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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 Th1l/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-a and IL-13. With progression of
BRHP, although there is a Thl response with IFN-y, IL-18 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
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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-l 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 inflamacion broncoalveolar generalmente causada por la
inhalacion de proteinas aviares y fungicas. Las vias inmunopatoldgicas implicadas en
el desarrollo de la enfermedad tras la exposicion al antigeno aln se desconocen.
Ademas, el diagnoéstico de NH sigue siendo un desafio debido a la ausencia de un
estandar. De hecho, los pacientes con NH son diagnosticados a partir de una
combinacién de hallazgos clinicos, de imagen y de laboratorio. En esta linea, 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 diagnéstico de
la NH. Asimismo, para establecer un correcto diagnostico de NH, la identificacion del
antigeno es un paso fundamental. La determinacién de anticuerpos IgG especificos es
una técnica muy (til para identificar el antigeno desencadenante. Ademas, la
deteccién ambiental del antigeno causal puede tener un papel importante a la hora de
controlar el cese de la exposicién antigénica, que es crucial para prevenir la progresion
de la enfermedad y mejorar los sintomas respiratorios en pacientes con NH. Sin
embargo, en la practica clinica, no existen métodos disponibles para medir

directamente la exposicion al antigeno en el medio ambiente.

La presente tesis doctoral tiene como objetivo evaluar las vias inmunopatol6gicas que
se activan en la NH, asi como mejorar la precision diagndstica y el prondstico de los
pacientes. El primer estudio se centra en la respuesta inmunitaria celular y el patron 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 dendriticas relacionadas con la
respuesta tipo 2, una inflamacion eosinofilica debido a las células secretoras de IL-5,
niveles reducidos de células B debido a su diferenciacion a células plasmaticas
secretoras de anticuerpos y secrecion de citocinas tipo 1 y tipo 2, como TNF-a e IL-13.
Con la progresion de la enfermedad, aunque hay una respuesta Thl con secrecion de
IFN-y, IL-1B 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 (Articulo 1) tiene como objetivo determinar el papel de KL-6 e YKL-
40 como biomarcadores en el diagnéstico y pronéstico 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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idiopatica (FPI) en un rango de 346-1441 U/ml y 55-121 ng/ml, respectivamente.
Ademas, KL-6 en suero podria ser un predictor de progresion de enfermedad en NH
debido a su correlacion negativa con la capacidad pulmonar total y la capacidad de
difusion de los pulmones para el monoxido de carbono (DLCO) a los 12 meses de

seguimiento.

El objetivo del tercer estudio es evaluar el grado de sensibilizacion a antigenos aviares
y fungicos 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 sensibilizacion a antigenos aviarios y fungicos en la poblacion de
estudio. Concretamente, los trabajadores implicados en la poda de nidos tienen
niveles mas altos de IgG especifica a periquito y mucor y presentan una DLCO/VA
mas baja. Ademas, en este estudio se identifican la cadena Ig Lambda y la
apolipoproteina A-I como proteinas candidatas para diferenciar a pacientes con NH de

trabajadores expuestos a paloma.

El dltimo estudio (Articulo 2) se centra en el desarrollo y validacion de una técnica
sensible de inmunoensayo ligado a enzimas (ELISA) y un test rapido de
inmunocromatografia (ICT) para detectar antigenos de paloma en muestras de aire
ambiental. Este estudio demuestra que existe una buena correlaciébn entre ambos
ensayos, aungue el método ELISA tiene un rango mas amplio de cuantificacion de
antigeno de paloma (58,4 - 10112,2 ng/ml y 420 - 3360 ng/ml respectivamente). Aun
asi, este estudio concluye que el ICT es un test rapido, sencillo y una valida alternativa

que no requiere del uso de equipamiento costoso.

13



1. INTRODUCTION




INTRODUCTION

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-y and TNFa (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 I1)
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-y and TNFa, promoting the polarization of lymphocytes to
Th1l cells. IFNy and TNFa 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 Thl 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).
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Figure 1. Immunopathology in HP. Following inhalation, the antigen is phagocytosed and
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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 Thl 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 IFNy and TNFa by CD4+ and Thl 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 Thl 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 1l cell; E. cell, endothelial cell; M®,

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).

Bacteria
Thermoactinomyces spp.
Pseudomonas spp.

Moldy hay, straw, grain, sugar cane dust, mushrooms
Detergents

Klebsiella spp.
Fungi and yeasts

Aspergillus spp.

Penicillium spp.
Candida spp.
Animal proteins
Feathers

Serum and droppings
Plant proteins
Soy dust

Grain flour
Chemicals
Isocyanates
Acid anhydrides
Metals

Cobalt

Zinc

Humidifiers, compost

Flour, moldy cured meat, compost, hay, grain, cork,
contaminated water reservoirs

Moldy cured meat or cheese, hay, cork
Contaminated fountains, humidifiers

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

Soy foods
Flour dust

Adhesives, paints, varnishes
Spray paints, glues, adhesives, shoes, plastic material

Hard metals, alloys
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 FEV, (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 Il pneumocytes and bronchiolar epithelium. In affected lungs,
expression of this protein is increased due to the regeneration of type Il 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).
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Figure 2. Biomarkers associated with HP. The main effector cells in HP disease are Thl, 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 Thl 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 1gG 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
guantitative 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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1.29SIC

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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Study 1: Mouse model } Pathophysiology of HP

Article 1: Biomarkers (KL-6 and YKL-40)

| Antigen exposure
and avoidance

Diagnosis and/or . D :
prognosis of HP Study 3: IgG and antigenic proteins

Figure 3. Diagram of the studies included in this thesis.
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HYPOTHESIS

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. ldentification 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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OBJECTIVES

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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What iz already known about this fopic ? Hypersensitivity preumaonitis [ HP) cases may be underdiagnosed and may in
fact represent up to 43% of the interstital lung diseases classified as idiopathic pulmonary fibrosis (IPF).

What does this arficle add to our knowledge ? Chitinase 3-like-1 [YKL-40) and Krebs von den Lungen- (KL-G) profeins
seem to be capable of distinguishing patients with HP from healthy individuals and patients with IPF with adequals
sensitivity and specificity: YKL-40 (sensitivity: =74%, specificity: =53%) and KL-6 (sensitivity: =70%, specificity: =52%),
thus confiming their potential role as biomarkers. KLG may be a pradicior of disease progression.

How does this study impact current management guidelines? Measurement of YKL-40 and KL levels in patenls
with HP offers insights inko the pathobiclogy of this disease and has the potential to improve diagnostic accuracy.
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Abbreviations uxed
AUC-Area under the curve
BAL-Brenchoalesiar brvage
DLOC- Dffusing capacity of the ungx for carkon monoxide
FVC-Forced vial capacity
HP-Hypemenaivity pnessmoniily
ML= Ingersafal bng diveas
IPF-Mispathic pulmonary filbross
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NPV-Ne pative prediciive value
FPV-Fogiive predictive value
RO - Receiver operating chamceriric
SIC - Speciiic mhalagon challenge
TLC-Tedad bing capacily
YEL-AQ-Chisinase 3-like-1

BACKGROUND: YEL -4 (chitinase 3-like-1) and Hrebs von
d.ﬂ:l.].lllsﬂ:l'ﬁ (KL~} are 2 F\umﬂl.l:! biomadoers that may harve
an important role in the manage ment Ji.n.'nﬂ:sﬁtlﬂ.h.n.gd.ims
(LI

OBJECTIVE: The aim of this sudy was o mvestigate the valoes
of KL-6 and YHL-40 ax biomarkers in the diagnosis and prog-
AL cfpaﬁ.:.l:l!s with h[pu::n_'n'.thit! P:.nl.mun.'l:i: HP).
METHODS: A cros-sectional study conducted in 49 patients
d.i.ignmd.wiﬂ:l. HP due to £xposure to birds (n = ﬂ}u:ﬁu:gi
{n = 17), 48 patients with other [LDY, and 67 heakhy volunteers.
Patents with HP were divided into fibrote and nonfibrovic,
Serum and sputum YKL-# and KL-6 levels wene determined
using commercal enzymelinked immunosorbent asay kits.
Receiver up:n.ﬁ.n.g chameteristic (ROC) curves were wsed w
determine the sensitviry and !-Pﬂi‘E.t‘.ll,' of both biomarkers for
the diagnosis of HP, Pulmonary funcion tests were pedormed
in patients during :E:]l:lw-up.

RESULTS: KL-6 and YEKL-40 levels were significantdy higher in
serum -ufpa.ﬁmt: with HI' exposed to birds with a fibrotic
partern than in controls (P < 0001 and 0055, respectively).
Serum KL-6 levels were also dgnificntly higher in patients with
fibrodc HI exposed w :E.u:gi compared with the control group
(P = 0001} In patients with HP exposed o fungi, sputum KL-
6 and YKL-#) levels were higher in those with a fibrodc patern
(P = 0289 and 016, respectively). ROC analysds showed that
the range between 55-121 .u.g.l'm'l_ for serum YHL-40 kevels and
Fi6-1441 UlmL for serum KL-6 levels had the best sensitivity
and spechdty for discriminating between patients with HP,
]:.ulﬂ:l.,' controk, and Pl.ﬁ.u:l.'b: with .i.d.inp\.l:hi.l. P.llmnm.r,
fibmosds (IPF) In patents with HP, srum KL lewk comehied
negatvely with twotal hog cpadey (r = =0485% P = 0103)

“Pulmonclagy Senvice, Depastmen i of Madicine, Val| d'Hebron Univemsity Hospita L,
Amsonomoss Univemity of Barcelona, Barcelora, Spain

“CIRER of Respirasory Diissases {CTRERES ), Madrid, Spain

“Diepamment of Cell Biokgy, Phyvsialogy and Immeno logy, Asonomoes Lniversiny
of Bawelona, Barcelona, Spain

5. Sdnchez-Dder & sepposied by CTEER, Span, and M-L Cnaz is sepposied by the
Mipes Serve Progmumme from the Instiess de Sabed Caddes T {MSTN1TAOMIRS
This projec was seppomed by e Fendaod Catalma de Poesmologia (FUCAR)
Sociedad Expatoly de Pasologia Respiratona SEPAR), Eaoiio de Saled Corks
M (PIIAO0 RS, and Fondo Feropes de Desamallo Regional (FEDER). The
fendes had oo role i sedy design, data collction and aalyss, deciion @
pablish, or praparation of e maneserip

COMPENDIUM OF PUBLICATIONS

JALLERGEY CLN IMMUSNOL PRACT
SEONTH 2022

a.nd.d.iﬂ;.ls'n.s cpacity Jth.!l‘l.l.l:v for carbon monoxde

[r= =053 "= 002 a 12 months

CONCLUSIONS: Both K1L-6 and YKL-4#) proteins seem to be
capable ufd.isﬁ.n.g.l.is]:l'.u.g patents wich HI from healthy in-
dividuals and from patients with IPF, Their snsitivite and
:-'Pﬂiﬁdtr confirm their potental mk as biomarkers KL-6 may
alas heaprd.imrtfdim progression. 0 2022 Amedcan
ﬁtﬂmrfﬁﬂﬂw,ﬁ:ﬂlﬂli &Tmm'u.l:l.ultw’ Uﬂcw Clin
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Key words: Hypersensithity prewmonitis; Biomarkers; Serum;
Spaariem

Hypersensitivity pnewnonits (HF) is a type of incerstirial
lung disease (LN thar occurs in genetically predisposed in-
dividuals afier the pcumrent inhalation of cemain environmenial
antigens, A wide variery of casarive antigens have been assodi-
ated with HP, induding avian prowins, fung, baceda, and
chemical compounds.’ This disease is characrerbed by inflam-
mation of the bronchioles, alveoli, and hung inerstiium,” and
there are 2 different caregories: acure/inflammarory and chronic!
fibraric. The acute form appeas with nemminent bur high-level
antigen exposure, is often reversible with andgen avoidance, and
is relared o cellubar inflammation. The chonic vpe appeas with
continuous but bow-dose ancigen exposure, is reversible only in
some cases, and is characreribed by Abrotic areas inside the
lungs.”

Epidemiological smudies estimare thar the prevalence of HF in
exposed subjecs ranges beween 0.5% and 7.5%.° However,
recent studies suggest thar HF cases may be underdiagnosed and
may in facr represent up o 43% of the [LDs dussified w idio-
pathic pulmonary fibrosis (IPE).5 These diagnostic emors ooour
hecauwse HP and IPF may present similar clinical, radiological,
and parhological feamres.” Indeed, the absence ofa gold smndard
technique means thar the diagnosis of HF mermains challenging;
in clinical practice, HP is diagnosed on the basis of a combina-
tion of dinical, imaging, and labomory ﬁnd.ingt'*' " The specific
inhakiion challenge (SIC) & one of the most useful wols in the
diagnosis of HF and in the identificaion of the causadve
amigen, =7

Given the difficulty of establishing a well-defined HP diag-
nosis in the early stages of the disese and of diferenciadng this
condition from other vpes of ILDs, the asessment of bio-
markers in the diagnosis and prognosis of HP could be pamic-
ubidy wseful YEL-40, ako known s chitnase 3-ike-1, and
Korehs von den Lungen-6 (KL-0) are 2 promising biomadees tha
may play an impomane role in the diagnosis and prognosis of

patients with HF.
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[ Fabents wiih suspeded HP redemred for SIC from Jamndary 2008 o Decembser 2007 [n=175) ]

l
| HP jn=105)

Excluded (n=58)
Causal anigen diflerent than
avian or lungi (rE13)
Without sputum sample (n=43)

—

g

l

Difterent than HIP (n=70)
IPF (=14
Sarcodoss (n=29)
Othar {n=22)
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l

[ Bird a5 causal anbigen (n=32) ]
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FIGURE 1. Flow chart of patient enroliment. H° Hypersensithity pneunson itis; 1PF, idiopathic pulmo nary fibrosis; SIC, specfic inhalation

chell enge.

YEL-0 & a human chitinaselike protein mainly secrered by
macrophages, neurophils, and epithelial celk bur also by fibro-
bhists and other cell [].fpﬁ."""s' YEL-40 is imvalved in various
biological funaions, induding the regulaion of cell proliferarion,
adhesion, migradon, and acivation. There is evidence of its
involvement in allergen sensitkzadon, IgE inducdon, Th2 oo
kine production, dendritic and macrophage activation, inflam-
matory  cell  apoprosis  inhibiton, and  eoracellubr  marric
maodulation during fbrogenesis, '™ It seers thar semum YELA40
levels are lower in HP than in other ILDs, and thar there s a
negative  correladon  with  pulmomry  funcion  (#DLCO,
diffusing capacity of the lungs for carbon monogide, and %FVC,
forced vial capacity). In addidon, serum levels of this chitinase
are higher in padens with HF with disease progresion than in
these who rermain stable.)”18

Kl-6is 2 huran mudn pimarly expressed in regencraring
type I preumocyres and bronchiolar epithelivm. This gheo-
protein has chemometic and andapoprotic effecrs on fibmblass,
pmnm:m% fibroblast proliferadon and pulmonary Abrosis pro-
gn:ssi.on.' 2 There & evidence of higher serum EL-6 levels in
patents with HP than in patdens with IPF and sarcoidosis !
Maoreover, patients with HPF with clinical improvement present
reduced BL-6 levels, bur this biomarker remains significantly
higher during active disesse =

The identification and quantficaion of bionadeers may be
useful rools for smblishing a correce HF diagnosis and for
predicting disese progresion. In this regard, the aim of this
study was vo investigate the porental value of K1-6 and YEL-
40 as biomadkers in the diagnosis and prognosis of padents
with HP.

MATERIALS AND METHODS
Study population

We _Purﬁ:lrn'lﬂl 2 ermas-sectional study with Fu]]i:rw-up in real life
including all patents older than 18 years with suspected HP who
were relerred to our center [Hi:q:lil:] Universtar Vall dHebmon,
Barcelona, Spain) for SIC from Jamary 2008 to December 2017,
Fuaar all P.Itiunl:. datz Fom the cinical h.im:ury and _FlJ'l}"ﬂliJJ Exari-
natin were analyeed. Reuls from additional et were abo el
wted:  specific seum  IgG  antibedy  determinations,  chest
radiograph, chest compured tomography, and pulmonary function
tﬂl:ing [q:!in:lmeh‘}'. static ]l.l.ng vohimes, and crdbon monodde
diffusing capacity). The definitive dizgnosis of HF was established by
1 pulmonologists with extensive experience in iffuse TLI.

The diagnosis was made acconding to the cntena proposed 1:r_5r
Schuyler et al® when at esst 4 major amd I minor critena wens
present ard if other conditons with similar cha recteristics wene muled
out, The mqu:lri:ribﬂ'i:wﬂr\e SV P consistent with HP, evidence
of approprizte antigen exposure in medical hisory andlor detection
1:F:_pm:ﬂicprm:ipitin: N %Enam ml.l'q:lrhn:lnd'lu:]m:]z.r]:vzg\e [BAL),
h-'r.l].ing: comistent with HF on chest plin fil s or chest computed
tomography, hmphocrtosis in BAL (when PerFq:lrmed_:l, histokgical
d'l.lngu oomsstent with HP, and/or Fm:it'n'e BIC. The SIC was
considered positive acconding to the cntena previously it hlished 1:r_5r
the gn:up.“ The miner criteria were bilateral basa] crackles, decrease
in DLCO, andior artenal h}']:un:tnﬁ. at least alter exer e,

Only patients with HP due to avian or Fll.l'.!ﬁl.l EXpOsUre 3 2 final
dizgosis, Talisisd 2 md sputum smples at baseline, and with 2 years of
clinical EJ]]q:rw-uF snce the Amt spirometry were conside red foor the
:h.ul}" [Flgl.ul.' 13, In the :tud}' Ft:lpl.llll:il:ln. a fbpotie pattern was
defined = upper amd  middle lobe fbmsi or a J'u:lneyu:lmh
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TABLE I. Demographic and lung function charsctenstics of the subjects included in the study

Chamotaristio HP |n = 43| IPF (n = 19) Lamoidosis (n = >0| Contrals jn = &7
Socidemigraphic and chimcal data
Age {y), median {range) G607 (3281) a5 (d642) 4+ (278 {31-65)
Sex {male), n (%) 21 §43F 16 {84y 14 {48)* 30 {457
Smaokmng kaliy n (%)
Sronrker 5 {10 04 14 0 iy
Formier amaker 19 {39y O {477 11 38" 0 fiy—=
MNonsmoker 25 {51y 10 {535 17 {5 &7 {100y
Survival, n (%) 37 (7e+ 6 (437 21 &7 {100y
Pulmonary lunction lesd
Bamlme
FWC (% predicted ), median (IQR) £ (25r a1+ 18 (300 NA
TLE (%% predicied), median (10R) 829 a3 (2 41 {3 M A
CHLC0) (% prexdicied ), median {ICHR) 5 {25) a5 gyt 66 (237 HA
Exposurne data
Avian antigsns, n (%) 32 (a5 B {43 g3y NA
Fungal sntigens, n (%) 17 {35) T30 11 {3%) MA
Meither avian nor fungsl antigens, n (%) 0§ 420 431 MA
Radinlogical pafiem
Fibsutic, n (%) 34 (par 19 {1t 7 (e NA
Maoalibrotic, n (%) 15 {31+ 0 ot 22 (M MA

Cemain variables have: mis sing valees in some growps: HP @ in senvdval, 21 in basehine TLC, and 2 in basehine DLOOY; TPF{S i senvival and 9 in basetine TLC); saxoddosis i
in garvival, 14 in basaline TLC, and 2 in basshine DLCO) Suasaially significan difemnces (P < 05} baween the gromps are indicated with diffeent symbols &= ™ ¥y

DECO, Daffesing capaciy of the longs for carbon monemide; FVC, fored vial capacmy; HP, hypesercnivity prasmonits; [PF, idicpafiic palmonary fibmesis; NA, oot

applicable; TLC, stal leng copaciy.

diclogical pattem and wwal intemtrial prenmonia or aiway-
centered Abmsi in the histological pattem.

Patients who were refermed for SIC but wer dizgresed with [PF
or samoidosts were inchded 2 controls. Dizgnosis of mrooidosis was
verbed by transbronchial andlor sumgcal lung biopsy in all patients
included in the md}'.j Hezlthy wolunteers were included 2 2
secord oontml group and were matched for age range and gndﬁr.
had never been dizgrosed with respiratory disesses, and were non-
smaokers. The smples of thes bealthy woluntees were obtained
from the Vall d'Hebron Biobank (oollection number C0005458),
and enly semam samples were saikble for this popualation,

The :I.'L'u]}' was Zpp e |:l}’ the Ll ethics oommi thee [Hmpit.l]
Wall dHebmn Ethks Commitee appn:r\'.i] PRUAC)HL 9 2005), and
all subjects signed informed coment before participation,

Sample collection and sputum examination
Blosind weas extrmacted in all :u]:ljﬂ:l:. and after bhood ﬂxnh‘il‘ﬁgjﬂnn

(3000 rjpm du.ri.ng I minwtes), senim =.m_|'.|]a were obtaimed and
stored at —B0FC until amalysis.

Sputum induction was pcﬂ"q:-rmtd in the HP group H:ﬂmvi.ng
Prerichini et al's previow ll.hi'.l'ipl‘Jli:-n.-.ﬁ Brirﬂy. an semaol of bry-
pertonic mline generated by an OMRON ultmsonic nebulizer
(Perdwidos Famacfutoss 5A, Bamelona, Sp.i.in:l was  inhaled
through 2 mouthpiece with 2 nese cip in plee at ineresing con-
centrations of 3%, 4%, and 5% for 7 minwoes per cancentrat on.
Spul'u.m I.I.mpjﬂ wene pm-i:mu] within 2 hours, & desenbed |:l_1_."
Preriching et 2.

YKL-40 and KL-6 analysis
YEL-40 kevels were measured in serum and spuim smplesby an
YEL-40 emeyme immuncasay kit (Quidel, San Diego, Calify in

acconlance with the manufctumer’s imtmcton, = pmiq:-u:l}r
deseribed

KL levels were messured in seram and sputum samples by a
KL-& enzyme immu.num.i}'k.it [Sekisn Medieal Cao, Tnk}'u:-. j.l:p.l.n:l.
Fi pmil:-u:lydmﬂm]; and in accontance with the manufactrer's
i1 e tasns,

Follow-up study

The patients were seen 2 part of the wsual clinical practice.
Infommation on death during H:Jlmv-up was obtzined from the
clinical reconds. Patients still alive were contacted by telephone and
were offerd the possibiliny of m-evaluation, These who agread
underwent 2 complete pulmaonany funetion study inehading fesreed
:pimmt‘t_r}r. satic J’.!IJJ.ITHJHI.I’}" volumes, and DLOO 1 and 2 years
after the bt visit,

Statistical analysis

The normal distdbution of the dora was evaluared with the
Shapire-Wilk test. Qualitative vanables are expresed o absolute
numbers amd their corrsponding percentages. For quantitative
varables, nonparametric da are shown x medians and mnges or
inttn.;l.u.rh'k e, wheress pzn.m-rt.ris.' data are u:prmﬂd Fa
means and sandand devistions, Comparisons between the groups
were pcﬂ"q:-rmud u:ing the II test for at%'-l:-rial vanables (or the
Fisher exact test when one of the upﬂ.‘tﬂi effects was ks than 5)
and the Smdent's ¢ test or Mann-Whitmey test foor continuouw
vanables, as apprp nate. Mul i]'.!k i:q:-mp.l.rimn: between the Froups
were perﬁ:-rmcd using |-way anmalysis of varance (with the Bon-
fermonl comection) or the Knskal-Wallis test (with Dunn's
oomection ). Muolohariate rqgrtssil:-n misdels wene ptrﬁ:-rmtd i
asess the sweciation between serum or sputum biomarker levels
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FIGURE 2 [A] Serum and (C) sputum levels of (B] YEL-40 and (D] KL-6 in the study population. The Kruskal-Wallis test (with Dunn's
commection) was used to determine the stetistical significance between the groups. HP Hypersensitivity preumaonitis: 0PF, idiop athic
pulmonary fibross: K-8, Kiebs von den Lungen-6; YKL-40, chitinase 3-like-1.

and the other covariates (group, age, sex, smoking habit, survival,
and ndil:-h:giu] pattern). Caormelations between vanables wem
alulived with the Peamon cormlation coefhicent (0 or the
Spearman oormrelation coethcient (r). Receier operating charac-
tenstie (RO curves were wed 1o dete mmine the :.uti:-l"l"pq:-i.nls aof
YEL-40 and KL-6 in serum ampls o dagnestic markes to
discriminate patients with HP from healthy contmok or patients
with IPF. HP dizgnesis was used as the gold standard foor the BOC
curves. Analves were conducted wsing GrphPad Posm 6 fusr
Windows (verston 6.0 1; f'ﬂlphpﬂ Softweare Ine, San Di@:-. Calify
and IBM SP55 Smtistics (version 26; [BM Corporation, Armonk,
WYY, Differences with a Pvalue of <05 (2talled) were consdered

o be signi ficant.

RESULTS
Characteristics of the study population

Demographic and dinical characreristics of the subjects
induded in the study are shown in Table I The participants
comprised 49 patdents with HF, 48 padens with other [ILD (19
IPF and 29 srcoidosis), and 67 healthy voluneers (healthy
contok). Ther wa a significant difference berween the median
age of patients in the HF and srcoidosis groups (median [range])
(HF: 60 [32-81] vears; sacoidosis 44 [29-76] years; P = 0094)
and berween patients with HF and IPF (65 [46-82] yeas; P =
1210 Significant differences were abo observed in the median
age berween patients with IPF and sarcoidosis (F = .0004), OF
the 49 parients with HP, 37 remained alive ar the end of the
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TABLE ll. Association betwesn serum bbiomar ker levels and type of ILD according to multivaniate regression analyss
Soarum YKL-40 lovels (ngéml | Sorum KL-6 bvols [Uiml |

Covarintes B ooaffiokent a5 % Ci B oooffickent a5% Ci

{Inesrcep ) 118095 —42 9H) 329170 955,945 —3id,147 221486
Sex —35062 -71,1%7 1062 — T899 —316.948 161,150
Smaoking habal —%/19 — 3,127 97 8% —274 592 —§75,129 335746
Survival —61981 —128.11dp 4144 —37.9491 —di] 648 85666
Radiclogical pattem 117379 55323 179,526 686,533 R8RS 1,085, 580
HFP —32722 —41,79%0 26,340 423,630 43837 H03423
IFF —4i,145 —129.312 49021 534,592 —dd 6hY 1113,573
Sareaddhas 100k 136 47,160 153,108 2,665 —M519 615948

L Confidence intrval; HP, hyparsen sitivity poesm onstis; FPF, adiopadhic pelmonary fibesis; K-8, Krebs von den Lengen-; FEL-40, dhitinase i<l

study, 8 died because of respirarory ilnes after & years (mean) of
the diagnosis, and 4 were lost to follow-up, The IPF group had
the lowest survival e ar 43%, compared with 82% in parents
with HF (= .0127). Birds were the causative antigen in 65% of
the cases with HP, and fungi in the remaining 35%. Chest
imaging and'or hisrology chasified 69% of patients with HF as
fibrotic. Among patdens with HF with a fbrotic panem, 24 were
exposed to avian antigens and 10 to fungi

Levels of YKL-40 and KL-6 in serum and induced
sputum

Serum YEL-40 and BL-6 levels were significancly higher
in patients with HP than in healthy conembs (HP YEL-S4D: 65
[19-297] ng/mL; healthy conrmk YKL-40: 52 [25-186] ng/ml;
P = 00d6) (HP BL-6: 814 [178-6962] UimL; healthy conrrols:
270 [103-476) Wml; P <= 0001) (Figure 2, A and 8. Signif-
icant differences were also observed for borh biomarke s in serum
samples when dividing patients with HF according ro a fbrotic
partern and birds 25 a cusdve antigen (Abrotic HP with avian
exposure YEL-40: 66 [22-204] ng/ml; healthy oonrmls Y EL-40:
52 [25-186) ngimL; P = 0055) HP KL-6: 873 [178-6962] L/
mL; healthy conmrols: 270 [103-<476] U¥ml; £ < 0001). Serum
FLA levels were also significantly higher in patients with Gbrotic
HF exposed w fungi (fbrode HP with fungal exposue KL
1042 [270-3298] Uiml; heabhy comeols: 270 [103-476) LY
ml; # = .0001) (Figure 2, A and K.

Maoreover, there wer significant differences in serwm YRL-0
and KL levels berween the healthy controls and patients wich
IFF (IFF YEL-40: 131 [40-281] ng/mL; healthy controls YKL-
40: 52 [25-180) ng/ml; P < 0001) (IFF KL+ 1106 [290-
4194) UWiml: healthy conaols: 270 [103-<476] Ulml; P <
0001} (Figure 2, A and &), in serum YEL-40 berween patents
with HF and [FF (HPF YKL-40: 65 [19-297] ng/mL; IPF YKL-
40: 131 [40-281) ng/ml; P = .0042) (Figure 2, A), and in
serum KL+ in IPF and sarcoidesis groups (IPF BL-6: 1106
[290-4194] Uml; sarcoidosiss 290 [112-3539] Uiml; P =
0175) (Figure 2, 8§,

A negative asodation was observed berween serum YEL-40
levels and patiens with HP or IFF when adjusting for the
different covariares, wheress the assodarion was positive for pa-
tients with sarooidosis. In regard vo serum EL-6 leveks, a posidve
association was ohserved in all groups (Table 1),

Among patienes with HP wirth fungi as 2 cusrive anigen,
spumm YEL-40 and E1L-6 levels were significantly higher in the
ones with a lung fbrotde pamem (Abrotic HE YEL-40: 1133
[61.55-238] ng'ml; nonfibrotic HP YEL-40: 12.83 [0-144] ng/

mL; P = 016) (Abeotic HP KL-6: 375 [25.32-3729] UWml;
nonfibrotic HP KL-6: 1125 [14.10-753.2) Uiml; P = .0289)
(Figure 2, Cand 0). Spurum YRL-40 levels comelared positvely
with sputum KL leweks (r = 0.497; P = 0004). No significant
amodations were observed berween the different covarianes
aralyzed and the biomarker levels in the different groups.

In patients with HF, seram KL levels comelared negarively
with toral lung capaciey (TLC; ¢ = —0.401; P = .0343) and
DLOO (F = —0.534; £ = 0001) ar baseline (Figure 3, A and &,
respectivelyl. Momover, 2 negatve correhiion was observed be-
rween EL-0 levels in spumm samples and baseline DLCO in
patients with HF (r = —0.463; P = 0014) (Fgure 3, ). There
wene no significant corelations berween spurum EL-6 level and
other lung parametes. Mo smdstically significant correlaions
were observed berween pulmonary function  paramerers and
YEL-0 levels in serum or spumm samples.

Predictive value of baseling serum YKL-40 and KL-6
for HP diagnosis

RO analysis showed thara curoff of =55 ng/ml. for serum
YEL-40 levels had the best sensitivity (75%), spedficiny (34%),
and accuracy (63%) for disciminaring beoween patients with HP
and healthy conrrols (area under the curve [AUCTE 0L655; pos-
ive predicive value [PPV]): 55%, negative predicrive value
[MNPW]: 75%:; = .005) (Figure 4, A), and thar a cureff of <121
ngimL for serum YRL-40 showed the best sersitviny (79%),
specificity (63%), and accuracy (75%) for discriminating be-
rween patients with HP and IPF (AUC: 0.741; PPV: B4%,
NPV S4%: P = .DDI} [|";|P'_‘un: 4, E:I

For serum KL levels, a curoff of =346 UlmL had the best
sensitivity (B1%), spedificiy (71%), and accumcy (66%) for
discriminating between patents with HP and healchy controls
(ALNC: 0.BR3: PPV: 67%, NPV B40; P < .m{l[:l [|‘ig|.u|‘:-i. l::l
and a curoff of <1441 UimL showed the best sensitiviny (71%),
specificity (63%), and accuracy (67%) for discriminating be-
rween patients with HP and IPF (AUC: 0702 PPV: 83%,
MNFV: 46%; & = 011) (Fgure 4, 00 The disciminarory ca-
pacity of YEL-40 and KL+ was not affeced by confounders
when HF diagnosis was compared with IFF or healthy controls
in RO curves,

Follow-up

Parienes with HP who died had higher level of EL-6 ar
baseling inspumim samples compared with patients who survived
(median [range]) (exims: 835.6 [225.4-3729] UlmL; alive: 323.9
[14.1-2697) Uiml; = 0478). No significant differences were
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FIGURE 3. Correlations between serum KL-G levels and beseling (A] TLC or (B) DLCO and (C) sputum KL-G levels and baseline DLCO in
petients with HE (A, Bl The Spearman comelation coeffident and (C) the Pearson comeletion coefficient were used, s sppropriste, as
statistic tests for date anslyses. OLC0, Diffusing capecity of the lungs for cerbon monoxide; HP hypersens thity pneumaonitis; KL-6,
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FIGURE 4. ROC curves for HP disgnosis sccornding to ssrum (A, Bl Y KL-40 or (C, D) KL-6 levels. In (A} and (), the biomer ker levels are
compaed betwesen patients with HF and the control group, and in (B) and (D] between patients with HPF and patients with IPF. AUC, Adea
under the curve; Cf, confidence interval; HA hypersensitivity pneumonitis; &°F, idiopathic pulmonery fibrosis; KE-6, Krebs von den
Lungen-6; AOC, recetver operating characteristic; YKL-40, chitingse 3-ike-1.

observed in serum EL-6 levels or serum/spurum YEL-40 levels
acoording o survival.

Dividing patients with HF according ro serum EL-46 curoff
(=340 or =36 UlmL), no significant differences were observed
in F¥WC values berween the groups either ar baseline or during

the follow-up (Figure 5, A). For TLC, the only significane dif-
ferences berween the groups were observed ar baseline (<346 LY
mlL: 93.8 £+ 4.92; =346: TRO1 + 12.9%4; P = .0222) (Figure 5,
). DLCO differed significandy berween the groups ar baseline
(<346 Ulml: 7167 £ 1655 »>346: 34.68 £ 15321 P =

39



8 SANCHEZ-DIEZ ET AL

LE B 1504
PR
*
L] ) 2 = & iod s -
g - e A5 - T —_—
L |= ot —r £ -
¥ sl .:»:r ......... e % sadianss g fresaaseas _,F_ .......
o s E i
) - e
1] H v .

COMPENDIUM OF PUBLICATIONS

J ALLERGHY LN IMAMUMDL PRALCT

MAONTH 2022
50+ ped R4
pal MR pea AT PG
R Ll a a
: . L@ : : s
#l a ey 3 --------- j e —— it =L
N Wi R S PSS Sy
s B * r % E "":" —_—
- & s -
; L ' ‘E? —‘:-.-r:'—
T N L
0 .‘; i

£ S F S

N A A

Haveli=e 12 masths 34 months Baseling

Serum KL-§ [Rliml}

12 mans

Saram KL (imiy

24 mants,

Sorum KL-& (Umilh

FIGURE 5. Lung function fallow-up in patients with HP according 1o serum KL-6 cutoff estimated with ROC analysis. (A %FVYC. The
doted line indicates the B0% of FYC. (B] %TLC. The dotted line indicates the 80% of FVC. (C) %DLCO. The dotted line indicates B0% of
DLCQ A cutoff of 346 UimL is estimated with ROC analyais for KL-6 in serum semples of patients with HP. The Student ¢ test (for FYC
and DLCO) or the Mann-Whitney test (for TLC and DLCO) was used when comparing the statistical significance between the groups at
the same time polnt. Analysis of varance with the Bonfemoni correction (for FYC) of the K skel-Wallis test with Dunn's comection [for
TLC end DLCO) was used when comparing the groups et diff erent time points. O0C 0, Diffusing cepacity of the lungs for carbon mon-
odide: FUVE, foreed vitsl capacity: K1-6, Krebs von den Lungen-6: AOC, receiver operating charscteristic: TLC, total lung capacity.

A 150-
? &
(=] F
g 100- N .
o iy r “‘
: L
2 p=
E 50+ “ on=27
°
u L} 1 L} L
2.0 2.5 3.0 35 4.0

Log [Serum KL-6 (Uml)]

B 150

w

E n

(=]

E 1004 a

%]

— 5k

E- LI

g 5o m r,=-0.534

d T & p=0.0002

® - i n=43
u L] L] L] L L
2.0 25 3.0 35 40 4.5

Log [Serum KL-6 (Uimil)]
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0049, after 12 months (<36 UWml: 660 £+ 10,04 >346:
5251 + 14.23; P = 0162), and after 24 months of follow-up
(=340 Ulml: 67.0 &£ 14.18; >346: 5257 £ 1857 P =
0349) (Figure 5 C) In patients with HP, serum KL-6 levels
correlared negatively with TLC (r = —D.485; P = .0103) and
DLOO (r = —0534 P =.0002) ar 12 monchs (Figure 6, 4 and
B, mspectively).

DISCUSSION
HP & asyndmome caused by an exaggerared immune resporse
o the inhalation of a variery of antigen pamicles found in the

ervionment. In the United Swres, the vearly incidence rave of
HP mnges from 167 1o 2.71 per 100,000 persons.” A dear
diagnosis of HF can be difficulr to confirm, and the pathogenic
determirants of onset and progression of the disese remain
unesolved ™ Ar present, there are no biomades able w acou-
rately predicr the presence orabsence of HF and the progresion
of the diszase; therefore, KL or YEL-40 might contribure w
our insights into disese progression and prognosis.

The resuls of the study showed thar YEL-40 and K14 levels
wene high in serum of patens with HP, epecially in those
presenting a fibrotic partern. Both proteins seem o be capable of
distdnguishing parients with HF from healthy individuals and
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patients with [PF with adequare sensitviy and specificivy, thus
confirming their potential wle as biomarkers. Moreover, KL-6
may be a prediaor of dbease progresion.

Indeed, we ohserved thar serum levels of EL-6 ame high in
patents with HP who present a fibrodc pamern. KL has
already been _gmpna:d a5 a poential biomarker of fibrotic lung
involvernent,™ and in facr, high serum K146 is indicative of lung
remodeling.™ Incrased serum KL46 levels in variows ILDs are
thought 1w resule from the regeneration of rype [ abeolr
epithelial celk and 1w enhance permeabilivy after desrrucdon of
the air-blood hamier.™ For patienes with HP, mesults similar w
ours have been repored in the liemrure. In the study by
Talahashi et 31* serum KL-6 levels were significantly higher in
patients with farmer's lung disease than in frmes withour the
disease, Oniher sudis have shown thar KEL-6 s ssodaed with
acure symproms of crly-stage HP in pigeon Fanciers'® and thar
changes in the serum EL-6 level during shom-term serice antigen
avoidance could predicr prognosis in parients with fibmorc bisd-
relaed HE. ™ Onther authors have studied the role of this
biomarker in discriminating berween different [LDs. In chis
context, astudy camied out in patdents with sarcoidosis, [PF, and
HF repored significant differences in the level of KL in the 3
groups, the highest levels being observed in patiens with [PF and
the lowest in those with sarcoidosis ¥ By conreast, in a rero-
spective study of 92 patients with HP, Olamoro e al"! observed
thar serum KL+ was higher in chronic HP than in [PF. Our
findings highlight thar a serum level of EL-6 =346 U/mL can
discriminate berween patients with HF and healthy controls and
thar levels = 1441 Ufml can discdminate berween HE and IPF.

To the best of our knowledge, chis is the fise study to analyee
ELA levels in spurum samples of patients with HP. We found
spurnim KL-6 lovels 1o be significantly higher in parients with HP
exposed to fungi with a lung fibrode parern than in those
withour fibmsis. In this connection, a  previous srud].r’*"
conduded thar patients with [PF had higher levels of KL in
spumm samples than healthy conwals,

Mewerheles, in the lemme, K14 has been sssodaed more
with the evolution and prognosi of fibmric lung disese
than with diignnﬂ?s.::"""!? Changes in concentrations of serum
EL-6 with time were srongly assodared with progresion of
ILD and survival ™7 Indeod, this prowin may also be a
candidate biomarker for carly progression. Saroh e al® vz ported
thar disese pogrssion was significantdy faster in patents with
ILI3s whose KL levels were 1000 U/mL ar above ar the inicial
mesurement than in patients whose K1L-6 levels were below this
figure. In the present smdy, we observed thar EL-6 levek in
patients with HF corelared negatively with TLC and DLCO a
12 months. In this conrer, in asmdy @mied our in patens with
IPF, Guior er a™ peponed thar spumm EL-6 levels were
inversely correlaed with TLC. Eady identificaton of patdents ar
high risk of suffering a deteriomdon in lung funcdon or of
developing pulmonary Abrosis could allow dinidans w consider
addirioral plamacological therapies.

To the best of our knowledge, only one previous smdy has
described YEL40 lewk in serum and BAL in padens with
HP," and our study is the first w amlbze this biomarker in
spumm mmples a5 well. The resules presented here ame in line
with those abained by Long eral 1" These authoms quantified the
values of YEL-40 in serum and BAL in 72 patients with HF,
reporting similar resuls to owrs meganding the sensitivity and
specificity of this biomarker for the disgnosis of the disease.
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However, they observed thar padens with HP whose disease
progressed or who died had had higher baseline YEL-40 levels
than those who remained smble and survived; in the present
study, no reationship was found berween this biomarker and
disease progression. The differences found in the presenr smdy in
the semum levels of YEL -0 in patiens with a fibrotic parrern
were observed only in patients exposed to binds, nor in those
exposed o fungi. According 1o the adjusted model, sarcoidosis
disease has a positive assodarion with serum YEL-40 levels.
These resulis are in line with those obained by Ussal eral® and
Johansen et al ™ These authors conduded thar individuaks with
chronic sarcoidosis and with active disease had higher leveks of
YEL-0 in serum than the contral group, A sysenmatic review
recently Puhlishcd'“-' also reported thar patients with sarcoidosis
had the highest semum YEL-40 lewels compared with parienes
with different cypes of ILD.

Alrhough we did not have a healthy conral group for com-
parison of the wsuls obained in spumm, we observed thar in
parients with HF exposed to fungi, the levels of YEL-40 were
lower in those who did not have a fibrotc pareern. In this regand,
the resulis of previous studies by our group analyzing cellular
inflammation in induced spumim of parienes with HF prom pred
the hypothesis char different antigens may cawse the development
of HF via different pathophysiological mechanisms ! Moreover,
although K1-6 & expresed exclusively on type 2 pneumo-
nocyres, Y KL-40 & produced by a vadery of cell rypes, induding
airway epithelial cells, macwphages, neurophik, monooyrs,
vascubar smooth musde celk, and chondmoyies. Therefore, the
KL+ values found dedve diready from the synthesis of this
bionadier by pneumocyes, wheress YEL-0 levelk may be
derived from other nonpulmonary cells. This mens thar the
values found for YEL-#0 may be les spedfic for lung damape
and may express mechanisms of other kinds,

O study has several limitrions, First, for the analysis of
bionadeers in spumm, we did nor have 2 healthy conraol group,
which could make the inerpremdon of the wesuls difficulr.
Fumre smudies should aim w smudy the differences in these bio-
markers in spumim berween patiens with HF and healthy in-
dividuals. Second, the face dar padens were recruived among
individuals amending to a referral cenrer for SIC may have
introduced a bis. In any cse, these are patients in whom the
diagnosis is difficulr mo esrablish, and s access w other diagnosic
biormatkes is ugendy needed. Moreover, as this is a cmas-
sectional smudy with follow-up in real life, some of the patho-
logical repons and analyses were bicking. Another limimdon of
this study was the absence of asociaion berween the biomader
levels and the potential confounding variable intmduced by
smoking, probably becawse of the small size of smaoker parienes
induded in the smdy. In this sense, funire research smudies could
be designed to ases the influence of smoking in the levels of
these biomarkers. In addition, patens with HP diagnosis may
present different degrees of progresion of fbmsis, and this dif-
ferenrial evolurion may affece the ROC curve resulis when
comparing patients with HP and [PF because the resuls may
ovedap berween the groups, Momover, it B posible thar these
bionadeers may eflecr pulmonary fibeosis rather than being a
spedfic marker for HF. The walidity of the ROC analyses mighe
be limited becawse of the sample size. In this sense, furher
studies with ather cobores with larger sample sizes are necessary
o validae the disgnostic and prediaive value of these bio-
markers. In addidon, the nonsadsdcally significant differences
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berween the groups could ako be associmed with the sample size.
Firally, as notable seasoral variations in KL-6 and YRL -0 levels
have been shown in some chronic HP, the dme of serum
collection may affect the resuls.*

CONCLUSIONS

The measurement of YEL-40 and KL-6 levels in patients with

HF offers insighs into the pathobiology of this disese and has

the potential w improve

diagnostic accuracy. The measurement

of thee biomades could help pulmonologiss w identify pa-
tents with ibrotic HF who are likely wo show mapid progression.
Mevertheless, the smdy was nordesigned o sses the progression
of disease for a given biomarder level and furher prospeaive
studies with buger sumples are needed w validare the reliabilin
and dinical urility of YEL-40 and K1-6 as biomadkers of disease
severity and prognosis of HP.
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1. Introducticn

Hypersnsitivity preumaonitis [HP) is anintersttial hing disease char-
acterized by inflammation in bronchioles and aboeoli (Selman, 2004 ). 1t oc-
curs in somie genetically predisposed individuals after recurment inhalation
of particular environmental antigens, usually avianand fungal proteins
HF is characterized by fever, dyspnea, chest tightness discom et and'or
cough [(Quirce et al, 2016), and it has recently been classified into twao dif-
erent forms an acute orm characterized by inflammation and a chronic
form characterized by fibmsis, acoording to the intensity and frequency of
antigen exposure, cinical evaluation, pulmonary function tests and radio-
logic findings [Lacame etal., 2009; Vasalova et al, 2017

Bird-related hypersensitivity pneumonitis [BRHP) ooours after inha-
lation exposure to avian antigens [tcan be caused by either direct expo-
sure, i.e., through breeding birds, or indirect exposure, ie., due to the
presence of nearby dovecotes, flocks of pipeons in parks, feather duvets,
and =0 on [Shirai etal., 2017; Morell et al., 2008). It has been demon-
grated that the most common antigenic sources are d rop pings, feathers
and bloom s [Vasakova et al., 2019; Raghu et al., 2020). Next to pigeon
antigens, other types of avian antigen such as those associated with
pamots, parakeets, chickens, ducks, etc, can cause BRHP [Kokkarinen
et al, 1994). Currently, it seems that the prevalence of BRHFP is
underestimated. A Japanese epidemiological study conducted between
2000 and 2009 revealed that 60% of chronic cases of HP were caused
by avian antigens (Okamoto et al, 201 3), and it has been shown that,
in some patients, this disease can becaused by exposure to feather du-
vets or pillows (Morell etal, 2013).

For patients with BRHF, com plete avoidance of inhaled avian antigens
is emmental to improve the respiratory symptoms and prevent disease
progression [Vourekis et al., 2004). Some BRHFP cases possibly become
chrmonic because of the persistence of theirexposure to low levels of ant-
#n [Borderias et al, 2010). To contmol exposure to avian antigen levelsin
the envimnment, air measurements are essential for these patients
[Agache and Rogozea, 2013 ). Previous studies have measured the con-
centration of avian antigens in collected dust and air samplesby usng di-
rect, inhibition or mndwich enzyme-linked immunoasays [ ELSA) [Craig
et al, 1992; Tsutsui et al, 2015), while others used an anbigen-capture
FLIEA with signal amplification in order to improve sensitivity and detect
gmall amounts of antigen (Kuramochi et al, 2010} All these techniques
are costly and tme-consuming and require access to laboratorieswith so-
phisticated equipment and trained personnel, and so they are not readily
adaptable to field use. Therefore, considerable efforts are being made to
develop easy-to-use analytical methods that are able to guide legidation
on the concentration of these proteins in the air, and may also allow con-
surmers to monitor their levels.

The immunochromatographic test [1CT) is a rapid semiguantitative
allergen estimation method, easy to perform and interpret, portable,
and cheap. In this test, a sample with labeled spedfic antibodies is
mizeed and incubated with a strip. Then, the immunocomp lexes formed
migrate by capillarty through the nitrocellul ose membrane and bind to
the line of immobilized spedhc capture antibodies if the sample con-
tains the specific antigen (Bogdanovic et al, 2006; Tsay et al., 2002;
Alvarez-Simon et al, 2014).

Theaim of the present study was to develop and validate a snstive
Andwich enzyme linkimmunoassay technigue and arapid ICT to detect
pigeon antigens in environmental air samples and to determine
whether the results obtained with the twao methods were comparahble.

2 Material and methods

2.1 Prepamtion of rabbit ant-pigeon polpclonal antbodies and colloidal
gold lzheling

Anti-pigeon polpdonal antibodies were produced by Kaneka
Eurogentec 54 Seraing, Belgium. In Brief, a commerdal pigeon serum
[RocHand Immunochemicals Inc, Limerick, Ireland ), with a protein
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conceniration of 15.5 mg/ml determined previously by the Bicinchoninic
acid (BCA) method [ Pierce Chemical Cou, Rockiord, LISA), was suboutane-
ons injected into e Mew Zealand white mbbits. Three booster injections
were administered at 4-week intervals. The use of the animals for this
purpose was approved by the firm'’s Animal Ethics Commitbee.

The lgls fraction of the polyclonal antisera of both rabbits was iso-
lated onimmobilized Protein A—agarose columns [ Pierce Chemical Co,
Rocord, USA), and then eluted to Excellulose cohimns [Fierce Chemi-
cal Co., Rockford, USA) to desalt and exchange the buffer to phosp hate
buffer saline [PRS). Purified and desalt gl fractions from each mbbit
were named Pol | and Pol K. The protein concentration of the 1gh frac-
ton of the sera was 7.7 mg/ml [Pol ]} and 64 mg/ml [Pol K], as deter-
mined by the BCA method.

A portion of rabbit ant-pigeon polyclonal antibody from one rabhbit
[Pol ]} was biotinylated using the EZ links Sulfo-MH5LC-Riotinylaton
Kit [Fierce Chemical Co.) according to the manufacturer's instrucions
Another portion of Pol | was abeled with colloidal gold by BBl Solutions
[Britich Biocell Intemational, Cardiff, UK ). Briefly, the antibody wascon-
jugated toa 40 nm gold colloid using passive adsorption and wasstable
atleast for 10 months. Then, the conjugate was blocked with bovine
serum albumin (BSA) (Pierce Chemical Coo, Rockford, USA) and the
resulting conjugate was concentrated by ultrafiliration to give a final
optical density (0D [ 520 nm) of 10 and suspended ina 2 mM disodium
tetraborate buffer pH 7.2, containing (U095 sodium azide.

2.2 Somple colledion and analysis

Twenty-two air samples were collected from two different dove-
cotes in the province of Barelona with a2 medium-volume autom ated
air mmpler [Flite 3, Vertex technics5.L, Barcelona, Spain | containing ni-
trocellulose filbers with a 0G5S pm pore size [Millipore A%, Molsheim,
France] The automated air sampler had apole 115 cm high with asup-
port at the top for the nitrcelulose filter. Dust was collected at a flow of
12 I'min during 1 h 2h, 4 h 8 b, 12h or 24 h. Air samples of envimon-
ments without avian antigens were also collected at the same flow for
Th.2h 4 hor & h, for use as negative controls Antigenswen extracted
from the filters in 1.5 ml PBS0.2% BSA/0.5% Tween-20 (pH 74) buffer
ovemnight at 4 “C. Alters wemn discarded and the eluates were stomed
at —20 "Cuntil being analysed in parallel by the ant-pigeon sandwich
ELISA and the ICT.

23, (horacterization of pigeon serum and oir szmples by 10 and 2D
electrophoresis

For 10 electmophoresis performance, Laemmli sample buffer 4=
[Bio-Rad, Madrid, Spain} was diluted in 2-mercaptost hanol (Sigma-Al-
drich Quimica &L, Madrid, Spain} according tothe manufacturer's instruc-
tons Pigeon serum [B50 pg protein | or air sample (60 ng protein) were
mizeed with the previous mixture at a 3:1 proportion and heated for
5 min at 90 °Cin the water bath. Subsequently, samples were loaded
onto prepar@tve Criterion TGX Stain-Free gels 4-20% precast polyacry-
amide gl | Bio-Rad, Madrid, Spain) according to the manufacturer's man-
ual, and electrophoresis was performed at 200V for 40 min

For 2D electmophoresis, pigeon serum | 100 pe protein ) was mixed
with rehydration solution [pure H,O0/85 M Urea2% Chaps/(L5%
immiohilized pH gradient [[PG) uffer QU002 % Bromop henal blue ) and
lwaded onto IPG strips (IPG strip, pH 3-10, 7 cm, General Electric
Healthcare, Boston, LISA ). Isoelectric focusing (1EF) was then carried out
using the IPGphar |EF system (General Electric Healthcare, Boston, LISA)
following the manufacturer's instructions. |PG strips were then equili-
brated and loaded onto Mini-PROTEAN TGX S@in-Free gels 4-20%
(7 cm, IPG/prep, Bio-Rad, Madrid, Spain | and run at 200V for 30 min.

In both cases, Predsion Plus Protein™ Unstained Standards
[Bio-Rad Madnd, Spain | were used as molecularweight [ MW) markers
with a MW ranging from 10 to 250 kDa. After 1Dand 2D electrophore-
sis, gels were imaged in a Gel Doc EZ Imager (Bio-Rad, Madrid, Spain)
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and proteins were stained with Coomassie brilliant blue [Bio-Rad,
Madrid, Spain] or blotted to a membrane

24. mmunoblotting of pigeon serum

1D and 2D gels of pigeon serum were blotted onto polyvinylidene
difluoride [FVDF] mem branes using the Trans-Blot Turbo transfer sys-
tem [Bio-Rad, Madrid, Spain]. Then, membranes were washed with
FBES and blocked with 5% nonfat dry milk [Bio-Rad, Madrid, Spain) for
1h at room temperature (KT} under gentle shaking. After three washing
sepswith PES/0U05 T [ PES with 0U05E Tween-20), membranes were in-
cubated with rabbit ant-pigeon polycdonal antibody Pol | or Pol K
diluted 1/5000 in PBS for 2 h at RT with gentle shaking. After three
washing steps with PRS 005 T, membranes were incubated with goat
anti-rabbit lgG-HRP (H + L SouthernBiotech, Birmingham, USA) di-
uted 120000 in PBES for 1 h at RT. Membranes were then washed
three times with PBS0.05 T and incubated with the enzyme substrate
for 5 min at KT (Kit Clarity Westem ECL Substrate, Bio-Rad, Madrid,
Spain}, according to the supplier's roommendatons. mage acquisition
was carried out with the Odyssey Fc Imaging System and the Image Stu-
dio Lite software (LI-00R, Mebraska, USA).

25 Sondwich ELSA for pigeon autigens

Wells of high-hinding microtiter plates [Costar, Cambridge, USA)
were coated overnight at 4 “C with Pol K [0L1 g protein/well) in PBS
buffer (pH 7.4). The wells wemr blocked [200 plwell) with PBS1E
BSAML05E Tween-20 for 1 h at 37 °C. Ater washing three times with
FES,0.1 T [FBS with 0.1 Tween 20), plates were incubated for 1 h at
37 *Cwith 100 plfwell of Alter elutes, negative controls |[eluate of a
white filter) and pigeon antigen standards containing 6.7-27,500 ng
proteinml After three washes with PRS0 T, plates were incubated
for 1h at 37 "Cwith 100 pl fAwedl oFPol | bistingdated at 1:15,000 dilution
in PBS/ 1% BSA/DLOSE Tween-20. Streptavidin [Sigma-Aldrich Quimica &
L Madrid, Spain] at 1,/10,000 diluton in PBS/ 1% BSA/D05E Tween-20
was added [ 100 plwell) after washing again three times with PBS/0.1
T. After streptavidin incubation for 1 h at 37 °C wells were washed
three times and the reaction was developed with 30X H0; and
3.3 5.5 -tetramethylbenzidine in acetate buffer [pH 5.5) at 25 *Cin
the dark. After 20 min, the reaction was stopped with 2 M Hz50s and
read at 450 nm with a plate reader (Infinite M Nano, Tecan, Manned orf,
Switzerland). The standard curve was constructed from seven data
points using a four-parameter logistic curve At Results are expressed
in ng/ml, referring to the protein content of the standard preparation
Magellan software [Tecan Austria GmbH, Griddig, Austria) was used to
calculate the results.

The lower limit of detection [LOD) was defined as the concentration of
the lowest point on the standard curve, with the optical density (0D)
value at this point having to be at least 0005 abowe the blank. The kower
limit of quantification [LOQ) ) was defined, according to the curve fitting
function, as the concentmtion that gave the OD of the lowest point on
the standand curve plus 20% of the highest point on the standard curve
The upper LOC) was defined as the concentration that gave BOE of the
0D at the highest point on the standard curve. Following these premises,
the determinations were largely limited tothe kog-linear part of the curve

The inter-aszay coefficient of vadaton [(CV) was determined by
analysing two ponts of the standard curve in duplicate on 10 different
days. Thus, the CVof each point was calculated asthe standarnd dewviation
of the mean of 10 meairements in duplicate [50/mean x 100).

26, Specificity of the FLEA

Cross-meactivity of the ELEA assay towards other types of bird pro-
tein was tested using serum of small parrot, parakeet and parrot. Sera
from those binds were obtained by centrifugation of collected blood
samples. Subsequently, protein concentration of sera was determined
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by the BCA method [Pierce Chemical Co, Rockford, U5A). Chamcteriza-
tion of the different avian serawasperformed by 10 and 2D electropho-
resis following the protocol described above.

27, Immunechromabographic stip test

The capture antibody Pol K (960 ngstrip) was applied to direct cast
backed nitrocellulose nitrate membmnes [(Unisart TUN95E CNOS,
Sartorius Stedim Biotech, Goettingen, Germany) in a line format at
3 mm from the application end of the strp [Test line). At 6 mm, a
goat antrabbit lgl antibody (Southern Biotechnolo gy Assocates, Inc,
Birmingharm, LISA) was bound at 600 ng/strip to provide a positive control
[Control ine). Membranes were dried for 1h at 37 °C and assembled as
followws: onan adhesve support, an absorbent pad was lagered and the
membrane was placed overdapping it by 2 mm and cut into individual
strips of 4 mm in width

After optimization, 20 p of envimnmental samples or pigeon serum
standards were mixed 1:1in a microtiter plate well with gold-labeled
anti-pigeon Pol ] antibody sohition with an 0D of 4. After forward pipet-
ting, the gold-labeled Pol | antibody was allowed to react during 10 min
at RT with pigeon antigens of the samples to form a complex. Then, a
test strip was dipped in each well for 30 min at BT to allow antigen-
antibody complexes to diffuse across the nitrocellulose membrane
These complexes reacted with the spedific ant-pigeon Pol K antibodies
immobilized on the test line forming a pink-purple line. The excess of
colloidal dye antibody conjugate migrated further and reacted with
the gpat anti-rabbit lgl antibody in the control line

Stripswere scanned with a scanner [HP Scanjet G4050, Hewlett-
Fackard Enterprise, California, USA) and test line intensities were
analysed by densitometry with Image] 1.52a [Mational Insttutes of
Health, LI5A). To determine the limit of detection of the strip assay, pi-
geon serum [Rockland Immunochemicals Inc, Limernick, Ireland | with
a protein concentration of 27.5 mg/ml, previously determined by the
BCA method, was usedin a series of concentrations from 525 to 6720
ng/ml and tested in triplicate. In parallel test lines of envimnmental
samples were also read with the naked eye by fve independent ob-
servers who classified the strips as negative [ 525 ng/ml), positve
(420 ng/m]) and double positive (3360 ng/ml) comparing their color in-
tensity witha 3-point standard curve (Fig. 1).

2.8 Stotistical analysis

The Shapiro-Wilk normality test was calculated for pigeon
aeroallergen levels measured by the ELEA method and for relative den-
sity determined from immunochromatogr@phic strips. Spearman’s rank
correlation coeffident (=) was caloulated between pigeon aeroallergen
levels and strip density values since all data showed a non-nomal dis-
tribution. Bland-Altman analysis was performed to determine the
agreement between the two assays. After logit tmnsformation of the
data, the diference beteseen the paired measurements was plotted
against the mean of the measurements. The immunochrmomatographic
strip results were visually analysed by Ave independent evaluators,
and Aeiss’ Kappa test wasused to caloulate the degree of agreement be-
tween the different raters.

Statistical analyses were performed using GraphPad Prism 6 for
Windows [version 601, GraphPad Software Inc, San Diego, California,
LEA) and IEM SPS5 Statistics (version 26, IEM Corporation, Armonk,
Mew York, USA). Differences with a p-value <005 [bewo-tailed | were
considered to be significant

3. Fesulis
3.1, Chamocterization of pigeon serwm and immunoblotting

Fig. 2A shows the different protein bands separated by 1D electro-
phoresis rom pigeon serum [(Fig 28, lane 2] and one of the air sample
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(Fg. 2A, lane 3) collected from the dovecotes. Different bands were ob-
served with mdecular weights ranging from 10 to 250 KDa. Some bands
were found in common between the serum and the air sample, mostly
between 25 and 65 kDa.

Fig. 2B (lane 2,3 and 4) shows different spots of proteins from pi-
geon serum separated by molecular weight and isoelectric point in
two dimensions. The observed proteins were mostly in the range of 20
to 25KDa and 50 to 75KDa

Immunoblotting in one and two dimensions showed that the poly-
clonal antibodies Pol Kand Pol | were able to detect a wide range of pro-
teins from pigeon serum (Fig. 2A lane4 and 5,and 2 B,lane 3 and 4) and
from the air sample ( Fig. 2A, line 6 and 7). Serum from a patient diag-
nosed with BRHP due to pigeon exposure showed a similar pattem of
recognition to those of the polyclonal antibodies Pol K and Pol |
(Fig.2A, line 8 and 9).

32 Characterization of the ELISA method

The sandwich ELISA against pigeon proteins was able to detect a
range of concentrations between 6.7 and 27,500 ng/ml in the standard
curve. However, the lower and upper LOQ determined the working
range of concent rations between 58 4 and 10,1122 ng/ml. The standard
curve was formed by seven different concentrations of pigeon serum
proteins that followed a sigmoidal shape (Fig. 3A. The inter-CV using
two different points of the standard curve was 2.76% and 73 5% respec-
tively. In the negative controls the antigen concentration was undetect-
able. As regards the specificity of the method, the sandwich ELISA
showed some cross-reactivity with small parrot, parakeet and pamrot.
Fifty percent of the OD of the highest point on the pigeon standard
curve was reached at protein concentrations of 54,344, 74,806 and
172,175 ng/ml for small parrot, parakeet and parmot respectively
(Fig. 3A). One and two-dimensional electrop horesis showed that these
birds had some protein bands/spots of similar size and/or charge with
pigeon that might explain this cross-reactivity (Fig. 3B).

pH%  pM3

Fig. 2 Protesn compas idan of pigean serum andan 3r ample duxe mlleced fram the dovete by one and two dims haresis and Westernb lots with antibodies Pol K and
Pal | 2A) lane 1, amalecular waght size marker in Kia; ke 2, Coomassie-staned 1D gel of pigean serum; hmlComuMntd 1D gel of an 8 hair sample; lane 4and 5,
immaunob Jos with Pol X and Pal | aganst pigeon serum, respecovely; line 6 and 7, 8 h air samp b immunoblot with Pol Xand Pol | respectively; lne 8 and 9, pigeon immunoblot and
a1 sample immamnoblat, respecs vely, with serum of 2 patient with BRHP due to pigean exp 28)lane 1, lar weight marker in XDa; bine 2, Coomassiestamed 2D gel of
pigeon serums lne 3 and 4, Pol X and Pol ) immu noblots against pigeon setum, respectiely.
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13 Charmocterization of the immunochromatogrophic sthip osay

Therapid test was able to detect a range of concentrations from 420
to 3360 ngfml [Fig. 4). The lower LOD (420 ng/ml} was considered as
the minimum amount of pigeon serum proteins from the standard
curve giving a well-defined pink-purple band atthe test line [Fg. 4A4).
The upper LOD {3360 ng/ml} was considered as the maximum amount
ofpigeon serum proteins producing a more intense pink-purple band at
the test line compared to the previous concentration (Fig. 4A) In the
negative controls the antigen concentration was undetectable

4. Inter-reader agreement of immunochrmomapgrophic srip assay reswls

Acconding to the ohservers' interpretations of the strips as negative,
positive or double positive, a kappa index of 0.574 [ O 0479-0668; p <
L0001 ) was obtained. However, when considering positive and double
positive results as a single category the kappaindex increased (0736, Cl
E05-0.867, p = 00001 ). The observers wene able to detect visually pi-
mon allergens in aconcentration mnge of 141 to 3360 ng/mlin air sam-
ple eluates

A
‘Cormelation

5 T .
i
H 1500+
i‘ — T
- IC: {1LB4F5-1.9735)
E L - i
|
‘ L] T T T 1

¥ 109 0 08 Fro

[ELIS A c oncantration jngémi)

COMPENDIUM OF PUBLICATIONS

Soener of the Todnl Eméronmenit 788 (2021) 14778
3.5, Comparison between EISA and immunochromatographic strip assoy

Astrong correlation was observed between the concentration deter-
mined by the ELIEA method and the relative density results of the strip
assay with a r, coefficient of 0935 (O 0.843-0974; p = QUO00T)
[Fg. 5A). The Bland-Altman plot also confirmed a good agreement be-
tween the methods with a mean difference of —1.626 (O -1988 to
—1.264; p = 0DDD1) (Fg. 5B).

4. Discussion

We developed and validated two sensitive methods to detect
pigeon antigens in environmental air samples; an ELISA and an
immunochromatogra phic strip assay. Although other studiesdescribing
the quantification of avian antigens have been reported [Craig et al,
1992 ; Tsutsui et al., 2015; Kuramochi et al, 2010), to our knowled ge,
this is the first in which an ICT is presented and compared with an
ELSA method for the measurement of pigeon antigens in the envimon-
ment. The study demonstates that the methods have enough sensitiv-
ity, specificity, reproduchility, and applicability for the detection of
environmental exposure to pigeon anbgens.

Chronic HP is difficult to identify and is often misdiagnosed as idio-
pathic pulmonary Abmsis (Raghu et al., 2020; Morell et al, 2013).
Therefore, demonstrating antigen exposure and evaluating the effects
ofallergen avoidance measuresane critical in the diagnosis and manage-
ment of this disease. Tsutsui et al. reported that the concentration of
avian antigen present in household dust correlated with the prognosis
of chromic bird-related HP [ Tsutsui etal., 2015). Chronic HP has been as-
sumed to progress as a result of persistent exposure to very small
amaounts of antigen. Moreower, avian antigens were reported to persist
in the patient’s house six months after mmoval of all birds [Mormell
et al., 2008; Craig et al., 1992). Therefore, it is important to examine
the environmental levels of antigen alter diagnosis and during antigen
avoidance in order to fadlitate the control of this disease.

Ermvironmental monitoring of airborne antigen sis a ime-consuming
process that commaonly comprises three steps: sampling aermallergns
on a filter, elution of the allergens, and determination of allergen lewels
by an allergen-specific ELSA [Gomez-0lles et al, 2006). Here, we first
obtained polycdonal antibodies with high specific reactivity to pigeon
serum antigens and developed a validated ELISA method using those
antibodies. Second, we developed and validated a novel ICT using the
same antibodies used inthe ELISA method. Previous studies have pro-
posed that ICT may be a valid alternative to the ELISA, as it speeds up
the last step of the process [Bogdanovic et al., 2006; Tsay et al., 2002;
Alvarez-Simon et al., 2014

The antigenic components assodated with the development of BRHP
was described using bioc hemical anabyses and immunoassays. The main
antigenic substances suspected were immu noglobuling, senym albumin,

s
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Fig. 5 Comyparison of pigeon 2enoallergen conemtration determined by ELEA method and density values calonlied with the immunochromasngraphic strip assay. 54 ) Spearman’s rank

orrelation. 5 B) Bland-Alman plot.
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and intestinal mucin, from droppings, blooms and pigeon sera [Shirai
et al., 2017, de Beeret al., 1990; Rouzetetal, 2017). Owing to the diffi-
culty of ohtaining antigenic extracs from intestinal mucin or bleom, pi-
geon serum is the anbigen source most often used to measure spedfic
antibodies in this typeof HP [Fodrigo et al., 2000). Theimmunoblotting
resultsofthe present study demonstated that the payclonal antibodies
used in the method s developed were able to detect the melevant pigeon
antigens and that mostof the antigenic proteinsiden dhed were also abun-
dant in droppings and blooms (Rouzet et al, 2017). Rouzet et al. [2017)
fund proteins with a molecular weight mnge between 20 and 200 kD
in bird dropping extracts, and that IGLL-1 [Immunoglobulin lambda-like
pohypeptide-1, 24.5 KDa) and ProE (Proproteinase E, 205 KDa) were the
anbigenic proteins with the most clinical interest as biomarkers for BRHP
diagnosis. In this regand, Shirai etal (2017) in animmunobl ot analysis of
=13 from patients with BRHF, identified multiple immunoreactive bands
in pigeon serum at various molecular weights, especially 1GLL-1, similar
to those obtained in the present shudy.

Muoreover, the cross-reactivity study with other birds demonstated
elevated specificity [ Fig. 3). Sera of small parmot, parakeet and parrot
e to cross-react slightly with pigeon serum, probably because they
have common sera proteins [as ohserved in the 20electmop horesis). An-
other possible reason was suggested by Rouzet e al. (2014).in a sudy
designed to determine the specificity of immunogenic proteins of the
droppings of three hird spedies; those authors reported that although
no proteins were found common to all extracs, cmss-reactions to
avian antigens from the three species of bird were ohsenved.

The sandwich ELSA using these polyclonal antibodies has a high
nstivity and specificity and has demonsrated its value for measunng
pizeon antigens, even at relatively low concentrations. In this study the
levels of pigeon antigens weme assessed with respect to a eference
preparation [ pigeon anbgen stand ard) containing 6.7-27,5%00 ng of pro-
tein/ml This standard proved to be a suitable reference preparation for
the measurement of pigeon exposure, as shown by the results of the
SD5PAGE gel (Fig. 2) and the comparizon of the proteins of this stan-
dard with the air sample eluates collected from the dovecote These as-
sesments demonstrated that this standard is composed of the probeins
contained in the air.

Although the ELIEA is a very useful technigue for detecting soluble
antigens and meets most of the main requirements for analysing pigeon
antigens [ie, reproducbility, good specificity and acceptable sensitiv-
ity], it is a ime-consuming process that requires skilled personnel and
epensive 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. ICT can provide fast qualitative or even semi-quantitative resulis
within minutes with very good analytical sensitivity. Furthermore, the
characteristics of their design and construction make them espedally
=aitable for field testing and for use by non-laboratory-skilled personnel
[ Bogdanovic et al., 2006; Tsay et al., 2002). Fast antgen monitonng sys-
tems has been shown tobe highly beneficial to diminishing exposune
[Tsutsui etal, 2015; Kummochi et al, 2010), therefore, rapid immunao-
az=ay for the assessment of pigon antizens would be a very useful tool

The visualinterpretation of the ICT showed high levels of senstivity
and specificity, comparable to those recorded with other rapid assays
measuring other aercallergens [(Bogdanovic et al., 2006; Tsay et al.,
2002 Alvarez-Simon etal, 2014; Koets et al, 2011 | Furthermaore, the
line intensity [analysed by densitometry, an objective measurement)
of samples categorized as negative was sipgnificantly lower than that of
positive and double positive samples. The LOD, determined as the min-
imum amount of allergen capable of prod ucing aclearly visible signalin
the test line of the standard in the mpid immunoassay, was 420 ng/mlL
Uinexpectedly, in the visual analysis of our test results, the independent
ohservers detected pigeon antigen concentrations below the theoretical
LOD determined for the assay; depending on the rater, the actual LOD of
the assay with real feld samples ranged from 141 to416 ng/ml. Thisob-
servation has also been reported in other studies; for example, Tsay
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etal (2002) graded the line intensity of some samples anahysed as me-
dium or higheven although the allergen levels analysed by ELLSA were
belowr the theoretical LOD of the mpid asay. Similarly, inthe studies by
Bogdanovic et al. [ 2006) and Alvarez-Simon etal.(2014), some samples
with allergen levels below the sensitivity of the mpid test were ol assi-
fied as positive. Momover, visual interpretation of rapid assays is inher-
ently subjective, and depends on factors such as the rater’s color
percepton. Therefore, it is important to assess inter-rater agreement.
In this study, the agreement was graded as substantial according to
the classification recommended by Landis and Koch [ 1977).

The main advantage of this ICT is the speed of the analysis, and the
fact that it can be performed in anon-laboratory envimnments. Al-
though speed may not be dedsive in envimnmental monitoring, it
may constitute a real advantage for industrial hygiene monitoring, as
some of the sampling procedures widely used in occupational hygiene
take only a short time [for example, surboe wipe sampling, dust sam-
pling or bulk sampling). In this context, some studies have assessed
the environmental measurement of avian antigen in dust [Craig et al,
1992; Kuramochi et al., 20010; Sema et al, 2018; Curtis et al., 2002).
For exxample, Craigetal [ 1992) reported that avian antigen could be de-
tected in dust samples for prolonged periods of tme after bird removal
and environmental dean-up. Curtis e al (2002 ) also reported that pi-
meon anbgen was found in dust and air samples from a pigeon-
infected school

Cne limitation ofthese methods is the problem ofdiscriminating be-
bereen safe and unsafe environments. In this sense, data on environ-
mental levels of pigeon antgen to which patients with bird-related
hypersensitivity pneumonitis are exposed were lacking in the present
study. It may be difficult to establish thresholds for allergen exposures,
due to inter-individual variations in susceptibility to both sensitization
and disease dictaton. These differences may be caused by genetic
varations, age-dependent effects, or lifestyle factors [Maciag and
Phipatanakul 2020). Smoking, for example, may promote sensitization
due to an adjuvant effect [Carlos et al, 2009). Moreowver, different pro-
teins have different sensitization potendes [Kmuitz et al., 2020). Inany
case, avoiding exposure to causal agents is crudal in HP management
and is a dedigve factor in prognosis, because progression can broadly
be prevented with ap propriate antigen avoid ance. Moreover, identifica-
ton of the offending antigen source at work is impo ant for the deter-
mination of antigen-spedfic lgh antibodies.

In conclusion, we developed an ICT to monitor pigeon aemallergen
levels. The strip assay described was rapid, simple, sensitive, highly con-
sistent with the validated ELEA and does not require expensve equip-
ment or specfic skills. This method for monitoring levels of pigeon
antigen may prove to be a useful and versatile tool for predicting the
progression of bird-related hypersensitivity pneumonitis.
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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-a and IL-13. With
progression of BRHP, although there was a Thl response with IFN-y, IL-18 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 1 1
Monocytes
Inflammatory ! !
Resident 1 1
Dendritic cells
CD11b+Ly6C- 1 1
CD11b-Ly6C- ! !
Other cells
Eosinophils 1 NS
Neutrophils ! NS
B cells ! 1
T cells 1 NS
Th1 cytokines
IFN-y ) )
TNF-a 1 NS
IL-1B ) )
IL-12 (p70 1 1
Th2 cytokines
IL-5 1 1
IL-6 1 1
IL-10 1 1
IL-13 1 NS
Th17 cytokines
IL-17 NS NS
IL-23 NS 1

1, 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-1 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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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 Thl and Th2
cytokines such as TNF-a and IL-13. With progression of BRHP, although there is a Thl
response with IFN-y, IL-1B 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-l 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-y and TNFa and
stimulating the polarization of lymphocytes to Thl 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 Thl cytokines was
more evident in the first stages of the disease. Regarding IFNy and TNFa 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 TNFa 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 Thl 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 eaosinophilia 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 lI-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 Thl and Thl7
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 Thl7 immune
response is activated by CD11b+Ly6C- DCs, while in the onset of HP these cells
promote a Thl 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 Il 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 Ilg Lambda chain
and Apolipoprotein A-l 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 MWSs,
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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 Alvarez-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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The main conclusions obtained are:

- In the first stages of BRHP there is a mixed Th1l/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 Thl response, the levels of
cytokines seem to indicate a switch towards a mixed Th2/Th1l7 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
1gGs.

- Two pigeon proteins (Ilg 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.

66



8. FUTURE LINES OF RESEARCH




FUTURE LINES OF RESEARCH

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/Th1l7 response was detected with
progression of BRHP, with a notable recruitment of lymphocytes, macrophages and
cDC2 and the release of Th2 and Th1l7 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-l 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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