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SUMMARY 

Hypersensitivity pneumonitis (HP) is an interstitial lung disease (ILD) characterized by 

a bronchoalveolar inflammation usually caused by the inhalation of avian and fungal 

proteins. The immunopathological pathways involved in the disease after antigen 

exposure are still unknown. In addition, the diagnosis of HP remains challenging 

because of the absence of a gold standard. In fact, HP patients are diagnosed on the 

basis of a combination of clinical, imaging and laboratory findings. In this context, YKL-

40 (chitinase 3-like-1) and Krebs von den Lungen-6 (KL-6) are two promising 

biomarkers that may play an important role in the management of HP diagnosis. 

Moreover, to establish correct HP diagnosis, identification of the triggering antigen is an 

essential step. To achieve this, specific IgG antibody determination is a useful 

technique. In addition, the environmental detection of the causative antigen will help to 

control complete antigen avoidance, which is crucial to preventing disease progression 

and to improving respiratory symptoms in patients with HP. However, in clinical 

practice, no methods are currently available for directly measuring antigen exposure in 

the environment.  

This PhD thesis aims to assess the immunopathological pathways that are activated in 

HP, and to improve diagnostic accuracy and prognosis in patients. The first study 

focuses on the cellular immune response and the cytokine pattern involved in a murine 

model of bird-related HP (BRHP). This study contends that in the first stages of BRHP 

there is a mixed Th1/Th2 immune response with increased levels of type 2-related 

dendritic cells, an eosinophilic inflammation due to IL-5-producing cells, reduced levels 

of B cells because of their differentiation into antibody-producing plasma cells and 

secretion of type 1 and type 2 cytokines such as TNF-α and IL-13. With progression of 

BRHP, although there is a Th1 response with IFN-γ, IL-1β and IL-12 secretion, the 

levels of cytokines seem to indicate a switch towards a Th2/Th17 mixed response with 

increased levels of IL-5, IL-6 and IL-23. 

The second study (Article 1) aims to determine the role of KL-6 and YKL-40 as 

biomarkers in the diagnosis and prognosis of patients with HP. This study 

demonstrates that both serum KL-6 and YKL-40 levels seem to be capable of 

distinguishing HP patients from healthy individuals and from patients with idiopathic 

pulmonary fibrosis (IPF) at a range of 346 - 1441 U/ml and 55 - 121 ng/ml respectively. 

In addition, serum KL-6 may also be a predictor of HP disease progression because of 



SUMMARIES 

11 
 

its negative correlation with total lung capacity and diffusing capacity of the lungs for 

carbon monoxide (DLCO) at 12 months of follow-up. 

The objective of the third study is to evaluate the degree of sensitization to avian and 

fungal antigens and the potential risk of developing HP in a cohort of urban pest 

surveillance and control service workers. A high degree of sensitization to avian and 

fungal antigens is observed in the study population. In particular, workers involved in 

nest pruning have higher levels of specific parakeet and mucor IgGs and lower 

DLCO/VA (alveolar volume) values. In addition, this study identifies Ig Lambda chain 

and Apolipoprotein A-I as candidate proteins for distinguishing patients with HP from 

workers exposed to pigeons. 

The last study (Article 2) focuses on the development and validation of a sensitive 

sandwich enzyme link immunoassay (ELISA) technique and a rapid 

immunochromatographic test (ICT) to detect pigeon antigens in environmental air 

samples. This study demonstrates that there is a good correlation between the two 

assays, although the ELISA method has a broader range for quantifying pigeon antigen 

(58.4 - 10112.2 ng/ml and 420 - 3360 ng/ml respectively). Even so, this study 

concludes that the ICT is rapid, simple to use and a valid alternative that does not 

require expensive equipment.  
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RESUMEN 

La neumonitis por hipersensibilidad (NH) es una enfermedad pulmonar intersticial 

caracterizada por una inflamación broncoalveolar generalmente causada por la 

inhalación de proteínas aviares y fúngicas. Las vías inmunopatológicas implicadas en 

el desarrollo de la enfermedad tras la exposición al antígeno aún se desconocen. 

Además, el diagnóstico de NH sigue siendo un desafío debido a la ausencia de un 

estándar. De hecho, los pacientes con NH son diagnosticados a partir de una 

combinación de hallazgos clínicos, de imagen y de laboratorio. En esta línea, YKL-40 

(quitinasa 3-like-1) y Krebs von den Lungen-6 (KL-6) son dos biomarcadores 

prometedores que pueden tener un papel importante en el manejo del diagnóstico de 

la NH. Asimismo, para establecer un correcto diagnóstico de NH, la identificación del 

antígeno es un paso fundamental. La determinación de anticuerpos IgG específicos es 

una técnica muy útil para identificar el antígeno desencadenante. Además, la 

detección ambiental del antígeno causal puede tener un papel importante a la hora de 

controlar el cese de la exposición antigénica, que es crucial para prevenir la progresión 

de la enfermedad y mejorar los síntomas respiratorios en pacientes con NH. Sin 

embargo, en la práctica clínica, no existen métodos disponibles para medir 

directamente la exposición al antígeno en el medio ambiente. 

La presente tesis doctoral tiene como objetivo evaluar las vías inmunopatológicas que 

se activan en la NH, así como mejorar la precisión diagnóstica y el pronóstico de los 

pacientes. El primer estudio se centra en la respuesta inmunitaria celular y el patrón de 

citocinas implicados en un modelo murino de NH relacionada con aves (NHRA). Este 

estudio respalda que en los estadios iniciales de NHRA hay una respuesta inmune 

mixta Th1/Th2 con niveles aumentados de células dendríticas relacionadas con la 

respuesta tipo 2, una inflamación eosinofílica debido a las células secretoras de IL-5, 

niveles reducidos de células B debido a su diferenciación a células plasmáticas 

secretoras de anticuerpos y secreción de citocinas tipo 1 y tipo 2, como TNF-α e IL-13. 

Con la progresión de la enfermedad, aunque hay una respuesta Th1 con secreción de 

IFN-γ, IL-1β e IL-12, los niveles de citocinas parecen indicar un cambio hacia una 

respuesta mixta Th2/Th17 con niveles aumentados de IL-5, IL-6 e IL-23. 

El segundo estudio (Artículo 1) tiene como objetivo determinar el papel de KL-6 e YKL-

40 como biomarcadores en el diagnóstico y pronóstico de pacientes con NH. Este 

estudio demuestra que los niveles séricos de KL-6 e YKL-40 parecen distinguir a los 

pacientes con NH de los individuos sanos y de los pacientes con fibrosis pulmonar 
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idiopática (FPI) en un rango de 346-1441 U/ml y 55-121 ng/ml, respectivamente. 

Además, KL-6 en suero podría ser un predictor de progresión de enfermedad en NH 

debido a su correlación negativa con la capacidad pulmonar total y la capacidad de 

difusión de los pulmones para el monóxido de carbono (DLCO) a los 12 meses de 

seguimiento. 

El objetivo del tercer estudio es evaluar el grado de sensibilización a antígenos aviares 

y fúngicos y el potencial de riesgo de desarrollar NH en una cohorte de trabajadores 

de servicios de vigilancia y control de plagas urbanas. En este estudio se observa un 

alto grado de sensibilización a antígenos aviarios y fúngicos en la población de 

estudio. Concretamente, los trabajadores implicados en la poda de nidos tienen 

niveles más altos de IgG específica a periquito y mucor y presentan una DLCO/VA 

más baja. Además, en este estudio se identifican la cadena Ig Lambda y la 

apolipoproteína A-I como proteínas candidatas para diferenciar a pacientes con NH de 

trabajadores expuestos a paloma. 

El último estudio (Artículo 2) se centra en el desarrollo y validación de una técnica 

sensible de inmunoensayo ligado a enzimas (ELISA) y un test rápido de 

inmunocromatografía (ICT) para detectar antígenos de paloma en muestras de aire 

ambiental. Este estudio demuestra que existe una buena correlación entre ambos 

ensayos, aunque el método ELISA tiene un rango más amplio de cuantificación de 

antígeno de paloma (58,4 - 10112,2 ng/ml y 420 - 3360 ng/ml respectivamente). Aun 

así, este estudio concluye que el ICT es un test rápido, sencillo y una válida alternativa 

que no requiere del uso de equipamiento costoso. 
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1.1 PATHOGENESIS OF HYPERSENSITIVITY PNEUMONITIS 

1.1.1 DEFINITION 

Hypersensitivity pneumonitis (HP) is an interstitial lung disease (ILD) affecting lung 

parenchyma and the small airways in genetically predisposed and sensitized 

individuals after recurrent inhalation of certain environmental antigens (1,2). A large 

variety of organic and inorganic causative antigens have been described, which are 

divided into six different categories: bacteria, fungi, animal proteins, plant proteins, low 

molecular weight chemicals and metals (3,4) .  

 

1.1.2 SUBTYPES OF HP 

Typically, HP has been divided into acute, subacute and chronic forms. However, this 

classification has fallen into disuse because the subacute form is particularly difficult to 

define; in fact, features of this type of HP overlap with those of the acute and the 

chronic form (5). Recently, another classification has been proposed based on clinical, 

radiological and pathological features of HP patients, which divides the condition into 

two categories: acute/inflammatory/non-fibrotic and chronic/fibrotic (6,7). The acute 

form, with a symptom duration not exceeding six months, is due to intermittent but high 

level antigen exposure, is characterized by cellular inflammation, and is often reversible 

with antigen avoidance. The chronic category, with a symptom duration exceeding six 

months, is caused by continuous and low dose antigen exposure, is characterized by 

fibrotic areas inside lungs, and is potentially reversible, at least to some extent (7).  

 

1.1.3 IMMUNOLOGICAL MECHANISMS  

The pathophysiological mechanisms involved in HP are poorly understood, although 

there is some evidence of the contribution of both humoral and cellular immune 

responses. Inhaled antigens are recognized by antigen-presenting cells (APCs) of the 

innate immune response (e.g., macrophages and dendritic cells, DCs) through different 

pattern recognition receptors (PRRs) such as TLRs (Toll-like receptors, mainly TLR6 

and TLR9), NODs (nucleotide-binding oligomerization domain–like receptors) and 

dectins (8–10). Signaling via PRR leads to the activation of innate immune cell and the 

production of cytokines such as IL-1, IL-12, IFN-γ and TNFα (11,12). Moreover, APCs 

are able to phagocytose, process and present antigens in the context of MHC-I (major 
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histocompatibility complex class I) or MHC-II (major histocompatibility complex class II) 

molecules in the cell surface, leading to the recruitment of CD8+ and CD4+ T 

lymphocytes respectively (13). Activated T lymphocytes start to produce different 

cytokines such as IL-2, IFN-γ and TNFα, promoting the polarization of lymphocytes to 

Th1 cells. IFNγ and TNFα also induce the accumulation, activation and aggregation of 

macrophages, resulting in granuloma formation (14,15). The secretion of IL-8 by 

alveolar macrophages and of IL-17 by activated CD4+ lymphocytes induces neutrophil 

recruitment and activation, which intensify the inflammatory response (16,17). Previous 

studies have demonstrated the presence of dysfunctional T-regulatory (Treg) cells 

(FOXP3+CD4+) in HP unable to suppress the proliferative response of activated T-

cells, which also play a role in the exaggerated immune response (18,19). 

In addition, presentation of processed antigens by innate immune cells to B 

lymphocytes induces their differentiation into plasma cells, which produce 

immunoglobulins (Igs) that can bind to antigenic proteins forming immunocomplexes. 

These immunocomplexes can activate the classical pathway of the complement, 

promoting the recruitment of more macrophages (2,20). Activated lung macrophages 

secrete IL-1 and TNF but also upregulate the expression of adhesion molecules, 

leading to neutrophil recruitment in the alveolar spaces. Neutrophils are also recruited 

to the site of inflammation by the interaction of their receptors with the constant region 

(Fc) of Igs (21). 

In later stages of HP, a relative switch of Th1 cells to Th2 seems to promote the 

maintenance of inflammation and fibrosis development with IL-4 and IL-13 as effector 

cytokines (22). The triggers of this switch are unknown but there is evidence that Treg 

cells suffer a decrease in FOXP3 expression, acquiring a phenotype of Th2 cells (23). 

The decrease in apoptosis of lymphocytes at these final stages also contributes to T 

cell persistence, activation, and accumulation in lung tissue. In fact, increases in CD4+ 

T cells and in the CD4+/CD8+ ratio have been observed in chronic HP. Apoptosis of 

alveolar epithelial cells and granulocytes has also been described, stimulating 

chemokine production by DCs and increasing the recruitment of immune cells in the 

lungs (22,24). The maintenance of these inflammatory patterns, together with the 

abnormal activation of fibroblasts, seems to contribute to pulmonary fibrosis. 

Specifically, there is evidence that fibrocytes are attracted to lung inflammatory sites by 

CXCL12-producing epithelial cells, and that these fibrocytes are able to induce the 

differentiation of fibroblasts into myofibroblasts (25). Alterations of the extracellular 

matrix (ECM) also take place during HP and may play a role in the immune response. 
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Some studies suggest that ECM components such as fibronectin or tenascin-C can 

bind to chemokines, growth factors, proteases and receptors on the immune cell 

surface, influencing cell phenotypes and their activation (26). In chronic HP, increased 

levels of metalloproteinases (MMP) have also been observed, especially MMP8 and 

MMP9 (27). 

 

Figure 1. Immunopathology in HP. Following inhalation, the antigen is phagocytosed and 

degraded by APCs and coupled to MHC-II or MHC-I molecules. The antigen is then recognized 

by CD4+ T cells and CD8+ cells. A Th1 type differentiation of CD4+ T cells is initiated through 

the expression of cytokines such as IL-2, which drives the proliferation and differentiation of 

these cells. The secretion of IFNγ and TNFα by CD4+ and Th1 cells also induces the 

accumulation, activation and aggregation of macrophages. On the other hand, the suppressive 

activity of Treg cells is impaired, which facilitates the amplification of the inflammatory response. 

Treg cells express the transcription factor FOXP3 on the cell surface, and the decrease in 

FOXP3 expression reduces their suppressive function. Treg cells expressing decreased FOXP3 

mainly become Th2 effectors, even in an environment that favors Th1 cells, which release 

cytokines such as IL-4 and IL-13. A B cell response against the antigens also occurs, leading to 

the production of specific antibodies and the formation of immunocomplexes. IL-17 is likely to 

be produced by some subpopulations of CD4+ T cells, and IL-8 is mainly secreted by alveolar 

macrophages; both cytokines are potent chemoattractants for neutrophil recruitment and 
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activation. Neutrophils express receptors for the constant region of IgG, favoring the recruitment 

of these cells to the site of inflammation and the interaction with antigen–antibody 

immunocomplexes, a process that occurs mainly during acute HP. Abbreviations: APC, antigen 

presenting cell; ATI, alveolar type 1 cell; ATII, alveolar type II cell; E. cell, endothelial cell; MФ, 

macrophage; N, neutrophil. 

Despite the existing evidence of the involvement of different immune cells in the 

development of HP, little is known about the immunological pathways involved in the 

progression of the disease. For this reason, and in an attempt to shed light on the 

immunomodulatory mechanisms of the different subtypes of HP, the first study of this 

thesis assesses the cellular immune response and the cytokine pattern involved in the 

disease via an analysis of lung tissue in a mouse model of BRHP. 

 

1.2 DIAGNOSIS OF HYPERSENSITIVITY PNEUMONITIS 

Epidemiological studies suggest that the prevalence of HP varies depending on the 

geographical area, local climate and the intensity of exposure to the causative antigen. 

According to a Spanish study, the incidence of ILD in its population between 2000 and 

2001 was 7.6 per 100,000 persons/year, with idiopathic pulmonary fibrosis (IPF) 

accounting for 38.6%, sarcoidosis for 14.9% and HP for 6.6% (28). In the UK, the 

incidence of HP between 1991 and 2003 was 0.9 per 100,000 individuals/year (29) 

while a US study covering the period from 2004 to 2013 reported a yearly incidence of 

between 1.67 – 2.71 per 100,000 inhabitants (30). In India, the most common cause of 

ILD between 2012 and 2015 was HP (47.3%) followed by IPF (13.7%) (31).  

Recent studies suggest that HP cases may be underdiagnosed and may represent up 

to 43% of ILDs classified as IPF (32). These diagnostic errors occur because HP and 

IPF  present similar clinical, radiological and pathological features (33). The diagnosis 

of HP remains challenging because of the absence of a gold standard technique. In 

fact, HP patients are diagnosed on the basis of a combination of clinical, imaging and 

laboratory findings such as physical examination, suspicion of exposure to an antigenic 

source, determination of specific IgG antibodies against a causative antigen in serum, 

lung function impairment, compatible high resolution computed tomography (HRCT) 

scan, increase in lymphocytes in bronchoalveolar lavage (BAL), granulomatous 

reactions in lung biopsies and/or a positive specific inhalation challenge (SIC) (34–37).  
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1.2.1 CLINICAL ANAMNESIS AND PHYSICAL EXAMINATION 

The first step in HP diagnosis is to obtain a detailed patient history in order to 

determine exposures at home, workplace, neighborhood, during hobbies, or in other 

environments frequently visited by the patient (7). In some cases, the clinical interview 

quickly elucidates the causative antigen and the source of exposure (Table 1). Usually, 

however, the triggering antigen is not easy to identify, especially in chronic cases 

where there may be unexpected exposure to an already known antigen. For this 

reason, the use of a standardized questionnaire regarding exposures including the 

amount and frequency of antigens that may be used by patients or encountered in daily 

life, is highly recommended (1,7). On occasion, the physical examination is completely 

normal, with non-specific clinical symptoms. However, the most typical symptoms are 

dyspnea, cough, chest tightness, fever, weight loss and inspiratory crackles on 

auscultation (4).  

Table 1. Most prevalent causative antigens and exposure sources in HP (1,38). 

Antigen Exposure Source 

Bacteria 

Thermoactinomyces spp. Moldy hay, straw, grain, sugar cane dust, mushrooms 

Pseudomonas spp. Detergents 

Klebsiella spp. Humidifiers, compost 

Fungi and yeasts 

Aspergillus spp. 
Flour, moldy cured meat, compost, hay, grain, cork, 

contaminated water reservoirs 

Penicillium spp. Moldy cured meat or cheese, hay, cork 

Candida spp. Contaminated fountains, humidifiers 

Animal proteins 

Feathers Birds (mostly pigeons and budgerigars), duvets, pillows 

Serum and droppings  Birds (mostly pigeons and budgerigars), rats 

Plant proteins 

Soy dust Soy foods 

Grain flour Flour dust 

Chemicals 

Isocyanates Adhesives, paints, varnishes  

Acid anhydrides Spray paints, glues, adhesives, shoes, plastic material 

Metals 

Cobalt Hard metals, alloys 

Zinc  Zinc welding 
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1.2.2 LUNG FUNCTION TESTS 

Lung function analyses are not useful for differentiating between HP and other forms of 

ILD, although they do support the diagnosis of interstitial disease. The most common 

pattern in HP is a restrictive ventilator defect with reduced forced vital capacity (FVC) 

and total lung capacity (TLC), together with impaired gas exchange (reduced diffusing 

capacity of the lungs for carbon monoxide, DLCO, and/or hypoxemia on exercise or at 

rest) (4,39,40). A decrease in the FEV1 (Forced expiratory volume in 1 second)/FVC 

ratio is occasionally detected, which is suggestive of an airflow obstruction due to 

bronchiolitis and emphysema (41). Of note, between 10% and 17% of patients have 

normal lung parameters, especially in the non-fibrotic phase of the disease (4).  

 

1.2.3 HRCT SCAN 

In non-fibrotic HP the radiological pattern is characterized by a diffuse, usually bilateral 

and symmetrical distribution of lung findings such as centrilobular nodules, ground-

glass opacities, mosaic attenuation, air trapping and lung cysts (38,42). By contrast, 

fibrotic HP has a variable radiological appearance. In up to 50% of patients, the 

radiological findings are located mainly in the lower lobes with a subpleural or 

peribronchovascular distribution, although in some cases the mid- and upper lungs are 

the most affected zones (6,43,44). The most common findings include reticulation, 

traction bronchiectasis and honeycombing (45). However, centrilobular nodules, 

mosaic attenuation and/or bronchiolar obstruction are observed in some cases (46). 

About 30% of the patients with fibrotic HP exhibit a usual interstitial pneumonia (UIP) 

pattern. However, a nonspecific interstitial pneumonia (NSIP) pattern is also observed 

in 15% of cases (43). In patients with chronic farmer’s lung, emphysematous forms 

may also be present (47).  

 

1.2.4 BAL CELLULAR ANALYSES 

Marked lymphocytosis is a typical finding in BAL samples of patients with HP. In fact, 

up to 80% of patients with HP have more than 20% of lymphocytes in BAL (40). 

However, some patients with fibrotic HP may exhibit a less pronounced lymphocytosis 

in BAL (48). In addition, increased levels of lymphocytes can also be found in 

sensitized but asymptomatic subjects (47) and in other forms of ILD such as 

sarcoidosis (49).  
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1.2.5 HISTOPATHOLOGY 

Typical histopathological features of non-fibrotic HP are cellular interstitial pneumonia 

accentuated around small airways (predominantly small lymphocytes but also plasma 

cells and eosinophils), cellular bronchiolitis with lymphocytic infiltrate and poorly formed 

granulomas. Multinucleated giant cells in the interstitium and/or in the bronchiolar walls 

may also be observed (38,50). In fibrotic HP, the histological pattern is similar to that 

seen in other fibrotic ILD with bronchiolocentric inflammation, peribronchiolar fibrosis, 

bronchiolar epithelial hyperplasia and multinucleated giant cells or granulomas (51). In 

some cases, the fibrotic interstitial pneumonia pattern includes typical traits of UIP (with 

subpleural honeycombing and fibroblast foci) or fibrotic NSIP (with a diffuse and 

uniform distribution) (52,53). 

 

1.2.6 BIOMARKERS  

In recent decades, several types of circulating biomarkers have been studied in order 

to evaluate their diagnostic and prognostic potential in HP, especially those reflecting 

lung epithelial damage (e.g., SP-D and KL-6), immune system regulation (such as 

CCL17 and CXCL10) and extracellular matrix remodelling (e.g., YKL-40) (Figure 2). 

Among the biomarkers described, KL-6 and YKL-40 seem to be the most promising for 

routine clinical use because they can differentiate HP from other types of ILD and can 

give information about the progression of the disease through the analysis of less 

invasive samples. 

Krebs von den Lungen-6 (KL-6) is a 200KDa glycoprotein classified as a human mucin, 

mainly expressed in type II pneumocytes and bronchiolar epithelium. In affected lungs, 

expression of this protein is increased due to the regeneration of type II pneumocytes 

and the destruction of the alveolar-capillary barrier. Air-blood barrier permeability is 

thus enhanced and the concentration of KL-6 in the blood stream is increased. It 

seems that KL-6 has chemotactic and anti-apoptotic effects on fibroblasts, promoting 

their proliferation and the progression of pulmonary fibrosis (54,55). According to some 

studies, serum KL-6 levels are higher in HP patients than in patients with other types of 

ILD such as IPF and sarcoidosis. In addition, KL-6 is increased in serum of HP patients 

with active disease and during acute exacerbations, while lower levels are associated 

with clinical improvement (56,57). There is also evidence of seasonal variations in 

serum KL-6 levels in patients with ILD due to fluctuating antigen exposure. Indeed, 

during the summer patients with fungi-related HP have higher concentrations of KL-6 
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than those with BRHP, IPF, NSIP, collagen vascular disease-associated interstitial 

pneumonia (CVD-IP) and combined pulmonary fibrosis and emphysema (CPFE). In 

contrast, in winter, patients with BRHP have the highest serum KL-6 levels (58). 

 

Figure 2. Biomarkers associated with HP. The main effector cells in HP disease are Th1, Th2 

and Th17 lymphocytes. Several biomarkers have been associated with these immune cells: SP-

D (which can regulate T cell and DC functions), CCL17 (involved in the recruitment of CCR4+ 

cells such as Th2 cells and macrophages), CXCL10 (which has a chemotactic effect on 

CXCR3+ cells like Th1 lymphocytes) and YKL-40 (associated with Th2 cytokine production and 

DC and macrophage activation). There is also evidence of the contribution of CD8+ T cells, 

fibrocytes, granulocytes and B cells in the formation of granulomatous structures in HP. The 

biomarkers associated with these cells are: KL-6 (which has a chemotactic and proliferative 

effect on fibroblasts) and YKL-40 (involved in allergen sensitization and IgE induction). The 

dotted lines indicate the effect after the activation of these cells (i.e., contribution to granuloma 

formation and/or activation of other immune cells). 

YKL-40 is a 40 KDa human chitinase-like protein without enzymatic activity. It is 

primarily secreted by macrophages, neutrophils and epithelial cells but also by 

fibroblasts and other cells (59,60). There is evidence of its involvement in allergen 

sensitization, IgE induction, Th2 cytokine production, DC and macrophage activation, 

inhibition of apoptosis in inflammatory cells and ECM modulation during fibrogenesis 

(60,61). Only one published study has demonstrated that serum YKL-40 levels are 
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lower in HP than in other ILD like IPF, NSIP and cryptogenic organizing pneumonia 

(COP). In fact, in patients with HP, serum YKL-40 levels seem to be higher in males, 

smokers, patients not treated with corticosteroids and those with the acute form of the 

disease. In addition, HP patients with disease progression or who died have higher 

serum levels of this chitinase at baseline than those who remain stable and survived. 

Regarding BAL samples, this study also demonstrated that YKL-40 levels present 

greater increases in HP patients with the acute form of the disease than in patients with 

IPF (62). 

Despite the evidence of the usefulness of KL6 and YKL-40 in the diagnosis and 

prognosis of HP, further research is needed before they can be considered in clinical 

practice and thus provide personalized precision medicine. For these reasons, Article 1 

evaluates the diagnostic and predictive value of KL-6 and YKL-40 in patients 

diagnosed with HP. 

 

1.2.7 DETERMINATION OF ANTIBODIES 

Increased serum levels of specific IgG antibodies also support the diagnosis of HP. 

However, IgG determination merely provides evidence of antigenic sensitization (36); 

exposed but asymptomatic individuals may also exhibit high IgG levels against a 

specific antigen without having the disease. In fact, it has been demonstrated that up to 

50% of healthy individuals exposed to birds can be sensitized to avian antigens (63), 

and that between 30-60% of those exposed to fungi can develop specific antibodies 

(64). In contrast, the absence of increased specific IgG levels does not rule out the 

diagnosis of HP because only a limited number of antigens are commercially available 

for routine testing. Antigen-specific IgG antibody determination in HP patients is a 

widely used technique that also contributes to the identification of the triggering 

antigen. However, cross-reaction may occur between different types of birds and fungi, 

thus complicating the identification of the antigen source involved in the patient’s 

sensitization (65).  

Today, several qualitative (e.g., precipitation, agglutination and immunoblots) and 

quantitative methods are available to determine specific IgG antibodies. The most 

frequently used quantitative tests are ELISA and ImmunoCAP (63,66) and the antigens 

tested can be obtained as commercial extracts or can be prepared from collected 

material (67,68). For both methods, specific IgG reference values have to be 

established for each antigen in healthy subjects (69). Although these techniques are 
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able to determine the source of exposure, the specific proteins causing HP pathology 

are still unknown. Recently, several groups have described antigenic substances that 

are found in bloom, serum, droppings (70) and/or intestinal mucin of various birds (71), 

such as IGLL-1 and ProE (72). Nevertheless, many other proteins triggering the 

disease remain to be discovered. For these reasons, the third study focuses on the 

analysis of specific IgG against avian and fungal proteins in serum samples of workers 

with high exposure to these antigens, in order to identify the antigenic proteins with 

diagnostic value for HP.  

 

1.2.8 MEASUREMENT OF ANTIGEN EXPOSURE IN THE ENVIRONMENT  

The identification of the causative antigen is essential for HP diagnosis, but in current 

clinical practice there are no methods available for directly measuring antigen exposure 

in the environment. A tool of this nature would help clinicians to determine whether a 

patient is being exposed to a specific antigen, and could thus help to establish a correct 

HP diagnosis.  

Complete avoidance of the causative antigen is essential to improve respiratory 

symptoms and to prevent disease progression in acute and chronic HP. However, 

exposure removal is not always possible because it requires major changes in the 

patient’s daily life (e.g., the occupational setting, hobbies, home environment) or the 

causative antigen may not have been identified (73). In some cases, patients 

experience disease progression in spite of avoiding antigen exposure and following 

treatment (especially corticosteroids) (74). However, there is evidence suggesting that 

these cases may be related to the persistence of exposure to low levels of antigen, 

mainly avian proteins (75).  

Air measurements are crucial when controlling avian antigen exposure in specific 

environments (76). Previous studies have measured the concentration of avian 

proteins in collected dust and air samples by using direct, inhibition, antigen-capture or 

sandwich  ELISA (77,78). All these techniques are costly and time-consuming and 

require access to sophisticated laboratories with specific equipment and staffed by 

experienced personnel, and so are not readily adaptable to field use. In order to enable 

legislators (and maybe also consumers themselves) to monitor the concentrations of 

antigenic proteins in the air in a straightforward way, Article 2 of this thesis focuses on 

the development of a rapid semiquantitative allergen estimation method, which is also 

portable and cheap.  
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1.2.9 SIC 

When a particular antigen is suspected to be the cause of the disease, SIC can be 

used to confirm or rule out its involvement. The SIC is performed by exposing the 

patient directly to an antigen obtained from a specific environment, or to commercially 

available extracts (32). This test must be conducted at a specialized center by 

experienced personnel because the performance and the interpretation of the results 

obtained is not easy. In addition, the absence of a standardized method for conducting 

the test complicates its implementation and limits its use for the diagnosis of HP (79). 

Nevertheless, at our center (Hospital Universitari Vall d’Hebron, Barcelona, Spain) this 

test is considered a useful diagnostic tool in clinical practice and is frequently carried 

out when a specific antigen is suspected.   

Despite the availability of all these techniques, the diagnostic criteria for HP are not 

well established among clinicians because multiple agents may be involved in the 

development of the disease, the pathophysiological mechanisms are not well 

understood, the histopathology can be variable, and the disease has different forms of 

presentation. All these factors make the diagnosis of the disease a difficult task. The 

prognosis of HP varies widely from patient to patient because it depends on the type of 

causative antigen, exposure duration, dose inhaled and the clinical form of the disease 

(80). Survival in HP patients depends mostly on the presence and extension of lung 

fibrosis, with a 5-year mortality of 27% and a median survival of 12.8 years. In fact, up 

to 41% of chronic HP patients present fibrosis progression, resulting in lung capacity 

loss and respiratory insufficiency, which may require lung transplantation (81). 

Therefore, prompt and accurate diagnosis is of vital importance.  

 

The purpose of this thesis is to assess the immunopathological pathways that are 

activated in HP and to improve the diagnostic accuracy and prognosis of patients, 

through the detection of the causative antigen and the biomarkers released. In the first 

study, a mouse model of BRHP is described, and the role of the innate and adaptive 

immune responses are analysed. In Article 1, to better establish HP diagnosis and 

prevent disease progression, KL-6 and YKL-40 are evaluated as potential biomarkers 

in patients with HP. Then, in the third study, specific IgG are analysed in workers with 

high exposure to birds and fungi and also in HP patients in order to identify antigenic 

proteins with diagnostic value. Finally, in Article 2 a rapid estimation method is 

developed to detect pigeon allergen in air samples and ensure complete avoidance of 

antigen exposure. A chart of the studies in the thesis is shown in Figure 3. 
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Figure 3. Diagram of the studies included in this thesis. 
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HYPOTHESIS 

1. Both innate and adaptive immune responses are involved in the development of 

HP. The activation of different pathways contributes to disease progression and 

chronicity. 

 

2. Identification and quantification of biomarkers and environmental antigen 

control are useful tools to establish a correct diagnosis, to predict disease 

progression, and to achieve complete avoidance of causative antigens. 
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3.1 MAIN OBJECTIVE 

To assess the immunopathological pathways that are activated in hypersensitivity 

pneumonitis to improve diagnostic accuracy and prognosis of patients, through the 

detection of the causal antigen and the released biomarkers. 

 

3.2 SECONDARY OBJECTIVES 

1. To assess the cellular immune response and the cytokine pattern involved in a 

murine model of bird-related hypersensitivity pneumonitis.  

 

2. To determine the role of YKL-40 and KL-6 as biomarkers in the diagnosis and 

prognosis of patients with hypersensitivity pneumonitis. 

 

3. To evaluate the degree of sensitization to avian and fungal antigens and the 

potential risk of developing hypersensitivity pneumonitis in a cohort of urban 

pest surveillance and control service workers.  

 

4. To develop and validate a sensitive sandwich ELISA technique and a rapid ICT 

to detect pigeon antigens in environmental air samples.  
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OVERALL SUMMARY OF RESULTS 

This thesis comprised four different studies. Briefly, the first study contended that in the 

first stages of BRHP there was a mixed Th1/Th2 immune response with increased 

levels of CD11b+Ly6C- DCs, an eosinophilic inflammation due to IL-5-producing cells, 

reduced levels of B cells because of their differentiation into antibody-producing plasma 

cells, and secretion of type 1 and type 2 cytokines such as TNF-α and IL-13. With 

progression of BRHP, although there was a Th1 response with IFN-γ, IL-1β and IL-12 

secretion, the cytokine levels seemed to indicate a switch towards a mixed Th2/Th17 

response with increased levels of IL-5, IL-6 and IL-23. 

Table 1. Leukocyte population and cytokine pattern in lung tissue in the first stages and 
with progression of BRHP. 

 First stages of BRHP Progression of BRHP 

Macrophages  

Alveolar ↓ ↓ 

Interstitial ↑ ↑ 

Monocytes  

Inflammatory ↓ ↓ 

Resident ↑ ↑ 

Dendritic cells  

CD11b+Ly6C- ↑ ↑ 

CD11b-Ly6C- ↓ ↓ 

Other cells  

Eosinophils ↑ NS 

Neutrophils ↓ NS 

B cells ↓ ↑ 

T cells ↑ NS 

Th1 cytokines  

IFN-γ ↑ ↑ 

TNF-α ↑ NS 

IL-1β ↑ ↑ 

IL-12 (p70 ↑ ↑ 

Th2 cytokines  

IL-5 ↑ ↑ 

IL-6 ↑ ↑ 

IL-10 ↑ ↑ 

IL-13 ↑ NS 

Th17 cytokines  

IL-17 NS NS 

IL-23 NS ↑ 
 

↑, increased; ↓, decreased; NS, no statistically significant differences. 
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In the second study (Article 1), both serum KL-6 and YKL-40 levels seemed to be 

capable of distinguishing HP patients either from healthy individuals or from patients 

with IPF at ranges of 346 - 1441 U/ml and 55 - 121 ng/ml respectively. Moreover, 

serum KL-6 may also be a predictor of HP disease progression because of its negative 

correlation with TLC and DLCO at 12 months of follow-up. 

In the third study, a high degree of sensitization to avian and fungal antigens was 

observed in a cohort of urban pest surveillance and control service workers. In 

particular, workers involved in nest pruning had high levels of specific parakeet and 

mucor IgGs and low DLCO/VA values. In addition, Ig Lambda chain and Apolipoprotein 

A-I were identified as candidate proteins for distinguishing patients with HP from 

workers exposed to pigeons. 

Finally, the last study (Article 2) demonstrated a good correlation between the ELISA 

and the ICT developed, although the ELISA method had a broader range for 

quantifying pigeon antigen (58.4 - 10112.2 ng/ml and 420 - 3360 ng/ml respectively). 

Even so, this study showed that ICT was rapid, simple to use, and a valid alternative to 

ELISA that did not require expensive equipment. 
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OVERALL SUMMARY OF DISCUSSION 

The present thesis aims to provide insights into different aspects of HP. First of all, it 

assesses the pathophysiology of the disease by analysing the innate and adaptive 

immune responses in a murine model. In addition, it attempts to improve the diagnostic 

accuracy and prognosis of patients with HP. In this regard, the usefulness of two 

proteins (YKL-40 and KL-6) is determined through the analysis of biological samples of 

patients with HP or with other ILDs (e.g., IPF and sarcoidosis) and healthy controls. 

Moreover, two different ways of measuring antigen exposure are proposed: the 

determination of specific IgG antibodies in serum samples, and the monitoring of 

pigeon antigens in environmental samples. In particular, specific IgG of workers with 

high exposure to birds and fungi and also of HP patients are analysed in order to 

identify antigenic proteins with diagnostic value, and a rapid estimation method is 

developed to detect environmental pigeon allergen and avoid HP progression by 

controlling antigen exposure. Regarding the pathophysiology of the disease, this thesis 

contends that in the first stages of BRHP there is a mixed Th1/Th2 immune response 

with increased levels of cDC2, eosinophilic inflammation, and secretion of Th1 and Th2 

cytokines such as TNF-α and IL-13. With progression of BRHP, although there is a Th1 

response with IFN-γ, IL-1β and IL-12 secretion, the levels of cytokines seem to indicate 

a switch towards a mixed Th2/Th17 response with increased levels of IL-5, IL-6 and IL-

23. With regard to the usefulness of YKL-40 and KL-6 in HP diagnosis and prognosis, 

serum levels of both proteins seem to be capable of distinguishing HP patients from 

healthy individuals and from patients with IPF. In addition, KL-6 may also have 

prognostic value because of its negative correlation with TLC and DLCO at 12 months 

of follow-up. The present thesis also identifies Lambda chain and Apolipoprotein A-I as 

candidate proteins in HP diagnosis for distinguishing patients from individuals exposed 

to pigeons. In addition, it demonstrates the existence of a high degree of sensitization 

to avian and fungal antigens in workers with substantial exposure to these antigens. In 

particular, workers involved in nest pruning have higher levels of specific parakeet and 

mucor IgGs and lower DLCO/VA values. Finally, the ICT developed seems to be a 

rapid, simple-to-use assay that is a valid alternative to the ELISA technique for pigeon 

allergen measurement in air samples, although ELISA has a broader range for 

quantifying pigeon antigen (58.4 - 10112.2 ng/ml and 420 - 3360 ng/ml respectively).  

The immunopathological pathways involved in HP after antigen exposure are still 

unknown, although there is some evidence of contributions of both humoral and cellular 

immune responses. Antigen presentation by innate immune cells to B lymphocytes 
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induces the production of Igs (3,82). The decreased levels of B cells observed in our 

murine model in the onset of BRHP support the idea that activated B lymphocytes are 

being differentiated into plasma cells that secrete antibodies against the inhaled 

antigen. In fact, Igs have been reported to be involved in early phases of the disease, 

forming antigen-antibody complexes that can activate the classical pathway of the 

complement and promoting the recruitment of more macrophages and contributing to 

tissue injury (2). Activated lung macrophages secrete IL-1 and TNF but also upregulate 

the expression of adhesion molecules, leading to neutrophil recruitment in the alveolar 

spaces. These granulocytes are also recruited to the site of inflammation by the 

interaction of their receptors with the constant region of Igs (21). Indeed, in our murine 

model both groups, short and long-term exposure to pigeon serum, exhibited increased 

neutrophils counts in BAL samples.  

According to the literature, in HP antigen-presenting cells also interact with T cells, 

leading to the secretion of different cytokines such as IL-12, IFN-γ and TNFα and 

stimulating the polarization of lymphocytes to Th1 cells (83). In fact, we found 

significantly increased levels of these types of cytokines in both groups of the disease 

compared with the control groups, although the secretion of these Th1 cytokines was 

more evident in the first stages of the disease. Regarding IFNγ and TNFα secretion, 

these two cytokines have been reported to induce the accumulation, activation and 

aggregation of macrophages, resulting in granuloma formation (14,15). In fact, in our 

murine model of 3 weeks of exposure, increased levels of TNFα were detected and the 

histopathological analysis also confirmed the presence of giant cells in lung tissue. The 

results of the murine model provided further evidence that pigeon serum exposure 

reduces alveolar macrophages and inflammatory monocytes while increasing resident 

monocytes and interstitial macrophages in the onset and the progression of the 

disease. These findings suggest that alveolar macrophages undergo subsequent 

apoptosis and that inflammatory monocytes are recruited to lung tissue from the 

vasculature to differentiate into interstitial macrophages. Subsequently, interstitial 

macrophages proliferate and migrate into the alveolar space to restore this depleted 

population (84,85). 

At the later stages of HP, a relative switch of Th1 cells to Th2 has been reported to 

promote the maintenance of inflammation, with IL-13 being one of the effector 

cytokines (14,22). In the first stages of the disease our results demonstrated significant 

increases in IL-13 and IL-5, two cytokines involved in eosinophil activation, 

proliferation, and survival (86–88). In fact, the main difference detected between both 
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models of the disease was that eosinophil recruitment was much more evident in the 

onset of HP. The increased eosinophilia in early stages of the disease may be related 

to the short time elapsed (24 h) between the last antigen exposure and the lung sample 

acquisition due to the activation of IL-5-producing CD4+ T cells (89,90). In fact, a 

previous study by our group carried out in patients with HP also demonstrated an 

eosinophilic inflammation pattern in induced sputum samples after SIC to avian 

antigens (91).  

Certain studies have demonstrated the presence in this disease of Treg cells with an 

impaired function, which also play a role in the exaggerated immune response (18,19). 

In our study, the effect of pigeon serum over CD11b-Ly6C- DCs was also evident, with 

reduced levels in both groups of the disease. These type 1 classical DCs induce 

tolerance to inhaled antigens, phagocytize apoptotic epithelial cells and cross-present 

them to CD8+ T cells in the lung-draining bronchial lymph node (92,93). Therefore, our 

findings suggested that pigeon serum induces lung epithelial damage and decreases 

airway tolerance, leading to an exaggerated immune response. Another subset of DCs 

that seemed to play an important role in our murine model were CD11b+Ly6C- DCs. 

These cDC2 are specialized in MHC class II-mediated antigen presentation and have 

previously been reported to have the ability to trigger Th2 cell-mediated immune 

response to inhaled allergens (94). However, cDC2 can also promote Th1 and Th17 

cell responses in specific contexts via the secretion of pro-inflammatory cytokines such 

as IL-12 and IL-23 (95,96). In the present study, an increase in IL-12 was observed in 

both groups of HP while IL-23 levels rose only with HP progression. These results 

supported the hypothesis that with progression of the disease a Th17 immune 

response is activated by CD11b+Ly6C- DCs, while in the onset of HP these cells 

promote a Th1 response with the released cytokines. The secretion of IL-17 by 

lymphocytes, macrophages, and neutrophils has also been reported to induce a Th17 

immune response in HP, intensifying the inflammatory response and contributing to 

chronic inflammation and lung fibrosis (16,17,97). In our study, no significant 

differences were observed in IL-17 levels between the groups. However, with 

progression of the disease we found increased levels of IL-23, which is a critical 

cytokine in the development of chronic inflammation by the activation of IL-17-

producing T cells and neutrophil recruitment (98–100).  

Decreasing apoptosis of lymphocytes in the final stage of the disease has also been 

reported to contribute to T cell persistence, activation, and accumulation in lung tissue 

(24). In this context, the lymphocyte count observed in the murine model was higher in 
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BAL of long-term exposed mice, and increased numbers of lymphocytes have already 

been reported to be a typical finding in BAL samples of patients with HP, especially in 

the chronic form (40,49,101).  

Despite the evidence of the involvement of different immune cells in the development 

and progression of HP, the current knowledge is insufficient to apply these new insights 

in the diagnostic procedure. Data from European countries indicate that HP represents 

4-15% of all interstitial diseases (102) with an incidence rate of 0.9 cases per 100,000 

persons/year (29). However, recent studies suggest that HP cases may be 

underdiagnosed and may represent up to 43% of ILDs classified as IPF. These 

diagnostic errors occur because HP and IPF present similar clinical, radiological and 

pathological features (33). Indeed, the absence of a gold standard technique means 

that the diagnosis of HP remains challenging. The assessment of biomarkers in the 

diagnosis and prognosis of HP could be particularly useful in routine clinical practice 

given the difficulty of establishing a well-defined HP diagnosis in early stages of the 

disease and of differentiating this condition from other types of ILDs. In this connection, 

YKL-40 and KL-6 are two promising biomarkers that may have an important role in the 

management of HP diagnosis and progression.  

KL-6 is a human mucin, primarily expressed in regenerating type II pneumocytes and 

the bronchiolar epithelium, with chemotactic and anti-apoptotic effects on fibroblasts. 

Therefore, KL-6 is a glycoprotein involved in fibroblast proliferation and pulmonary 

fibrosis progression (54,55). For its part, YKL-40 is a human chitinase-like protein 

mainly secreted by macrophages, neutrophils and epithelial cells but also by fibroblasts 

and other cells (59,60). This chitinase-like protein is involved in various biological 

functions, including the regulation of cell proliferation, adhesion, migration and 

activation, but there is also evidence of its involvement in allergen sensitization, IgE 

induction, Th2 cytokine production, DC and macrophage activation, inhibition of 

apoptosis in inflammatory cells and ECM modulation during fibrogenesis (59,60). 

Previous reports have shown that KL-6 is able to discriminate between different ILDs. 

In this regard, Bergantini et al (103) demonstrated that patients with sarcoidosis, IPF 

and HP present significant differences in serum KL-6 levels, with the highest levels 

being observed in patients with IPF and the lowest in those with sarcoidosis. By 

contrast, in a retrospective study of 92 patients with HP, Okamoto et al (56) found 

serum KL-6 levels to be higher in chronic HP than in IPF. Our findings highlighted that 

a level of KL-6 > 346 U/ml can discriminate between HP patients and healthy controls, 

while levels > 1441 U/ml can differentiate HP from IPF. In addition, our results 
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demonstrated that serum KL-6 levels are higher in patients with HP who present a 

fibrotic pattern. In fact, KL-6 has already been proposed as a potential biomarker of 

fibrotic lung involvement (104) and high serum levels of KL-6 are indicative of lung 

remodeling and active disease (105). In this regard, Ji et al (106) demonstrated that 

KL-6 is associated with acute symptoms of early-stage HP in pigeon fanciers.  

Nevertheless, in the literature, KL-6 has been more frequently associated with the 

evolution and prognosis of fibrotic lung disease than with diagnosis (107–109). 

Hanzawa et al (109) demonstrated that changes in serum KL-6 level during short-term 

strict antigen avoidance could predict prognosis in patients with fibrotic BRHP. In 

another study, Satoh et al (107) reported that disease progression was significantly 

faster in patients with ILDs whose KL-6 levels were 1,000 U/ml or above at the initial 

measurement. Moreover, in that study HP patients with clinical improvement exhibited 

reduced KL-6 levels during follow-up compared with baseline values. Our results 

highlighted that KL-6 levels in HP patients correlated negatively with TLC and DLCO 

values after 12 months of follow-up. Early identification of patients at high risk of 

suffering a deterioration in lung function or of developing pulmonary fibrosis could allow 

clinicians to consider additional pharmacological therapies.  

Regarding YKL-40, only one previous study has described YKL-40 levels in serum and 

BAL samples of patients with HP (62), and our study is the first to analyse this 

biomarker in sputum samples. In the study just mentioned, Long et al (62) assessed 72 

patients with HP, reporting similar results to ours regarding the sensitivity and 

specificity of YKL-40 for the diagnosis of the disease. However, they observed that HP 

patients with disease progression or who died presented higher baseline YKL-40 levels 

than those who remained stable and survived. In our study, no relationship was found 

between this biomarker and disease progression; however, significant differences were 

observed in serum YKL-40 levels between patients with a fibrotic pattern who were 

exposed to birds and healthy controls. Although we did not have a healthy control 

group for comparison of the results obtained in sputum, we observed that patients with 

HP exposed to fungi presented lower levels of YKL-40 than those that did not have a 

fibrotic pattern. In this regard, a previous study by our group prompted the hypothesis 

that different antigens may cause the development of HP via different 

pathophysiological mechanisms, after analysing the cellular inflammation in induced 

sputum of patients with HP (91).  

In patients with HP disease the most frequent finding in lung function tests is a 

restrictive ventilatory pattern or an alteration in gas exchange, consisting of a decrease 
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in DLCO values (6). We found that DLCO/VA values may also play a role as a 

biomarker in the progression of HP disease. In particular, workers involved in nest 

pruning had low DLCO/VA values; several studies have highlighted that a reduction in 

this lung parameter may reflect qualitative impairment of the alveolar-capillary 

membrane and may be associated with different abnormal conditions, diffuse alveolar-

capillary disease, reduced alveolar surface or capillary density or diminished 

hemoglobin levels (118,119). In addition, low levels of DLCO/VA values may predict 

DLCO reduction over time and also disease progression (118). Although no cases of 

HP were diagnosed in the individuals in the nest pruning group, these lowered levels of 

DLCO/VA may indicate a greater predisposition to the development of HP disease. 

Although biomarker determination in biological samples could be of interest for HP 

management, the essential step in establishing a correct HP diagnosis is to prove an 

existing exposure but also to identify a causative antigen. This allows complete 

avoidance of the inciting antigen in order to improve respiratory symptoms and to 

prevent HP progression. In this context, specific IgG antibody determinations and 

environmental antigen monitoring are useful techniques. 

Epidemiological studies have already documented a relationship between exposure to 

organic antigens and the level of serum-specific IgG antibodies against these antigens 

(110) and/or the prevalence of HP (111–113). In fact, increased serum levels of 

specific IgG antibodies confirm the existence of sensitization to a specific antigen after 

a previous exposure. In our study, workers engaged in nest pruning exhibited high 

levels of specific IgG to avian and fungal antigens and, given their job description, 

probably had the highest exposure to these antigens. In this connectoin, in a study 

carried out in 41 patients suffering from HP, Miyagawa et al (114) concluded that sera 

from all patients had high titers of antibodies against a specific fungus. Rodrigo et al 

(63) also demonstrated that patients who developed pigeon breeder’s disease 

synthesized high levels of IgG antibodies against pigeon proteins. However, IgG 

determination merely provides evidence of antigenic sensitization; exposed but 

asymptomatic individuals may also present high IgG levels against a specific antigen 

without having the disease (40,115,116). In fact, there are studies demonstrating that 

up to 50% of healthy individuals exposed to birds may be sensitized to avian antigens 

(63). In this regard, Erkinjuntti-Pekkanen et al (64) concluded that not only farmer’s 

lung patients but also between 30-60% of control farmers developed specific antibodies 

against different microbes tested. In fact, individuals in our study with a work activity 
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other than nest pruning also exhibited increased levels of specific IgGs against birds 

and fungi.  

The specific proteins that cause HP pathology are still unknown and could be of 

diagnostic value for discriminating between exposed but asymptomatic individuals and 

patients suffering from the disease. In fact, the main limitation of specific IgG 

measurements is the unavailability of validated antigen preparations for most agents 

causing HP. Recently, several groups have described antigenic substances that are 

found in bloom, serum, droppings and/or intestinal mucin of various birds that might be 

used as diagnostic markers of disease (70,71,117). For instance, Shirai et al (117) 

found that patients with BRHP presented high serum IgG antibodies against a protein 

contained in pigeon serum, IGLL-1, compared to control subjects. Rouzet et al (72) 

also identified IGLL-1 as a biomarker of disease and also ProE in pigeon bloom and 

droppings when comparing sera from patients with bird fancier’s lung, asymptomatic 

exposed controls, and healthy volunteers. Our study also identified Ig Lambda chain 

and Apolipoprotein A-I as candidate proteins for distinguishing HP patients from 

workers exposed to pigeons. 

Decreasing titers of specific IgG antibodies correlate with less exposure to a specific 

antigen, and complete avoidance of the causative antigen is crucial to prevent disease 

progression and improve respiratory symptoms in patients with HP. Tsutsui et al (78) 

reported that the concentration of avian antigen present in household dust correlated 

with the prognosis of chronic BRHP. Indeed, CR HP has been assumed to progress as 

a result of persistent exposure to very small amounts of antigen. In this context, avian 

antigens have been reported to persist in patients’ houses six months after removal of 

all birds (40,77). Therefore, environmental measurements of the causative antigen may 

have an important role in controlling cessation of exposure after diagnosis and during 

antigen avoidance.  

In the literature, several studies have described the quantification of avian antigens in 

air or house dust samples using a sandwich ELISA technique with antibodies against 

pigeon dropping extract (78,120). Our results demonstrated that the polyclonal 

antibodies used in the ELISA developed were able to detect serum antigenic proteins 

also abundant in droppings and blooms (72). In this regard, Rouzet et al (72) found 

proteins with a MW range between 20 and 200 kD in bird dropping extracts, IGLL-1 

and ProE being the antigenic proteins with most clinical interest as biomarkers for 

BRHP diagnosis. In an immunoblot analysis of sera from patients with BRHP, Shirai et 

al (117) identified multiple immunoreactive bands in pigeon serum at various MWs, 
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especially IGLL-1, similar to those obtained in the present study. Our findings also 

highlighted slight cross-reactivity between pigeon serum and sera of small parrot, 

parakeet and parrot, probably because they have common serum proteins. Another 

possible reason was suggested by Rouzet et al (121) in a study designed to determine 

the specificity of immunogenic proteins in droppings of three bird species. Specifically, 

those authors observed cross-reactions to avian antigens from the three species of 

bird, although no proteins were found that were common to all extracts. 

The sandwich ELISA developed had a high sensitivity and specificity and demonstrated 

its value for measuring pigeon antigens, even at relatively low concentrations, from 6.7 

to 27,500 ng of protein/ml. However, it is a time-consuming technique that requires 

skilled personnel and expensive laboratory equipment. Therefore, cost-efficient, less 

labor-intensive technological procedures that can be performed by non-specialist 

laboratory staff are needed in order to monitor pigeon antigen levels. Previous studies 

have proposed ICT as a valid alternative to ELISA, as it can provide fast qualitative or 

even semi-quantitative results within minutes with very good analytical sensitivity. 

Furthermore, the characteristics of their design and construction make these tests 

especially suitable for field testing and for use by non-laboratory-skilled personnel 

(122,123). Therefore, rapid immunoassays for the monitoring of pigeon antigens in air 

would be highly beneficial tools for reducing exposure in HP patients.  

The ICT developed was able to detect a range of concentrations from 420 to 3360 

ng/ml of pigeon proteins, and the visual interpretation of the test lines showed high 

levels of sensitivity and specificity, comparable to those recorded with other rapid 

assays measuring other aeroallergens (123–126). Unexpectedly, in the visual analysis 

of our test results, the independent observers detected pigeon antigen concentrations 

below the theoretical LOD determined for the assay. In this context, Tsay et al (123) 

graded the line intensity of some samples analysed as medium or high, even though 

the allergen levels analysed by the ELISA were below the theoretical LOD of the rapid 

assay. Similarly, in the studies of Bogdanovic et al (124) and Álvarez-Simon et al (125), 

some samples with allergen levels below the sensitivity of the rapid test were classified 

as positive.  

The main advantages of ICT are the fact that it can be performed in non-laboratory 

environments and also the speed of the analysis. In fact, for industrial hygiene 

monitoring it may constitute a real advantage because some of the sampling 

procedures widely used in occupational hygiene take only a short time (e.g., surface 

wipe sampling, dust sampling or bulk sampling). Certain studies have assessed the 
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environmental measurement of avian antigen in dust (77,84,120,127). For instance, 

Craig et al. (77) reported that avian antigens could be detected in dust samples for 

prolonged periods of time after bird removal and environmental clean-up, and Curtis et 

al. (127) found pigeon antigen in dust and air samples from a pigeon-infected school.
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CONCLUSIONS 

The main conclusions obtained are: 

- In the first stages of BRHP there is a mixed Th1/Th2 immune response 

characterized by eosinophilic infiltration, Th2-related DC recruitment, and a 

Th1/Th2 cytokine pattern. 

- With progression of the disease, although there is a Th1 response, the levels of 

cytokines seem to indicate a switch towards a mixed Th2/Th17 response with a 

notable recruitment of lymphocytes, macrophages and Th2-related DCs and the 

release of Th2 and Th17 cytokines. 

- YKL-40 and KL-6 seem to discriminate between HP patients, healthy individuals 

and IPF patients with adequate sensitivity and specificity, thus confirming their 

potential role as biomarkers and their usefulness for improving diagnostic 

accuracy. 

- Individuals exposed to birds and fungi exhibit a high degree of sensitization to 

these antigens; higher exposure is associated with higher levels of specific 

IgGs. 

- Two pigeon proteins (Ig Lambda chain and Apolipoprotein A-I) may play a role 

in the development of pathological differences between HP patients and 

exposed individuals, and DLCO/VA values may have a predictive role in HP 

progression. 

- The strip assay developed is rapid, simple to use, sensitive, highly consistent 

with the validated ELISA, and does not require expensive equipment or specific 

skills to monitor pigeon aeroallergens.  
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FUTURE LINES OF RESEARCH 

The studies that comprise this doctoral thesis highlight the complexity of the 

immunopathological mechanisms involved in both forms of HP disease. Even so, 

several candidate biomarkers and methods have been identified for improving 

diagnostic and/or prognostic accuracy. 

In the first study a switch towards a mixed Th2/Th17 response was detected with 

progression of BRHP, with a notable recruitment of lymphocytes, macrophages and 

cDC2 and the release of Th2 and Th17 cytokines. However, further studies are 

necessary in animal models to broaden our knowledge of the immune pathways 

involved in lung fibrosis, and thus to promote the design of pharmacological products 

and possible treatments for HP disease. 

With regard to the first article, YKL-40 and KL-6 seem to have the potential to improve 

diagnostic and/or prognostic accuracy in HP disease. Nevertheless, further studies with 

external cohorts and larger samples are needed in order to validate the reliability and 

clinical utility of these biomarkers in the disease severity assessment and prognosis in 

HP.  

In the third study, Ig Lambda chain and Apolipoprotein A-I were identified as candidate 

proteins to distinguish HP patients from workers exposed to pigeons. In future studies 

these two proteins should be synthesized as recombinant antigens in vitro and 

assessed in an ELISA with serum of exposed individuals and patients with HP due to 

pigeon. In this way, the involvement of these two proteins in HP pathology and their 

diagnostic value could be confirmed. In this same chapter, DLCO/VA values were 

identified as candidate biomarkers for predicting HP progression. Further studies are 

necessary in order to confirm the predictive value of DLCO/VA as a biomarker in the 

progression and development of HP disease.   

The second article describes the development of a rapid, simple-to-use and sensitive 

test for the detection of pigeon aeroallergen levels that does not require expensive 

equipment or specific skills. For these reasons, this technique has a significant 

potential for the direct monitoring of pigeon antigens in different environments (home, 

workplace or other frequented places) of patients with a suggestive anamnesis. 

Therefore, the commercialization of this type of test in the future should help clinicians 

to identify the causative antigen and establish a correct HP diagnosis. 
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Taken together, all these proposals should help to provide insights into the 

immunological mechanisms involved in the development of fibrotic HP and into 

possible treatments. They are also likely to improve diagnosis and prognosis, thus 

raising patients’ quality of life and preventing disease progression. 
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