
I 

 

 

 

 

  

 

 

Ultrastructure analysis of macrophages as a tool 

to shed light on Hypersensitivity Pneumonitis 

pathogenesis 

 

Ana Sofia Nunes Pacheco  

 

Dissertation presented to Instituto Politécnico de Bragança and Instituto 

Politécnico da Guarda to obtain the master’s degree in Sciences Applied to 

Health – Biotechnology  

 

 

 

September, 2024 

 

 

Supervised by:  

Prof. Doutora Ana Rita Santos  

Prof. Doutor Hélder Novais e Bastos 

This dissertation does not include the criticisms and suggestions made by the Jury 

 



II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This study was financed by national funds through FCT – Fundação para a Ciência e 

Tecnologia, I.P., within the project PTDC/MEC-RES/0158/2020 and Fundação Amélia 

de Mello and D. José de Mello grants. 

 

 



III 

 

Acknowledgments  

 

You can only truly shine when you are surrounded by the right people 

 

The first and greatest thank-you goes to my amazing supervisor, Rita Santos, who always 

supported me from the beginning, helped me through all the experiments, gave me the 

best advice, and especially for the patience she had over the past few months. I would 

never have finished this chapter without her!  

Additionally, I want to express my gratitude to my boss, Rui Fernandes, for lending his 

extensive expertise, for being a big part of this project but also for allowing me to continue 

working in the electron microscopy world.  

I would also like to thank the FIBRALUNG group, for letting me contribute to this project 

which allowed me to explore different things.  

A special thank-you to my teammate and old friend Ana Laura Sousa, who taught me how 

to be an EM technician in the best way ever, but also to all the IGC people, especially my 

boss Erin Tranfield, for all the support in the first year of the master.  

During this process, I felt very grateful to have the best family and friends in the world 

who supported me during my master's degree journey! So, a big thank you to my mom, 

dad, brother, and friends, especially Filipa Machado, Cláudia Pereira, Tiago Leal, and 

Filipe Andrade who were always there for me.  

Finally, to my boyfriend, Filipe Quintela, who was always there listen to my thoughts 

even when he didn't understand anything about it, but always had a good word to say! A 

thank you is not enough for everything you have done for me.  

To everyone who has been part of this journey, thank you. This work would not have been 

possible without all these people. 

 

 

 



IV 

 

Resumo 

As doenças pulmonares intersticiais (DPI) são um grupo de mais de 200 doenças que 

afetam o interstício pulmonar, muitas vezes classificadas como raras, o que dificulta um 

diagnóstico preciso. Estas doenças podem apresentar fenótipos diversos, desde 

predominantemente inflamatórias e potencialmente reversíveis até apresentarem uma 

fibrose estabelecida e irreversível. Curiosamente, na nossa coorte de doentes, a 

pneumonite de hipersensibilidade (PH) é a DPI fibrótica mais prevalente, caracterizada 

por uma elevada morbilidade e mortalidade. Recentemente, o polimorfismo de nucleótido 

único rs35705950 do gene MUC5B foi associado à PH fibrótica, indicando uma 

progressão mais grave da doença e uma resposta reduzida às terapias imunossupressoras. 

Estudos anteriores do grupo identificaram que os doentes com PH fibrótica têm uma 

percentagem aumentada de macrófagos no lavado broncoalveolar e uma acumulação 

significativa de MUC5B no parênquima pulmonar e no citoplasma dos macrófagos 

alveolares, o que levou a uma análise detalhada deste tipo de células. Neste estudo, 

analisámos a ultraestrutura dos macrófagos alveolares em amostras de tecido pulmonar 

de doentes com PH fibrótica e, como controlo, indivíduos sem DPI, tendo identificado 

diferenças significativas nos organelos e morfologia destas células. Os macrófagos de 

pacientes com PH fibrótica apresentaram um elevado número de organelos com dupla 

membrana de difícil identificação e com morfologia disfuncional, bem como uma 

diminuição de mitocôndrias preservadas face aos controlos. Ensaios funcionais realizados 

para melhor compreender a natureza destes organelos, revelaram uma diminuição das 

mitocôndrias funcionais combinada com uma acumulação de mitocôndrias danificadas, 

mas sem impacto significativo na fagocitose. Adicionalmente, a estratificação dos 

macrófagos de pacientes com PH fibrótica de acordo com o genótipo MUC5B rs35705950 

revelou uma tendência para um aumento da presença de organelos disfuncionais com 

dupla membrana em pacientes portadores do alelo T do polimorfismo MUC5B 

rs35705950. O estudo dos macrófagos alveolares na PH pode fornecer informações 

importantes sobre os mecanismos da doença, facilitando futuramente o diagnóstico e 

orientando terapias direcionadas para melhorar os resultados nos doentes.  

Palavras-chave: doença pulmonar intersticial, pneumonite de hipersensibilidade, 

macrófagos alveolares, microscopia eletrónica de transmissão.  
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Abstract 

Interstitial lung diseases (ILD) are a group of more than 200 disorders that affect the 

pulmonary interstitium, many of which are classified as rare, making accurate diagnosis 

challenging. These diseases can exhibit diverse phenotypes, ranging from predominantly 

inflammatory and potentially reversible conditions to established, irreversible fibrosis. 

Interestingly, in our patient cohort, hypersensitivity pneumonitis (HP) is the most 

prevalent fibrotic ILD, characterized by high morbidity and mortality. Recently, the single 

nucleotide polymorphism rs35705950 of the MUC5B gene was associated with fibrotic 

HP, indicating a more severe disease progression and a reduced response to 

immunosuppressive therapy. Previous research from our group had shown that patients 

with fibrotic HP have an increased percentage of macrophages in bronchoalveolar lavage 

and a significant accumulation of MUC5B in lung parenchyma and in alveolar 

macrophages cytoplasm which led to a detailed analysis of this cell type. In this study, we 

analyzed the ultrastructure of alveolar macrophages in lung tissue from fibrotic HP 

patients, and no ILD as a control, which revealed significant differences. Macrophages 

from fibrotic HP patients displayed distinct dysfunctional double membrane organelles 

together with a decrease of preserved mitochondrias. Functional assays were conducted 

to understand the nature of these organelles and showed a decrease in functional 

mitochondria combined with the accumulation of damaged mitochondria, while no 

impact in the phagocytic capacity. Additionally, the stratification of macrophages from 

fibrotic HP patients according to the MUC5B rs35705950 genotype revealed an increase 

in the presence of dysfunctional double membrane organelles in patients carrying the 

MUC5B T-minor allele. This study of macrophages in fibrotic HP can provide key insights 

into disease mechanisms, facilitating future diagnosis and also guiding targeted therapies 

to improve patient outcomes.  

Keywords: Interstitial lung disease, hypersensitivity pneumonitis, alveolar macrophages, 

transmission electron microscopy 
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1. Introduction  

 

1.1. Interstitial Lung Diseases 

Interstitial lung diseases (ILD) encompass a heterogeneous group of more than 200 

diseases that are characterized by lung damage involving inflammation and, eventually, 

fibrosis (Mueller-Mang et al., 2017). These diseases can develop due to a combination of 

factors, with cigarette smoking being a well-established trigger, particularly in the case 

of Idiopathic Pulmonary Fibrosis (IPF) (Baumgartner et al., 1997). Environmental 

exposures also have an impact, including prolonged contact with metals, agricultural 

activities, and exposure to birds and microbial agents. Additionally, gastroesophageal 

reflux and genetic predispositions have been associated as additional contributing factors 

(Raghu et al., 2011).  

Several studies have identified different genetic variants associated with the development 

of ILDs, particularly IPF. Although some of these variants are rare, they seem to be 

associated with disease susceptibility. Rare variants, defined by an allele frequency of less 

than 0.1%, associated with ILD include genes such as SFTPC, SFTPA1, SFTPA2, ATP-

binding cassette-type 3 (ABCA3), and NAF1, most of them associated with surfactant 

processing. Additionally, five genes related to telomere biology, TERT, TERC, DKC1, 

TINF2, RTEL1, and PARN, are also linked to disease susceptibility and/or severity. Inside 

the common variants group, defined by an allele frequency of less than 5%, the single 

nucleotide polymorphism (SNP) rs35705950 in the promoter region of the MUC5B gene 

is the most strongly associated with IPF (Kaur et al., 2017). 

The clinical presentation of these diseases is nonspecific since different ILDs can have 

overlapping symptoms and morphologic features making accurate ILD diagnoses 

complex and challenging (Guler & Corte, 2021). Generally, the manifestations of ILDs 

are vague, however, the most common clinical presentation includes dyspnea and cough 

with a significant impact on daily functioning and well-being (Flaherty et al., 2017).  

Studies have demonstrated that these manifestations impact patient's life quality, 

restricting physical activities, social interactions, travel, and other everyday tasks 
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(Swigris et al., 2005). This is particularly true for IPF, which has a poor prognosis with a 

mean survival rate of three to five years upon diagnosis (Podolanczuk et al., 2021). 

Achieving an accurate diagnosis relies on the involvement of a multidisciplinary team, 

which includes the analysis of clinical data, physical evaluation, lung function tests, blood 

tests, chest X-rays, and high-resolution computed tomography (HRCT). However, 

invasive procedures may be required in some cases, such as bronchoalveolar lavage 

(BAL) and lung cryo-biopsy which provides information on alveolar cell composition 

and tissue organization (Meyer, 2014). 

In 2002, a classification of ILDs was proposed by the European Respiratory Society 

(ERS) and American Thoracic Society (ATS) divided them into four main categories as 

outlined in Figure 1 (Behr, 2012).  

 

The prevalence of ILDs is not yet thoroughly studied due to the heterogeneity of the 

diagnosis, however, estimates suggest that the global prevalence of ILDs is approximately 

76.0 cases per 100,000 individuals in Europe and 74.3 cases per 100,000 individuals in 

the United States, with IPF, sarcoidosis, hypersensitivity pneumonitis (HP) and 

connective tissue disease-associated ILD being the most frequent among these diseases 

(Alhamad & Cosgrove, 2011; Wijsenbeek & Cottin, 2020). 

Figure 1. Classification of Interstitial Lung Diseases proposed by the European Respiratory Society (ERS) and 

American Thoracic Society (ATS). HX: histiocytosis X; LAM: lymphangiomyomatosis. From: (Behr, 2012) 
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Most ILDs are characterized by inflammation, fibrosis, or a combination of both, with 

inflammation typically progressing to fibrosis over time if no intervention occurs. Their 

clinical course can range from mild and at least partly reversible; to severe, progressive, 

and irreversible (Wijsenbeek et al., 2022). 

Some cases can develop a progressive-fibrosing phenotype associated with worsening 

symptoms, decreased lung function, and early mortality (Brown et al., 2020; Nasser et 

al., 2021). Idiopathic pulmonary fibrosis is the prototype of a progressive pulmonary 

fibrotic disease remaining by far the most well-studied ILD due to the severe disease 

manifestation. However, other progressive fibrosing ILDs can share similarities with IPF 

shedding light on putative common fibroproliferative routes (Cottin et al., 2018).  

Besides IPF, the most probable ILDs that can also develop a progressive phenotype are 

idiopathic nonspecific interstitial pneumonia (NSIP), unclassifiable idiopathic interstitial 

pneumonia, autoimmune ILDs, fibrotic sarcoidosis, fibrotic hypersensitivity 

pneumonitis, as illustrated in Figure 2 (Cottin et al., 2019). 

 

Figure 2. Illustration of interstitial lung diseases (ILDs) that may be associated with a progressive fibrosing 

phenotype. Interstitial lung diseases that can exhibit a progressive fibrosing phenotype are indicated by the dotted line 

encompassing all interstitial lung diseases. At the centre is idiopathic pulmonary fibrosis (IPF), which is the prototype 

of fibrotic diseases, while in the surroundings are present those that may or may not develop a progressive fibrosing 

phenotype. HP: hypersensitivity pneumonitis; IIPs: idiopathic interstitial pneumonia. From: (Cottin et al., 2019). 



15 

 

1.1.1. Fibrotic ILDs Physiopathogenesis 

Understanding the fibrotic process is crucial to identify potential therapeutic targets and 

strategies to attenuate disease progression (Ku et al., 2024). The mechanism driving this 

process is initiated by a damage in the lung epithelial cells, which activates a repair 

mechanism associated with an inflammatory response marked by the recruitment and 

activation of different immune cells, namely lymphocytes and macrophages. If this 

process continues to progress it will culminate into the release of pro-fibrotic mediators 

and, consequently, fibroblasts will be activated, moved to the injured area, and will 

differentiate into myofibroblasts (Distler et al., 2019; Puglisi et al., 2016). A dysregulation 

in the myofibroblasts promotes their accumulation leading to a remodelling of the 

extracellular matrix within lung tissue, resulting in a decline in alveolar function, which 

in turn activates additional myofibroblasts and sustains the fibrotic process (Distler et al., 

2019; Phan, 2008). The pulmonary fibrotic process is summarized in Figure 3 (Pokhreal 

et al., 2023).   

Figure 3. Auto-sustained fibrotic process. Alveolar epithelial cells (AECs) exposed to repeated injury from various 

causative agents will be dysregulated. This cumulative damage leads to the release of pro-inflammatory and pro-fibrotic 

mediators, which activate immune cells, including macrophages. In response, these macrophages release other mediators 

(TGF-β, IL-1β, PDGF, and CCL18) that promote the activation and proliferation of fibroblasts, driving their differentia-

tion into myofibroblasts. The persistent activation of these pathways, combined with dysregulated wound healing pro-

cesses, result in excessive deposition of extracellular matrix (ECM) leading to progressive fibrosis. If this process persist 

gas exchange will be compromised, impacting the overall respiratory function. From: (Pokhreal et al., 2023) 
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Currently, the treatment for ILDs involves the use of immunosuppressive drugs, including 

corticosteroids, mycophenolate mofetil, azathioprine, methotrexate, cyclophosphamide, 

and rituximab (Van Den Bosch et al., 2022). Therapies targeting inflammation early in 

the process can be effective, but if fibrosis continues to advance, a progressive fibrotic 

phenotype may develop, leading to a need for alternative treatment with antifibrotic 

agents (Cottin, 2019). Antifibrotic therapies currently in use include nintedanib and 

pirfenidone, which have demonstrated good results in slowing the disease progression 

rate (Behr et al., 2021; Flaherty et al., 2019).   

Fibrotic hypersensitivity pneumonitis, a type of ILD with a low global prevalence but a 

higher occurrence in Portugal (Fernández Pérez et al., 2018; Santos et al., 2020; Vasakova 

et al., 2017) will be further detailed since it is the focus of the current study.  

 

1.2. Hypersensitivity Pneumonitis 

Hypersensitivity pneumonitis is an ILD caused by an exaggerated immune response to 

inhaled antigens in individuals who are genetically predisposed or susceptible (Vasakova 

et al., 2017).  

Incidence and prevalence are difficult to assess, as this disease often goes unrecognized, 

and is consequently underdiagnosed. However, HP is generally considered a rare disease. 

Globally, studies have estimated the incidence of HP at 1.3 to 1.9 cases per 100,000 

individuals in the US and between 0.3 and 0.9 cases per 100,000 in Europe (Fernández 

Pérez et al., 2018; Vasakova et al., 2017).  

Interestingly, a previous study from our centre, revealed that out of 634 ILD-diagnosed 

patients from the northern region, 123 (19.4%) were HP cases (Santos et al., 2020). These 

results contrast with what is described for other European countries: in Greece 2.6% of 

ILD causes where HP and in Denmark the HP frequency reach 7.0% (Hyldgaard et al., 

2014; Karakatsani et al., 2009). However, in some regions, such as India, hypersensitivity 

pneumonitis accounts for a significantly larger proportion, representing 47.3% of all 

diagnosed ILDs (Singh et al., 2019). This increased prevalence in Portugal may be linked 

to prolonged exposure to mold due to the high humidity levels in certain regions, as well 

as exposure to birds (Nogueira et al., 2019; Santos et al., 2020). 
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The clinical symptoms of HP are normally unspecific, and usually comprise cough, 

dyspnea, fatigue, weight loss, and chest tightness (Raghu et al., 2020; Santos et al., 2020).  

Similar to other ILDs, an accurate diagnosis requires a deeper evaluation of clinical, 

radiological, and, when needed, histopathological data (Raghu et al., 2020). Nevertheless, 

since it is an ILD triggered by an environmental antigen exposure, identifying the 

causative antigen is key to an accurate diagnosis and disease management, especially to 

establishing a prognosis and implementing preventive measures to avoid exposure 

(Wuyts et al., 2015) – antigen avoidance is the frontline treatment for HP. The current 

guidelines for diagnosing hypersensitivity pneumonitis indicate that a highly confident 

diagnosis can be achieved using less invasive methods when the identification of the 

causative antigen is possible, as demonstrated in Figure 4 (Raghu et al., 2020). 

 

 

Figure 4. Guidelines for hypersensitivity pneumonitis diagnosis. Diagnostic criteria for hypersensitivity pneumon-

itis (HP) are based on High-Resolution Computed Tomography (HRCT) imaging patterns, antigen identification, bron-

choalveolar lavage (BAL) cell counts, and histopathological findings, categorized by diagnostic confidence: definite 

(≥90%), high confidence (80–89%), moderate confidence (70–79%), and low confidence (51–69%). From: (Raghu et 

al., 2020) 
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The antigens most linked with HP include bacteria, proteins, fungi, or mycobacteria found 

in the environment. Although less frequent, chemicals can also be associated (Nogueira 

et al., 2019). When antigens are inhaled, they are detected by antigen-presenting cells, 

such as macrophages and dendritic cells. These cells capture and present the antigens to 

T cells present in the lung, triggering a T cell-mediated response (Kawasaki et al., 2022). 

In turn, the activated T cells secrete interferon-gamma (IFN-γ) and interleukin-12 (IL-

12), promoting differentiation of naïve T cells into the Th1 subtype. This process 

generates the accumulation of lymphocytes and supports the formation of granulomas, 

which can still be reversible in terms of prognosis (Vasakova et al., 2019).  

The progression of fibrosis and the sustained inflammatory response in HP appears to be 

linked to a transition from a Th1 to a Th2 phenotype, although the involved mechanisms 

are not yet fully understood. The Th2 response is characterized by the secretion of 

cytokines such as IL-4 and IL-3, which promote fibroblast proliferation and the 

accumulation of extracellular matrix components reflecting the main features of a 

progressive-fibrosing phenotype of the disease (Barnes et al., 2022; Barrera et al., 2008).  

Recently, the American Thoracic Society (ATS), Japanese Respiratory Society (JRS), and 

Latin American Thoracic Association (ALAT) stratified HP according to the presence of 

fibrosis as non-fibrotic, and fibrotic (Fernández Pérez et al., 2021; Raghu et al., 2020). 

Non-fibrotic HP is associated with a good prognosis and it might be reversible. If the 

disease continues to progress will reach the fibrotic stage which has been described as a 

strong predictor of lower survival rates and is closely linked to a worse prognosis in 

patients. (Vourlekis et al., 2004).  Fibrotic HP can be treated to stabilize progression but 

remains irreversible and is associated with a higher morbidity and mortality (Fernández 

Pérez et al., 2018). Therefore, it is important to find strategies to improve the disease 

diagnosis and accurately predict the progression, allowing personalized treatment 

adjustments to improve patient outcomes. The mechanisms driving the progression of HP 

are illustrated in Figure 5 (Costabel et al., 2020). 
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Figure 5. Pathogenesis of inflammatory, non-fibrotic, and fibrotic hypersensitivity pneumonitis (HP). Exposure 

to antigens triggers an exaggerated immune response that can result in inflammatory lung conditions, marked by the 

recruitment of antigen-presenting immune cells (top). This immune reaction can lead to non-fibrotic hypersensitivity 

pneumonitis, which promotes myofibroblast activation and extracellular matrix deposition (middle). In the presence of 

pro-fibrotic factors, activation of fibroblast and myofibroblast populations occurs leading to an excessive extracellular 

matrix accumulation (bottom). This process results in fibrosis which is associated with disruption of normal lung func-

tion. APC: antigen-presenting cell; ATI: alveolar epithelial type I cell; ATII: alveolar epithelial type II cell; BASC: 

bronchioalveolar stem cell; RBC: red blood cell. Adapted from: (Costabel et al., 2020) 

 

1.2.1. MUC5B impact in fibrotic hypersensitivity pneumonitis 

 

The MUC5B gene, already mentioned above as one of the strongest genetic associations 

for IPF susceptibility, is located at chromosome locus 11p15.5 and encodes mucin 5B, a 

gel-forming mucin that seems crucial in maintaining mucociliary clearance, lung 

homeostasis, and controlling infections (Roy et al., 2014).  
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Several studies have identified the MUC5B promoter variant rs35705950, a G/T 

transversion, as being strongly associated with the development of ILDs, especially IPF 

(Hunninghake et al., 2013; Seibold et al., 2011). MUC5B expression has also been 

described to be overexpressed in lung tissue from patients with IPF, suggesting a potential 

association between mucociliary dysfunction and fibrotic ILDs disease progression (Yang 

et al., 2015). 

The role of genetic factors in HP remains poorly understood, however, recent studies have 

shown that the minor allele of rs35705950 MUC5B SNP was also associated with fibrotic 

HP frequency and prognosis (Ley et al., 2017; Raghu et al., 2020).   

In our cohort, a recent study confirmed the association between the MUC5B rs35705950 

minor T allele and several TOLLIP SNPs (rs3750920, rs111521887, and rs5743894) with 

increased susceptibility to develop fibrotic HP. The identification of these genetic variants 

are important to understand the disease's incidence but also can help to predict the disease 

progression (Mota et al., 2024). 

 

1.2.2. Macrophages as key players in the fibrotic cascade process 

 

The lungs are constantly exposed to various agents that can damage lung tissue. To protect 

against these agents, the lungs rely on a defense system made up of epithelial cells and 

fibroblasts. When an injury occurs, a range of immune cells including neutrophils, 

monocytes/macrophages, mast cells, dendritic cells, and lymphocytes migrate to the lungs 

to help repair damage as reviewed by Suzuki et al. 2008.  (Suzuki et al., 2008) 

The epithelial cells of the lungs comprise type I pneumocytes, which cover most of the 

alveolar surface area and, in contrast, type II pneumocytes, which only occupy around 3-

5% of the surface area and remain intercalated among the type I cells. These type II cells 

play a crucial role in secreting surfactant, a substance that reduces surface tension within 

the alveoli, preventing their collapse during exhalation (Khan & Lynch, 2023).  

The presence of immune cells in the alveolar space is commonly assessed by 

bronchoalveolar lavage. The presence of alterations in the number or proportion of a 

specific immune cell type in BAL can point towards a specific ILD diagnosis (Meyer et 
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al., 2012), if the clinical and radiological features are in accordance.  In the case of HP, 

several studies have shown an elevated number of lymphocytes in BAL, being these 

finding included in HP diagnosis guidelines and are associated with a higher confidence 

diagnosis (Raghu et al., 2020). However, these studies did not have in consideration the 

disease status: non fibrotic versus fibrotic HP. Previous analysis in our cohort had shown 

that in fibrotic HP the most abundant immune cell population present in BAL samples 

were macrophages, similar to what was described for IPF (Gonçalves, 2023). 

Macrophages are cells of the innate immune system found in nearly every organ, 

including the lungs, where they play crucial roles. Lung macrophages contribute to 

maintaining homeostasis, conducting immune surveillance, clearing cellular debris, 

repairing tissue, eliminating pathogens, and resolving inflammation as reviewed by Shi 

et al. 2021. (Shi et al., 2021). 

Lung macrophages are categorized into two main types based on their tissue location: 

alveolar macrophages, which reside in the airspaces, and interstitial macrophages, found 

within lung tissue (Evren et al., 2020).  

Alveolar macrophages are known to originate from fetal progenitors and to have the abil-

ity to self-renew. Under healthy conditions, they maintain their population independently, 

without recruiting the circulating adult monocytes (Guilliams et al., 2013; Hashimoto et 

al., 2013; Yona et al., 2013). However, in response to injury, circulating monocytes are 

recruited to the lung tissue, where they differentiate into monocyte-derived alveolar mac-

rophages, contributing to the immune response and maintaining the inflammatory and 

fibrotic processes (Misharin et al., 2017).  

These immune cells represent a heterogeneous and plastic population, capable of altering 

their phenotype according to their surrounding microenvironment. Broadly, macrophage 

phenotypes are classified into two functional groups: M1 macrophages, which are 

classically activated and pro-inflammatory, and M2 macrophages, which are alternatively 

activated and play anti-inflammatory and tissue-repair roles (Murray, 2017). Both 

phenotypes are involved in pulmonary fibrosis, although, M1 macrophages play a key 

role in the recovery following damage to the alveolar epithelium, whereas M2 

macrophages are responsible for resolving the healing process and ending inflammatory 
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responses. A disruption in this process can be associated with pathological outcomes 

(Zhang et al., 2018). In the fibrotic process, M2 can be dysregulated leading to a 

permanent activity of these cells secreting cytokines that promote proliferation of 

fibroblasts and extracellular matrix deposition inducing a pro-fibrotic process (Braga et 

al., 2015; Conway & Hughes, 2012).  

The involvement of macrophages in fibrosis has been extensively studied in diseases such 

as idiopathic pulmonary fibrosis, and for instance, M2 macrophages have an important 

role in the progression of pulmonary fibrosis (Pokhreal et al., 2023). Since IPF is the most 

extensively researched ILD, this knowledge can provide valuable insights into the 

pathogenesis of other ILDs characterized by a progressive fibrosing phenotype, including 

HP. Although, the involvement of alveolar macrophages and/or monocyte derived 

macrophages in the development of a progressive fibrotic phenotype in ILDs is still 

poorly understood.  

 

1.3. Project Contextualization and Goals  

Hypersensitivity pneumonitis is an interstitial lung disease triggered by an immune re-

sponse to inhaled environmental antigens, including bacteria, proteins, fungi, mycobac-

teria, and chemicals, especially in genetically predisposed individuals. HP can present in 

both non-fibrotic and fibrotic forms, with the fibrotic form being more severe and pro-

gressive. Our previous studies revealed that HP is the most common ILD in our cohort, 

accounting for over 45% of all diagnosed fibrotic ILDs. Moreover, we identified a strong 

association between fibrotic HP and the presence of the T-minor allele of the MUC5B 

rs35705950 polymorphism. 

Our prior research also demonstrated that patients with fibrotic HP have an increased 

percentage of macrophages in bronchoalveolar lavage and show a significant accumula-

tion of MUC5B in lung parenchyma. Notably, intense MUC5B staining was observed in 

the cytoplasm of alveolar macrophages — an intriguing finding given that these cells are 

not typically known to produce MUC5B. This observation prompted further investigation 

into the potential role of macrophages in the pathogenesis of fibrotic HP. 
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The present study builds on these previous findings and aims to explore whether macro-

phages in fibrotic HP patients exhibit ultrastructural alterations that could help explain 

their involvement in the disease process. Specifically, this research will investigate: 

• Ultrastructural differences in lung tissue between fibrotic HP patients and controls 

without interstitial lung disease; 

• Quantification of cellular structures potentially linked to the pathogenesis of fi-

brotic HP; 

• The effect of the T-minor allele from the rs35705950 MUC5B SNP on cellular 

structures in fibrotic HP; 

• Analysis of mitochondrial functionality and phagocytic capacity in alveolar mac-

rophages from fibrotic HP patients. 

The insights gained from this study could significantly advance our understanding of the 

cellular mechanisms driving fibrotic HP and clarify the contribution of alveolar macro-

phages to the fibrotic process. 
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2. Methodology 

 

2.1. Study design and participants  

The current study included patients encompassed in the FIBRALUNG Portuguese cohort 

study (ClinicalTrials.gov Identifier: NCT05635032), who meet the following criteria:  

• Aged between 18-80 years;  

• Treatment-naive for disease-modifying drugs; 

• Undergoing lung biopsy and/or bronchoalveolar lavage (BAL) as part of 

diagnostic and follow-up procedures;  

• Have undergone a high-resolution computed tomography scan within the past 12 

months; 

• Willing and able to provide informed consent.  

Only patients with a final diagnosis validated in a multidisciplinary team meeting were 

included. Final diagnosis was achieved based on the clinical data recorded which includes 

symptoms, environmental exposures, together with lung function tests, radiological 

findings, and, when available, data from BAL composition and lung histology. 

The no ILD control group was composed by individuals who underwent pulmonary 

resection due to lung cancer at the cardiothoracic department of the São João University 

Hospital Centre. For the purpose, lung health parenchyma was collected as far as possible 

from the lesion.  

The study protocol was reviewed and approved by the Ethics Committee of the Institution 

and performed following the Helsinki Declaration. Written informed consent was 

obtained from all participants and samples were codified to maintain patient anonymity. 

 

2.2. DNA extraction and MUC5B single nucleotide polymorphism rs35705950 

genotyping 

Genomic DNA was extracted from peripheral blood samples collected into 

ethylenediamine tetraacetic acid (EDTA)-treated tubes (BD Vacutainer®) by 

phlebotomists. Samples were stored at – 70ºC until further DNA extraction.  The 

extraction was done using a commercial kit (QIamp DNA Blood purification kit from 
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Qiagen), following the manufacturer’s instructions, and the resulting DNA was quantified 

with Nanodrop One TM. 

MUC5B single nucleotide polymorphism (SNP) rs35705950 was genotyped using 

TaqMan SNP Genotyping Assay (C_1582254_20). In summary, two allele-specific 

probes labelled with fluorescent dyes (FAM and VIC) were used, as well as a primer pair 

specifically aligned with the region of interest ([VIC/FAM]): 

CCTTCCTTTATCTTCTGTTTTCAGC[G/T]CCTTCAACTGTGAAGAGGTGAACT.

DNA polymerase was used to cleave the fluorescence probe (FAM or VIC) from the 

hybridized probe of the DNA strand that produced fluorescence. This reaction was carried 

out on CFX96 from BioRad according to the following protocol: initial denaturation at 

95ºC for 10 minutes followed by 40 cycles of denaturation at 95ºC for 15 seconds and 

paring and extension at 60ºC for 1 minute. The obtained results were analyzed using CFX 

software (BioRad).  

 

2.3. Transmission Electron Microscopy  

Lung tissue samples obtained through cryo-biopsies (ILD patients) or lung resection (no 

ILD controls) and BAL cells were fixed with 2% formaldehyde and 2.5% glutaraldehyde 

in 0.1 M sodium cacodylate buffer, overnight and for one hour respectively. After fixation, 

samples underwent through a washing process in 0.1 M sodium cacodylate buffer and 

were subsequently incubated with 1% osmium tetroxide in 0.1 M sodium cacodylate 

buffer for one hour. After further washing in distilled water, samples were stained with 

1% uranyl acetate for 30 minutes. Dehydration was carried out with increasing series of 

graduated ethanol (50%, 70%, 80%, and 100%), followed by propylene oxide. Mixtures 

of increasing concentrations of Embed-812 epoxy resin with propylene oxide (25%, 50%, 

75%, and 100%) were used to infiltrate the samples until the embedded in 100% Embed-

812 epoxy resin and left for 48 hours at 60ºC to polymerize. 

For section overview and pre sample localization for electron microscopy, semi-thin 

sections were cut using an RMC Ultramicrotome (PowerTome) with a Diamond knife at 

500 nm and stained with Richardson. Ultrathin sections were cut at 60 nm, picked up on 

200 mesh copper grids, and stained with UranyLess (Electron Microscopy Sciences) and 
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3% lead citrate (Electron Microscopy Sciences) for 5 minutes each. Samples were 

visualized in JEOL JEM 1400 transmission electron microscope operating at 80 kV. 

Digital images of five to ten cells per condition were captured with a PHURONA camera. 

Quantitative analysis was carried out using Empanada Software (Conrad & Narayan, 

2023) and ImageJ software (Schneider et al., 2012). 

 

2.4. Data quantification 

For cell analysis and ultrastructure quantification, five to ten macrophages were acquired 

in each sample. Based on specific features outlined in the literature (Laskin et al., 2015), 

macrophages identification was based on the following criteria:  

• Cell size and abundant cytoplasm;  

• Irregular and acentrically located indented nuclei;  

• Several spherical mitochondria;  

• Abundant vacuoles, lipid droplets, phagocytic vesicles, and lysosomes.  

The quantitative analysis was focused on understanding the ultrastructural differences 

between macrophages from fibrotic HP and no ILD controls. Two groups of organelles 

were selected:  

Preserved mitochondria: mitochondria were identified following the features previously 

described in the literature (Alberts B, 2002; Hossler, 2014; Palade, 1953), namely double 

membrane organelles located in the cell’s cytoplasm with inner membrane folds known 

as cristae. 

Dysfunctional double membrane organelles: organelles within this group were 

characterized by being enclosed within a double membrane and containing non-identified 

amorphous content inside without visible cristae.  

The preserved mitochondria and the dysfunctional double membrane organelles were 

identified using Empanada software, which creates a 2D segmentation of the 

mitochondria and allows the identification of the other organelles manually. The final 

segmentations were saved in a TIFF file, loaded onto ImageJ, and converted to an 8-bit 

mask while the threshold was removed to perform the “analyse particles” function to 
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obtain the following measurements: area and number of mitochondria and dysfunctional 

double membrane organelles. The Image J was also used to measure the cell area using 

the “Measure” function after outlining the area.  

 

2.5. Mitochondrial content and phagocytic assay 

Bronchoalveolar lavage (BAL) cells were collected for diagnostic purposes, and the 

remaining material was used for ex vivo assays. Mitochondrial mass and membrane 

potential were measured by flow cytometry. For this, 0.5 × 10⁶ BAL cells were labeled 

with 50 nM MitoTracker™ Green and 50 nM MitoTracker™ Red (both from Thermo 

Fisher Scientific). The MitoTracker™ probes were diluted in pre-warmed media without 

serum, and cells were incubated for 30 minutes at 37ºC. Following incubation, cells were 

washed twice with FACS buffer, blocked using TrueStain Monocyte (BioLegend) and 

stained with anti-human HLA-DR APC-Cy7 (clone L243, BioLegend). 

For phagocytosis assays, 2 mg of pHrodo™ Red E. coli BioParticles™ (Thermo Fisher) 

were reconstituted with 500 μl of TBS containing 5 mM CaCl₂ and sonicated for 5 

minutes. A total of 0.5 × 10⁶ BAL cells were incubated with 1 μl of pHrodo™ Red E. coli 

BioParticles™ for 6 hours to allow phagocytosis. After incubation, cells were washed 

twice with FACS buffer, blocked with TrueStain Monocyte (BioLegend), and stained 

with anti-human HLA-DR APC-Cy7 (clone L243, BioLegend). 

All samples were analyzed by flow cytometry using an LSR Fortessa (BD Biosciences), 

and data analysis was performed with FlowJo™ v10.10 software (BD Biosciences). 

 

2.6. Statistical Analysis 

Quantitative data was analyzed with GraphPad Prism™ v8 software (GraphPad 

Software®). Results are expressed as means ± standard deviation (SD). Specific statistical 

tests are detailed in the legend of each figure. Statistical significance is considered when 

p < 0.05. 
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3. Results and Discussion  

The FIBRALUNG cohort, which aims to study the pathogenesis of ILDs, includes more 

than 800 ILDs patients from the north and central region of Portugal. So far, almost 34% 

are cases of hypersensitivity pneumonitis, either fibrotic or non-fibrotic, being the most 

prevalent ILD in our setting. This high prevalence of HP cases exacerbates the need to 

further study this disease. Previous unpublished data from the group (+++Gonçalves, 

2023), had shown that most of the fibrotic HP (fHP) patients (~ 75%) from our cohort are 

MUC5B rs35705950 T-carriers, in contrast with controls where T allele is only observed 

in around 25% of the individuals. We showed that MUC5B rs35705950 T allele is asso-

ciated with increasing MUC5B expression in lung tissue, namely in honey combing cists, 

but also, surprisingly, in macrophages cytoplasm. Since this cell type in not known to be 

MUC5B producers, this observation led us to a more detailed investigation of the ultra-

structure of these cells to clarify if any ultrastructural feature could shed light to the pu-

tative expression/uptake of MUC5B by these cells.    

 

3.1. Patient’s Demographics  

To understand the main characteristics of the macrophages and their role in the HP 

pathogenesis, we analysed lung tissue from a total of 14 individuals composed by 8 

individuals diagnosed with fibrotic HP, part of the FIBRALUNG Portuguese cohort study, 

and 6 individuals with no ILD as a control group.  

The participants ranged in age from 51 to 81, with a mean age of 67,0 years for fHP 

patients and 67,8 years for no ILD control group, demonstrating that the age of individuals 

in both groups was similar and reflects the prevalence of fHP in older individuals (65 

years or older) (Dabiri et al., 2022) (Table 1). The gender distribution, while similar 

between the two groups, showed a slightly lower number of females than males in both 

groups. Specifically, males comprised approximately 66,7% of the no ILD control group 

and 62,5% of the fHP group, while females constituted 33,3% and 37,5%, respectively.  
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Table 1. Patients Demographics  

Variable fHP patients No ILD control 

Age (years), 

Mean ± SD (min-max) 

 

67,0 ± 7,0 (51-75) 

 

67,8 ± 7,6 (59-81) 

Gender, n (%) 

Female 

Male 

 

3 (37,5) 

5 (62,5) 

 

2 (33,3) 

4 (66,7) 

Smoking status, n (%) 

Non-smokers 

Smokers 

Ex-smokers 

 

5 (62,5) 

1 (12,5) 

2 (25,0) 

 

- 

3 (50,0) 

3 (50,0) 

Types of Exposure 

Organic 

Inorganic 

Not Reported  

 

6 (75,0) 

2 (25,0) 

- 

 

- 

1 (16,7) 

5 (83,3) 

fHP: Fibrotic Hypersensitivity Pneumonitis; ILD: Interstitial Lung Disease  

 

Importantly, as previously anticipated, the smoking status of the two groups showed some 

discrepancies. The no ILD control group is consisted by individuals who had undergone 

pulmonary lobectomy associated with lung cancer, and it is already well established that 

smoking habits and tobacco exposure are strongly linked to cancer (Sasco et al., 2004), 

especially lung cancer. In accordance, all the elements of this control group had contact 

with tobacco: 50% are active smokers and the others 50% are ex-smokers. Controversy, 

the fHP patients are mainly non-smoking individuals (62,5%) and the smokers and ex-

smokers are only 25,0% and 12,5% respectively. This fact may be explained by the lower 

prevalence of HP in smokers (McSharry et al., 1985), while the reason for this remains 

partially unclear it is thought to be associated with the effect of nicotine in impairing 

lymphocyte and macrophage function, refraining the immune response associated with 

HP development (Blanchet et al., 2004). Although, smokers who develop HP usually 

present a worse clinical phenotype and prognosis (Ohtsuka et al., 1995).  Since HP is 
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associated with an exaggerated immune response triggered by the inhalation of 

environmental antigens, more than 200 antigens have already been identified as being 

linked with this ILD. The most prevalent antigens are found in the environment (fungi, 

bacteria, proteins) but exposure to chemicals also appears to be associated, although less 

prevalent (Nogueira et al., 2019). In this study, we decided to categorize the type of known 

exposure into three main groups: organic, inorganic, and not reported. Organic exposures 

included biological antigens such as fungi, bacteria, and animals (avian exposure) and 

were the most associated with fHP, representing 75,0% of the group. Inorganic exposures 

were associated with non-biological antigens, normally occupational exposures, such as 

chemicals, metals, and textiles which represented 25,0% of the fHP patients. Regarding 

the no ILD control group only one participant reported exposure to inorganic antigens, all 

the other (83,3%) did not describe any type of relevant exposure.  

The small sample size of this study is associated with the difficulty in obtaining biological 

samples from patients since it is an invasive procedure and only performed, when it is not 

possible to reach a reliable diagnosis by other complementary techniques. Although, the 

patient demographics included a diverse cohort represented by different factors that can 

influence the progression of HP, such as smoking status, and various types of exposure 

allowing the identification of potential correlations between these factors and the 

differences in the ultrastructural analysis. 

 

3.2. Ultrastructural analysis reveals differences in lung tissue between fibrotic 

hypersensitivity pneumonitis patients and controls without interstitial 

lung disease 

Based on the earlier analysis, discrepancies were noted in tissue organization and MUC5B 

expression in particular cells, such as alveolar macrophages, in lung samples from fibrotic 

HP patients (Gonçalves, 2023). To understand if these cells from fibrotic HP patients 

display an alteration in the clearance process that can be responsible for the increased 

accumulation of MUC5B in their cytoplasm, we perform ultrastructural analysis using 

TEM having no ILD lung tissue as a control. 
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After sample collection, by cryo-biopsy as part of the diagnostic workup for the fHP 

patients, or by surgical resection in the no ILD participants, lung tissue was processed for 

TEM analysis. No significant differences regarding tissue preservation were observed 

between the two groups. 

Even in low magnification (Figure 6, first row) is possible to observe remarkable 

differences between both groups. Alveolar space appears clean in the no ILD control (left 

image), in contrast, with a compact and crowdy alveolar space with inflammatory-like 

content in fHP patients (right image), including red blood cells (rbc) and fibrin (fbn) 

accumulation around the immune cells. While red blood cells accumulation might be a 

consequence of the cryo-biopsy procedure, the fibrin deposition is already described as a 

characteristic of several ILDs. It seems to be involved in the pathogenesis of these 

diseases influencing the expression of inflammatory mediators and changing the 

proliferation rate and migration of various types of cells, such as fibroblasts (Jablonska et 

al., 2008), leading to the replacement of healthy lung tissue by fibrotic component 

impairing the air exchange and the patient’s life quality.  

The type II pneumocytes (Figure 6, second row) were found preserved with many 

microvilli and lamellar bodies (lb) both in fHP patients and in the control group, revealing 

no ultrastructural differences in this type of cells. However, several studies reported an 

increase in the type II pneumocytes cells and the number of lamellar bodies present, 

associated with HP (Quezada et al., 1987). These specific alterations could only be 

confirmed when analyzed quantitatively, which is beyond this project's scope.  

On the other hand, alveolar macrophages (Figure 6, third and fourth row) found in the 

lung samples demonstrated notable alterations between patients and controls. Since all 

the no ILD control participants were exposed to tobacco (as smokers or ex-smokers, Table 

1), alveolar macrophages had several inclusions of black pigment (bp), most probably 

associated with smoking habits. Exposure to tobacco is linked with the accumulation of 

black-pigmented materials in human lungs, such as carbon particles, especially in 

phagocytic cells, and it seems to be associated with the presence of substances in 

cigarettes that are not easily digested by the phagocytic cells (You et al., 2015). In these 

cells from the no ILD control group, as expected, was also possible to observe preserved 

organelles, as mitochondria, in their cytoplasm.  
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In fHP patients, macrophages presented more pseudopodia (ps) compared to no ILD 

control cells, and it was possible to observe fibrin (fbn) accumulation close to the immune 

cell’s membrane. Interestingly, engulfment of extracellular material by the macrophages 

pseudopods is observed in some cells suggesting active phagocytosis (phag) in fibrotic 

HP patients. These observations were expected since it’s already described fibrin 

deposition in lung tissue from IPF patients (Imokawa et al., 1997), also macrophages can 

play a role in the clearance of debris depending on the environment where they reside 

(Bain & MacDonald, 2022).  

Figure 6. Transmission Electron Microscopy (TEM) analysis reveals ultrastructural differences in lung tissue 

between fibrotic hypersensitivity pneumonitis (HP) patients and controls without interstitial lung disease (ILD). 

Lung tissue was obtained via lung cryo-biopsies from fibrotic HP patients and surgical resections from no ILD controls, 

then processed for TEM analysis. The overview (first row) highlights an increase in inflammatory material, including 

red blood cells and fibrin, in the fibrotic HP samples compared to the no ILD controls. Pneumocytes (second row) 

exhibit no significant ultrastructural differences between patients and controls. Alveolar macrophages (third and fourth 

rows), however, demonstrate notable alterations. In fibrotic HP patients, alveolar macrophages displayed increased 

pseudopodia (ps), fibrin (fbn) accumulation in their proximity, multiple areas of engulfment of extracellular material 

indicative of active phagocytosis (phag) and the presence of double membrane organelles (white arrow). Additionally, 

black pigment (bp), associated with smoking habits, was observed in macrophages of smokers. Scale bar: 2 µm. 
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Additionally, in fHP samples numerous round or oval double-membrane organelles with 

amorphous content occupying most of the macrophage’s cytoplasm are observed (fourth 

row, right picture, white arrow). In the overview analysis, the same structures seem to be 

almost absent in the control group. 

 

3.3. Fibrotic Hypersensitivity Pneumonitis is linked to the presence of 

dysfunctional double membrane organelles in lung tissue 

Considering the abundance of unidentified double membrane organelles in the fHP 

patients’ cells, as shown in Figure 7A, and given the complexity in categorizing these 

structures based on already described features for healthy/preserved organelles, we 

decided to perform a deeper analysis and generally classify them as “dysfunctional double 

membrane organelles” (Fig. 7A, right picture, black arrow). These double membrane 

organelles, that occupy most of the cell cytoplasm in fHP patients, resemble 

mitochondrias regarding size and shape but no cristae were visible. To perform an 

unbiased analysis and understand if there was a significant difference in dysfunctional 

double membrane organelles but also preserved mitochondria (black arrowhead) in the 

macrophages from fHP and from no ILD control participants we decided to quantify the 

area and number of these structures in both groups. For quantification, four cases from 

fHP patients and no ILD control were selected. The cases were chosen to have 

representativity of the different smoking habits, types of exposure, and MUC5B 

genotypes.  

As summarized in Figure 7B, lung tissue samples were processed for electron 

microscopy, and in the semi-thin sections stained with Richardson’s macrophages were 

co-localized using an optical microscope. The areas with more macrophages were elected, 

and thin sections were collected into grids for further observation using the transmission 

electron microscope. Images of 5 to 10 cells were acquired per case and analysed using 

Empanada software (Conrad & Narayan, 2023) to segment the preserved mitochondria 

and dysfunctional double membrane organelles. Then, ImageJ was used to create a mask 

and access the area of each organelle individually, as well as, to measure the total cell 

area.  
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The quantitative analysis of these organelles shown in Figure 7C and 7D supported what 

we previously observed, confirming differences between fHP and control cells. The 

results from preserved mitochondria quantification (left graphs) revealed differences 

between fibrotic HP patients (pink circles) and control group (blue circles), showing a 

decreased area of these organelles in the fHP patients’ macrophages (Figure 7C, left). 

Additionally, it is also possible to observe a marked decrease in the number of preserved 

mitochondria per cell in fibrotic HP patients (Figure 7D, left). The presence of 

dysfunctional double membrane organelles (right graphs) was significantly higher in fHP 

patients than in no ILD control cells in both percentage of the total cell area (Figure 7C, 

right) and number per cell (Figure 7D, right).  

Whereas we validated a significant difference in the presence of dysfunctional double 

membrane organelles between fHP and no ILD control cells, the exact classification of 

these organelles remains unclear. Based on our observations during the analysis, we began 

to hypothesize that these structures could potentially be categorized as damaged 

mitochondria or autophagic organelles. 

The most well-described double membrane organelles in cells are mitochondria, and the 

organelles we observed resembled mitochondria in both shape and size, as well as in their 

double membrane structure. Considering the reduction in the number of preserved 

mitochondria, the accumulation of damaged mitochondria in the macrophages could be a 

hypothesis, as it was already described for other ILDs, such as IPF, and is thought to be 

linked to the disease progression (Tsitoura et al., 2019).  
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However, the presence of intense pseudopodia in the macrophages from fHP patients 

suggests that the cells can be in active phagocytosis and trying to improve the lung 

environment clearance. Additionally, a previous study revealed high levels of autophagy 

markers present in macrophages from lung tissue of HP patients and they hypothesized 

that this can be associated with active or defective autophagy during the development of 

the disease (Cabrera et al., 2020), therefore the presence of autophagic organelles is also 

a possibility in these cells.  

 

Figure 7. Fibrotic Hypersensitivity Pneumonitis (HP) is linked to the presence of dysfunctional double mem-

brane organelles in lung tissue. Lung tissue obtained through lung cryo-biopsies (fibrotic HP) and surgical resections 

(no interstitial lung disease (ILD) controls) was analyzed using transmission electron microscopy. A) Representative 

images depict preserved mitochondria (black arrowhead) and black pigment (bp) in the no ILD control sample, in 

contrast to dysfunctional double membrane organelles (black arrow) in fibrotic HP patients. Scale bar: 2 µm. B) Work-

flow illustrating the collection of images and data analysis to quantify organelles within cells. Initially, tissue samples 

were processed for transmission electron microscopy (TEM) to co-localize the macrophages. A semi-thin section was 

collected and stained with Richardson’s stain. Macrophages were localized in the semi-thin section using an optical 

microscope, and a thin section from the same area was selected for grid preparation and TEM analysis. Images of 5 to 

10 cells per case were acquired. The acquired pictures were analyzed using Empanada to segment the organelles and 

ImageJ to create a mask and calculate the area of each organelle individually. C) Quantitative analysis showing the 

percentage of the total cell area corresponding to preserved mitochondria (left graph) and dysfunctional double mem-

brane organelles (right graph) in no ILD controls (blue circles) and fibrotic HP patients (pink circles). D) Number of 

the same structures per cell. Each dot represents one cell (5 to 10 cells per case) from a total of 4 no ILD controls and 

4 fibrotic HP individuals. Values are shown as mean ± SD. Data were analyzed using the nonparametric Mann-Whitney 

test comparing no ILD controls and fibrotic HP patients, ***P < 0.005, ****P < 0.001. 

A) 

B) 

C) 

D) 
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3.4. Bronchoalveolar lavage (BAL) cells from interstitial lung diseases 

patients showed a decrease in functional mitochondria in HLA-DR+ cells, 

combined with an accumulation of damaged mitochondria 

To understand the macrophage functionality and gain insights into the categorization of 

these structures, we conducted assays to evaluate phagocytosis and mitochondria function 

with live cells from the remaining BAL samples collected for diagnosis. This included 

five samples from patients with suspected fHP, at the time of the procedure, in which two 

were then confirmed fHP and the others were diagnosed with other fibrotic ILD. In the 

impossibility of having a healthy control associated with the complexity and risks of the 

procedure, a participant who performed a BAL for other respiratory complication was 

included as a no ILD control. 

In parallel with the live cell assays, aliquots from the BAL samples were processed for 

TEM and no significant differences regarding ultrastructure preservation were observed 

comparing the tissue samples from cryo-biopsies, as well as the dysfunctional double 

membrane organelles that remain present in the macrophages as illustrated in Figure 8A. 

This fact confirms that the structures that are seen in the cells from cryo-biopsies are not 

artifacts generated by the procedure, because they keep appearing on cells collected with 

other procedures. 

The phagocytic capacity was evaluated by incubation of BAL cells with pHrodo™ Red 

E. coli BioParticles for 6 hours and further analysed by flow cytometry. The particles 

used are fluorescent under acidic conditions, meaning that when cells internalize the par-

ticles they are enclosed within phagolysosomes, resulting in red fluorescence that can be 

detected and measured. By analysing the percentage of HLA-DR+ cells that were positive 

for the presence of the particles by flow cytometry, it was possible to observe that no ILD 

control (blue circles), fHP (pink circles), and other fibrotic ILD (green circles) were all 

capable of performing phagocytosis as shown in the graph of Figure 8B, not revealing 

significant differences between them. However, cells from fHP patients (pink circles) 

presented a slightly lower percentage when compared to the others. Illustrative contour 

plots for no ILD control and fHP are shown in Figure 8B (right side). 
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To access the functionality of the mitochondria, we used a flow cytometry staining al-

ready established by Monteiro et al, 2020, using a combination of MitoTracker Green and 

Red. The MitoTracker Green gives information about the mitochondria mass, while Mi-

toTracker Red binds the mitochondria that were negatively charged, indicating function-

ality. In summary, the presence of a higher quantity of both stains is associated with func-

tional mitochondria, while a slight decrease in MitoTracker Red intensity suggests loss 

of membrane potential associated with the dysfunctional mitochondria (Monteiro et al., 

2020).  

When evaluating mitochondrial functionality, a reduction in functional mitochondria was 

observed in HLA-DR+ cells from ILD patients (both fibrotic HP or other fibrotic ILDs), 

accompanied by an accumulation of damaged mitochondria, as compared to controls 

without ILD (Figure 8C). Illustrative contour plots for no ILD control and fHP are shown 

in Figure 8C (right side). This finding aligns with previous quantitative analyses, which 

also demonstrated a decrease in both the number and area of preserved mitochondria.  

Since both assays were conducted in HLA-DR+ cells, the results reflect the activity of a 

variety of antigen-presenting cells (APCs), including dendritic cells, B lymphocytes, 

monocytes, and macrophages. However, from the APCs mentioned above, BAL is com-

posed mainly by macrophages. To improve these analysis in future, establishing a corre-

lation between the number and types of cells present in each sample could help minimize 

variations due to differences in cell populations across samples. 

Regarding the autofluorescence of the cells used in these experiments, an optimized and 

more complex flow cytometry staining could have given more insights into these results. 

However, the difficulties in predicting the diagnosis and the possibility of obtaining such 

time-sensitive samples, and due to the timeline of this project a better approach was not 

feasible.  
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After these experiments, the identification of these organelles remains unclear due to the 

small sample size and the needing of a better approach. It was not possible to exclude the 

possibility of autophagy defects since the phagocytosis assay only detected the presence 

of phagolysosomes, which are associated with an acidic pH, meaning that if the defect is 

in the fusion between the lysosome and the phagosome it will not be detected. In sum-

mary, the combined analysis of phagocytic activity and mitochondrial function provides 

crucial insights into cellular efficiency.  

 

Figure 8. Bronchoalveolar lavage (BAL) cells from interstitial lung diseases (ILD) patients exhibit a reduction 

in functional mitochondria in HLA-DR+ cells, accompanied by an accumulation of damaged mitochondria. A) 

Representative transmission electron microscopy images of macrophages from fibrotic hypersensitivity pneumonitis 

(HP) BAL fluid. Scale bar: 2 µm.  B) Ex vivo analysis of phagocytosis using pHrodoTM Red E. coli BioParticlesTM. 

BAL cells from patients with fibrotic HP (pink circles) and other fibrotic ILDs (green circles), as well as one control 

without ILD (blue circles), were incubated with BioParticles for 6 hours and analyzed by flow cytometry. The graph 

on the left shows the percentage of HLA-DR+ cells that internalized the BioParticles, with the representative contour 

plots from no ILD control and fibrotic HP patients on the right. C) Total mitochondrial mass and membrane potential 

in BAL cells were assessed by staining with MitoTracker Green and Red. Left graph: percentage of HLA-DR+ cells 

with functional (MitoTracker Greenint/MitoTracker Redhigh) versus dysfunctional/damaged mitochondria (Mito-

Tracker Greenhigh/MitoTracker Redlint). Representative contour plots from no ILD control and fibrotic HP patients 

(right). Each dot represents an individual. Values are shown as mean ± SD. The numbers of individuals in each group 

is as follows: no ILD control (n = 1), Non fibrotic ILD (n = 4); Other fibrotic ILD (n = 3), fibrotic HP (n = 2).  

A) 

B) 

C) 
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3.5. Stratification of fibrotic hypersensitivity pneumonitis patients by the 

MUC5B rs35705950 genotype shows a tendency toward increased 

dysfunctional double membrane organelles in patients carrying the 

MUC5B T-minor allele 

According to what was previously described (Gonçalves, 2023), the presence of the 

MUC5B minor allele (T) was associated with a higher expression of MUC5B in the lung 

parenchyma, and, surprisingly, it was also visible in the alveolar macrophages cytoplasm, 

cells that were not related to the production of this protein. To investigate if there was any 

relationship between the MUC5B genotype and the presence of dysfunctional double 

membrane organelles, we decided to stratify our patients according to the genotype. The 

no ILD control group was mostly homozygote for the wild-type allele (G) which is the 

most prevalent genotype in healthy individuals, but we also had one heterozygous (GT) 

participant. The presence of homozygotic individuals for the T allele would be interesting 

to analyse among the control group but not expected. In our cohort, we described, 

previously, that the TT genotype represents only 0,90% of the control group in contrast 

to 10.34% in fibrotic HP patients (Gonçalves, 2023). 

During the ultrastructural analysis, the differences between genotypes were not 

noticeable, as shown in Figure 9A, the cells from no ILD controls presented the same 

features already described, as well as the HP patient’s cells. However, when the quantified 

cell structures were organized by MUC5B genotype a tendency for the presence of 

dysfunctional double membrane organelles in higher number and area in the homozygote 

genotype TT was observed, as shown in the graphs from Figure 9B and Figure 9C. The 

area of preserved mitochondria only presented differences between cases and controls, as 

already shown before. However, the number of mitochondria seems to be higher in fHP 

patients carrying the MUC5B minor allele (T) (Figure 9B and 9C). The presence of 

dysfunctional double membrane organelles seems to be associated with the presence of 

the MUC5B minor allele (T) in HP patients, however without reaching statistical 

significance. Bigger sample size would be required to further validate MUC5B genotype 

with any of the ultrastructural alterations described above for the fibrotic HP patients. 

Altogether, the quantification of preserved mitochondrias or dysfunctional double 

membrane organelles according to MUC5B genotype revealed mild differences. 



40 

 

However, the most pronounced disparities remained between the fHP patients and the no 

ILD control group.  

 

Figure 9. Stratification of fibrotic hypersensitivity pneumonitis (HP) patients by the rs35705950 genotype of the 

MUC5B gene shows a tendency toward increased dysfunctional double membrane organelles in patients 

carrying the MUC5B minor allele (T). Lung tissue obtained through lung cryo-biopsies and surgical resections was 

analyzed using transmission electron microscopy. A) Representative images of cells stratified by the rs35705950 

genotype of the MUC5B gene (GG, GT, TT). Scale bar: 2 µm. B) Quantitative analysis of the percentage of the total 

cell area occupied by preserved mitochondria (left graph) and dysfunctional double membrane organelles (right graph) 

in no ILD controls (blue circles) and fibrotic HP patients (pink circles), stratified by MUC5B rs35705950 genotype. C) 

Number of the same structures per cell. Each dot represents one cell (5 to 10 cells per case). Values are shown as mean 

± SD. Numbers of individuals in each group: no ILD control GG (n = 3), GT (n = 1); fibrotic HP GG (n = 1), GT (n = 

2), TT (n = 1). Data were analyzed using the Kruskal-Wallis one-way ANOVA test comparing the different no ILD 

controls and fibrotic HP groups, **P < 0.01, ***P < 0.005, ****P < 0.001. 

 

 

 

 

 

 

 

 

A) B) 

C) 
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4. Conclusion and Future Perspectives  

Considering the higher prevalence of HP in Portugal, especially associated with the fi-

brotic phenotype, which is considered the worst prognosis for the disease, previous stud-

ies have indicated that the macrophages may have an increased activity in the pathogen-

esis of HP disease. In this study, we aimed to deeply analyse the ultrastructure of this cell 

type and understand if macrophages from fibrotic HP patients display ultrastructural al-

terations that justify the previous results when compared to no ILD control cells.  

The categorization of the dysfunctional double membrane remains unclear, so further ex-

periments are necessary to identify them with accuracy. In the future, to explore more 

these results, we can analyze and quantify the number of pseudopods, optimize an im-

munocytochemistry or immunogold labeling technique to detect antigens associated with 

structures that we hypothesize and improve the flow cytometry staining in order to get 

more information in live cells.  

The differences in the cell ultrastructure were notable between the two conditions, spe-

cifically in the mitochondria number and in the presence of dysfunctional double mem-

brane organelles. The presence of these organelles seems to be higher in patients carrying 

the MUC5B minor allele (T), however, to confirm this tendency we need to increase the 

sample size in the future.  

The macrophages seem to play a key role in the fibrotic HP pathogenesis, although, the 

mechanism and their function are not yet fully understood. Further studies of this cell 

type can provide valuable insights and shed light on the pathogenesis of hypersensitivity 

pneumonitis.  
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