]. MUC5B also influences macrophage accumulation and activity. The absence of mucin 5B results in the increase of macrophages’ apoptosis. No such effect was observed in other types of MUC deficiency [11]. On the other hand, the increase in mucin 5B concentration in distal airways, as a result of gain-of-function rs35705950 polymorphism, produced a more significant fibrotic response to bleomycin in mice [14].



The increased expression of MUC5B leads to the increased production and secretion of viscous mucus, which impairs mucociliary clearance and causes increased epithelial susceptibility to injury [15]. The influence of MUC5B polymorphism on the development and progression of lung fibrosis was extensively investigated in idiopathic pulmonary fibrosis (IPF), as the bronchioloalveolar epithelial injury is the main pathogenic mechanism of progressive lung fibrosis in this disease. Such injury may be caused by cigarette smoking, air pollution, or exposure to different dust components and toxic substances [16]. Nevertheless, the above-mentioned factors are not the only triggers of lung fibrosis in IPF. It is estimated that MUC5B polymorphism (the presence of the T minor allele) increases the risk of lung fibrosis by 30–35%, thus being the most substantial single risk factor of developing IPF. Therefore, MUC5B polymorphism may be considered a marker of preclinical pulmonary fibrosis, enabling the identification of the cohort of people at an increased risk of IPF development [17,18].



Genetic susceptibility may also play a role in the development of the other fibrosing ILDs [19].



It is suggested that microscopic honeycombing, the hallmark of fibrosis, develops as the result of the aberrant differentiation of progenitor cells located in the distal airways [15]. These cells reveal an increased expression of MUC5B. As the honeycombing is also diagnosed in chronic fibrotic HP and in other fibrotic ILDs, it is reasonable to speculate that the MUC5B polymorphism may have a pathogenic influence on lung fibrosis development in these conditions [17,18].



The data on the role of genetic predisposition to HP development are scarce. It is known that some subjects exposed to organic antigens develop allergic alveolitis, but most do not. Farmer’s lung is linked to the gene polymorphism in the tumor necrosis factor-alpha 308 (TNF-alpha-308) promoter as well as human leucocyte antigen (HLA)-A, B, and C loci, pigeon–breeder’s lung with HLA-DR3 allele, and Japanese summer-type HP with HLA—DQ3 allele [20]. The significance of MUC5B polymorphism in HP patients has not been extensively investigated. Only two publications have addressed this problem so far [21,22].



Thus, the aim of the present study was to establish the frequency of the minor allele of the MUC5B gene in the population of HP patients and to find the relationship between the MUC5B promoter region polymorphism and the development of lung fibrosis, the severity of the disease course, and the response to treatment.




2. Results


2.1. Baseline Characteristics of the Study Group


Genetic testing was performed on 86 consecutive HP patients admitted to a single pulmonary department between 1 April 2019 and 31 December 2022. Thirty-eight of them (44%) were male, the median age in the whole group was 58 years (20–75), and the median follow-up time was 67.2 (±48.73) months. Twenty-eight incident and fifty-eight prevalent cases were included. Incident cases did not differ from prevalent ones regarding baseline characteristics and genetic performance (Supplementary Materials Table S1). The minor allele frequency (MAF) was 17.4%. The GG genotype was observed in 60 (69.8%) of patients, GT in 24 (27.9%), and TT in 2 (2.3%). The group of 26 patients with either the GT genotype or TT genotype (GT/TT) was compared with 60 patients presenting the GG genotype. The detailed characteristics of the study group according to the MUC5B genotype are presented in Table 1.



Patients with at least one T allele had significantly lower baseline FVC%pred than those with the GG genotype (72.28% vs. 82.18%, p = 0.0315). They also tended to have fibrosis in HRCT more often and were more frequently treated with antifibrotics (nintedanib); nevertheless, the differences were not statistically significant. There were no differences between the GG and GT/TT groups regarding age, sex, follow-up time, smoking status, 6 min walking distance (6MWD), distance–saturation product (DSP) [23], TL,co%pred, or gender–age–physiology (GAP) index [24].




2.2. FVC Trajectory in Time


In 82 subjects, at least two measurements of FVC were performed. In that group, the assessment of median annual change in FVC%pred was possible. In the whole group, 42 subjects (51.2%) experienced a decrease in FVC%pred and 40 (48.8%) an increase. The median annual FVC%pred change in the whole group was −0.1159% (IQR −1.773–2.144). Among patients who declined, the median decrease in FVC%pred was −1.72% per year (IQR −3.7 to −0.78). Among patients who improved, the median annual increase in FVC%pred was 2.16% (IQR 1.03–6.982). The decrease was significantly more prevalent in patients with the GT/TT genetic variant than in those with the GG variant (Table 2).



The probability of FVC%pred decline according to MUC5B status is presented in Figure 1.



In the multiple logistic regression analysis, the presence of the T allele was a single parameter increasing the odds of having a decline in FVC%pred by more than three times (OR 3.598, 95%CI 1.299–10.87, p = 0.0171)—Table 3.




2.3. Treatment Effect Assessment According to MUC5B Genotype


In the treated group of 75 patients, PFTs’ parameters were assessed after the median of 12 (IQR 12–12) months from the treatment initiation. The results are presented in Table 4.



In the group with the GG genotype, we found a significant improvement in both absolute and %pred FVC, TL,co%pred, 6MWD, and DSP after 12 months of treatment with immunomodulatory drugs. On the other hand, among subjects with the presence of at least one T allele (GT/TT), during the treatment, only FVC%pred improved significantly, the improvement of absolute FVC and TL,co%pred was borderline significant, and 6MWT parameters (distance and DSP) did not change.





3. Discussion


Hypersensitivity pneumonitis comprises 20% of all ILDs presenting with progressive pulmonary fibrosis [25]. The pathogenesis of HP is based on the pathologic immunologic response to inhaled, mostly organic antigens, with granuloma formation [26]. Nevertheless, subsequent evolution to fibrotic lung disease is observed in some patients, markedly worsening their life quality and prognosis. The development of lung fibrosis in HP may depend on several risk factors, among others: the type of antigen and its concentration, type of exposition, and genetic predisposition of the patient [26]. Different antigens may trigger different types of immune response and different outcomes; e.g., avian antigens are suspected to produce more severe and fibrotic disease [27]. On the other hand, cigarette smoking may decrease susceptibility to developing HP [28]. However, in our group, the proportion of smokers was similar to the general Polish population in the years 2009–2019 (31–21%, respectively) [29].



The frequency of the T allele of rs35705950 has been found in around 10% of a healthy population of European ancestry, and was much less common in South Asian, East Asian, and African populations (8, 1, and 0.2%, respectively) [30,31,32]. MUC5B polymorphism was found much more frequently in IPF patients than in healthy population, and was an established risk factor for lung fibrosis development and progression. Therefore, we decided to assess the prevalence and clinical significance of the MUC5B promotor region polymorphism (rs35705950) in consecutive HP patients, diagnosed and monitored in our department. We found a minor allele (T) frequency (MAF) of 17%, with the following distribution of genotypes: GG—in 69.8%, GT—in 27,9%, and TT—in 2.3% of patients. These data are in line with the results of Furusawa et al., who found the MAF of 19% and 37% of the GT/TT genotype in the lung tissue obtained from biopsies or explanted lungs of the patients with HP and confirmed the strong association between MUC5B polymorphism and disease development [33]. However, Ley et al. showed a bigger MAF of 24–32% in two cohorts of more than 200 American HP patients with a prevalence of GT/TT genotypes of 41–51% [21]. He also found a correlation between MUC5B gene promoter region polymorphism and the extent of fibrosis in the CT scan [21]. Both of the above-described cohorts were older, contained more ever-smokers, and had worse functional parameters compared to our population, which might have an impact on the higher prevalence of GT/TT genotypes in the above-mentioned study. The other reason for lower GT/TT genotypes in our population compared to the study of Ley et al. may be caused by the fact that we assessed MUC5B promoter polymorphism at a certain time point. Thus, we could not include the patients presenting the worst clinical profile, who died before the date when MUC5B was tested.



We found significantly lower baseline FVC (absolute and %pred) in patients with the GT/TT genotype compared to those diagnosed with the GG genotype, which could suggest more prevalent fibrotic HP among patients with the GT/TT genotype. Although we found more patients with fibrotic lung disease among those with the GT/TT genotype compared to the GG genotype (82.8% and 63%, respectively), these differences were not significant. This may be due to the small number of non-fibrotic HP patients, who comprised 34% of our cohort only. No association of MUC5B polymorphism with the presence of honeycombing was noted in our cohort, similar to the findings of Ley et al. [21]. The data on FVC in patients with HP in relation to the MUC5B genotype had not been analyzed in the literature yet.



Furthermore, we analyzed the FVC trajectories in HP patients, depending on MUC5B gene polymorphism. In the entire cohort, the annual FVC%pred decrease and increase trajectories were observed in an equal proportion of patients—51% and 49%, respectively. When analyzing the GG and GT/TT groups separately, significantly more subjects experienced FVC%pred decrease among those with at least one T allele, compared to those expressing the GG genotype (69% vs. 43%, p = 0.03).



Multivariate analysis revealed that the GT/TT genotype was the single, independent predictor of disease progression, increasing the odds of annual FVC%pred decline by 3.6 times. No influence of age, baseline FVC%pred, and the use of treatment on clinical HP course was noted. The association between the annual change of FVC%pred and the presence of the T allele had not been reported yet. This finding stays in opposition to the data obtained in IPF patients, where MUC5B polymorphism, although increasing the risk of disease development, predicts a milder disease course and better survival [32,34]. Only in one study by Jiang et al. was the presence of the T allele of the MUC5B gene combined with decreased pulmonary function tests (FVC and TL,co) and worse survival in IPF patients [35].



We also analyzed the subgroup of 75 treated patients separately. All subjects received systemic corticosteroids, and 43% additionally received an immunosuppressive agent (azathioprine). In the GG genotype group, all PFT and 6MWT parameters improved significantly after a year of treatment, whereas, in the group with the T allele, only FVC (absolute and %pred) significantly improved, while the non-significant improvement of TL,co%pred and stabilization of 6MWT parameters was noted. Thus, we suppose that HP patients with the GT and TT genotypes may express a worse response to immunosuppressive therapy, compared to the GG genotypes. The association between the MUC5B minor allele and the effect of immunomodulatory treatment in HP patients had not been studied before.



Nintedanib was registered for progressive fibrotic HP patients in 2019. In our country, antifibrotic treatment is used in fibrotic HP only after first-line (i.e., immunomodulatory) treatment failure. We observed numerically a more frequent use of nintedanib in patients with the GT/TT genotype compared to the GG genotype (22 vs. 8%), which was borderline significant, probably due to the small number of patients who qualified for such therapy. As the patients with the T allele tend to respond to immunomodulatory therapy less spectacularly, they need perhaps an earlier consideration of antifibrotic treatment. This hypothesis should be the subject of large prospective clinical trials in the future.



Study Limitations


Our study has limitations.



First, it was a single-center study with a limited number of patients included. Second, we included both incident and prevalent cases and performed the genetic testing at a particular time point during their follow-up. This may produce immortal time bias, as we do not know the prevalence of MUC5B polymorphism in patients who died before the study was initiated. Additional selection bias is related to the limitations in transportation during the COVID-19 pandemic—patients living a long distance away from our center could not come for a visit and, therefore, could be omitted. For the same reason, patients in worse physical condition could not be included. Third, the proportion of patients with non-fibrotic HP and who were not treated was low, so the differences regarding the influence of MUC5B polymorphism on fibrosis development and treatment response might be under-recognized. Fourth, we tested our cohort for only one genetic variant, which is the strongest but not the single predictor of disease development. Finally, we did not include the healthy control group to assess the baseline frequency of the T allele of the MUC5B gene, which was due to the COVID-19 pandemic and limited access to medical resources.





4. Material and Methods


4.1. Regulatory Board Approval


The study was approved by the Institutional Ethics Committee of the National Research Institute of Tuberculosis and Lung Diseases (Approval No. KB-19/2019, date of approval 27 February 2019). All patients gave written informed consent to the genetic testing of the blood samples.




4.2. Study Group


The study group of our retrospective case-control study consisted of 86 consecutive incident and prevalent HP patients admitted to the single pulmonary department from April 2019 to December 2022. All subjects received the diagnosis of HP based on the criteria proposed by Vasakova et al. [1], which was then revised according to the newest ATS/JRS/ALAT diagnostic guidelines [2]. The standard workup used in our center was described in the previous publications [36,37].



Patients’ demographic data, smoking status, and computed tomography (CT) results were collected. Pulmonary function tests (PFTs) and 6 min walking test (6MWT) were performed at baseline, before treatment, and 12 months after treatment implementation. For the purpose of the annual forced vital capacity (FVC) change assessment, historical FVC data from patients’ files were extracted.




4.3. Study Procedures


For genetic testing, a single sample (3 whole blood tubes of 9 mL each, S-Monovette® K3 EDTA 9 mL, SARSTEAD, Nümbrecht, Germany) of peripheral blood was drawn from each patient during venipuncture. Samples were adequately labeled with the unique patient’s number to maintain anonymization.



DNA isolation was carried out using commercial kits (QIAamp DNA Blood Mini Kit, Qiagen, Hilden, Germany), that allow us to obtain a sufficient amount of high-quality DNA material.



Isolated DNA was used in MUC5B genotyping reactions. The presence of a single nucleotide polymorphism (SNP) in the promoter region of the MUC5B gene (rs35705950) was tested with the usage of a commercially available TaqMan SNP Genotyping Assay (C_1582254_20). To detect SNP target, two allele-specific TaqMan minor groove binder (MGB) probes differently labeled with fluorescent dyes (FAM and VIC) with a fluorescence quencher, as well as primer pair uniquely aligned with the studied genome region, was used (the context sequence [VIC/FAM]: CCTTCCTTTATCTTCTGTTTTCAGC[G/T]CCTTCAACTGTGAAGAGGTGAACTC). During reaction nuclease activity of Taq, DNA polymerase was used for cleaving the reporter dye (FAM or VIC) from an MGB probe hybridized to the DNA strand. When separated from the quencher, the reporter dye fluoresced. Reactions were performed on 96-well plates in the presence of negative and positive controls on Applied Biosystems 7500 Fast Dx Real-Time PCR Instrument.



Minor allele frequency (MAF) was calculated by dividing the number of minor alleles (T) by the number of all alleles in the study population (G, T); e.g., if, in the group of 10 people, 5 had genotype GG, 3 had genotype GT, and 2 had genotype TT, the whole number of the allele was 20, the number of GG allele was 5 × 2 + 3 × 1 = 13, the number of T allele was 3 × 1 + 2 × 2 = 7, and MAF was 7/20 = 0.35 (35%).



Pulmonary function tests (spirometry and diffusion lung capacity) were performed as routine procedures using Master Screen Body/Diffusion (Jaeger, Wuppertal, Germany, 2002; CareFusion, Wurmlingen, Germany, 2017). The results of measurements were presented as absolute values, and the percent of predicted values using the European Respiratory Society (ERS) reference equations. The transfer factor of the lungs for carbon monoxide (TL,co) was measured with a single-breath method using helium or methane (CH4) gas as the marker, as described previously [37]. The results were presented as a percentage of predicted values with a correction to hemoglobin concentration [38].



Then, 6MWT was performed as a routine procedure in every patient who was able to walk on a flat 30 m long corridor, with baseline and sixth-minute room air oxygen saturation measured with a finger pulse oximeter, according to ATS and Polish Respiratory Society guidelines as described previously [39,40,41].



All chest CT scans were performed in our center (GE Healthcare Revolution GSI scanner) in the course of the diagnostic process and were analyzed by two radiologists with expertise in ILDs. The results were presented according to the internal references, including the morphological description of the visible abnormalities (particularly the location and distribution of the changes, presence of nodules, ground glass opacities, air trapping—if applicable—in expiration scans, three-density pattern, reticulations, traction bronchiectases, and honeycombing) and the final conclusion of typical HP, compatible with HP or indeterminate for HP. In case of discrepancies between radiologists regarding the final conclusion, a multidisciplinary discussion was conducted, and the result was established. Therefore, the results of chest CT scans were used as source data without re-evaluation.



The treatment initiation was based on a case-by-case clinical assessment. The main indications for treatment were low baseline PFT results and/or respiratory failure, and lack of improvement or worsening in PFTs and chest X-ray despite the antigen avoidance trial. The patients were treated either with corticosteroids alone or in combination with azathioprine. Those who had worsening clinical, functional, and radiological features despite immunomodulatory treatment could receive an antifibrotic drug (i.e., nintedanib). Patients with normal or slightly impaired PFTs and stable chest X-rays were not treated.



The observation period was censored on 31st December 2022. The disease duration time was calculated from the diagnosis to the censoring date, lung transplantation, or death. All patients had at least a 12-month-long observation.




4.4. Assessment of the Disease Course


Baseline PFT parameters and subsequent FVC and TL,co measurements were taken into account. In patients who had at least two measurements of FVC during clinical observation, the annual change in FVC%pred was calculated as follows:    annual   FVC % pred   change  =    last   available   FVC % pred  −  baseline   FVC % pred     number   of   years   of   observation     . In patients who received the treatment, PFTs parameters were evaluated before treatment initiation and after 12 months of treatment. Numerical changes in each parameter were taken into consideration.




4.5. Statistical Analysis


The statistical analysis was performed using GraphPad Prism (GraphPad Software, 9.4.1 (458) on 18 July 2022, LCC, San Diego, CA, USA). The values were presented as means ± SD or medians and ranges. Between-group comparison for continuous variables in two groups was assessed with Student’s t-test, Fisher’s exact test, Mann–Whitney test, or Wilcoxon test, where appropriate. p values of <0.05 were considered statistically significant. Multiple variables were analyzed using multiple logistic regression analysis. Minor allele frequency (MAF) was calculated by dividing the number of the minor allele (T) by the number of all alleles.





5. Conclusions


The MUC5B minor allele (T) was present in around 30% of patients with HP, who were diagnosed and observed in our department. We found significantly lower baseline FVC%pred and a greater decline in FVC in the course of the disease in patients with the GT/TT genotype. Those patients also tended to have more fibrotic changes in HRCT and were more frequently treated with antifibrotics, but the differences were not significant. If treated with immunomodulatory drugs, patients with the presence of the T allele experienced less pronounced improvements in the functional parameters.



Therefore, according to our results, the MUC 5B GT/TT genotype in HP patients may be combined with lower FVC%pred at diagnosis, a worse response to immunomodulatory treatment, and the need for an earlier implementation of antifibrotic treatment.



Nevertheless, more prospective data and multi-center studies are needed to confirm those findings.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241310748/s1.





Author Contributions


Conceptualization, K.B.L., M.S. (Monika Szturmowicz) and W.Z.T.; data curation, D.W., I.S.-S., M.B., K.B. (Kamila Błaszczyk), M.F. (Maria Falis) and P.R.-R.; formal analysis, K.B.L.; investigation, U.L., K.B. (Katarzyna Błasińska) and A.R.; methodology, K.B.L., U.L. and M.F. (Monika Franczuk); supervision, W.Z.T.; writing—original draft, K.B.L.; writing—review & editing, M.S. (Monika Szturmowicz), U.L., M.F. (Monika Franczuk), K.B. (Katarzyna Błasińska), D.W., M.S. (Małgorzata Sobiecka), I.S.-S., M.B., P.R.-R., A.R., J.C.-W. and W.Z.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the research grants from Boehringer Ingelheim Polska, and Roche Polska for the purchase of the reagents for genetic testing.




Institutional Review Board Statement


The study was approved by the Institutional Ethics Committee of the National Research Institute of Tuberculosis and Lung Diseases (Approval No KB-19/2019, date of approval 27 February 2019).




Informed Consent Statement


All patients gave written informed consent to the genetic testing of the blood samples.




Data Availability Statement


Data are available from the corresponding author upon request.




Conflicts of Interest


K.B.L. received a fee for lectures from Boehringer Ingelheim and Roche, and travel grants for international conferences from Boehringer Ingelheim and Roche. M.S. (Monika Szturmowicz), M.S. (Małgorzata Sobiecka), P.R.-R., and W.Z.T. received a fee for lectures from Boehringer Ingelheim. The remaining authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Vasakova, M.; Morell, F.; Walsh, S.; Leslie, K.; Raghu, G. Hypersensitivity Pneumonitis: Perspectives in Diagnosis and Management. Am. J. Respir. Crit. Care Med. 2017, 196, 680–689. [Google Scholar] [CrossRef]

	



Raghu, G.; Remy-Jardin, M.; Ryerson, C.J.; Myers, J.L.; Kreuter, M.; Vasakova, M.; Bargagli, E.; Chung, J.H.; Collins, B.F.; Bendstrup, E.; et al. Diagnosis of Hypersensitivity Pneumonitis in Adults. An Official ATS/JRS/ALAT Clinical Practice Guideline. Am. J. Respir. Crit. Care Med. 2020, 202, e36–e69. [Google Scholar] [CrossRef]

	



Salisbury, M.L.; Gu, T.; Murray, S.; Gross, B.H.; Chughtai, A.; Sayyouh, M.; Kazerooni, E.A.; Myers, J.L.; Lagstein, A.; Konopka, K.E.; et al. Hypersensitivity Pneumonitis: Radiologic Phenotypes Are Associated with Distinct Survival Time and Pulmonary Function Trajectory. Chest 2019, 155, 699–711. [Google Scholar] [CrossRef]

	



Wijsenbeek, M.; Kreuter, M.; Olson, A.; Fischer, A.; Bendstrup, E.; Wells, C.D.; Denton, C.P.; Mounir, B.; Zouad-Lejour, L.; Quaresma, M.; et al. Progressive fibrosing interstitial lung diseases: Current practice in diagnosis and management. Curr. Med. Res. Opin. 2019, 35, 2015–2024. [Google Scholar] [CrossRef]

	



Seibold, M.A.; Wise, A.L.; Speer, M.C.; Steele, M.P.; Brown, K.K.; Loyd, J.E.; Fingerlin, T.E.; Zhang, W.; Gudmundsson, G.; Groshong, S.D.; et al. A Common MUC5B Promoter Polymorphism and Pulmonary Fibrosis. N. Engl. J. Med. 2011, 364, 1503–1512. [Google Scholar] [CrossRef]

	



Zhang, Y.; Noth, I.; Garcia, J.G.; Kaminski, N. A Variant in the Promoter of MUC5B and Idiopathic Pulmonary Fibrosis. N. Engl. J. Med. 2011, 364, 1576–1577. [Google Scholar] [CrossRef]

	



Fingerlin, T.E.; Murphy, E.; Zhang, W.; Peljto, A.L.; Brown, K.K.; Steele, M.P.; Loyd, J.E.; Cosgrove, G.P.; Lynch, D.; Groshong, S.; et al. Genome-wide association study identifies multiple susceptibility loci for pulmonary fibrosis. Nat. Genet. 2013, 45, 613–620. [Google Scholar] [CrossRef]

	



Fingerlin, T.E.; Zhang, W.; Yang, I.V.; Ainsworth, H.C.; Russell, P.H.; Blumhagen, R.Z.; Schwarz, M.I.; Brown, K.K.; Steele, M.P.; Loyd, J.E.; et al. Genome-wide imputation study identifies novel HLA locus for pulmonary fibrosis and potential role for auto-immunity in fibrotic idiopathic interstitial pneumonia. BMC Genet. 2016, 17, 74. [Google Scholar] [CrossRef]

	



Moore, C.; Blumhagen, R.Z.; Yang, I.V.; Walts, A.; Powers, J.; Walker, T.; Bishop, M.; Russell, P.; Vestal, B.; Cardwell, J.; et al. Resequencing Study Confirms That Host Defense and Cell Senescence Gene Variants Contribute to the Risk of Idiopathic Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 2019, 200, 199–208. [Google Scholar] [CrossRef]

	



Allen, R.J.; Porte, J.; Braybrooke, R.; Flores, C.; Fingerlin, T.E.; Oldham, J.M.; Guillen-Guio, B.; Ma, S.-F.; Okamoto, T.; John, A.E.; et al. Genetic variants associated with susceptibility to idiopathic pulmonary fibrosis in people of European ancestry: A genome-wide association study. Lancet Respir. Med. 2017, 5, 869–880. [Google Scholar] [CrossRef]

	



Thornton, D.J.; Devine, P.L.; Hanski, C.; Howard, M.; Sheehan, J.K. Identification of two major populations of mucins in respiratory secretions. Am. J. Respir. Crit. Care Med. 1994, 150, 823–832. [Google Scholar] [CrossRef]

	



Thornton, D.; Carlstedt, I.; Howard, M.; Devine, P.L.; Price, M.R.; Sheehan, J.K. Respiratory mucins: Identification of core proteins and glycoforms. Biochem. J. 1996, 316 Pt 3, 967–975. [Google Scholar] [CrossRef]

	



Roy, M.G.; Livraghi-Butrico, A.; Fletcher, A.A.; McElwee, M.M.; Evans, S.E.; Boerner, R.M.; Alexander, S.N.; Bellinghausen, L.K.; Song, A.S.; Petrova, Y.M.; et al. Muc5b is required for airway defence. Nature 2014, 505, 412–416. [Google Scholar] [CrossRef]

	



Hancock, L.A.; Hennessy, C.E.; Solomon, G.M.; Dobrinskikh, E.; Estrella, A.; Hara, N.; Hill, D.B.; Kissner, W.J.; Markovetz, M.R.; Villalon, D.E.G.; et al. Muc5b overexpression causes mucociliary dysfunction and enhances lung fibrosis in mice. Nat. Commun. 2018, 9, 5363. [Google Scholar] [CrossRef]

	



Evans, C.M.; Fingerlin, T.E.; Schwarz, M.I.; Lynch, D.; Kurche, J.; Warg, L.; Yang, I.V.; Schwartz, D.A. Idiopathic Pulmonary Fibrosis: A Genetic Disease That Involves Mucociliary Dysfunction of the Peripheral Airways. Physiol. Rev. 2016, 96, 1567–1591. [Google Scholar] [CrossRef]

	



Selman, M.; Pardo, A. Revealing the Pathogenic and Aging-related Mechanisms of the Enigmatic Idiopathic Pulmonary Fibrosis. An Integral Model. Am. J. Respir. Crit. Care Med. 2014, 189, 1161–1172. [Google Scholar] [CrossRef]

	



Schwartz, D.A. Idiopathic Pulmonary Fibrosis Is a Complex Genetic Disorder. Trans. Am. Clin. Clim. Assoc. 2016, 127, 34–45. [Google Scholar]

	



Schwartz, D.A. Idiopathic Pulmonary Fibrosis Is a Genetic Disease Involving Mucus and the Peripheral Airways. Ann. Am. Thorac. Soc. 2018, 15 (Suppl. 3), S192–S197. [Google Scholar] [CrossRef]

	



Adegunsoye, A.; Vij, R.; Noth, I. Integrating Genomics into Management of Fibrotic Interstitial Lung Disease. Chest 2019, 155, 1026–1040. [Google Scholar] [CrossRef]

	



Falfán-Valencia, R.; Camarena, Á.; Pineda, C.L.; Montaño, M.; Juárez, A.; Buendía-Roldán, I.; Pérez-Rubio, G.; Reséndiz-Hernández, J.M.; Páramo, I.; Vega, A.; et al. Genetic susceptibility to multicase hypersensitivity pneumonitis is associated with the TNF-238 GG genotype of the promoter region and HLA-DRB1*04 bearing HLA haplotypes. Respir. Med. 2014, 108, 211–217. [Google Scholar] [CrossRef]

	



Ley, B.; Newton, C.; Arnould, I.; Elicker, B.M.; Henry, T.S.; Vittinghoff, E.; Golden, J.A.; Jones, K.D.; Batra, K.; Torrealba, J.; et al. The MUC5B promoter polymorphism and telomere length in patients with chronic hypersensitivity pneumonitis: An observational cohort-control study. Lancet Respir. Med. 2017, 5, 639–647. [Google Scholar] [CrossRef] [PubMed]

	



Furusawa, H.; Peljto, A.L.; Walts, A.D.; Cardwell, J.; Molyneaux, P.L.; Lee, J.S.; Pérez, E.R.F.; Wolters, P.J.; Yang, I.V.; Schwartz, D.A. Common idiopathic pulmonary fibrosis risk variants are associated with hypersensitivity pneumonitis. Thorax 2022, 77, 508–510. [Google Scholar] [CrossRef] [PubMed]

	



Lettieri, C.J.; Nathan, S.D.; Browning, R.F.; Barnett, S.D.; Ahmad, S.; Shorr, A.F. The distance-saturation product predicts mortality in idiopathic pulmonary fibrosis. Respir. Med. 2006, 100, 1734–1741. [Google Scholar] [CrossRef]

	



Ley, B.; Ryerson, C.J.; Vittinghoff, E.; Ryu, J.; Tomassetti, S.; Lee, J.S.; Poletti, V.; Buccioli, M.; Elicker, B.M.; Jones, K.D.; et al. A Multidimensional Index and Staging System for Idiopathic Pulmonary Fibrosis. Ann. Intern. Med. 2012, 156, 684–691. [Google Scholar] [CrossRef] [PubMed]

	



Lederer, D.J.; Martinez, F.J. Idiopathic Pulmonary Fibrosis. N. Engl. J. Med. 2018, 378, 1811–1823. [Google Scholar] [CrossRef]

	



Vasakova, M.; Selman, M.; Morell, F.; Sterclova, M.; Molina-Molina, M.; Raghu, G. Hypersensitivity Pneumonitis: Current Concepts of Pathogenesis and Potential Targets for Treatment. Am. J. Respir. Crit. Care Med. 2019, 200, 301–308. [Google Scholar] [CrossRef]

	



Morell, F.; Roger, À.; Reyes, L.; Cruz, M.J.; Murio, C.; Muñoz, X. Bird Fancier’s Lung: A Series of 86 Patients. Medicine 2008, 87, 110–130. [Google Scholar] [CrossRef]

	



McSharry, C.; Banham, S.W.; Boyd, G. Effect of cigarette smoking on the antibody response to inhaled antigens and the prevalence of extrinsic allergic alveolitis among pigeon breeders. Clin. Exp. Allergy 1985, 15, 487–494. [Google Scholar] [CrossRef]

	



Postawy Polaków Wobec Palenia Tytoniu–Raport 2019 r.–Główny Inspektorat Sanitarny–Portal Gov.pl. Available online: https://www.gov.pl/web/gis/postawy-polakow-wobec-palenia-tytoniu-raport-2017 (accessed on 27 May 2023).

	



Horimasu, Y.; Ohshimo, S.; Bonella, F.; Tanaka, S.; Ishikawa, N.; Hattori, N.; Kohno, N.; Guzman, J.; Costabel, U. MUC5B promoter polymorphism in Japanese patients with idiopathic pulmonary fibrosis. Respirology 2015, 20, 439–444. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Zhuang, Y.; Guo, W.; Cao, L.; Zhang, H.; Xu, L.; Fan, Y.; Zhang, D.; Wang, Y. Mucin 5B Promoter Polymorphism Is Associated with Susceptibility to Interstitial Lung Diseases in Chinese Males. PLoS ONE 2014, 9, e104919. [Google Scholar] [CrossRef]

	



Peljto, A.L.; Zhang, Y.; Fingerlin, T.E.; Ma, S.-F.; Garcia, J.G.N.; Richards, T.J.; Silveira, L.J.; Lindell, K.O.; Steele, M.P.; Loyd, J.; et al. Association Between the MUC5B Promoter Polymorphism and Survival in Patients with Idiopathic Pulmonary Fibrosis. JAMA 2013, 309, 2232–2239. [Google Scholar] [CrossRef] [PubMed]

	



Furusawa, H.; Cardwell, J.H.; Okamoto, T.; Walts, A.D.; Konigsberg, I.R.; Kurche, J.S.; Bang, T.J.; Schwarz, M.I.; Brown, K.K.; Kropski, J.A.; et al. Chronic Hypersensitivity Pneumonitis, an Interstitial Lung Disease with Distinct Molecular Signatures. Am. J. Respir. Crit. Care Med. 2020, 202, 1430–1444. [Google Scholar] [CrossRef]

	



Noth, I.; Zhang, Y.; Ma, S.-F.; Flores, C.; Barber, M.; Huang, Y.; Broderick, S.M.; Wade, M.S.; Hysi, P.; Scuirba, J.; et al. Genetic variants associated with idiopathic pulmonary fibrosis susceptibility and mortality: A genome-wide association study. Lancet Respir. Med. 2013, 1, 309–317. [Google Scholar] [CrossRef]

	



Jiang, H.; Hu, Y.; Shang, L.; Li, Y.; Yang, L.; Chen, Y. Association between MUC5B polymorphism and susceptibility and severity of idiopathic pulmonary fibrosis. Int. J. Clin. Exp. Pathol. 2015, 8, 14953–14958. [Google Scholar] [PubMed]

	



Szturmowicz, M.; Barańska, I.; Jędrych, M.E.; Bartoszuk, I.; Radwan-Roehrenschef, P.; Roży, A.; Bestry, I.; Chorostowska-Wynimko, J.; Langfort, R.; Kuś, J. Hypersensitivity Pneumonitis Recognised in a Single Pulmonary Unit, between 2005 and 2015: Comparison with Recently Proposed Diagnostic Criteria. Adv. Respir. Med. 2019, 87, 83–89. [Google Scholar] [CrossRef] [PubMed]

	



Lewandowska, K.B.; Barańska, I.; Sobiecka, M.; Radwan-Rohrenschef, P.; Dybowska, M.; Franczuk, M.; Roży, A.; Skoczylas, A.; Bestry, I.; Kuś, J.; et al. Factors Predictive for Immunomodulatory Therapy Response and Survival in Patients with Hypersensitivity Pneumonitis—Retrospective Cohort Analysis. Diagnostics 2022, 12, 2767. [Google Scholar] [CrossRef] [PubMed]

	



Graham, B.L.; Brusasco, V.; Burgos, F.; Cooper, B.G.; Jensen, R.; Kendrick, A.; MacIntyre, N.R.; Thompson, B.R.; Wanger, J. 2017 ERS/ATS standards for single-breath carbon monoxide uptake in the lung. Eur. Respir. J. 2017, 49, 1600016. [Google Scholar] [CrossRef]

	



ATS Committee on Proficiency Standards for Clinical Pulmonary Function Laboratories. ATS statement: Guidelines for the six-minute walk test. Am. J. Respir. Crit. Care Med. 2002, 166, 111–117. [Google Scholar] [CrossRef]

	



Przybyłowski, T.; Tomalak, W.; Siergiejko, Z.; Jastrzębski, D.; Maskey-Warzęchowska, M.; Piorunek, T.; Wojda, E.; Boros, P. Polish Respiratory Society Guidelines for the Methodology and Interpretation of the 6 Minute Walk Test (6MWT). Pneumonol. Alergol. Pol. Wyd. Pol. 2015, 1, 9–25. (In Polish) [Google Scholar] [CrossRef]

	



Lewandowska, K.B.; Sobiecka, M.; Boros, P.W.; Dybowska, M.; Barańska, I.; Jędrych, M.E.; Gładzka, A.; Tomkowski, W.Z.; Szturmowicz, M. New 6-Minute-Walking Test Parameter—Distance/Desaturation Index (DDI) Correctly Diagnoses Short-Term Response to Immunomodulatory Therapy in Hypersensitivity Pneumonitis. Diagnostics 2023, 13, 1109. [Google Scholar] [CrossRef]








[image: Ijms 24 10748 g001 550] 





Figure 1. Probability of FVC%pred decline during observation according to MUC5B status. FVC—forced vital capacity, GG—GG genotype, GT/TT—GT/TT genotype. 
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Table 1. Baseline characteristics of the study group according to MUC5B genotype.
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Variable

	
Whole Group

n = 86

	
MUC5B GG Genotype

n = 60

	
MUC5B GT/TT Genotype

n = 26

	
p Value (GG vs. GT/TT)






	
Age at diagnosis (y), median (range)

	
58 (20–75)

	
59 (23–75)

	
53 (20–74)

	
0.3454




	
Follow-up time (mth), median (range)

	
62.4 (2.2–293.9)

	
54.8 (2.2–293.9)

	
67.7 (4.9–205.8)

	
0.2794




	
Males, n (%)

	
38 (44)

	
29 (48.3)

	
9 (34.6)

	
0.3445




	
Ever smokers, n (%)

	
27 (31.5)

	
20 (33.3)

	
7 (26.9)

	
0.6207




	
FVC (L), median (range)

	
2.6 (1.52–5.68)

	
2.97 (1.52–5.68)

	
2.48 (1.53–5.45)

	
0.0610




	
FVC (%pred), mean (±SD)

	
79.1 (±19.3)

	
82.18 (±19.04)

	
72.28 (±18.29)

	
0.0315




	
TL,co (%pred), median (range)

	
57 (28–114)

	
54.5 (28–113)

	
59 (32–114)

	
0.8695




	
6MWD (m), mean (±SD)

	
509.5 (±101.4)

	
505.6 (±113.5)

	
518.0 (±69.96)

	
0.6180




	
DSP, mean (±SD)

	
459.4 (±101.0)

	
457.7 (±113.6)

	
463.1 (±66.16)

	
0.6848




	
GAP stage (n = 83)

	
1

	
65 (78.3)

	
45 (77.6)

	
20 (83.3)

	
0.7748




	
2

	
15 (18.1)

	
11 (19)

	
3 (12.5)




	
3

	
2 (3.6)

	
2 (3.4)

	
1 (4.2)




	
Fibrotic HP n (%)

	
57 (66.3)

	
36 (63.2)

	
21 (82.8)

	
0.0828




	
Immunomodulatory treatment

n (%)

	
75 (87.2)

	
52 (86.7)

	
23 (88.5)

	
0.9999




	
Antifibrotic treatment n (%)

	
11 (12.8)

	
5 (8.2)

	
6 (22.2)

	
0.0853








FVC—forced vital capacity; TL,co—transfer factor of the lungs for carbon monoxide; 6MWD—6 min walking distance; DSP—distance–saturation product; GAP—gender–age–physiology index; HP—hypersensitivity pneumonitis.
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Table 2. Annual FVC%pred trajectory according to MUC5B genotype.
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FVC%Pred Trajectory

	
MUC5B GG

Genotype, n (%)

	
MUC5B GT/TT Genotype,

n (%)

	
Total, n (%)

	
p Value






	
FVC%pred increase

	
32 (57.2)

	
8 (30.8)

	
40 (48.8)

	
0.0336




	
FVC%pred decrease

	
24 (42.8)

	
18 (69.2)

	
42 (51.2)




	
Total, n (%)

	
56 (68.3)

	
26 (31.7)

	
82 (100)

	








FVC%pred—forced vital capacity % predicted.
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Table 3. Factors predicting the decline in FVC%pred with time (multiple logistic regression analysis).
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	Variable
	OR
	95%CI
	p Value





	T allele (YES)
	3.598
	1.299–10.87
	0.0171



	Treatment (NO)
	0.2391
	0.0397–1.130
	0.0865



	Age at diagnosis
	1.003
	0.9681–1.039
	0.8867



	Baseline FVC%pred
	1.015
	0.9885–1.044
	0.2713







FVC%pred—forced vital capacity % predicted, OR—odds ratio, 95% CI—95% confidence interval.
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Table 4. Changes in the functional parameters after 12 months of immunomodulatory treatment according to the genotype (Wilcoxon test).
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Parameter

	
GG Genotype

	
p Value (GG Pre vs. GG Post)

	
GT/TT Genotype

	
p Value (GT/TT Pre vs. GT/TT Post)




	
Pretreatment

	
Posttreatment

	
Pretreatment

	
Posttreatment






	
FVC (l), median (range)

	
2.655 (1.52–5.68) *

	
2.995 (1.51–5.03) *

	
0.0014

	
2.12 (1.23–5.45) @

	
2.21 (1.3–5.83) @

	
0.0671




	
FVC (%), mean (±SD)

	
78.87(± 19.93) #

	
85.67(± 21.94) #

	
0.0015

	
67.19 (±16.56) &

	
72.46 (±19.08) &

	
0.0082




	
TL,co (%), median (range)

	
51(28–113) #

	
58.5 (33–114) #

	
0.0004

	
55.5 (31–114) @

	
59 (31–119) @

	
0.0586




	
6MWD, mean (±SD)

	
513 (±104.2) $

	
542.2 (±98.94) $

	
0.0106

	
524.8 (±78.95) @

	
529.1 (±92.20) @

	
0.8195




	
DSP, mean (±SD)

	
457.5 (±106.2) $

	
490 (±104.6) $

	
0.0029

	
465.5 (±79.57) @

	
465.6 (±101.7) @

	
0.8117








FVC—forced vital capacity, TL,co—transfer factor of the lungs for carbon monoxide, 6MWD—6 min walking distance, DSP—distance–saturation product, *—n = 48, #-n = 49, $—n = 46, @—n = 22, &—n = 23.
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