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ABBREVIATIONS 

CD – cluster of differentiation 

COPD – chronic obstructive pulmonary disease  

DAB – 3'-Diaminobenzidine 

ECM – extracellular matrix 

EDTA – ethylenediaminetetraacetic acid 

FEV1 – forced expiratory volume in one second 

FVC – forced volume vital capacity 

hBD – human beta defensin 

Hsp – heat shock protein 

IAA – Institute of Anatomy and Anthropology 

IgE – Immunoglobulin E 

IL – interleukin 

μm – micrometer 

MMP (MMPs) – matrix metalloproteinase(-es) 

NK – natural killer cells 

p – p value 

p/y – pack years 

WHO – World Health Organisation 

rs – Spearman’s rank correlation coefficient (Spearman’s rho) 

RSU – Rīga Stradiņš University 

TGF – transforming growth factor 

Th – T helper cell 

TIMP (TIMPs) – tissue inhibitor of metalloproteinase(-es) 

TLR (TLRs) – Toll like receptor(-s) 

TNF-α – tumour necrosis factor alpha 

TRIS – tris(hydroxymethyl)aminomethane 

UK – United Kingdom 

USA – United States of America 

° – degree 

°C – Celsius degree 
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INTRODUCTION  
 

Chronic obstructive pulmonary disease (COPD) is characterised by 

progressive narrowing of airways, development of chronic inflammation, and 

clinically observable shortness of breath (Cazzola et al., 2007). According to data 

published by the World Health Organisation (WHO), COPD is the third leading 

cause of death in the world, accounting for about 5 % of all deaths. The 

prevalence of COPD worldwide is approximately 251 million cases (WHO, 

2018, 2019a). Classically, COPD is associated with smoking, occupational dust, 

chemicals, pesticides, vapors, or other volatile contaminants (Gibson et al., 

2013). Some studies have found that up to 70 % of COPD patients are non-

smokers (Salvi and Barnes, 2009). In general, COPD development is associated 

with exposure to complex volatile gases and their particles, internal factors of an 

individual (heredity, local tissue changes, etc.), persistent airway irritation, poor 

lung development and maturation history, gender, socioeconomic status, 

respiratory diseases (Lange et al., 2015).  

Under the influence of various risk factors, oxidative stress and chronic 

inflammation develop, which determines the formation and course of practically 

all other processes (for example, local fibrosis). Initially, combination of various 

factors leads to the predominance of destructive processes over tissue defense 

mechanisms that lead to manifestation of lung damage. Even with maximal 

elimination of risk factors, inflammation in COPD persists and even continues 

(Di Stefano et al., 2002; Bagdonas et al., 2015). Epithelial irritation causes early 

release of signaling molecules from epithelial cells, which further recruit other 

cells for inflammation. One of the most important causes and maintainers of 

chronic inflammation is cells with immune functions, such as neutrophils and 

macrophages, which receive a number of inducing factors, form and secrete 

proteolytic enzymes and degrade tissue components, and enhance the 

inflammatory response. Accordingly, the processes of chronic inflammation, 
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tissue destruction, and remodelling in COPD are determined by molecular and 

cellular mechanisms (Kobayashi and DeLeo, 2009). Even molecules formed in 

tissue damage initiate and sustain inflammatory processes (Salvi and Barnes, 

2009; Bagdonas et al., 2015). Complex intercellular signalling pathways 

involving numerous cytokines and hemokines play an important role in the 

development of COPD, as well as remodelling processes, which in turn cause a 

cascade of tissue mechanisms important in pathogenesis of COPD. Further tissue 

changes lead to airway obstruction. The named molecular and tissue mechanisms 

maintain the clinical picture and symptoms characteristic of COPD, which 

deteriorate over time as COPD progresses (Sarir et al., 2008).  

Oxidative stress or direct cell damage due to environmental factors 

triggers the development of an inflammatory response, which further forms the 

overall clinical picture of COPD. Thus, heat shock protein-70 (Hsp-70), by 

inducing the release of the inflammatory cytokines interleukin (IL) IL-6 and  

IL-8, is co-responsible for cell damage in addition to the ongoing inflammatory 

response (Hulina-Tomašković et al., 2019). Among the biological molecules 

important in the pathogenesis of COPD and their signaling, the cytokines IL-1 

(IL-1α, IL-1β) and IL-33 (Gabryelska et al., 2019), IL-6, IL-8 (Wu et al., 2014, 

Lee et al., 2018), IL-4, IL-7 (Perotin et al., 2014; Shibata et al., 2018; Wei and 

Sheng Li, 2018), IL-10 (Castellucci et al., 2015), IL-12 (Zhou et al., 2018), and 

tumour necrosis factor-alpha (TNF-α) must be mentioned (Bai et al., 2019). The 

above factors determine the development of an inflammatory response that is 

chronic and progressive in COPD (Cho et al., 2019). Equally important are tissue 

remodelling events, having one of the main drivers transforming growth factor-

beta (TGF-β). Hereby, TGF-β influences morphological changes in tissues, 

regulates the functions of the immune system and the course of inflammatory 

reactions, as well as participates in tissue remodelling, fibrosis, and wound 

healing processes. This multifunctionality is variable and changeable, primarily 
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in the environment of other factors (growth, inflammation, anti-inflammation, 

molecules modulating the inflammatory response).  

The overall context of tissue changes must be taken into account when 

assessing TGF-β effects (Saito et al., 2018). In the case of tissue damage caused 

by oxidative stress and inflammatory response, extracellular matrix degradation 

processes are important in remodelling processes. Peptidases of tissue structural 

components (matrix metalloproteinases as matrix metalloproteinase-2 (MMP-2)) 

degrade extracellular matrix collagen, elastin, basement membrane, laminin, 

fibronectin (Turino, 2007). Matrix metalloproteinase tissue inhibitor-2  

(TIMP-2), with its potential to promote tissue healing, is an important antagonist 

of MMP-2. Increased levels of TIMP-2 and TGF-β1 are associated with better 

tissue healing, which in turn is associated with better airway function in COPD 

(Ghanei et al., 2010; Gosselink et al., 2010). Antimicrobial peptides such as 

human beta defensins (hBDs) are an essential part of innate immunity. Human 

beta defensin-2 (hBD-2) has been found in various epithelia of human organs. 

hBD-2 interacts with other antimicrobial proteins such as lysozyme and 

lactoferrin (Jarczak et al., 2013), and is able to activate monocytes, macrophages, 

neutrophils, immature dendritic cells by hematotaxis (Winter and Wenghoefer, 

2012). hBD-3 has strong antibacterial and antiviral activity, and it also acts as a 

hematotaxis factor (Harder et al., 2001). hBD-4 is highly antimicrobial in nature, 

and it is functionally more active than hBD-2 and hBD-3 (Yanagi et al., 2005). 

Diagnosis of COPD and the severity of the disease are determined 

according to generally accepted defined diagnostic criteria. The diagnosis of 

COPD is based on the patient’s complaints (persistent symptoms such as 

shortness of breath, cough with/without sputum, wheezing), assessment of the 

severity of the patient’s complaints, objective examination (airflow disorders, 

including spirometry data), and risk factors (including smoking, outdoor and 

indoor air pollution, occupational risks). The diagnosis of COPD is also 
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supported by pathological changes in the airways and/or alveoli (Rabe et al., 

2007; Vogelmeier et al., 2017).  

The findings of bronchoscopy in COPD are variable and include local 

changes of chronic endobronchitis with various types of secretions (catarrhal, 

purulent, mucous), thickening of the bronchial wall, or, conversely, wall atrophy, 

and often heterogeneous findings of all changes in different bronchi (Fathy et al., 

2016). Microscopic findings in COPD and bronchial asthma may be similar, 

including bronchial epithelial desquamation, epithelial metaplasia, variable 

and/or regional basement membrane thickening, mucosal and submucosal 

inflammation, cell infiltration (predominant with neutrophil leukocytes,  

CD8+ T lymphocytes and macrophage infiltration in COPD, whereas with 

eosinophil leukocytes in bronchial asthma), as well as bronchial gland and 

smooth muscle hyperplasia (Pesci et al., 1998; Arafah et al., 2018). Subjective 

history and lung function parameters (including severity of COPD) in COPD 

patients may differ from endoscopic findings and local tissue changes (Köktürk 

et al., 2003). Inconsistency and inaccuracy of clinical criteria for objectively 

observable macroscopic and microscopic tissue changes require detection of 

local morphopathogenic markers for accurate diagnosis of COPD. 

Importantly, the studies of some markers show their linked complexes 

describing an associated picture of inflammation and other processes (fibrosis, 

tissue destruction, etc.) in COPD-affected lung tissue; however, mostly cytokines 

IL-1α, IL-8, TNF-α, and IL-10, remodelling marker MMP-2, growth factor  

TGF-β, and antimicrobial peptide hBD-2 are studied. In this study, a wide range 

of local factors was studied in a complex way (fifteen in total), including less 

studied factors – cytokines IL-1α, IL-4, IL-6, IL-8, TNF-α, IL-7, IL-12, and  

IL-10, growth factor TGF-β1, degradation enzyme MMP-2 and its inhibitor 

TIMP-2, cell and tissue oxidative stress damage marker Hsp-70, as well as hBDs 

hBD-2, hBD-3 and hBD-4. In general, the choice of these factors is based on the 

available literature, where the morphopathogenesis of COPD is determined by 
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cell and tissue damage under oxidative stress conditions, the formation of chronic 

inflammation with relevant tissue damage, as well as changes in local tissue 

immunity, including antimicrobial protection. 

To date, contradictory and solitary data have been obtained from both the 

studies of animal COPD model and human COPD-affected cell cultures. In 

general, COPD processes have been studied mostly in a small number of patients 

in tissue fluids and cell cultures, which are relatively difficult to attribute to true 

tissue processes. Studies also lack an ontogenetic aspect. 

The aim of the study was to determine and evaluate the morphological 

characteristics of COPD-affected lung tissue by analysing the relative abundance 

and distribution of markers relevant to chronic inflammation, tissue remodelling 

changes and local protective mechanisms, including ontogenetic perspective.  

In order to conduct the research, the following study objectives were set: 

1. To evaluate the morphological overview of bronchial and alveolar structures 

in lung tissue of COPD patients by routine histological staining method.  

2. To determine the appearance and relative distribution of inflammatory 

cytokines IL-1α, IL-4, IL-6, IL-8, TNF-α, regulatory cytokines IL-7 and  

IL-12, anti-inflammatory cytokine IL-10, growth factor TGF-β1, degradation 

enzyme MMP-2 and its inhibitor TIMP-2, cell and tissue damage marker  

Hsp-70, also antimicrobial protection factors hBD-2, hBD-3 and hBD-4 in the 

relatively healthy control group lung tissue by immunohistochemistry (IHC). 

3. To determine the appearance and relative distribution of inflammatory, 

regulatory and anti-inflammatory cytokines IL-1α, IL-4, IL-6, IL-8, TNF-α, 

IL-7, IL-12, IL-10 in COPD-affected lung tissue by IHC.  

4. To determine the appearance and relative distribution of growth factor  

TGF-β1, degradation enzyme MMP-2 and its inhibitor TIMP-2, cell and tissue 

damage marker Hsp-70 in COPD-affected lung tissue by IHC. 

5. To determine the appearance and relative distribution of antimicrobial factors 

hBD-2, hBD-3 and hBD-4 in COPD-affected lung tissue by IHC.  
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6. To perform processing of the data and statistical analysis; to compare the 

acquired morphological data between COPD-affected lung tissue and the 

relatively healthy control group lung tissue. 

7. To evaluate the relationship of morphological changes of COPD-affected lung 

tissue with the clinical findings of COPD patients by correlating the acquired 

morphological data with medical history data, functional indicators, as well as 

bronchoscopic findings. 

8. To determine the ageing changes in lung tissue of the control group and COPD 

patients by correlating the IHC findings of different tissue factors with age 

and in different age groups.  

 

Hypotheses of the study. COPD morphopathogenesis is affected by changes in 

the relative abundance and distribution of chronic inflammation, tissue 

remodelling, cell and tissue damage-associated factors, and local tissue 

protection markers, as shown by the interaction of these markers in the complex 

relationship. The relative abundance and distribution of various tissue factors in 

the lung tissue of healthy people and COPD patients changes with age.  

 

Novelty of the study. This study describes the detection of cytokines, 

remodelling factors, and antimicrobial protection factors in the lung of relatively 

healthy patients and COPD affected patients using IHC. In general, to date, 

complex data on the findings of morphology and immunoreactive structures in 

relatively healthy and COPD-affected bronchial tissues, indicating local changes 

in the tissues, have been studied poorly in scientific publications. Markers such 

as interleukins and others have been studied as extensively in most publications. 

are considered alone or in combinations of some markers. For example, the 

course of chronic inflammation locally in tissues also affects remodelling 

processes, as indicated by the interaction of these factors. A number of factors 

have been identified, the location and interaction of which indicate much broader 
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functions than described so far. The presence of various factors in terms of ageing 

in the lung tissues of relatively healthy individuals and COPD patients, which is 

an important part of this study, has been little studied. In the case of age-related 

general inflammation, there are limited data on lung ageing and local markers 

associated with the inflammatory response. In recent years, there has been a small 

number of studies conducted in Latvia in the field of pulmonology or on the 

health of the respiratory system. Thus, the current study on the discovery of 

complex factors in the lung tissues of COPD patients is considered to be an 

innovative and practically extensive one carried out so far. The above mentioned 

statements determine the topicality of the research and substantiates the 

significance of the research in morphology, fundamental and clinical 

pulmonology. 

 

Individual contribution. The Author participated in all stages of the study, 

performed the planning of research work, routine histological and IHC reactions, 

analysis of the tissue material and the acquisition of scientific data, performed 

the statistical analysis of all data. The Author has written all this work and is the 

author of all the microphotographs. 

 

Ethical aspects. All authors hereby declare that all study performances were 

examined and appropriately approved by the by the local Ethical Committee of 

Pauls Stradins Clinical University Hospital, and were therefore implemented in 

accordance with the ethical standards laid down in the 1964 Declaration of 

Helsinki (Ethical code number: 230113-17L, approval date: January 23, 2013).  

 

Structure and volume of the Doctoral Thesis. The Doctoral Thesis is written 

in Latvian. It consists of 5 chapters: literature review, material and methods, 

results, discussion and conclusions. The volume of the Doctoral Thesis is 290 

pages, the work contains 42 tables, 65 graphs and 60 figures (microphotographs). 

The references of the Doctoral Thesis consists of 419 sources.   
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1 MATERIALS AND METHODS 
 

1.1 Tissue Material Used for Morphological Analysis 
 

The study population consisted of 40 patients with a clinically and 

functionally established diagnosis of COPD (mild to severe COPD). The 

diagnosis of COPD and the severity of the disease were determined according to 

generally accepted defined diagnostic criteria. Of all COPD patients, lung tissue 

material was obtained during fibrobronchoscopy under local anesthesia with 

videobronchoscope from 36 patients, obtaining several bronchial mucosa 

biopsies from the right lobe segmental bronchi for diagnostic purposes  

(2012–2018). Tissue material from remaining four patients was obtained from 

the historical tissue material collection of the Institute of Anatomy and 

Anthropology (IAA), Rīga Stradiņš University (RSU) (1998–1999).  

Of the study COPD patients, 39 were male and one was female. All COPD 

patients ranged in age from 53 to 88 years. The duration of COPD (in years) in 

34 patients ranged from 1 year to 25 years. The fact of smoking was calculated 

in 35 COPD patients with a calculated number of pack years (p/y), which ranged 

from 10 p/y to 70 p/y. Lung functional measurements of FEV1 (forced expiratory 

volume per second; percentage (%) and units of volume (litres)), FVC (forced 

vital capacity; percentage (%) and units of volume (litres)) were determined by 

spirometry in 35 patients, also the Tiffno index (Tiffeneau-Pinelli index) or the 

ratio between FEV1 and FVC. COPD patients overall had FEV1 (%) from  

20.4 to 100, FEV1 (L) from 0.61 to 3.10, FVC (%) from 19.33 to 95.8, FVC (L) 

from 0.74 to 4.55, FEV1/FVC from 0.289 to 0.7251. 

Of all COPD patients, 36 patients had hypertrophic or atrophic changes 

in the bronchial wall, chronic endobronchitis, as well as airway deformities at the 

bronchoscopic site. 

Control group lung material was obtained in a post-mortem autopsy from 

49 individuals of various ages who died of accidents and not from respiratory 
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disease, or during lung surgery. The control group included 37 men and  

12 women aged nine to 95 years. The tissue material was obtained from the 

historical tissue material collection of the IAA, RSU (1993–1995). At the 

autopsy, bronchial wall tissue material was obtained from the large 

cartilagineous bronchi (main and lobar), which also contained lung parenchyma 

material. Among the diagnoses of the control subjects, mostly sudden cardiac 

death (sudden cardiac arrest), intentional selfharm (suicide) and unintentional 

major injury due to trauma (vehicle crash, traffic collision) were dated. Control 

group tissue samples with medical data records and histopathological findings 

conflicting the possible results were excluded. 

 

1.2 Methods of Morphological Analysis 
 

1.2.1 Tissue Material Fixation and Section Preparation 
 

For routine histological and immunohistochemical methods, the tissue 

material was processed in the Laboratory of Morphology, IAA, RSU.  

Approximately 1 cm3-sized specimens of lung tissue were obtained. 

Tissue material was fixed in Stefanini (Zamboni) tissue fixation solution 

(Stefanini et al., 1967). Storage was performed in the refrigerator. After fixation, 

the tissue material was delivered to the Laboratory of Morphology, where it was 

rinsed with Tyrode’s solution for 24 hours, and increasing concentration alchohol 

solutions (50º–95º) were used for dehydration and degreasing for 30 minutes,  

1–2 hours, 3–4 hours, 24 hours. The tissue material was purified using two 

continuous washes of the xylene solution for 1 hour. The fixed tissue material 

was prepared for embedding in paraffin blocks. The paraffin mixture was 

homogenised and the tissues were infiltrated for 3 hours by applying two paraffin 

sets. The tissue material embedded in the molten paraffin was solidified in a 

paraffin block, from which tissue sections were further prepared for routine 

histology staining and immunohistochemistry. The tissue material in the paraffin 
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block was cut into serial 3–4 μm thick sections using a laboratory semi-automatic 

rotating microtome (code Leica RM2245; Leica Biosystems Richmond, USA). 

Sections of tissue material from the microtome razor were transferred to water 

(48–50 ºC) and then to a slide (code 6130603; Histobond®+, Paul Marienfeld 

GmbH & Co. KG, Germany). Tissue sections applied to slides were placed in a 

thermostat at 56 ºC for 20–60 minutes.  

 

1.2.2 Routine Histological Staining Method 

 

Tissue sections were prepared for routine histological staining by 

deparaffinisation. Paraffin from tissue micropreparations was rinsed with two 

continuous rinses of xylene solution for 10 minutes. Then tissue material was 

dehydrated using 96º ethanol solution. The prepared tissue sections were stained 

with hematoxylin (code 05-M06002, Mayer’s; Bio Optica Milano, Italy) and 

eosin (kods 05-B10003; Mayer’s; Bio Optica Milano, Italy). Tissue sections 

stained with hematoxylin and eosin for routine histological staining provided the 

morphological overview. In the overview sections, the basophilic structures of 

the cells and tissues turned bluish purple, but the acidophilic structures turned 

pink (Lillie et al., 1976). After staining, the tissue material was dehydrated with 

70º–96º ethanol for 9 minutes, clarified with carboxylol and xylene. A drop of 

histological glue (Pertex glue (code Lot 1710013, Histolab Products AB, 

Sweden)) was applied to the stained tissue sections and covered with  

a 0.13–0.16 mm cover glass (code H875.2; Carl Roth GmbH+Co, Germany). 

Tissue material for routine histological staining was analysed by bright field light 

microscopy with a Leica DC 300F camera microscope (kods Leica DM500RB, 

Leica Biosystems Richmond, USA).  

The morphological evaluation of the tissue material prepared by the 

routine histologal staining method was performed by analysing the following 

findings: bronchial pseudostratified epithelium (epithelial cell desquamation, 
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metaplasia, epithelial cell hyperplasia, inflammatory cell infiltration); basement 

membrane (thickened basement membrane); mucosal connective tissue (fibrosis, 

granulation tissue, inflammatory cell infiltration assessed in the bronchial wall 

and/or perivascularly according to the following scheme: 1) no infiltration of 

inflammatory cells is observed (score 0); 2) minimal, local infiltration of 

individual cells (grade 1); 3) moderate inflammatory cell infiltration (score 2);  

4) significant infiltration of inflammatory cells (grade 3); bronchial glands 

(hypertrophy, inflammatory cell infiltration); bronchial smooth muscle 

(hyperplasia); microcirculatory blood vessels (thickened vascular wall, 

perivascular fibrosis). 

 

1.2.3 Immunohistochemistry Method and Reagents 

 

Appearance and relative distribution of inflammatory, regulatory and 

anti-inflammatory cytokines, tissue remodelling and antimicrobial protection 

factors were determined in tissue sections of relatively healthy control and COPD 

patients using the biotin-streptavidin immunohistochemistry method (Hsu et al., 

1981; Mori and Cardiff, 2016). Data on the antibodies used in the study have 

been summarised in Table 1.1. 

 

Table 1.1 

 

Antibodies used in immunohistochemistry 

No. Antibody Code 
Obtained 

from 

Working 

dilution 
Manufacturer 

1. IL-1α sc-9983 Mouse 1:50 
Santa Cruz 

Biotechnology, USA 

2. IL-4 orb10908 Rabbit 1:100 Biorbyt Ltd., UK 

3. IL-6 sc-73319 Mouse 1:50 
Santa Cruz 

Biotechnology, USA 

4. IL-7 orb48420 Rabbit 1:100 Biorbyt Ltd., UK 

5. IL-8 sc-1269 Goat 1:50 
Santa Cruz 

Biotechnology, USA 

6. IL-10 P22301 Rabbit 1:400 Nordic BioSite, Sweden 
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Continuation of the table 

7. IL-12 orb10894 Rabbit 1:100 Biorbyt Ltd., UK 

8. TNF-α ab6671 Rabbit 1:100 Abcam, UK 

9. TGF-β1 orb7087 Rabbit 1:100 Biorbyt Ltd., UK 

10. MMP-2 sc-53630 Mouse 1:100 
Santa Cruz 

Biotechnology, USA 

11. TIMP-2 sc-21735 Mouse 1:100 
Santa Cruz 

Biotechnology, USA 

12. Hsp-70 585054A Mouse 1:100 Invitrogen, Italy 

13. hBD-2 sc-20798 Rabbit 1:200 
Santa Cruz 

Biotechnology, USA 

14. hBD-3 rb183268 Rabbit 1:100 Biorbyt Ltd., UK 

15. hBD-4 ab14419 Mouse 1:200 Abcam, UK 

Abbreviations in the table: IL-1α, -4, -6, -7, -8, -10, -12 – interleukin-1α, -4, -6, -7, -8, -

10, -12; TNF-α – tumour necrosis factor-alpha; TGF-β1 – transforming growth factor-

beta 1; MMP-2 – matrix metalloproteinase-2; TIMP-2 – MMP-2 tissue inhibitor; Hsp-70 

– heat shock protein-70; hBD-2, -3, -4 – human beta defensin-2, -3, -4. 

 

Tissue sample fixation and preparation, embedment into paraffin blocks, 

microtomy and placement on slides was performed according to the scheme 

described above (see Section 1.2.1). Then 3–4 μm thick tissue sections were 

obtained from the paraffin block of the tissue material, transferred to a slide, and 

dried in a thermostat. Tissue sections were then deparaffinised with xylene 

solution and dehydrated with graduated alcohol solutions. Deparaffinised, 

washed, and cleared tissue sections were placed in a holder and rinsed with TRIS 

buffer (code 2017X12508; Diapath, Italy) for 10 minutes. Tissue sample was 

boiled in EDTA (pH 9,0) buffer (code 2017X02239; Diapath, Italy) in the 

microwave for 10 minutes. Afterwards, the container with the tissue samples was 

cooled to 65 °C. A holder with tissue samples was placed in TRIS wash buffer. 

Endogenous peroxidase was blocked with a 3 % peroxidase block (code 

K400611, Dako, Denmark) for 10 minutes. Rinsing with TRIS wash buffer was 

performed for 10 minutes. All antibodies used in the study were diluted with 

Antibody Diluent (code 938B-05; Cell MarqueTM, USA). 
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The HiDef DetectionTM HRP polymer system was used for mouse or 

rabbit antibodies (code 954D-30, Cell MarqueTM, USA). Incubation with 

primary antibody was performed for 2 hours. Tissue samples were washed in 

TRIS wash buffer for 10 minutes. The HiDef DetectionTM reaction amplifier was 

then used (code 954D-31; Cell MarqueTM, USA) at room temperature for  

10 minutes. The tissue material was then rinsed in TRIS wash buffer for  

10 minutes. The HiDef DetectionTM HRP polymer label (code 954D-32; Cell 

MarqueTM, USA) was then used at room temperature for 10 minutes.  

The ImmunoCruzTM ABC staining system was used for goat antibodies 

(code sc-2023; Santa Cruz Biotechnology, USA). It includes biotin-containing 

secondary and tertiary antibodies. Tissue material was incubated in 1.5 % 

blocking serum in TRIS buffer for up to one hour at room temperature. Tissue 

material was incubated with the primary antibody for up to one hour. Tissue 

material was rinsed in TRIS wash buffer for 10 minutes. Tissue sections were 

incubated with biotin-containing secondary antibody for 30 minutes and rinsed 

again for 10 minutes in TRIS wash buffer. Tissue sections were incubated with 

biotin-containing tertiary antibody for 30 minutes. 

All immunohistochemically treated tissue sections were rinsed in TRIS 

wash buffer for 10 minutes. The tissue sections were coated with the DAB+ 

chromogenic liquid DAB Substrate Kit (code 957D-60; Cell MarqueTM, USA), 

as well as incubated at room temperature for up to 10 minutes to obtain a brown 

staining of immunoreactive structures. The sections were then washed in distilled 

water for 5 minutes. Tissues were then contrast stained with hematoxylin (code 

05-M06002, Mayer’s Bio Optica Milano, Italy) for 2 minutes. Further, the 

antibody-treated tissue material was dehydrated with 70º–96º ethanol solutions. 

Tissue sections were clarified with carboxylol and xylene. A drop of Pertex glue 

was applied to the tissue section and a coverslip was glued. 

Negative and positive control sections were prepared for this study. 
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1.3 Data Processing Methods 
 

Tissue material for routine histological staining was analysed by bright 

field light microscopy with a Leica DC 300F camera microscope. The obtained 

images were analysed with the image processing software Image Pro Plus 6.0 

(Media Cybernetics, USA). Image processing programmes Photo Pos Pro 3.2 

(Power Of Software LTD., Israel) and paint.net (dotPDN LLC and Rick 

Brewster, USA) were used for image visualisation and processing. 

 

1.3.1 Semiquantitative Counting Method 
 

Quantification of immunoreactive structures (cells) was performed using 

a semi-quantitative counting method (Tobin et al., 1990; Pilmane et al., 1998): 

0 – no immunoreactive structures were detected in the visual field; 

0/+ – occasional positive structures in the visual field; 

+ – few positive structures in the visual field; 

+/++ – few to moderate positive structures in the visual field; 

++ – moderate positive structures in the visual field; 

++/+++ – moderate to numerous positive structures in the visual field; 

+++ – numerous positive structures in the visual field; 

+++/++++ – numerous to abundant positive structures in the visual field; 

++++ – abundance of positive structures in the visual field. 

Cells whose cell nucleus/cytoplasm was marked brown in an IHC were 

considered immunoreactive (immunopositive). Immunoreactive structures 

(cells) were analysed in the following tissue groups and localisations of lung 

material: bronchial epithelium; bronchial mucosal connective tissue; wall of 

mucosal microcirculation blood vessels; bronchial smooth muscle; bronchial 

glands; bronchial hyaline cartilage; alveolar epithelium; alveolar macrophages. 

Immunoreactive (positive) structures were evaluated in five randomly selected 

fields of view at 400 X magnification for each tissue section material.  
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1.3.2 Data Statistical Analysis 
 

Statistical processing was performed by creating a ranking (ordinal value) 

scale and categorising the obtained data according to the number of 

immunoreactive cells counted from 0 (no immunoreactive cells were detected) 

to 4.0 (abundance of immunoreactive cells). The normal distribution of the data 

was tested by the Kolmogorov-Smirnov normality test. Non-parametric 

statistical methods were used for statistical analysis of immunohistochemical 

data. The median and interquartile amplitudes were evaluated. The Wilcoxon 

matched pairs Signed Rank Test was used to compare two dependent groups. 

The Mann-Whitney U Test was used to determine the differences between the 

number of immunoreactive cells of each examined marker within different lung 

tissue compartments and localisations in COPD patients compared to control 

patients. Spearman’s Rank Order Correlation was used in the analysis of the 

correlation between the two parameter groups. The classification of the 

correlation strength according to the value of the correlation coefficient rs was as 

follows: |rs| = 0–0.3 – insignificant, |rs| = 0.3–0.5 – weak, |rs| = 0.5–0.7 – 

moderate, |rs| = 0.7–0.9 – moderately strong, |rs| = 0.9–1.0 – strong correlation. 

In all data statistical processing methods, the results were considered statistically 

significant if the p value is < 0.05. Statistical processing and visualisation was 

performed with IBM SPSS statistical software 23rd version (IBM Company, 

USA) and GraphPad Prism 8.3.0 software (GraphPad Software, USA).  

 

1.4 Definition of age groups in analysis of age changes 
 

The age changes analysed in this study were determined by age groups  

9–20 years, 21–34 years, 35–49 years, 50–64 years, 65–74 years, ≥ 75 years 

(Halbert et al., 2006; Moliva et al., 2014; Thannickal et al., 2015; Budinger et 

al., 2017; WHO, 2019b).   
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2 RESULTS 
 

2.1 Characterisation of morphological findings in control patients 

and patients with chronic obstructive pulmonary disease 
 

All 49 control patients had a large bronchus wall in their sections, and 25 

control patients also had additional lung parenchyma (alveolar structures) in their 

sections. In the lung tissue material of all 49 control group patients, a practically 

unchanged lung histological picture in accordance with the generally accepted 

relative norm was found. 

Variable and different grades and localisations of chronic inflammation 

and tissue remodelling were visualised in all lung tissue materials of 40 COPD 

patients. The morphological finding of COPD patient’s tissue material included 

infiltration of inflammatory cells into the bronchial epithelium, mucosal 

connective tissue and bronchial glands, also granulation tissue, thickened 

basement membrane, bronchial gland and smooth muscle hypeplasia and 

hypertrophy, and thickened walls of blood vessels. Changes in remodelling were 

indicated by fibrosis, the presence of pronounced and thick bundles of connective 

tissue fibres, as well as an overall thickened bronchial wall. 

Different morphological findings of bronchial epithelium in the tissue 

material of all 40 COPD patients were visualised. Fragmented desquamation of 

epithelial cells were found in the tissue material of all patients. Of all 40 COPD 

patients, 24 patients had bronchial epithelium fragments of normal epithelium, 

and none of the altered epithelium findings was found in the tissue material of 

one patient; basal epithelial cell hyperplasia was fragmentarily detected in the 

bronchial epithelium of 37 patients; thick mucoid epithelium was visualised in 

19 patients; epithelial metaplasia was observed in 23 patients. Interestingly, 

different findings of epithelial changes were combined in every patient’s tissue 

material. In all COPD patients, the finding of epithelial metaplasia was 

associated with worse and/or more variable functional parameters FEV1 (L)  
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(U = 50, p < 0.001), FEV1 (%) (U = 75, p = 0.009), FVC (L) (U = 64.5,  

p = 0.003), FEV1/FVC (U = 69, p = 0.009) and with COPD severity (U = 96,  

p = 0.037).  

In the mucosal connective tissues of 34 COPD patients, fibrotic changes 

with large, densely packed connective tissue collagen fiber bundles were found, 

between which rare connective tissue cells were visualised. In some patients, 

bundles of collagen fibers were arranged chaotically and irregularly. In COPD 

patients, the presence of fibrosis in the histological sections of the report was 

associated with poorer functional parameters (FEV1 (L) (U = 36.5, p = 0.024), 

FEV1 (%) (U = 41, p = 0.044), FVC (L)) (L) (U = 40.5, p = 0.04).  

Inflammatory cell infiltration was observed in the bronchial epithelium 

and connective tissue of all 40 COPD patients. Widespread inflammatory 

infiltrates containing lymphocytes, neutrophils, and macrophages ranged from 

minimal, local (1) to significant (3) infiltration of inflammatory cells in the 

bronchial tissue of all COPD patients. Of all COPD patients, 14 had bronchial 

tissue infiltrates of the eosinophils in the bronchial epithelium and/or connective 

tissue. Infiltration of lymphocytes and neutrophils was detected in the bronchial 

epithelium. In general, infiltration of inflammatory cells into the bronchial 

epithelium was not pronounced (1). Infiltrates of neutrophils, lymphocytes, 

macrophages, eosinophils and plasma cells were found in the connective tissue 

of the bronchial mucosa. In general, inflammation cell infiltration in connective 

tissue was moderate (2), while in the glands it was minimal (1). The degree of 

infiltration of inflammatory cells in connective tissue was statistically 

significantly more pronounced than in epithelium (Z = –3.448, p = 0.001) and 

glands (Z = –4.433, p < 0.0001).  

In addition to inflammatory cell infiltrates in mucosal connective tissue, 

granulation tissue was also visualised in 28 COPD patients. Granulation tissue 

finding was associated with more pronounced infiltration of inflammatory cells 
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into connective tissue (U = 95.5, p = 0.031). Moreover, granulation tissue finding 

was associated with a longer smoking history (p/y) (U = 60, p = 0.017). 

 

2.2 Characterisation and statistical analysis of biotin-streptavidin 

immunohistochemistry data 
 

2.2.1 Immunohistochemistry data and statistical analysis of various 

tissue factors in control group patients 
 

Immunohistochemistry data of various tissue factors in control patients 

 

Inflammatory, regulatory and anti-inflammatory cytokines 

Interleukin-1 alpha (IL-1α). Overall, in most (36) control patients, none (0) or 

occasional (0/+) IL-1α immunoreactive cells in the bronchial epithelium and 

connective tissue were found. In majority (36) of the control group patients, cells 

containing this factor were not detected in the blood vessels, muscles and glands 

(0), while in the cartilage of most control patients (16), few (+) IL-1α 

immunoreactive cells were detected. The numbers of IL-1α immunoreactive cells 

in the alveolar lung material of control patients varied markedly from none (0) 

to numerous (+++).  

 

Interleukin-4 (IL-4). In general, few (+), few to moderate (+/++) and moderate 

(++), as well as numerous (+++) IL-4 immunoreactive cells were detected in the 

bronchial epithelium of most control patients (26). In majority of control patients, 

connective tissue (44), blood vessels (38), bronchial smooth muscle (33), glands 

(33) and cartilage (31) contained none (0) or occasional (0/+), or few (+) IL-4 

immunoreactive cells. In the alveolar epithelium and among alveolar 

macrophages, the amount of IL-4-containing cells ranged from none (0) to 

numerous to abundant (+++/++++).  
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Interleukin-6 (IL-6). Occasional (0/+), few (+), and few to moderate (+/++)  

IL-6 immunoreactive cells were found in the bronchial epithelium of most (25) 

control patients. All (40) control patients had none (0) or occasional (0/+) IL-6-

immunoreactive cells in connective tissue, blood vessels, muscle, and glands, 

while most of them (22) had few (+) to moderate (++) IL-6 positive cells in 

cartilage. Occasional (0/+) to moderate to numerous (++/+++) IL-6-containing 

cells in the alveolar epithelium and among alveolar macrophages were identified 

in part of control patients (24). 

 

Interleukin-8 (IL-8). In majority of control patients (37), bronchial epithelium 

and muscle lacked (0) or there were mostly detected occasional (0/+) to few (+) 

IL-8 immunoreactive cells. In all control patients, the amount of IL-8 

immunoreactive cells ranged from none (0) to numerous (+++) in connective 

tissue, blood vessels, glands, cartilage, alveolar epithelium and among alveolar 

macrophages.  

 

Tumour necrosis factor-alpha (TNF-α). In most control patients, TNF-α 

immunoreactive cells were either not found (0) in the bronchial epithelium (37), 

mucosal connective tissue (41), blood vessels (43), smooth muscle (42), glands 

(40), and cartilage (31), or mostly occasional (0/+) and few (+) TNF-α-

containing cells were identified. In part of control patients, the number of TNF-

α-positive cells in the alveolar lung material ranged from none (0) to few (+) in 

the alveolar epithelium, as well as to numerous (+++) among alveolar 

macrophages.  

 

Interleukin-7 (IL-7). Overall, in majority of control patients (28), few (+) to 

moderate (++) numbers of IL-7-containing cells were detected in the bronchial 

epithelium. In the connective tissue, blood vessels, bronchial smooth muscle and 

glands of most control patients (44), none (0), occasional (0/+) and few (+) IL-7 
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immunoreactive cells were found, whereas in cartilage (30), mostly moderate 

(++) to numerous (+++) of those were detected. In alveolar epithelium and 

among alveolar macrophages, the amount of IL-7-containing cells varied 

markedly from their deficiency (0) to as much as to numerous to abundance 

(+++/++++). 

 

Interleukin-12 (IL-12). In majority of control patients (33), few (+), few to 

moderate (+/++), to moderate (++) numbers of IL-12 immunoreactive cells were 

detected in the bronchial epithelium. None (0) to occasional (0/+), to few (+)  

IL-12 immunoreactive cells were found in the connective tissue and blood 

vessels of majority of control patients (33). In the bronchial smooth muscle, 

glands and cartilage (36), mostly few (+) and few to moderate (+/++) IL-12-

containing cells were detected. For most patients, occasional (0/+) to few (+)  

IL-12 positive cells in the alveolar epithelium and among alveolar macrophages 

were detected. 

 

Interleukin-10 (IL-10). In part of control patients (22), few (+) and few to 

moderate (+/++) numbers of IL-10 immunoreactive cells were detected in the 

bronchial epithelium, but none (0) to occasional (0/+), to few (+) were found in 

connective tissue, blood vessels, smooth muscle and glands. In the bronchial 

cartilage (24), mostly few to moderate (+/++) and moderate (++) numbers of   

IL-10 immunoreactive cells were detected. Mostly (22) occasional (0/+), few (+), 

few to moderate (+/++), and moderate (++) IL-10 immunoreactive alveolocytes 

and alveolar macrophages were counted.  

 

Lung tissue remodelling factors 

Transforming growth factor-beta 1 (TGF-β1). Occasional (0/+) and few (+) 

TGF-β1 immunoreactive cells were detected in the bronchial epithelium of 

majority of control patients (22); however, in connective tissue (47), blood 
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vessels (39), smooth muscle (33) and glands (33), mostly occasional (0/+) and 

few (+) cells were identified. In cartilage, few (+), few to moderate (+/++), to 

moderate (++) TGF-β1 positive cells were mostly (35) detected. In turn, in the 

alveolar epithelium and among alveolar macrophages, mostly (25) occasional 

(0/+), few (+), few to moderate (+/++) TGF-β1-containing cells were detected.  

 

Matrix metalloproteinase-2 (MMP-2). In most control patients, none (0), 

occasional (0/+), few (+) and few to moderate (+/++) numbers of MMP-2 

immunoreactive cells were detected in the bronchial epithelium (23), connective 

tissue (47), vascular wall (34), smooth muscle (27) and glands (37). In the 

bronchial cartilage, a variable number of MMP-2 positive cells were found from 

none (0) to numerous (+++). Occasional (0/+), few (+), few to moderate (+/++), 

and moderate (++) numbers of MMP-2 positive cells were detected in the 

alveolar epithelium and among alveolar macrophages in part of control patients 

(21). 

 

Tissue inhibitor of matrix metalloproteinase-2 (TIMP-2). In bronchial 

epithelium (30), mucosal connective tissue (46), vascular wall (43), smooth 

muscle (33), and glands (39) of most control patients, none (0) of TIMP-2 

immunoreactive cells or occasional (0/+), few (+) and few to moderate (+/++) 

numberos of factor positive cells were found. In most of control patients (35), 

few to moderate (+/++), moderate (++), and moderate to numerous (++/+++) 

TIMP-2 immunoreactive cells were detected in cartilage. In alveolar epithelium 

and among alveolar macrophages, mostly (21) few (+), few to moderate (+/++), 

and moderate (++) TIMP-2 immunoreactive cells were found.  

 

Indicators of cellular and tissue oxidative stress 

Heat shock protein-70 (Hsp-70). In part of control patients (20), mostly few (+) 

Hsp-70 immunoreactive cells were detected in the bronchial epithelium. Mostly 
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none (0), occasional (0/+) and few (+) Hsp-70-containing cells were found in 

connective tissue (47), blood vessels (38), smooth muscle (32) and glands (37). 

In most control individuals (26), few to moderate (+/++) and moderate (++)  

Hsp-70 immunoreactive cells were detected in cartilage. Mostly (21) few (+), 

few to moderate (+/++) and moderate (++) Hsp-70 positive cells were found in 

alveolar epithelium and among alveolar macrophages. 

 

Local antimicrobial protection factors 

Human beta defensin-2 (hBD-2). In majority of control patients (34), none (0) 

or occasional (0/+) hBD-2 immunoreactive cells in the bronchial epithelium, 

connective tissue, blood vessels, muscle, and glands were found. In most control 

individuals (33), few to moderate (+/++) to numerous (+++) numbers of hBD-2 

immunoreactive cells were detected in cartilage. In part of control patients (21), 

in alveolar epithelium and among alveolar macrophages, occasional (0/+) to 

moderate (++) numbers of hBD-2 positive cells were detected altogether. 

 

Human beta defensin-3 (hBD-3). In majority of control patients (28), none (0) 

or occasional (0/+) hBD-3 immunoreactive cells were found in the bronchial 

epithelium, connective tissue, blood vessels, smooth muscle, and glands. In 

cartilage (31), alveolar epithelium and among alveolar macrophages (18) of most 

control patients, occasional (0/+) to moderate (++) numbers of hBD-3 

immunoreactive cells were found. 

 

Human beta defensin-4 (hBD-4). In majority of control patients, none (0) or 

only occasional (0/+) hBD-4-containing cells were found in the bronchial 

epithelium (31), connective tissue (32), blood vessels (26), muscle (39), and 

glands (30). In cartilage (33), alveolar epithelium (21), and among alveolar 

macrophages (15) of part of control individuals, occasional (0/+) to moderate 

(++) numbers of hBD-4 immunoreactive cells were detected.  
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In general, less immunoreactive cells were determined in the connective 

tissue, blood vessels, smooth muscle, as well as in glands of the control group 

patients. Of particular note, statistically significant (p < 0.05) lower numbers of 

IL-6 and Hsp-70 immunoreactive cells was found in smooth muscle.  

In the tissue material of the control group patients, more immunoreactive 

cells were determined in the bronchial epithelium, cartilage, alveolar epithelium, 

and among alveolar macrophages. Separately from this finding, statistically 

significantly (p < 0.05) higher numbers of IL-4, IL-7 immunoreactive cells in 

bronchial epithelium, higher numbers of MMP-2, TIMP-2, hBD-2, hBD-3, 

hDB-4 immunoreactive cells in bronchial cartilage, as well as a higher numbers 

of IL-8, TNF-α and TGF-β1 immunoreactive cells among alveolar macrophages 

were found. The number of IL-8 immunoreactive cells in blood vessels and the 

number of TNF-α immunoreactive cells in connective tissue were also 

statistically significantly (p < 0.05) higher, but the number of IL-12-containing 

alveolar macrophages was lower (see Table 2.1). 

 

Evaluation of relationship between different tissue factors in control 

patients  

 

Statistically significant (p < 0.05) correlations between the numbers of 

IL-1α, IL-4, IL-6, TNF-α, IL-7, IL-10 immunoreactive cells in the bronchial 

and alveolar epithelium, as well as among alveolar macrophages should be 

mentioned separately. In addition, statistically significant (p < 0.05) correlations 

were also determined for the numbers of TIMP-2, Hsp-70, TGF-β1, hBD-2, 

hBD-3, hBD-4 immunoreactive cells among alveolar macrophages.  
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Table 2.1 

Relative appearance and distribution of various tissue factors in lung tissues of control patients 

 
Control group patients (N = 49) 

E. C.t. B.v. S.m. G. C. A.e. A.m. 

IL-1α 0/+ 0/+ 0 0 0 + 0/+ + 

IL-4 +/++ * 0/+ 0/+ 0 0/+ 0/+ + +/++ 

IL-6 + 0/+ 0/+ 0 * 0 + + +/++ 

IL-8 0/+ + ++ * 0/+ + ++/+++ + ++ * 

TNF-α 0 0/+ * 0 0 0 0/+ 0/+ +/++ * 

IL-7 +/++ * 0/+ + 0 0/+ ++ + +/++ 

IL-12 +/++ 0/+ + +/++ +/++ + + 0/+ * 

IL-10 +/++ + + 0/+ 0/+ ++ + +/++ 

TGF-β1 + 0/+ 0/+ 0 0/+ + + + * 

MMP-2 + * 0/+ 0/+ 0 0/+ +/++ * + + – +/++ 

TIMP-2 + 0/+ + 0/+ 0/+ ++ * +/++ +/++ 

Hsp-70 + 0/+ 0/+ 0 * 0/+ +/++ +/++ + 

hBD-2 0/+ 0/+ + 0 0/+ ++ * +/++ +/++ 

hBD-3 0/+ 0/+ 0/+ 0/+ 0/+ +/++ * +/++ + 

hBD-4 0/+ 0/+ 0/+ 0 0 + * +/++ + 

Abbreviations in the table: E. – bronchial epithelium; C.t. – mucosal connective tissue; B.v. – mucosal blood vessels; S.m. – smooth muscle; G. – bronchial 
glands; C. – bronchial cartilage; A.e. – alveolar epithelium; A.m. – alveolar macrophages; IL-1α, -4, -6, -7, -8, -10, -12 – interleukin-1α, -4, -6, -7, -8, -10, 

-12; TNF-α – tumour necrosis factor-α; TGF-β1 – transforming growth factor-β1; MMP-2 – matrix metalloproteinase-2; TIMP-2 – tissue inhibitor of  

MMP-2; Hsp-70 – heat shock protein-70; hBD-2, -3, -4 – human beta defensin-2, -3, -4; 0 (0) – no immunoreactive cells (i.c.) in visual field (v.f.);  

0/+ (0.5) – occasional i.c. in v.f.; + (1.0) – few i.c. in v.f.; +/++ (1.5) – few to moderate i.c. in v.f.; ++ (2.0) – moderate i.c. in v.f.; ++/+++ (2.5) – moderate 

to numerous i.c. in v.f.; N – patient count; * – statistically significant difference (p < 0.05).
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2.2.2 Immunohistochemistry data and statistical analysis of various 

tissue factors in COPD patients 
 

Immunohistochemistry data of various tissue factors in control patients 

 

Inflammatory, regulatory and anti-inflammatory cytokines 

Interleukin-1 alpha (IL-1α). In the bronchial epithelium of most COPD patients 

(23), moderate to numerous (++/+++), to numerous (+++), to numerous to 

abundance (+++/++++) of IL-1α-containing cells were foundd; however, in 

connective tissue (18), blood vessels (19), smooth muscle (34) and glands (21) – 

occasional (0/+) to few (+) IL-1α immunoreactive cells (Figure 2.1). 

 

 

Figure 2.1. Moderate (++) IL-1α immunoreactive cells in bronchial epithelium, few 

(+) – in mucosal connective tissue, as well as occasional (0/+) IL-1α positive cells in 

bronchial glands of 78-years-old male bronchial wall (COPD). IL-1α IHC, ×200  

 

Interleukin-4 (IL-4). In the bronchial epithelium of COPD patients (16), mostly 

numerous (+++) IL-4 immunoreactive cells were detected (Figure 2.2). Overall, 

most COPD patients (30) had few (+), few to moderate (+/++), moderate (++), 

and moderate to numerous (++/+++) IL-4 immunoreactive cells in mucosal 

connective tissue. In majority of COPD patients, occasional (0/+), few (+), few 

to moderate (+/++), and moderate (++) IL-4 positive cells were found in blood 

vessels (32), smooth muscle (37), and glands (23).  
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Figure 2.2. Numerous (+++) IL-4 immunoreactive cells in bronchial epithelium 

together with metaplasia, as well as moderate (++) IL-4 positive cells in mucosal 

connective tissue of 60-years-old male bronchial wall (COPD). IL-4 IHC, ×200 

 

Interleukin-6 (IL-6). In all COPD patients, a variable number of  

IL-6-containing cells was found in the bronchial epithelium from none (0) to 

numerous, to abundant (+++/++++) (Figure 2.3). For most COPD patients, 

occasional (0/+) and few (+) IL-6 immunoreactive were detected cells in mucosal 

connective tissue (28), vascular wall (22), smooth muscle (31), and glands (15). 

 

 

Figure 2.3. None (0) of IL-6 immunoreactive cells in bronchial epithelium (with 

thickened basement membrane) and occasional (0/+) cells in mucosal connective 

tissue of 68-years-old male bronchial wall (COPD). IL-6 IHC, ×250 

 

Interleukin-8 (IL-8). In the bronchial epithelium of all COPD patients (40), a 

variable number of IL-8 immunoreactive cells from occasional (0/+) to 

abundance (++++) was found (Figure 2.4). In connective tissue (31) and blood 

vessels (36) of most COPD patients, few (+) to numerous (+++) IL-8-containing 
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cells were detected, but in smooth muscle (30) – occasional (0/+) to few (+), up 

to few to moderate (+/++).  

 

 

Figure 2.4. Numerous (+++) IL-8-containing cells in epithelium, connective tissue 

and blood vessels (arrow) of 61-year-old man bronchial wall (COPD).  

IL-8 IHC, ×200 

 

Tumour necrosis factor-alpha (TNF-α). In part of COPD patients, moderate 

(++) TNF-α immunoreactive cells were detected in bronchial epithelium (11), 

connective tissue (14) and blood vessels (7), but in the rest of them – occasional 

(0/+) to numerous to abundance (+++/++++) of TNF-α positive cells (Figure 

2.5). Occasional (0/+) and few (+) TNF-α immunoreactive cells were found in 

smooth muscle (29) and glands (23) of most COPD patients.  

 

 

Figure 2.5. Numerous to abundant (+++/++++) TNF-α immunoreactive cells in 

bronchial epithelium and numerous (+++) cells in mucosal connective tissue of  

60-years-old male bronchial wall (COPD). TNF-α IHC, ×200 
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Interleukin-7 (IL-7). In bronchial epithelium of COPD patients (13), mostly 

numerous to abundant (+++/++++) IL-7 immunoreactive cells were found 

(Figure 2.6), while in connective tissue (22) and blood vessels (18) – moderate 

to numerous (++/+++), to numerous (+++). In most COPD patients, few (+), few 

to moderate (+/++), moderate (++), and moderate to numerous (++/+++)  

IL-7-containing cells were determined in smooth muscle (28) and glands (16). 

 

 

Figure 2.6. Overall numerous to abundant (+++/++++) IL-7 immunoreactive cells in 

bronchial epithelium, mucosal connective tissue and blood vessels of 61-year-old 

male bronchial wall (COPD). IL-7 IHC, ×200 

 

Interleukin-12 (IL-12). In COPD patients, mostly moderate (++) to numerous 

(+++) IL-12 immunoreactive cells were found in bronchial epithelium (25), 

connective tissue (28) and blood vessels (29) (Figure 2.7), but in smooth muscle 

(20) and glands (16) – mostly few (+) IL-12-containing cells. 
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Figure 2.7. Numerous (+++) IL-12 immunoreactive cells in bronchial epithelium, as 

well as moderate (++) numbers of cells in mucosal connective tissue and blood 

vessels of 60-years-old male bronchial wall (COPD). IL-12 IHC, ×200 

 

Interleukin-10 (IL-10). In most COPD patients, numerous (+++) to abundant 

(++++) IL-10 immunoreactive cells were found in bronchial epithelium (24), but 

moderate to numerous (++/+++), and numerous (+++) numbers of cells in 

conncective tissue (22) and blood vessels (17) (Figure 2.8). In all COPD patients, 

extensively variable number of IL-10 immunoreactive cells were determined in 

smooth muscle and glands from the deficiency (0) to abundance (++++). 

 

 

Figure 2.8. Abundance (++++) of IL-10 immunoreactive cells in bronchial 

epithelium and connective tissue, also numerous (+++) immunoreactive cells in 

blood vessels and smooth muscle of 60-years-old male bronchial wall (COPD).  

IL-10 IHC, ×200 

 

Important factors in lung tissue remodelling 

Transforming growth factor-β1 (TGF-β1). In all COPD patients, up to an 

abundance (++++) of TGF-β1-containing cells were found in the bronchial 
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epithelium, connective tissues and blood vessels (Figure 2.9). In most COPD 

patients, none (0) to moderate (++) TGF-β1 immunoreactive cells we detected in 

the bronchial smooth muscle (35) and glands (29).  

 

 

Figure 2.9. Numerous to abundant (+++/++++) TGF-β1 immunoreactive cells in 

altered bronchial epithelium with metaplasia and mucosal connective tissue of  

61-year-old male bronchial wall (COPD). TGF-β1 IHC, ×200 

 

Matrix metalloproteinase-2 (MMP-2). In all COPD patients, a highly variable 

number of MMP-2 immunoreactive cells were found in the bronchial epithelium 

up to an abundance (++++) (Figure 2.10), but in connective tissue and blood 

vessels – from their absence (0) to numerous (+++). In most patients, no (0) 

MMP-2 immunoreactive cell were detected in the bronchial smooth muscle (30) 

and glands (22), or those were found to be occasional (0/+) or few (+).  

 

 

Figure 2.10. Numerous to abundant (+++/++++) MMP-2 immunoreactive cells in 

altered bronchial epithelium with metaplasias and numerous (+++) cells in 

connective tissue, also few to moderate (+/++) cells in blood vessels and smooth 

muscle of 64-years-old male bronchial wall (COPD). MMP-2 IHC, ×200 
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Tissue inhibitor of matrix metalloproteinase-2 (TIMP-2). In most COPD 

patients, numerous (+++) and numerous to abundant (+++/++++) TIMP-2 

immunoreactive cells were found in bronchial epithelium (22) (Figure 2.11), but 

in smooth muscle (17) and glands. (14) – occasional (0/+) and few (+). In all 

COPD patients, highly variable number of TIMP-2-containing cells were 

determined in connective tissue and blood vessels from their absence (0) to an 

abundance (++++). 

 

 

Figure 2.11. Numerous (+++) TIMP-2 immunoreactive cells in bronchial 

epithelium, as well as moderate (++) cells in mucosal blood vessels and bronchial 

glands of 68-years-old male bronchial wall (COPD). TIMP-2 IHC, ×100 

 

Indicators of cellular and tissue oxidative stress 

Heat shock protein-70 (Hsp-70). In most COPD patients, none (0) or occasional 

(0/+) Hsp-70 immunoreactive cells were found in bronchial epithelium (39), 

connective tissue (37), blood vessels (39), smooth muscle (36) and glands (32) 

(Figure 2.12). 
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Figure 2.12. Occasional (0/+) focal and weakly positive Hsp-70 immunoreactive cells 

in bronchial epithelium, but none (0) in mucosal connective tissue and blood vessels 

of 60-years-old male bronchial wall (COPD). Hsp-70 IHC, ×200 

 

Local antimicrobial protection factors 

Human beta defensin-2 (hBD-2). In all COPD patients, variable amounts of 

hBD-2 immunoreactive cells were found in the bronchial epithelium, connective 

tissue and blood vessels from none (0) to numerous, to abundant (+++/++++) 

(Figure 2.13). In most COPD patients, none (0), occasional (0/+), few (+), few 

to moderate (+/++) hBD-2 immunoreactive cells were determined in smooth 

muscle (37) and glands (27). 

 

 

Figure 2.13. Moderate to numerous (++/+++) hBD-2 immunoreactive cells in 

bronchial epithelium and mucosal connective tissue of 78-years-old male bronchial 

wall (COPD). hBD-2 IHC, ×200 

 

Human beta defensin-3 (hBD-3). In majority of COPD patients, occasional 

(0/+) to moderate (++) hBD-3 immunoreactive cells were found in bronchial 
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epithelium (24), connective tissue (30), and blood vessels (31) (Figure 2.14); 

however, in smooth muscle (33) and glands (24), none (0), occasional (0/+) and 

few (+) hBD-3 positive cells were determined. 

 

 

Figure 2.14. Moderate (++) hBD-3 immunoreactive cells in bronchial epithelium, 

mucosal connective tissue, blood vessels and smooth muscle of 61-year-old male 

bronchial wall (COPD). hBD-3 IHC, ×200 

 

Human beta defensin-4 (hBD-4). In vast majority of COPD patients, either 

none (0) or occasional (0/+), or few (+) hBD-4 immunoreactive cells were 

detected in the bronchial epithelium (38), connective tissue (38), blood vessels 

(39), smooth muscle (39) and glands (33) (Figure 2.15). 

 

 

Figure 2.15. None (0) hBD-4 immunoreactive cells in bronchial epithelium and 

blood vessels, but few (+) in mucosal connective tissue of 61-year-old male 

bronchial wall (COPD). hBD-4 IHC, ×400 
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In general, smaller numbers of immunoreactive cells were determined in 

the bronchial smooth muscle and bronchial glands in the tissue material of COPD 

patients. Statistically significant (p < 0.05) lower numbers of IL-7, IL-8, IL-10, 

IL-12, hBD-3 and hBD-4 immunoreactive cells in bronchial smooth muscle 

should be highlighted in this finding.  

Overall, more immunoreactive cells were determined in the bronchial 

epithelium, connective tissue and blood vessels of COPD patients. Apart from 

this finding, statistically significant (p < 0.05) higher numbers of IL-1α, IL-4, 

IL-7, IL-8, IL-10, MMP-2 and TIMP-2 immunoreactive cells in the bronchial 

epithelium should be highlighted (Table 2.2).  

 

Evaluation of relationship between different tissue factors in COPD patients 

 

In general, statistically significant (p < 0.05) correlations were 

determined between IL-1α, IL-4, IL-7, IL-8, IL-10, TNF-α, MMP-2, TIMP-2, 

TGF-β1, hBD-2, hBD-3, hBD-4 immunoreactive cells in bronchial epithelium, 

connective tissue, blood vessels, smooth muscle and bronchial glands. The 

finding of statistically significant (p < 0.05) strong correlations between the 

numbers of IL-8, IL-7, IL-10, as well as MMP-2, TIMP-2, TGF-β1 

immunoreactive cells in different bronchial wall localisations should also be 

mentioned. 
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Table 2.2 

Relative appearance and distribution of various tissue factors in lung tissues of COPD patients 

 
COPD patients (N = 40) 

E. C.t. B.v. S.m. G. 

IL-1α ++/+++ * +/++ + 0/+ + 

IL-4 +++ * +/++ – ++ +/++ + +/++ 

IL-6 +/++ – ++ 0/+ + 0/+ 0/+ 

IL-8 +++ * ++ ++ + * +/++ 

TNF-α ++ ++ ++ + + 

IL-7 +++/++++ * ++/+++ ++/+++ +/++ * ++ 

IL-12 ++/+++ ++/+++ ++ + * + 

IL-10 +++ * ++/+++ ++/+++ +/++ * +/++ 

TGF-β1 ++/+++ ++/+++ ++ – ++/+++ +/++ + 

MMP-2 ++/+++ * ++ +/++ 0/+ + 

TIMP-2 +++ * +/++ – ++ +/++ + + 

Hsp-70 0 0 0 0 0 

hBD-2 +/++ ++ +/++ – ++ + + 

hBD-3 ++ ++ +/++ 0/+ * + 

hBD-4 0/+ 0/+ 0/+ 0 * 0 

Abbreviations in the table: E. – bronchial epithelium; C.t. – mucosal connective tissue; B.v. – mucosal blood vessels; S.m. – smooth muscle; G. – 
bronchial glands; C. – bronchial cartilage; A.e. – alveolar epithelium; A.m. – alveolar macrophages; IL-1α, -4, -6, -7, -8, -10, -12 – interleukin-1α, -4, -6, -

7, -8, -10, -12; TNF-α – tumour necrosis factor-α; TGF-β1 – transforming growth factor-β1; MMP-2 – matrix metalloproteinase-2; TIMP-2 – tissue 

inhibitor of MMP-2; Hsp-70 – heat shock protein-70; hBD-2, -3, -4 – human beta defensin-2, -3, -4; 0 (0) – no immunoreactive cells (i.c.) in visual field 

(v.f.); 0/+ (0.5) – occasional i.c. in v.f.; + (1.0) – few i.c. in v.f.; +/++ (1.5) – few to moderate i.c. in v.f.; ++ (2.0) – moderate i.c. in v.f.;  

++/+++ (2.5) – moderate to numerous i.c. in v.f.; +++ (3.0) – numerous i.c. in v.f.; +++/++++ (3.5) – numerous to abundant i.c. in v.f.; N – patient count; 

* – statistically significant difference (p < 0.05). 
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Evaluation of bronchoscopic examination data and immunohistochemical 

findings of different tissue factors in COPD patients 

In COPD patients, bronchoscopically observed hypertrophy was 

associated with higher numbers of IL-8 immunoreactive cells in the bronchial 

epithelium (U = 197.5, p = 0.037) and glands (U = 122, p = 0.041), but lower 

numbers of hBD-3 immunoreactive cells in connective tissue (U = 74.5,  

p = 0.026) and blood vessels (U = 76.5, p = 0.031), as well as hBD-4-containing 

cells in the bronchial epithelium (U = 73.5, p = 0.023) and blood vessels  

(U = 70, p = 0.017). Also, chronic endobronchitis was associated with lower 

numbers of MMP-2 positive cells in the bronchial epithelium (U = 79.5,  

p = 0.014). 

 

Evaluation of routine histology and immunohistochemical findings of 

various tissue factors in COPD patients 

In COPD patients, the finding of bronchial epithelial metaplasia was 

associated with higher numbers of IL-6 immunoreactive cells in connective 

tissue (U = 273.5, p = 0.044), as well as lower numbers of IL-8 positive cells in 

the bronchial epithelium (U = 122.5, p = 0.036 ). Similarly, in COPD patients, 

the finding of fibrosis was associated with higher numbers of TNF-α 

immunoreactive cells in blood vessels (U = 164, p = 0.017), also  

MMP-2-containing cells in connective tissue (U = 163.5, p = 0.017) and blood 

vessels (U = 168, p = 0.01). Furthermore, vascular wall fibrosis was associated 

with higher numbers of IL-1α (U = 280, p = 0.014) and MMP-2 (U = 282.5,  

p = 0.011) immunoreactive cells in connective tissue, as well as IL-10 (U = 277, 

p = 0.018), MMP-2 (U = 292, p = 0.005), hBD-3 (U = 283, p = 0.011), and  

hBD-4 (U = 272, p = 0.027) positive cells in blood vessels. The granulation tissue 

finding in COPD patients was associated with lower numbers of IL-4 

immunoreactive cells in the bronchial epithelium (U = 87.5, p = 0.016), as well 
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as IL-12 (U = 99.5, p = 0.042) and hBD- 2 (U = 91.5, p = 0.022) immunoreactive 

cells in blood vessels. 

 

2.3 Comparison of the relative appearance and distribution of 

immunoreactive cells containing different tissue factors in the 

control group and COPD patients 
 

Overall, a comparison of the relative appearance and distribution of 

immunoreactive cells containing different tissue factors in the control group and 

COPD patients showed statistically significantly (p < 0.05) more numbers of  

IL-1α, IL-4, TNF-α, IL-7, IL-10, TGF-β1, TIMP-2 and hBD-2 

immunoreactive cells, as well as fewer numbers of Hsp-70 immunoreactive cells 

in bronchial epithelium, mucosal connective tissue, blood vessels, bronchial 

smooth muscle and glands of COPD patients. Meanwhile, a comparison of the 

findings of different tissue factors in the control group and COPD patients 

indicated statistically significantly (p < 0.05) more numbers of IL-6, IL-8,  

IL-12, MMP-2 and hBD-3 immunoreactive cells, as well as fewer numbers of 

IL-12 and hBD-4 immunoreactive cells at various localisations in COPD tissue 

material. Moreover, in both COPD and control patients similar numbers of IL-6, 

IL-8, hBD-3, and hBD-4 immunoreactive cells were determined at various 

localisations. 

 

2.4 Analysis of various tissue factors in the ontogenesis perspective 
 

2.4.1 Ontogenesis-related distribution of different tissue factors in 

the control group 
 

• In all control patients, the numbers of IL-4 immunoreactive cells in the 

bronchial epithelium and blood vessels, IL-6-containing cells in the bronchial 

epithelium, and hBD-4 immunoreactive cells in the cartilage increased with 

ageing; however, the numbers of hBD-4-containing cells in the bronchial 
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epithelium and connective tissue, as well as IL-6 immunoreactive alveolar 

macrophages decreased with ageing;  

• in control patients aged 9–49 years, the numbers of IL-8, IL-7, IL-10, hBD-4 

immunoreactive cells in the bronchial epithelium, hBD-3-containing cells in 

connective tissue, IL-8 and IL-12-containing cells in blood vessels, IL-10 

immunoreactive cells in smooth muscle, IL-7, Hsp-70, hBD-3-containing 

cells in cartilage, IL-12 and hBD-2 immunoreactive cells in alveolar 

epithelium decreased with ageing; in turn, the numbers of TNF-α-containing 

cells in smooth muscle, IL-6 immunoreactive alveolar macrophages, as well 

as hBD-4 immunoreactive cells in cartilage increased with ageing; 

• in control patients aged ≥ 50 years, the numbers of IL-1α immunoreactive cells 

in bronchial epithelium, TGF-β1, Hsp-70 immunoreactive cells in connective 

tissue, TGF-β1, Hsp-70, hBD-2, hBD-4 immunoreactive cells in blood 

vessels, TIMP-2, Hsp-70 immunoreactive cells in smooth muscle, IL-12 

immunoreactive cells in glands, TNF-α immunoreactive alveolar macrophages 

decreased with ageing; whereas, the numbers of IL-4 and IL-6 

immunoreactive cells in the bronchial epithelium, also IL-4 immunoreactive 

cells in the blood vessels increased with ageing.  

 

2.4.2 Ontogenesis-related distribution of different tissue factors in 

COPD patients 
 

Ontogenesis-related findings of medical history data in COPD patients  

Overall, FEV1 (%), FEV1 (L), and FEV1/FVC in subjects ≥ 75 years of 

age were on average lower compared to younger COPD patients.  

 

Ontogenesis-related evaluation of the functional parameters and 

immunohistochemical findings of different tissue factors in COPD patients 

Overall, the immunohistochemical findings of all tissue factors in COPD 

patients were not statistically significantly (p ≥ 0.05) related to COPD duration, 
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severity, smoking history, and functional parameters (FEV1 (L), FEV1 (%),  

FVC (L), FVC (%), FEV1/FVC). 

 

Ontogenesis-related bronchoscopy findings in COPD patients 

The presence of bronchoscopically evaluated chronic bronchitis was most 

commonly found in the bronchi of individuals aged 65–74 years (8) and  

≥ 75 years (6), but was not detected in the bronchi of individuals aged  

50–64 years. In addition, COPD patients with bronchoscopically diagnosed 

chronic bronchitis were statistically significantly older (U = 92, p = 0.045).  

 

Ontogenesis-related routine histology findings in COPD patients  

In COPD patients, a statistically significant difference was found between 

the age of the individuals and the epithelial metaplasia finding (U = 115,  

p = 0.022); that is, patients with epithelial metaplasia were statistically 

significantly older. Similarly, COPD patients with granulation tissue finding 

were more likely to be statistically significantly older (U = 236, p = 0.045).  

 

Ontogenesis-related immunohistochemical findings of various tissue factors 

in COPD patients  

• In all COPD patients, the numbers of IL-6 immunoreactive cells in the mucosal 

connective tissue increased, but the numbers of IL-8-containing cells in the 

bronchial epithelium, blood vessels, smooth muscle, glands, as well as  

IL-7-containing cells in the blood vessels overall decreased with ageing; 

• in COPD patients aged 50–64 years, the numbers of hBD-4 immunoreactive 

cells in the bronchial epithelium and IL-6-containing cells in the bronchial 

glands increased with ageing;  

• in COPD patients aged 50–64 years and 65–74 years, the numbers of hBD-2, 

Hsp-70-containing cells in bronchial epithelium, IL-7, IL-8, Hsp-70,  

hBD-2-containing cells in mucosal connective tissue, IL-7, IL-8, hBD-2, 
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hBD-3 immunoreactive cells in blood vessels, also IL-8, TIMP-2 

immunoreactive cells in smooth muscle decreased with ageing; 

• in COPD patients aged 65–74 years, the numbers of IL-4 immunoreactive cells 

increased, but the numbers of TNF-α-containing cells in smooth muscle 

decreased with ageing; 

• in COPD patients aged 65–74 years and ≥ 75 years, the numbers of IL-4,  

IL-6 immunoreactive cells in mucosal connective tissue, IL-1α-containing 

cells in mucosal blood vessels, IL-1α, IL-4, IL-6, IL-12, hBD-4-containing 

cells in smooth muscle, as well as IL-6 immunoreactive cells in the bronchial 

glands increased with ageing;  

• in elderly COPD patients aged ≥ 75 years, the numbers of IL-1α 

immunoreactive cells in smooth muscle, IL-4-containing cells in the bronchial 

epithelium, MMP-2-containing cells in the mucosal blood vessels, IL-6,  

IL-10 immunoreactive cells in the bronchial glands increased, but the numbers 

of IL-8 immunoreactive cells in bronchial epithelium, IL-7, TGF-β1 

immunoreactive cells in the bronchial glands decreased with ageing.   
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3 DISCUSSION 
 

Routine histological findings of COPD-affected lung tissue 

Routine histological findings of COPD-affected lung tissue showed 

significant changes in the epithelium, basement membrane, connective tissue, 

glands, smooth muscle, as well as blood vessels. Despite the specific function of 

each structure, all these changes can be assessed as non-specific and have been 

analysed separately in the works of many authors.  

Although epithelial metaplasia is also reversible (Herfs et al., 2012), in 

the current study, the finding of epithelial metaplasia was statistically 

significantly associated with poorer and/or more variable functional parameters, 

as well as the severity of COPD. This is consistent with Rigden et al. (2016) 

study that found epithelial metaplasia in bronchial biopsies of people with COPD 

being associated with poorer functional parameters and severity of COPD 

(Rigden et al., 2016). Accordingly, the presence of bronchial epithelial 

metaplasia on routine histological examinations is associated with both a worse 

course of COPD and a less favourable prognosis. 

In most COPD patients, fibrotic changes were found in the mucosal 

connective tissue with a large number of densely packed connective tissue 

collagen fiber bundles, between which rare connective tissue cells could be 

visualised. In some COPD patients, tissue bundles of collagen fibers were 

arranged chaotically and irregularly. Fibrotic changes in tissues are overall 

associated with chronic inflammation, in which tissue factors produced by 

immune (including CD4+ Th and CD8+ T lymphocytes, polymorphonuclear 

cells, B lymphocytes) and bronchial epithelial cells, and their interactions play 

an important role (Hogg, 2004; Yanagisawa et al., 2017). Fibrotic processes are 

one of the main factors leading to progressive airway obstruction in COPD 

(Chung, 2005). This indicates advanced remodelling processes, which are 

facilitated by e.g. worsening of COPD (Hogg et al., 2004). These data are 
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consistent with the statistically significant relationship between fibrotic findings 

and decreased functional parameters (FEV1 (L), FEV1 (%), FVC (L)) found in 

the current study; that is, the fibrosis finding was associated with poorer 

functional parameters. Patients with airway fibrosis are likely to have 

progressively increasing airway obstruction; however, progressive obstruction in 

COPD is caused not only by fibrosis, but also by epithelial metaplasia, mucoid 

epithelium, smooth muscle hyperplasia, bronchial gland hypertrophy, and 

thickening of bronchial wall due to the inflammatory infiltration (Chung, 2005).  

Inflammatory cell infiltration was found in the bronchial epithelium, 

mucosal connective tissue, and bronchial glands of all COPD patients. 

Development of chronic inflammation and increase in the number of 

inflammatory cells (mainly macrophages, neutrophils, lymphocytes, 

eosinophils) locally in the bronchial wall is a classic sign of COPD (Barnes, 

2014).  

In COPD, chronic inflammation is characterised by marked activation and 

infiltration of immune cells into tissues, where innumerable signalling molecules 

interact, secreted by both immune and non-immune cells. (Taylor, 2010, Barnes, 

2014). Elevated numbers of neutrophil and eosinophil leukocytes, macrophages, 

T and B lymphocytes, CD4+ and CD8+ T lymphocytes are typically found in 

tissue biopsies from COPD patients (Hogg et al., 2004; Barnes et al., 2006; 

Yoshida and Tuder, 2007; Brozyna et al., 2009). Neutrophils are one of the main 

inflammatory cells in the pathogenesis of COPD, and are closely related to the 

severity of COPD and the more unfavourable course of the disease (Singh et al., 

2010). Presence of macrophages (Barnes, 2004a), dendritic cells (Givi et al., 

2012), mast cells (Mortaz et al., 2011), and plasma cells (Zhu et al., 2007) in the 

course of chronic inflammation in COPD should also be mentioned.  

In general, immune cells affect destruction and remodelling of the airways 

by directly secreting enzymes and inflammatory cytokines or by indirectly 

regulating the functions of other cells. Various factors secreted by immune cells 
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can promote airway extracellular matrix (ECM) destruction and remodelling 

processes, while other factors can protect against tissue damage and promote 

regeneration (Wang et al., 2018).  

In the current study, inflammatory cell infiltrates were found in bronchial 

epithelium, mucosal connective tissue, and bronchial glands, confirming the 

involvement of inflammation in COPD morphopathogenesis. Infiltration of 

inflammatory cells in the bronchial epithelium, mucosal connective tissue, and 

bronchial glands of our patients ranged from mild to very pronounced, but, 

overall, it was more pronounced in mucosal connective tissue. The predominance 

of inflammatory cells in connective tissue is related to migration of inflammatory 

cells from the microcirculation blood vessels in the nearest connective tissue of 

the vascular basement membrane and endothelium, as well as to other sites in the 

bronchial wall, such as the epithelium and its surface (Rennard et al., 2007). 

Although identification of exact immune cells using immune cell-specific 

molecular markers was not performed, this direction would be an innovation in 

future research. The findings of various tissue factors described in the discussion 

below provides a sufficient basis for the overall discovery and presence of all 

these immune cells.  

Statistically significant differences were found between hypertrophy 

observed during bronchoscopy and the degree of inflammatory cell infiltration 

in bronchial mucosal connective tissue in all the COPD patients, where, contrary 

to expectations, it was found that the hypertrophy was associated with lower 

inflammatory cell infiltration in mucosal connective tissue, also not with a 

smoking history and functional parameters of COPD patients. As bronchial wall 

thickening and further bronchial obstruction are also induced by other local 

changes (Chung, 2005), it should be assumed that the increase in tissue volume 

due to inflammatory cell infiltration is not so pronounced as to cause obstruction 

and corresponding spirographic findings alone; that is, obstruction is formed by 

the simultaneous combination of several morphological changes together.  
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In majority of COPD patients, mucosal connective tissue infiltration was 

determined together with granulation tissue, and the granulation tissue finding 

was statistically significantly associated with more pronounced inflammatory 

cell infiltration into mucosal connective tissue, as well as prolonged smoking 

(p/y). Granulation tissue formation in COPD is associated with changes in 

connective tissue and vascular remodelling following tissue damage under the 

influence of an irritant. Changes in vascularisation (as angiogenesis) and fibrosis 

(as the accumulation of ECM elements) contribute to remodelling of originally 

formed granulation tissue and scar tissue formation (Rennard et al., 2007), so the 

location of granulation tissue indicates a chronic course of processes. 

Epithelial metaplasia and fibrosis are thought to be the most significant 

local changes with a direct effect on clinical COPD findings, airway obstruction 

manifestations and a less favourable prognosis for COPD. In contrast, mucoid 

epithelium, basement membrane thickening, bronchial gland hypertrophy, and 

smooth muscle hyperplasia could be associated with adaptive and compensatory 

local changes, regulatory function, and variability in COPD course and local 

changes.  

 

Various tissue factors in relatively healthy lung tissue 

In the lung tissues of the control group, generally low levels of all tissue 

factors studied or IL-1α, IL-4, IL-6, IL-8, TNF-α, IL-7, IL-12, IL-10, TGF-

β1, MMP-2, TIMP-2, Hsp-70, hBD-2, hBD-3, and hBD-4 immunoreactive 

cell counts at different localisations were found. In general, the highest number 

of immunoreactive cells were located in the bronchial epithelium, bronchial 

cartilage, alveolar epithelium, and among alveolar macrophages of the control 

group patients.  

Apart from these findings, statistically significantly higher numbers of  

IL-4, IL-7 immunoreactive cells in the bronchial epithelium, IL-8, TNF-α and 

TGF-β1 immunoreactive cells among alveolar macrophages, IL-8 immuno-



 

49 

reactive cells in mucosal blood vessels and TNF-α immunoreactive cells in 

mucosal connective tissue must be noted compared to the presence of the same 

factor at other sites. Also, in the tissue material of the control group patients, 

fewer numbers of immunoreactive cells were determined in mucosal connective 

tissue, blood vessels, bronchial smooth muscle, glands. It can be agreed that such 

finding can be explained by the base or “baseline” level of various factors in the 

case of a relative norm and the potential variability in the case of different 

diseases (Rohmann et al., 2011). It should be emphasised that different cells in 

the lung tissue and their communication with others form and regulate different 

signaling pathways for maintenance of local immunity in a relative state of health 

(Vareille et al., 2011).  

The concept of immunity has long been revised to take into account the 

potential ability of non-immune cells to secrete and respond to signalling 

molecules that are “typical” of immune responses, thus directly participating, for 

example, in the inflammatory process. Due to the continuous exposure to irritants 

and antigens, epithelial cells can activate local immunocompetent cells or induce 

their hemotaxis to the lesion site. Epithelial cells use autocrine and paracrine 

signalling to ensure efficient intercellular communication and its regulation, 

including with a feedback mechanism that to some extent reflects a peculiar 

homeostasis under relative normal conditions. A similar function has been 

observed for alveolar macrophages that are in direct contact with environmental 

factors in the alveolar part of the lung (Barnes, 2004a; Hallstrand et al., 2014).  

Interestingly, a more pronounced finding of immunoreactive cells was 

determined also in bronchial cartilage of all the studied factors, except IL-4 and 

TNF-α, where the numbers of MMP-2, TIMP-2, hBD-2, hBD-3, hDB-4 

immunoreactive cells was statistically significantly higher. There are practically 

no studies on the presence of various factors in the hyaline cartilage of the 

airways. In the case of chronic bronchitis, which is one of the manifestations of 
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COPD (Kim and Criner, 2013), chondrolytic processes have been identified, 

namely, more enzymes as well as degradation products have been found.  

Inflammatory processes involving the involvement of mast cells and 

macrophages in the connective tissue adjacent to the hyaline cartilage were also 

observed, and these changes were not identified in the control hyaline cartilage 

(Tetlow et al., 1999). As in epithelium, for example, in cartilage under relative 

normal conditions, the presence of various factors could indicate a balanced 

“baseline” level of different signalling molecules, cartilage plasticity and the 

potential to participate in various tissue changes in COPD. However, no precise 

explanation of the moderate findings of some factors can be given yet, but 

relatively more pronounced findings of other factors in cartilage. 

The presence of immunoreactive cells or even their absence in different 

localisations could be explained by the lower involvement of these structures in 

local signalling and their insignificance in intercellular communication under 

relative norm conditions. 

 

Cytokines in COPD-affected lung tissue 

In general, the number of immunoreactive cells in bronchial 

epithelium, connective tissue and blood vessels was more pronounced in the 

tissue material of COPD patients. Of all the tissue factors studied, numbers of 

immunoreactive cells for IL-1α, IL-4, IL-8, IL-7, IL-12, IL-10, TGF-β1, 

MMP-2 and TIMP-2 were among the most pronounced in the bronchial 

epithelium, IL-8, TNF-α, IL-7, IL-12, IL-10, TGF-β1, MMP-2, hBD-2 and 

hBD-3 – in mucosal connective tissue, while IL-8, TNF-α, IL-7, IL -12,  

IL-10, TGF-β1 – in blood vessels, compared to the presence of the same factors 

in other localisations. Apart from these findings, a statistically significant 

increased numbers of IL-1α, IL-4, IL-7, IL-8, IL-10, MMP-2 and TIMP-2 

immunoreactive cells in the bronchial epithelium should be highlighted. In 

turn, less numbers of immunoreactive cells were determined in bronchial smooth 
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muscle and bronchial glands in the tissue material of COPD patients; moreover, 

statistically significantly less number of IL-7, IL-8, IL-10, IL-12, hBD-3 and 

hBD-4 immunoreactive cells in bronchial smooth muscle. 

Before discussing the role of each cytokine in the morphopathogenesis of 

COPD, it is important to emphasise the common role of cytokines. Hereby, 

inflammatory cytokines (such as IL-8 and TNF-α) are actively secreted by both 

immune and bronchial wall tissue cells (such as neutrophils, tissue macrophages, 

bronchial epithelial cells), which together organise inflammatory processes 

(Barnes, 2004b). The heat shock protein Hsp-70 released during cell damage 

further stimulates the release of IL-6 and IL-8 by linking cell and tissue damage 

to the inflammatory process (Sarir et al., 2008). The pathogenesis of COPD is 

associated with IL-1 (IL-1α, IL-1β) (Hulina-Tomašković et al., 2019), IL-6,  

IL-8 (Gabryelska et al., 2019), IL-4, IL-7 (Perotin et al., 2014; Wu et al., 2014, 

Shibata et al., 2018), IL-10 (Wei and Sheng Li, 2018), IL-12 (Castellucci et al., 

2015) and TNF-α (Zhou et al., 2018) local secretion into tissues, which 

determines chronic and continuous inflammation in COPD (Bai et al., 2019).  

Unambiguously, all locally secreted tissue factors affect the immune cell 

profile of COPD. Of particular importance, the involvement of non-immune cells 

(epithelial cells, fibroblasts) in intercellular communication networks, as well as 

the molecular mechanisms and signalling that further influence morphological 

changes in COPD must be highlighted.  

In general, COPD is thought to be associated with various/large numbers 

of cytokines and their interactions, and to date, locally elevated levels of IL-1, 

IL-4, IL-6, IL-7, IL-8, IL -12, TNF-α have been identified in COPD-affected 

tissues (Caramori et al., 2016; Cho et al., 2019). Studies have shown that  

Th1-associated cytokines IL-1, IL-8, IL-12 and TNF-α, as well as Th2-associated 

cytokines IL-6 and IL-10 are linked with COPD (Baines et al., 2011). 

In COPD patients, most IL-1α immunoreactive cells were detected in 

bronchial connective tissue and bronchial epithelium; moreover, the statistically 
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significant more pronounced numbers of IL-1α immunoreactive cells in the 

epithelium were found. The findings of IL-1α at different localisations in COPD 

patients were statistically significantly associated with the findings of IL-4,  

IL-6, IL-10, MMP-2, hBD-2, and hBD-3, especially in the bronchial epithelium 

and glands. Because IL-1 family factors (including IL-1α) are associated with 

innate and acquired immune functions, and IL-1α is one of the major 

inflammatory cytokines (Garlanda et al., 2013), the presence of IL-1α in control 

tissues can be assessed as a slight sign of an inflammatory response under 

physiological normal conditions to persistent and continuous contact with the 

environment, which is also associated with the interaction of cytokines IL-4,  

IL-6, IL-7 and IL-10. Although IL-1α is known to regulate various cytokines 

involved in the inflammatory process (i.e., not just inflammatory cytokines), 

other cytokines also regulate IL-1α secretion. Thus, it is known that under normal 

conditions, epithelial cells both secrete IL-1α, IL-4, IL-6, IL-10 and receive 

signals inducing these factors (Vareille et al., 2011; Hallstrand et al., 2014).  

Respiratory epithelial cells are being studied as a source of IL-1α cytokine 

because the IL-1α precursor is known to be located in the respiratory epithelium 

(Iwasaki and Medzhitov, 2015). Once IL-1α is produced in epithelial cells, the 

production of other cytokines is subsequently observed. It is thought that the 

causal regulation of inter-regulatory cytokines results in the release of IL-1α first, 

followed only by the release of other factors. IL-1α is associated with the ability 

to initiate an inflammatory response, as well as to provide further maintenance 

and enhancement of inflammation in COPD, where bronchial epithelium is 

named as one of the major sites of IL-1α production. Further release of IL-1α 

from also other cells may initiate a cascade of various cytokine signalling and 

initiate or maintain an inflammatory process, including chronic inflammation 

over a long period of time if the irritant effect is not eliminated (Garlanda et al., 

2013).  
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Respiratory epithelial cell “COPD phenotype” has been reported to be 

associated with the ability of epithelial cells to release various cytokines or, 

conversely, to limit their release (Nadigel et al., 2013). Respiratory epithelial 

cells activate and further release various cytokines such as IL-1α, IL-4, IL-6,  

IL-8, and IL-10 (Vareille et al., 2011; Hallstrand et al., 2014). In addition, 

epithelial cells are able to produce inflammatory, anti-inflammatory and 

regulatory mediators such as IL-1, IL-6, IL-8, TNF-α in response to various 

stimuli (Barnes, 2018; Zeng et al., 2018).  

This finding suggests that IL-1α is considered to be one of the earliest 

mediators of inflammation in COPD and thus IL-1α is associated with the 

initiation, maintenance and enhancement of a complex inflammatory process in 

COPD with the most prominent role of airway epithelium in these processes. In 

COPD patients, we also found a statistically significantly higher numbers of  

IL-1α immunoreactive cells in mucosal connective tissue associated with a 

thickened microcirculatory vessel wall. This is partly consistent with the findings 

of other researchers, namely that IL-1α is associated with the formation of 

fibrosis sequentially after acute inflammation (Borthwick, 2016).  

Overall, in COPD patients, the highest number of IL-4 immunoreactive 

cells was detected in the bronchial epithelium; moreover, the numbers of IL-1α 

immunoreactive cells in the epithelium were statistically significantly more 

pronounced. The finding of IL-4 at different localisations in COPD patients was 

generally statistically significantly associated with IL-1α, IL-6, IL-8, IL-10, 

TNF-α, TGF-β1, MMP-2, TIMP-2, hBD-2, as well as the presence of hBD-3 in 

various localisations, especially in the bronchial epithelium and glands.  

Because this finding was similar with IL-1α, it has been hypothesised that 

IL-4 performs a number of important functions in COPD. Thus, IL-4 increases 

fibroblast proliferation and the production of ECM components that further 

promote fibrosis (Luzina et al., 2015). IL-4 signalling is associated with the 

pathogenesis of COPD, in which IL-4 production is observed from a large 
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number of immune cells. The main sources of IL-4 production are Th2 cells, 

mast cells, basophils, and eosinophils; however, the main functions are related to 

increased formation of eosinophils and Th2 lymphocytes, but decreased 

formation of Th1 lymphocytes, increase in IgE production, as well as more 

pronounced mucin production and increase in goblet cell count (Barnes et al., 

2009).  

Similar function has been observed for CD8+ T lymphocytes whose 

secreted IL-4 promotes mucus hypersecretion as a characteristic of chronic 

bronchitis (Miotto et al., 2003). IL-4 also promotes differentiation of  

T lymphocytes themselves (Barnes et al., 2009), affects T lymphocyte function, 

causes bronchial hyperplasia and mucus overproduction, as well as smooth 

muscle cell hyperplasia and hypertrophy (Kumar and Sharma, 2010). Although 

no statistically significant association of IL-4 with these tissue changes was 

established in the current study, it is likely that IL-4 may be present in part to the 

aforementioned morphological changes; however, to an individual extent and in 

the presence of other molecular events. Similar presence of IL-1α and IL-4 in 

alveolar macrophages of control group lung tissue, but in bronchial epithelium 

of COPD patients, suggests involvement of airway parts in response to irritants 

in normal and diseased cases, as well as the fixed interaction of IL-1α and IL-4. 

In COPD patients, most IL-6 immunoreactive cells were detected in 

mucosal blood vessels and bronchial epithelium, and the finding in bronchial 

epithelium was statistically significantly the most pronounced. In the tissues of 

COPD patients, the IL-6 findings were statistically significantly related to the  

IL-8, IL-10, and TIMP-2 findings. Knowing that IL-6 induces the release of other 

cytokines, it has been assumed that this function is relevant in all of the above 

mentioned localisations.  

However, regenerative and protective functions of IL-6 have also been 

studied (Scheller et al., 2011). IL-6 functions are co-dependent on localisation of 

other tissue factors locally in tissues, where in the presence of many factors  
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IL-6 can perform diametrically opposite functions; that is, acting as an 

inflammatory and anti-inflammatory cytokine (Barnes, 2004b). Furthermore,  

IL-6 is a pleiotropic cytokine that controls T cell infiltration in the lung, promotes 

mucus secretion, promotes mast cell proliferation and contractions in bronchial 

smooth muscle cells (Xia et al., 2013; Luzina et al., 2015). It is important that 

IL-6 regulates the regulatory function of other cells, as well as realises the 

immunomodulatory function, including in smooth muscle (Xia et al., 2013).  

IL-6 is secreted early from healthy cells compared to infected cells during the 

infection, linking this finding to the regulatory potential of IL-6 (Copenhaver et 

al., 2015).  

The main sources of IL-6 are structures that are more susceptible to 

airborne antigens; however, IL-6 is intensively secreted by healthy cells rather 

than by irritant-damaged cells. Therefore, the functions of IL-6 could be 

explained by the mediator role of IL-6 in various signaling pathways rather than 

initiating inflammatory responses. In COPD patients, statistically significantly 

more pronounced numbers of IL-6 immunoreactive cells were also found in 

mucosal connective tissue associated with bronchial epithelial metaplasia, 

suggesting increased IL-6 production in connective tissue during epithelial 

damage, most likely due to other factors released by metaplasic epithelial cells.  

In COPD patients, more IL-8 immunoreactive cells were detected in the 

bronchial epithelium, which was also a statistically significant finding. The 

numbers of IL-8 immunoreactive cells were statistically significantly associated 

with the findings of TNF-α, IL-7, IL-10, TGF-β1, MMP-2, TIMP-2, and hBD-2 

immunoreactive cells at various localisations. This relationship was particularly 

pronounced between IL-8 and IL-7, IL-10, and TIMP-2 at different localisations.  

The cytokine IL-8 is commonly involved in inflammatory processes 

associated with the involvement of neutrophils (Barnes, 2001). In general, in 

COPD-affected lung tissue, IL-8 is produced in the lung by neutrophils,  

T lymphocytes, monocytes, macrophages (including tissue macrophages),  
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NK cells and mast cells (Mukaida, 2003), as well as airway epithelial cells, 

fibroblasts, endothelocytes, and smooth muscle cells (van Eeden and Terashima, 

2000; Mukaida, 2003; de Boer et al., 2007; Sarir et al., 2008), suggesting that 

this cytokine is directly involved in the functions of these structures under 

inflammatory conditions. Also, one of the major sources of inflammatory 

cytokines IL-8 is the airway epithelium (Sarir et al., 2008; Nadigel et al., 2013), 

which explains markedly more IL-8 immunoreactive cells in the bronchial 

epithelium that has been detected.  

When studying the association of the IL-8 with IL-7 in COPD patients, 

there is practically no literature on the interaction of these cytokines. IL-8 in the 

lung induces hematopoiesis, hematopoietic cell mobilisation and activates the 

monocyte-macrophage system, provides leukocyte and macrophage hematotaxis 

and activation, coordinates cell migration, initiates inflammation with neutrophil 

sequestration, extravasation, induces leukocyte degranulation and increases 

vascular permeability (van Eeden and Terashima, 2000; Mukaida, 2003; Sarir et 

al., 2008; Allen and Kurdowska, 2014).  

Considering the similar regulatory role of IL-7 (Dooms, 2013; Zaunders 

et al., 2014), the association between IL-8 and IL-7 could be related to the 

maintenance of the inflammatory response and the regulation of inflammatory 

cell development, differentiation, and functionality. In turn, IL-10 directly 

inhibits the secretion of IL-8 from immune cells (Taylor et al., 2007, Commins 

et al., 2008, Castellucci et al., 2015, Higaki et al., 2015); therefore, it is believed 

that IL-10 inhibits the effects of IL-8 and normalises inflammatory processes, 

thus reducing potential tissue damage. 

IL-8-activated neutrophils soon degranulate, releasing proteases that 

further cause epithelial, ECM damage, and airway remodelling. Simultaneously, 

growth factors are released, which act in the opposite direction or promote tissue 

regeneration. The balance of these processes is determined by the distribution of 

other factors in the tissues, which in turn determines either the process of 
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destruction or the predominance of regeneration processes (de Boer et al., 2007). 

Like IL-10, TIMP-2 could have a similar, i.e. inhibitory, effect on IL-8, which 

could explain the close relationship between IL-8 and TIMP-2. In COPD 

patients, statistically significantly higher numbers of IL-8 immunoreactive cells 

were found in the bronchial epithelium and glands associated with 

bronchoscopically determined hypertrophy. It is possible that TIMP-2, by 

inhibiting the regulation of IL-8, simultaneously promotes the formation of 

fibrosis, which is one of the main functions of TIMP-2 (Arpino et al., 2015).  

In COPD patients, statistically significantly lower numbers of IL-8 

immunoreactive cells were also found in the bronchial epithelium and glands 

associated with bronchial epithelial metaplasia. In healthy individuals, airway 

epithelial cells secreted more IL-8 in immediate response to cigarette smoke, 

while airway epithelial cells in COPD-affected individuals secreted less IL-8 

(Nadigel et al., 2013). This could indicate airway epithelial cell dysfunction in 

epithelial damage, inflammatory process and subsequent epithelial metaplasia.  

In COPD patients, most TNF-α immunoreactive cells were detected in 

connective tissue and bronchial epithelium, as well as in blood vessels. In the 

tissues of COPD patients, the presence of TNF-α was statistically significantly 

related to the presence of MMP-2, TIMP-2, hBD-2, hBD-3, and hBD-4 in 

different localisations, whereas in control goup – also to IL-10.  

TNF-α is one of the indicators of the “depth” of inflammation that 

apparently affects the bronchial mucosa, especially connective tissue, in the 

studied COPD patients. TNF-α, released by airway epithelial cells and 

macrophages, initiates inflammatory processes and is one of the fastest secreted 

inflammatory cytokines (Brusselle et al., 2011), in addition, TNF-α induces the 

release of other inflammatory cytokines that together have broad inflammatory 

properties (van den Berg et al., 2005; Sarir et al., 2008).  
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Due to stimulation of inflammatory cytokines (examples given, IL-6,  

IL-8, TNF-α), various immune cells participate in inflammatory responses, 

which are subsequently associated with further airway wall remodelling 

(Srivastava et al., 2007). In the experimental COPD model, increased expression 

of IL-6 and TNF-α was detected in the lungs of animals compared to controls (Li 

et al., 2016). High levels of IL-8 and TNF-α together in the lung tissue of COPD 

patients may indicate an excessive inflammatory response to irritant-induced 

tissue damage. Unfortunately, in an inflammatory environment, TNF-α escapes 

the physiologically inhibitory effects of IL-10 (Castellucci et al., 2015). This 

could explain why the association of TNF-α finding was determined with IL-10 

in the tissues of the control group but not in the tissues of COPD patients.  

In COPD patients, statistically significantly higher numbers of TNF-α 

immunoreactive cells were also found in the mucosal blood vessels associated 

with the finding of fibrosis. TNF-α is known to induce the release of MMP-2 in 

connective tissues of COPD-affected tissues (Lagente et al., 2005), but MMP-2 

release is also closely related to TIMP-2 release in maintaining tissue 

remodelling balance (Rohani and Parks, 2015). TGF-β1 exposed to TNF-α 

reduces the synthesis of active MMP-2 and total MMP-2 in lung fibroblasts, 

suggesting that TGF-β1, MMP-2, TIMP-2 and TNF-α may be interrelated in 

pulmonary inflammation and fibrosis (Ye et al., 2011). Because the association 

of TNF-α was determined with MMP-2 and TIMP-2 in COPD patients, it is 

thought that the presence of TNF-α and fibrosis is determined by the interactions 

of MMP-2, TIMP-2 and TGF-β1 altogether, and TNF-α is involved in 

remodelling. 

The release of hBD-2 (Li et al., 2015) and hBD-3 (Dhople et al., 2006) in 

airway epithelial cell culture is known to be mediated by TNF-α; therefore, the 

presence of TNF-α in both control and COPD patients is associated with hBD-2, 

hBD-3; hBD-4 finding could be related to the regulation of antimicrobial 

protection under inflammatory conditions. Although TNF-α does not affect  
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hBD-4 expression, it is thought that this finding could be explained by the 

structural and functional association of hBD-4 with other defensins (García et 

al., 2001a; Jarczak et al., 2013). 

In COPD patients, most IL-7 immunoreactive cells were also detected in 

the bronchial epithelium, and this finding was statistically significant. Relative 

numbers and appearance of IL-7 immunoreactive cells in different localisations 

of COPD patients was statistically significantly related to findings of IL-10, 

TGF-β1, MMP-2, and TIMP-2. The previously discussed association of IL-8 and 

IL-7 with the inflammatory process and cellular regulation, which could explain 

the interaction between IL-7 and IL-8, could also mark the involvement of IL-10 

in this union, as IL-8 is closely associated with IL-10. Unfortunately, a uniform 

explanation for the relationship between IL-7, IL-8, and IL-10 in the literature 

was not found; however, it is assumed that all these cytokines are associated with 

T lymphocyte subpopulations (Allen and Kurdowska, 2014; Zaunders et al., 

2014; Castellucci et al., 2015; Higaki et al., 2015; Akdis et al., 2016).  

Most IL-12 immunoreactive cells were detected in blood vessels, 

connective tissue, and bronchial epithelium of COPD-affected tissue. Here,  

IL-12 findings were related to the IL-10, Hsp-70 and hBD-3 findings. In mouse 

lung tissue, IL-12 promotes remodelling processes and fibrosis, as well as 

induces TGF-β1 gene expression and tissue production (Hackett et al., 2014); 

therefore, it is thought that IL-12 function in the lung tissues of both healthy and 

diseased individuals could be associated with regeneration. In contrast, the 

interaction between IL-12 and hBD-3 suggests that both factors are linked by 

immune cell regulatory functions (Nagaoka et al., 2008; Commins et al., 2010; 

Haarmann et al., 2015). The interaction between IL-12 and IL-10 can be 

explained by the inhibitory effect of IL-10 on the release of IL-12 from immune 

cells, and IL-10 inhibits IL-12 via macrophages (Taylor et al., 2007; Commins 

et al., 2008; Higaki et al., 2015). These findings can be considered as evidence 

of the broad functions of IL-12. Hereby, the role of IL-12 in the 
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morphopathogenesis of COPD, for which there are no practical data in the 

literature, is considered to be innovative and original. 

Overall, in COPD patients, most IL-10 immunoreactive cells were 

detected in connective tissue, blood vessels, and bronchial epithelium, where 

statistically significantly most pronounced findings were estimated in bronchial 

epithelium. In addition to the above mentioned association of IL-10 with IL-1α, 

IL-4, IL-6, IL-8, IL-7 and IL-12 in the tissues of COPD patients, the association 

with MMP-2, TIMP-2, TGF-β1 must also be highlighted. The anti-inflammatory 

response with co-existing inflammation reveals intercellular signalling of 

inflammatory, anti-inflammatory and regulatory cytokines, suggesting that cells 

capable of secreting IL-10 have a strong influence on the control of the immune 

response over inflammation (examples given, intensity, localisation, extent, 

duration) (Akdis et al., 2016; Barnes, 2016; Wang et al., 2018). IL-10 is a potent 

anti-inflammatory cytokine where the release of IL-10 maintains an inhibitory 

effect on inflammatory processes (Brusselle et al., 2011). IL-10 inhibits 

inflammatory cytokines IL-1, IL-4, IL-6, IL-8, IL-12 and TNF-α (Taylor et al., 

2007; Commins et al., 2008; Castellucci et al., 2015; Higaki et al., 2015), which 

corresponds to the findings of the current study.  

Accordingly, the role of IL-10 in the maintenance of the anti-

inflammatory response in both acute and chronic inflammatory conditions should 

be highlighted in the pathogenesis of COPD. It should be emphasised that in the 

general context of cytokine interactions and local tissue changes in  

COPD-affected lung tissue, IL-10 provides a local protective function by 

stabilising inflammatory processes, cell and tissue damage (Nadigel et al., 2013). 

It is possible that this explanation also partially substantiates the association of 

the IL-10 with MMP-2, TIMP-2, TGF-β1 in COPD patients’ tissues, although 

the association of the IL-10 with these remodelling factors was practically not 

found in the literature. In vitro animal experiments have shown that recombinant 

IL-10 promotes TGF-β1 expression in alveolar macrophages (Barbarin et al., 
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2004). IL-10 is thought to be directly associated with TGF-β1, which in turn 

indirectly links IL-10 to MMP-2 and TIMP-2, and to remodelling events induced 

by both factors.  

 

Remodelling factors and activity indicators in COPD-affected lung tissue 

Tissue remodelling processes are significantly influenced by one of the 

most powerful and multifunctional molecules, TGF-β1. This factor regulates 

immune function, inflammatory processes, tissue remodelling, fibrosis, as well 

as wound healing (regeneration). These multifunctional properties are, of course, 

variable when TGF-β1 is present in the environment of other molecules (growth, 

inflammatory, anti-inflammatory, regulatory) (Tang et al., 2014).  

The overall context of all ongoing tissue changes should be considered 

when determining the effects of TGF-β1 (Stewart et al., 2018). In tissue damage 

caused by oxidative stress and inflammatory reactions, ECM degradation 

processes occur. Peptidases of tissue structural components (example given, 

MMP-2) degrade ECM collagen, elastin, basement membrane, laminin, and 

fibronectin. Interestingly, broken matrix components can further enhance 

inflammatory processes (Saito et al., 2018). TIMP-2 is a critical MMP-2 

antagonist that promotes tissue healing and wound healing, and TIMP-2 is 

associated with better airway functional finding in COPD (Turino, 2007; Ghanei 

et al., 2010). 

In general, in COPD patients, most TGF-β1 immunoreactive structures 

were detected in blood vessels, connective tissues, and bronchial epithelium, 

which means that these structures are intensively remodelled in COPD. This is 

also confirmed by the fact that in COPD patients, statistically significant 

relationship between TGF-β1 and MMP-2, TIMP-2 immunoreactive cell count 

was found. TGF-β1 secretion from damaged epithelial cells induces regeneration 

of airway epithelium and further ECM remodelling in mucosal connective tissue 

(Boxall et al., 2006), promotes cell proliferation, metaplasia, and airway fibrosis 
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(Shaykhiev and Crystal, 2014). In human lung tissue fibroblast cultures, TGF-β1 

inhibits the secretion of both MMP-2 and TIMP-2 by balancing remodelling 

processes (Eickelberg et al., 1999).  

Although TGF-β1 is associated with broad protective functions by 

preventing adverse morphopathogenic processes, such as the onset of recurrence 

of epithelial damage in epithelial cell culture, the presence of other factors may 

unfortunately reduce the effects of TGF-β1, namely MMP-2 promotes epithelial 

damage (Lechapt-Zalcman et al., 2006). TGF-β1 in the presence of the cytokine 

TNF-α caused regulation of MMP-2 production in lung fibroblasts; that is, by 

reducing the active form of MMP-2 and the overall synthesis of MMP-2 (Ye et 

al., 2011), suggesting that TGF-β1, MMP-2 and TNF-α may have a common 

association in inflammation and fibrosis. Since TNF-α promotes the release of 

MMP-2 (Lagente et al., 2005), it is thought that TGF-β1 already indirectly 

inhibits both ECM degradation processes and fibrosis during inflammation well 

before remodelling processes begin. This is a very important protective function 

of TGF-β1 in balancing remodelling processes. In general, TGF-β1 is an 

important participant in COPD morphopathogenesis, which is involved in both 

inflammatory and remodelling regulatory functions. 

In COPD patients, most MMP-2 immunoreactive cells were detected in 

blood vessels, connective tissue, and bronchial epithelium, and the increased 

amount of MMP-2 immunoreactive cells in bronchial epithelium was statistically 

significant. In practice, it can be concluded that bronchial wall structures actively 

secrete MMP-2. In COPD patients, a statistically significant relationship was 

determined between MMP-2 and TIMP-2, hBD-2. Overall, MMP-2 is found in 

bronchial epithelial cells, endothelial cells, macrophages, pneumocytes, 

fibroblasts, and smooth muscle cells (Hayashi et al., 1996; Kawano et al., 1997; 

Solli et al., 2013; Zou et al., 2016).  

Epithelial tissue is thought to be the major source and store of MMP-2, 

not connective tissue (Xu et al., 2002). In COPD, inhaled airborne irritants can 
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damage epithelial power, and this damage can further provoke inflammation by 

attaching new immune cells and activating the proteolytic environment, mainly 

through the use of collagenase MMP-2 (Bagdonas et al., 2015). This is consistent 

with the finding of the present study that the MMP-2 is more pronounced in 

epithelial tissue. In COPD patients, higher levels of MMP-2-containing cells 

were found in epithelial and connective tissues, which is thought to be associated 

with the highlighted remodelling processes in these localisations. MMPs 

produced in epithelial tissues may affect remodelling of lung tissue distantly in 

subepithelial connective tissue. Activated bronchial epithelial cells modify the 

airway microenvironment by autocrine release of both pro-MMP-2 and active 

MMP-2 (Chu et al., 2006).  

In COPD patients, a statistically significantly lower finding of MMP-2 

immunoreactive cells was also found in the bronchial epithelium associated with 

bronchoscopically determined chronic endobronchitis. Although COPD is 

classically associated with a pronounced MMP-2 finding, the opposite data are 

also found in the literature, namely, MMPs in human airway epithelial cells were 

found in only a few lung epithelial cells in control subjects (Miller et al., 2008), 

as well as the release of MMP-2 from connective tissue fibroblasts decreases 

under the influence of cigarette smoke irritant (La Rocca et al., 2007). This 

suggests the regulation of MMP-2 by various other factors, as well as the known 

variability and individual course of both MMP-2 findings and morpho-

pathogenesis processes. 

In COPD patients, a statistically significant increase in the presence of 

MMP-2-containing cells was found in the mucosal connective tissue and blood 

vessels associated with the fibrosis finding, as well as with the thickened vessel 

wall. This finding is related to the balance of MMP-2 and TIMP-2. In the case of 

fibrosis, since TIMP-2 predominates over MMP-2, the amount of MMP-2 may 

increase too in an effort to maintain the balance of remodelling processes 

(Sariahmetoglu et al., 2007; Rohani and Parks, 2015).  
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In COPD patients, most TIMP-2 immunoreactive cells were detected in 

blood vessels, connective tissue, and bronchial epithelium, and TIMP-2-

containing cells were statistically significantly more pronounced in bronchial 

epithelium. Also, TIMP-2 was statistically significantly associated with hBD-2, 

hBD-3. Interestingly, the number of TIMP-2 immunoreactive cells in the 

bronchial epithelium, blood vessels and smooth muscle was higher than the 

number of MMP-2 immunoreactive cells, but similar or not significantly lower 

in the bronchial glands and mucosal connective tissue, which means that TIMP-

2 does not inhibit tissue degradation in stated localisations. TIMP-2 is found in 

epithelial cells, macrophages, alveolar epithelium, fibroblasts, and normal lung 

tissue myofibroblasts (Hayashi et al., 1996; Karakiulakis et al., 2007).  

The distribution model of TIMP-2 and MMP-2 suggests that the effects 

of TIMP-2 are primarily local and often correspond to the location of MMP-2. 

To maintain the environmental stability of the ECM, TIMP-2 directly inhibits 

MMP-2, so the location of the TIMP-2 is critical. TIMP-2 is thought to directly 

inhibit MMP-2, further inhibiting TGF-β1; moreover, when activated by  

MMP-2, TGF-β1 is secreted in an enhanced manner to increase fibrous activity 

in connective tissue stromal cells and could cause fibrosis (that is, in contrast to 

the effect of MMP-2). Because TIMP-2 already inhibits MMP-2, TGF-β1 

activation is limited, and ECM deposition may be reduced accordingly (Arpino 

et al., 2015). Therefore, the discovered increase in TIMP-2 was a response to 

increased MMP-2 and TGF-β1. Presumably, the major tissue site in COPD 

remodelling is associated with the predominance of TIMP-2 over MMP-2, and 

this hypothesis is supported by the site of airway fibrosis in the study patients.  

In general, very few or no Hsp-70 immunoreactive cells were detected in 

COPD patients at all localisations, indicating reduced cell activity. The synthesis 

of Hsp-70 is enhanced during regulated physical or chemical stress, so it helps 

prevent protein denaturation and degradation to protect all human tissues against 

cell and tissue damage (Lee et al., 2004; Qu et al., 2015). Although Hsp-70 plays 
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a protective role against cytotoxic lesions and is regulated by a variety of factors, 

significant adaptation to chronic oxidative stress occurs by lowering Hsp-70 

levels (Xie et al., 2010; Qu et al., 2015). The low numbers of Hsp-70 

immunoreactive cells estimated in the current study could occur if stress 

conditions are prolonged, and continuous exposure to the irritant maintain cell 

and tissue damage, which may lead to Hsp-70 depletion. This is also supported 

by the high level of Hsp-70 described in the literature in the case of acute damage 

(Qu et al., 2015), but low – as a result of prolonged irritant exposure (Wu et al., 

2013).  

Hsp-70, which is secreted by the body’s own cells, acts on bell-like 

receptors (TLRs) in a similar way to molecules of bacterial origin, activating the 

release of some defensins, for example, bell-like receptor-2 (TLR-2) is known to 

regulate hBD-2 secretion (Bals and Hiemstra, 2004), which could explain why 

the association of Hsp-70 with beta defensins was determined.  

 

Local antimicrobial protection in COPD-affected lung tissue 

In COPD patients, most hBD-2 immunoreactive cells were detected in 

bronchial epithelium, blood vessels, and connective tissue. In the control group 

and COPD patients, a statistically significant relationship between hBD-2 and 

hBD-3, hBD-4 findings was determined in different localisations. In COPD 

patients, a statistically significant increase in numbers of hBD-2 immunoreactive 

cells was also found in mucosal connective tissue in association with thickened 

basement membrane, which could indicate epithelial-connective tissue 

interactions, as well as the mediated role of hBD-2 in remodelling; however, the 

literature data is poor on this topic.  

In COPD patients, most hBD-3 immunoreactive cells were detected in 

blood vessels, connective tissues, and bronchial epithelium. In contrast, in COPD 

patients, few hBD-4 immunoreactive cells were detected at all localisations 
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overall. Tissue antimicrobial protection factors, including hBD-2, hBD-3 and 

hBD-4, are integral to the realisation of the innate protective function.  

A variable expression of hBD-2 has been found in the epithelium of 

various organs. Importantly, hBD-2 acts synergistically with other antimicrobial 

protective proteins such as lysozyme and lactoferrin (Gosselink et al., 2010), and 

can act as a signalling molecule for monocytes, macrophages, neutrophils and 

immature dendritic cells (Jarczak et al., 2013). hBD-3 is thought to have 

bactericidal and antiviral functions (Winter and Wenghoefer, 2012). hBD-3 is 

released continuously at the “basal” level under relative normal conditions, and 

hBD-3 also acts as a signalling molecule for immune cell haemotaxis (Haarmann 

et al., 2015). In turn, hBD-4 has strong antimicrobial properties, as well as higher 

functional activity compared to hBD-2 and hBD-3 (Harder et al., 2001).  

Unfortunately, antimicrobial protection factors in lung tissue in COPD 

have been studied poorly. Both hBD-2 and hBD-3 participate in the protection 

system of the native host against possible bacterial colonisation that is 

characteristic of COPD (Winter and Wenghoefer, 2012; Haarmann et al., 2015). 

However, hBD-4 release is induced by separate signalling pathways that are not 

similar to hBD-2 and hBD-3 activation signalling pathways (Diamond et al., 

2000; García et al., 2001a, 2001b). This may partly explain why the findings of  

hBD-4 were significantly different from the findings of hBD-2 and hBD-3, 

namely reduced in COPD patients compared to control patients. Thus, the role 

and functions of hBD-4 in the overall environment of all factors and intercellular 

communication in both healthy lung tissue and COPD-affected tissue are thought 

to be insignificant. Respectively, elevated levels of hBD-2 and hBD-3, but not 

hBD-4, may indicate an association with COPD morphopathogenesis.  

 

Lung tissue ontogenesis 

In addition, this study identified the presence of various tissue factors in 

the tissues of relatively healthy and COPD-affected lungs in terms of 
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ontogenesis, indicating age changes. This part of the study significantly 

complements the results of previous research in morphological sciences, 

fundamental and clinical pulmonology.  

Lung growth in a healthy individual occurs until the age of 10–12, while 

lung maturation continues until the age of 25, reaching a functional maximum at 

about 20 years of age. After the age of 25, lung function gradually regresses 

(Brandsma et al., 2017). An age-related inflammatory condition that is not 

associated with inflammatory diseases is called “inflammageing”. Impaired or 

even loss of immune function, imbalance of inflammatory and anti-inflammatory 

cytokines, as well as low-grade basal inflammation with predominance of 

inflammatory cytokines and low anti-inflammatory cytokine activity are 

observed in this phenomenon (Franceschi et al., 2007). In normal lung ageing, 

increased neutrophil counts are found in tissues, as well as increased reactive 

oxygen and nitrogen free radicals, gene damage, and accumulation of 

incompletely modified proteins, which together initiate the release of 

inflammatory cytokines in lung tissue (Lalley, 2013).  

In the tissues of control individuals aged 9–49 years, the number of  

TNF-α, IL-6 and hBD-4 immunoreactive cells in various localisations increased 

with age. In contrast, in control individuals aged ≥ 50 years, the number of IL-4 

and IL-6 immunoreactive cells in the tissue material increased at different 

locations with age. It is thought that an even increase in the amount of these 

cytokines could be associated with ageing, including progressively in the process 

of age-related inflammation. Changes in ageing in healthy lungs are associated 

with an increased findings of inflammatory cytokines IL-1α, TNF-α, IL-4, IL-6, 

IL-8, IL-12 and decreased finding of the anti-inflammatory cytokine IL-10 

(Sharma et al., 2009; Lee et al., 2012; Lowery et al., 2013; Ito and Mercado, 

2014), which all are associated with regression and inflammation of lung 

function. 
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In general, the number of IL-4 immunoreactive cells in the bronchial 

epithelium and blood vessels, as well as the number of hBD-4 immunoreactive 

cells in the bronchial cartilage increased in the tissue material of all control 

patients; however, the number of hBD-4 immunoreactive cells in the bronchial 

epithelium and connective tissue, as well as IL-6 immunoreactive alveolar 

macrophage numbers decreased with ageing of the individual. Studying the age-

related inflammatory phenomenon, it was found that peripheral blood IL-6 levels 

increased with age, but it is significant that the maximum increase in IL-6 was 

observed in control individuals aged 50–61 years (Milan-Mattos et al., 2019); 

that is, it may be proposed that an increase of this and possibly other cytokines 

due to ageing changes is not linearly related to age, but may indicate an age range 

when the peak of the particular factor is observed, meanwhile, having a relatively 

smaller amounts of factor earlier and later than during this age range.  

In control individuals aged 9–49 years, the number of IL-8, IL-7, IL-10, 

IL-12, Hsp-70, hBD-2, hBD-3, hBD-4 immunoreactive cells decreased in 

different localities with ageing. In contrast, in individuals aged ≥ 50 years, the 

number of IL-1α, TNF-α, IL-12, TGF-β1, Hsp-70, TIMP-2, hBD-2, hBD-4 

immunoreactive cells decreased in different localisations with ageing. There are 

multiple studies that support ageing-related decreased production of IL-1α 

(Kohut and Senchina, 2004), TNF-α, IL-6 (van Duin et al., 2007; Panda et al., 

2010), IL-8 (Mocchegiani et al., 2009), and IL-12 (Toapanta and Ross, 2009) by 

innate and acquired immunity relevant immune cells that are thought to be 

consequences of “immunosenescence” and “cell senescence” phenomena (Shaw 

et al., 2010; Bektas et al., 2017)).  

However, these findings are related to general ageing-induced 

dysregulation of the immune system and altered ability to respond to various 

irritants, rather than exclusively to the development of inflammation in 

absolutely all cases. Since IL-7 (Gao et al., 2015), IL-10 (Nadigel et al., 2013), 

TGF-β1 (Rohani and Parks, 2015), TIMP-2 (Eickelberg et al., 1999), Hsp-70 
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(Tsan and Gao, 2004) and defensins (Yang et al., 2002) are overall associated 

with a protective effect; the decrease in the number of immunoreactive cells 

positive for these factors in terms of age could be explained by the reduced ability 

to perform protective functions. Since there was found a decrease in hBD-2, but 

an increase in the numbers of IL-4, IL-6, and TNF-α immunoreactive cells, this 

finding is thought to be explained by the interaction of these factors and a 

subsequent decrease in the amount of defensins due to ageing in relatively 

healthy individuals (Castañeda-Delgado et al., 2017). 

Functional parameters (FEV1 (%), FEV1 (L) and FEV1/FVC) in elderly 

COPD patients having ≥ 75 years of age were mostly worse compared to 

younger COPD individuals. The age of COPD patients was also statistically 

significantly associated with bronchoscopically determined chronic bronchitis, 

as well as epithelial metaplasia and granulation tissue findings in the histological 

sections. COPD in elderly individuals is known to be associated with an 

increased risk of complications, exacerbations, and mortality (Cortopassi et al., 

2017). Quite all functional parameters in COPD patients decrease with age 

(Lange et al., 2015).  

In COPD general pathomorphological events, surprisingly similar age-

related symptoms are observed, such as cell ageing, stem cell depletion, 

increased oxidative stress, changes in the extracellular matrix, and a decrease in 

endogenous ageing molecules and protective pathways such as autophagy 

(Mercado et al., 2015). Therefore, COPD is often compared to the accelerated 

course of ageing changes. It should also be noted that ageing processes, as in 

relatively healthy individuals, are accelerated in the lung tissue of COPD 

patients, and also worsen the course of COPD (MacNee, 2009, 2016). 

Significantly, chronic COPD inflammation contributes to lung ageing and cell 

depletion (Freund et al., 2010). 

In addition to the decline in lung function and structural changes caused 

by relatively normal ageing, COPD causes airway obstruction, remodelling 
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changes, inflammation, fibrosis, and mucus overproduction. Increased 

compensatory response of innate immunity, exaggerated chemotaxis, and 

accumulation of immune cells are locally associated with the development of 

inflammatory response conditions in the lungs of elderly COPD individuals. 

Impaired phagocytosis is also observed in macrophage function. Neutrophil 

counts in the lungs of older COPD individuals increase, promoting exaggerated 

protease production, lung parenchymal destruction and disease progression, as 

well as prolonging the inflammatory process, and generally initiating adverse 

tissue changes (Brandsma et al., 2017; Cho and Stout-Delgado, 2020).  

The morphopathogenic course of lung ageing in COPD patients is very 

similar to that seen in stable COPD, such as increased findings of IL-1α, IL-6, 

IL-8, TNF-α and proteases (Brandsma et al., 2017; Divo et al., 2018; Zuo et al., 

2019; Cho and Stout-Delgado, 2020). Such changes were also detected in the 

present study. In all COPD patients, the number of IL-6 immunoreactive cells in 

the mucosal connective tissue was higher with increasing age. In COPD patients 

aged 50–64 years, the number of IL-6, TIMP-2, hBD-4 immunoreactive cells 

was higher in different localities with increasing age, but in the age group of  

65–74 – the number of IL-4 immunoreactive cells. In COPD patients aged  

65–74 years and ≥ 75 years, the number of IL-1α, IL-4, IL-6, IL-12, hBD-4 

immunoreactive cells at different localities was higher with increasing age, but 

in the age group of ≥ 75 years – IL-4, MMP-2, IL-6, IL-10. One of the 

mechanisms of ageing is related to the functions of IL-1α, which induces 

inflammatory cytokine release and total cytokine imbalance. (Freund et al., 

2010). Importantly, in conditions of chronic inflammation, an increased amount 

of IL-10 is often found. Cytokine IL-10 in the general context with inflammatory 

mediators, however, reduces the course of chronic inflammation (Franceschi et 

al., 2007). These findings could explain the age-related increased amount of 

cytokines IL-1α, IL-4, IL-6, IL-12, and IL-10 detected in the studied COPD 

patients. 
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An increased predominance of TIMPs promotes accumulation of 

structural components of the ECM and formation of fibrosis, whereas a reduced 

amount of TIMPs enhances proteolysis of the ECM by a predominance of MMPs 

(Arpino et al., 2015). MMP-2 expression increases in the lungs with ageing and 

causes age-related phenotypic changes in lung fibroblasts, as well as significantly 

interferes with ECM regeneration (Brew and Nagase, 2010). Local MMP-2 

expression causes connective tissue restructuring; however, in the elderly, MMPs 

are also associated with impaired innate immunity (Hansen et al. 2015). An 

increase in MMP-2, but a decrease in TIMP-2 and TGF-β1 in terms of ageing 

that was found in the study, could be associated with age-related remodelling 

changes. Due to the decrease of TIMP-2, lung tissue degradation changes are 

found in the elderly. Therefore, an increase in MMP-2 but a decrease in TIMP-2 

and TGF-β1, which was found as ageing changes, could indicate more 

pronounced age-related ECM degradation and tissue damage. 

Overall, more pronounced findings of IL-1α, IL-4, IL-6, IL-12, IL-10, 

MMP-2 and hBD-4 is thought to indicate the importance of these factors in the 

ageing process in COPD. 

The numbers of IL-7 immunoreactive cells in the blood vessels of all 

COPD patients was decreased with ageing. In COPD patients aged 50–64 years 

and 65–74 years, the numbers of TNF-α, IL-7, IL-8, Hsp-70, hBD-2, hBD-3 

immunoreactive cells was decreased in different localities with ageing; 

moreover, in oldest COPD patients aged ≥ 75 years – the numbers of IL-7 and 

TGF-β1 immunoreactive cells.  

Contrary to what was described in the literature, decreased numbers of 

IL-8 immunoreactive cells were determined with increasing age of individuals. 

Decreased IL-8 production may be related to the impaired capacity of bronchial 

epithelial cells and their potential to respond to environmental irritation (Nadigel 

et al., 2013). This is a truly surprising phenomenon, as COPD is classically 

associated with elevated levels of inflammatory cytokines (such as IL-8). In 
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detailed study of decreased IL-8 with ageing, the authors found that IL-8 levels 

in COPD patients were still increased compared to “basal” IL-8 levels in healthy 

lung tissue (de Boer et al., 2000). Examining this assumption, the same finding 

was identified in the current study. Accordingly, these findings in COPD affected 

lung tissue should be considered as more pronounced when compared to control 

group tissues, but reduced in general view (absolutely) as decreased secretion of 

particular factor may be associated with age-related cell dysfunction. The same 

finding was associated with lower numbers of TNF-α, IL-7, TGF-β1, hBD-2, and 

hBD-3 immunoreactive cells at different localities with increasing age.  

Secondly, because a close relationship between IL-10 and IL-8 was 

determined, it is possible that more pronounced IL-10 expression had an effect 

on IL-8 secretion. Also, decreased levels of TGF-β1 are associated with ageing 

of immune cells, as well as impaired immune function of TGF-β1 having 

dominant background of inflammatory cytokines (Hansen et al., 2015). In 

addition, despite the potentially beneficial effects of TGF-β1, accelerated cell 

ageing and dysfunction are also observed in COPD (Chilosi et al., 2013). Thirdly, 

reduced levels of IL-8 and TNF-α may be associated with prolonged 

inflammatory processes.  

As in the control group, the reduced amount of defensins in COPD 

patients due to ageing could be explained by weakened protective functions and 

the ability of the immune system to resist the pathogens of respiratory diseases 

(Castañeda-Delgado et al., 2017), although the numbers of immunoreactive cells 

positive for these factors were higher in COPD patients than in the control group. 

In addition, a reduction in hBD-2 in COPD patients has been observed in viral 

and bacterial infections (Arnason et al., 2017; Zielinski et al., 2018) that are 

known as significant risk factors for worsened course of COPD, including during 

ageing (Zielinski et al., 2018; Cho and Stout-Delgado, 2020). As hBD-4 levels 

are known to be increased in acute rather than chronic airway infections (Yanagi 

et al., 2005), it is thought that the increase in hBD-4 with age could be explained 
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by greater airway reactivity to pathogens under reduced protective functions. In 

contrast, the numbers of Hsp-70 immunoreactive cells in COPD patients were 

already lower than in the control group, so the deficiency of this factor in elderly 

COPD patients may be associated with significant cell depletion in chronic 

inflammation (Wu et al., 2013). 

In general, an age-related increase in the number of IL-1α, IL-4, IL-6,  

IL-10, IL-12, MMP-2, hBD-4 immunoreactive cells was observed, but decrease 

of IL-7, IL-8, TNF-α , TIMP-2, TGF-β1, Hsp-70, hBD-2, hBD-3 immuno-

reactive cells in COPD patients, as well as chronic bronchitis, epithelial 

metaplasia, granulation tissue finding, and worse functional status in elderly 

COPD patients. 

Thus, the most important findings of the current study in the lung 

tissues of relatively healthy individuals and COPD patients should be 

highlighted. In normal lung tissue, findings of various factors having the 

“baseline level” under relative health conditions was demonstrated, while 

maintaining tissue reactivity and the ability to prevent cell and tissue 

damage in response to various irritants, as well as managing lung immunity. 

It is important that these phenomena are found in different parts of the 

lungs – in the bronchial wall and alveoli, as well as in different histological 

structures. In COPD patients, increased numbers of IL-1α, IL-4, partly  

IL-6, partly IL-8, TNF-α, IL-7, IL-10, partly IL-12, TGF-β1, MMP-2, 

TIMP-2, hBD-2, partially hBD-3 immunoreactive cells were detected at 

different bronchial wall localisations, but reduced numbers of Hsp-70 and 

partially hBD-4 immunoreactive cells compared to the control group. These 

findings justify the significance of various factors related to the initiation, 

maintenance and regulation of the inflammatory processes linked together 

with remodelling events and antimicrobial defense, as well as highlight the 

role of impaired protective function in COPD morphopathogenesis.  
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4 CONCLUSIONS 
 

1. Lung tissue in COPD patients is characterised by variable and localised non-

specific changes as chronic inflammation and tissue remodelling with 

inflammatory cell infiltration, granulation tissue, thickened basement 

membrane and vascular wall, bronchial gland and smooth muscle hypeplasia 

and hypertrophy, as well as fibrosis and epithelial metaplasia.  

2. Control lung tissue is characterised by overall low numbers of cells 

immunoreactive for IL-1α, IL-4, IL-6, IL-8, TNF-α, IL-7, IL-12, IL-10,  

TGF-β1, MMP-2 , TIMP-2, Hsp-70, hBD-2, hBD-3, and hBD-4 at different 

localisations. This indicates stable, continuous, and adaptive “baseline” level 

of these tissue factors at a relative norm. More pronounced findings of these 

factors in the bronchial and alveolar epithelium, and among alveolar 

macrophages are associated with the maintenance of local lung homeostasis, 

including immunity and tissue reactivity; however, in hyaline cartilage, 

plasticity and the potential compensatory reaction with the tissue increased. 

3. COPD affected lung tissue is characterised by more pronounced findings of 

the inflammatory cytokines IL-1α, IL-4, IL-8 and TNF-α. An increased 

number of IL-10 immunoreactive cells indicates persistent anti-inflammatory 

response. Expressed IL-7 findings suggest activated immunomodulation. 

Interaction of IL-7 with cytokines IL-1α, IL-4, IL-6, IL-8, IL-10, remodelling 

factors TGF-β1, MMP-2, TIMP-2, cell damage marker Hsp-70, and defensins 

hBD-2, hBD-3, hBD-4 indicate the role of combined cytokine complex in the 

regulation of inflammatory and anti-inflammatory processes along with 

remodelling, oxidative stress and antimicrobial protection. 

4. Significantly higher numbers of TGF-β1, MMP-2, TIMP-2 immunoreactive 

cells in COPD affected lung tissue compared to the control group indicate the 

role of these factors in tissue remodelling processes. Small predominance of 

TIMP-2 may limit tissue destruction processes, but does not individually affect 
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the development of fibrosis and, consequently, airway obstruction in COPD. 

Close relationship of these factors with cytokines IL-1α, IL-4, IL-6, IL-8,  

IL-12, IL-10, cell damage marker Hsp-70, and defensins hBD-2, hBD-3,  

hBD-4 links inflammation with remodelling. The association of TGF-β1 with 

remodelling and inflammatory processes justifies the dual function of this 

factor. Markedly low Hsp-70-containing cell numbers indicate cell depletion. 

5. Pronounced findings of hBD-2 and hBD-3 (but not hBD-4) promotes 

antimicrobial lung protection in COPD patients, indicating an increase in total 

and selective antibacterial protection. 

6. Distinct findings of tissue factors in bronchial epithelium, connective tissue 

and blood vessels prove the involvement and importance of these structures in 

the morphopathogenesis of COPD. In general, COPD morphopathogenesis is 

characterised by increased IL-1α, IL-4, IL-6, IL-8, TNF-α, IL-7, IL-10, IL-12, 

TGF-β1, MMP-2, TIMP-2, hBD -2, hBD-3; however, reduced Hsp-70 and 

hBD-4 expression that indicates high activity of persistent complex cytokine 

network, tissue remodelling and overall tissue antimicrobial protection. 

7. In COPD, bronchoscopically determined hypetrophy and chronic bronchitis 

are associated with the presence of IL-8, MMP-2, hBD-3 and hBD-4 in  

COPD-affected lung. Epithelial metaplasia and fibrosis in the histological 

sections are associated with worse functional parameters and IL-6, IL-8, 

MMP-2. Moreover, the finding of granulation tissue is associated with a longer 

history of smoking and more pronounced tissue damage. 

8. Ageing changes in the lungs at relative health are individual, even different for 

individuals in various age groups, also, are mostly characterised by a lack of 

inflammation and variability, even a decrease, in the number of immune cells. 

In turn, in the case of COPD, ageing is associated with worsening of the course 

of the disease, as well as persistence of inflammatory cytokines and altered 

remodelling with otherwise typical COPD events.   



 

76 

REFERENCES 
 

1. Akdis, M. et al. 2016. Interleukins (from IL-1 to IL-38), interferons, transforming 

growth factor β, and TNF-α: Receptors, functions, and roles in diseases. Journal of 

Allergy and Clinical Immunology. 138(4): 984–1010. 

2. Allen, T.C., Kurdowska, A. 2014. Interleukin 8 and acute lung injury. Arch. Pathol. 

Lab. Med. 138(2): 266–269. 

3. Arafah, M.A. et al. 2018. Endobronchial biopsy in the final diagnosis of chronic 

obstructive pulmonary disease and asthma: a clinicopathological study. Ann Saudi 

Med. 38(2): 118–124. 

4. Arnason, J.W. et al. 2017. Human β-defensin-2 production upon viral and bacterial 

co-infection is attenuated in COPD. PLoS ONE. 12(5): e0175963. 

5. Arpino, V., Brock, M., Gill, S.E. 2015. The role of TIMPs in regulation of 

extracellular matrix proteolysis. Matrix Biol. 44–46: 247–254. 

6. Bagdonas, E. et al. 2015. Novel aspects of pathogenesis and regeneration 

mechanisms in COPD. Int J Chron Obstruct Pulmon Dis. 10: 995–1013. 

7. Bai, Y. et al. 2019. Inflammatory Cytokines and T-Lymphocyte Subsets in Serum 

and Sputum in Patients with Bronchial Asthma and Chronic Obstructive Pulmonary 

Disease. Med. Sci. Monit. 25: 2206–2210. 

8. Baines, K.J., Simpson, J.L., Gibson, P.G. 2011. Innate immune responses are 

increased in chronic obstructive pulmonary disease. PLoS ONE. 6(3): e18426. 

9. Bals, R., Hiemstra, P.S. 2004. Innate immunity in the lung: how epithelial cells fight 

against respiratory pathogens. Eur Respir J. 23(2): 327–333. 

10. Barbarin, V. et al. 2004. Characterization of the effect of interleukin-10 on silica-

induced lung fibrosis in mice. Am. J. Respir. Cell Mol. Biol. 31(1): 78–85. 

11. Barnes, P.J. 2001. Cytokine modulators as novel therapies for airway disease. Eur 

Respir J Suppl. 34: 67–77. 

12. Barnes, P.J. 2004a. Alveolar macrophages as orchestrators of COPD. COPD. 1(1): 

59–70. 

13. Barnes, P.J. 2004b. Mediators of chronic obstructive pulmonary disease. Pharmacol. 

Rev. 56(4): 515–548. 

14. Barnes, P.J. et al. 2006. Pulmonary biomarkers in chronic obstructive pulmonary 

disease. Am. J. Respir. Crit. Care Med. 174(1): 6–14. 

15. Barnes, P.J. et al. 2009. Asthma and COPD. Elsevier, 897p. 

16. Barnes, P.J. 2014. Cellular and molecular mechanisms of chronic obstructive 

pulmonary disease. Clin. Chest Med. 35(1): 71–86. 

17. Barnes, P.J. 2016. Inflammatory mechanisms in patients with chronic obstructive 

pulmonary disease. J. Allergy Clin. Immunol. 138(1): 16–27. 

18. Barnes, P.J. 2018. Targeting cytokines to treat asthma and chronic obstructive 

pulmonary disease. Nat. Rev. Immunol. 18(7): 454–466. 

19. Bektas, A. et al. 2017. Human T cell immunosenescence and inflammation in aging. 

J Leukoc Biol. 102(4): 977–988. 

20. van den Berg, A. et al. 2005. Interleukin-17 induces hyperresponsive interleukin-8 

and interleukin-6 production to tumor necrosis factor-alpha in structural lung cells. 

Am. J. Respir. Cell Mol. Biol. 33(1): 97–104. 

21. de Boer, W.I. et al. 2000. Monocyte chemoattractant protein 1, interleukin 8, and 

chronic airways inflammation in COPD. J. Pathol. 190(5): 619–626. 



 

77 

22. de Boer, W.I., Alagappan, V.K.T., Sharma, H.S. 2007. Molecular mechanisms in 

chronic obstructive pulmonary disease: potential targets for therapy. Cell Biochem. 

Biophys. 47(1): 131–148. 

23. Borthwick, L.A. 2016. The IL-1 cytokine family and its role in inflammation and 

fibrosis in the lung. Semin Immunopathol. 38(4): 517–534. 

24. Boxall, C., Holgate, S.T., Davies, D.E. 2006. The contribution of transforming 

growth factor-β and epidermal growth factor signalling to airway remodelling in 

chronic asthma. European Respiratory Journal. 27(1): 208–229. 

25. Brandsma, C.-A. et al. 2017. Lung ageing and COPD: is there a role for ageing in 

abnormal tissue repair? Eur Respir Rev. 26(146): 170073. 

26. Brew, K., Nagase, H. 2010. The tissue inhibitors of metalloproteinases (TIMPs): an 

ancient family with structural and functional diversity. Biochim. Biophys. Acta. 

1803(1): 55–71. 

27. Brozyna, S. et al. 2009. Chemotactic mediators of Th1 T-cell trafficking in smokers 

and COPD patients. COPD. 6(1): 4–16. 

28. Brusselle, G.G., Joos, G.F., Bracke, K.R. 2011. New insights into the immunology 

of chronic obstructive pulmonary disease. Lancet. 378(9795): 1015–1026. 

29. Budinger, G.S. et al. 2017. The Intersection of Aging Biology and the Pathobiology 

of Lung Diseases: A Joint NHLBI/NIA Workshop. J Gerontol A Biol Sci Med Sci. 

72(11): 1492–1500. 

30. Caramori, G. et al. 2016. COPD immunopathology. Semin Immunopathol. 38(4): 

497–515. 

31. Castañeda-Delgado, J.E. et al. 2017. Differences in Cytokine Production during 

Aging and Its Relationship with Antimicrobial Peptides Production. Immunol. Invest. 

46(1): 48–58. 

32. Castellucci, M. et al. 2015. IL-10 disrupts the Brd4-docking sites to inhibit LPS-

induced CXCL8 and TNF-α expression in monocytes: Implications for chronic 

obstructive pulmonary disease. J. Allergy Clin. Immunol. 136(3): 781-791.e9. 

33. Cazzola, M., Donner, C.F., Hanania, N.A. 2007. One hundred years of chronic 

obstructive pulmonary disease (COPD). Respir Med. 101(6): 1049–1065. 

34. Chilosi, M. et al. 2013. Premature lung aging and cellular senescence in the 

pathogenesis of idiopathic pulmonary fibrosis and COPD/emphysema. Transl Res. 

162(3): 156–173. 

35. Cho, S.J., Stout-Delgado, H.W. 2020. Aging and Lung Disease. Annu. Rev. Physiol. 

82(1): 433–459. 

36. Cho, W.K., Lee, C.G., Kim, L.K. 2019. COPD as a Disease of Immunosenescence. 

Yonsei Med. J. 60(5): 407–413. 

37. Chu, E.K. et al. 2006. Induction of the plasminogen activator system by mechanical 

stimulation of human bronchial epithelial cells. Am. J. Respir. Cell Mol. Biol. 35(6): 

628–638. 

38. Chung, K.F. 2005. The Role of Airway Smooth Muscle in the Pathogenesis of 

Airway Wall Remodeling in Chronic Obstructive Pulmonary Disease. Proc Am 

Thorac Soc. 2(4): 347–354. 

39. Commins, S., Steinke, J.W., Borish, L. 2008. The extended IL-10 superfamily: IL-

10, IL-19, IL-20, IL-22, IL-24, IL-26, IL-28, and IL-29. J. Allergy Clin. Immunol. 

121(5): 1108–1111. 



 

78 

40. Commins, S.P., Borish, L., Steinke, J.W. 2010. Immunologic messenger molecules: 

cytokines, interferons, and chemokines. J. Allergy Clin. Immunol.. 125(2–2): 53–72. 

41. Copenhaver, A.M. et al. 2015. IL-1R signaling enables bystander cells to overcome 

bacterial blockade of host protein synthesis. Proc. Natl. Acad. Sci. U.S.A. 112(24): 

7557–7562. 

42. Cortopassi, F., Gurung, P., Pinto-Plata, V. 2017. Chronic Obstructive Pulmonary 

Disease in Elderly Patients. Clin. Geriatr. Med.. 33(4): 539–552. 

43. Dhople, V., Krukemeyer, A., Ramamoorthy, A. 2006. The human beta-defensin-3, 

an antibacterial peptide with multiple biological functions. Biochim. Biophys. Acta. 

1758(9): 1499–1512. 

44. Di Stefano, A. et al. 2002. Increased expression of nuclear factor-kappaB in bronchial 

biopsies from smokers and patients with COPD. Eur. Respir. J. 20(3): 556–563. 

45. Diamond, G. et al. 2000. Transcriptional regulation of beta-defensin gene expression 

in tracheal epithelial cells. Infect. Immun. 68(1): 113–119. 

46. Divo, M.J. et al. 2018. Chronic Obstructive Pulmonary Disease (COPD) as a disease 

of early aging: Evidence from the EpiChron Cohort. PLoS ONE. 13(2): e0193143. 

47. Dooms, H. 2013. Interleukin-7: Fuel for the autoimmune attack. J. Autoimmun. 45: 

40–48. 

48. van Duin, D. et al. 2007. Age-associated defect in human TLR-1/2 function. J. 

Immunol. 178(2): 970–975. 

49. van Eeden, S.F., Terashima, T. 2000. Interleukin 8 (IL-8) and the release of 

leukocytes from the bone marrow. Leuk. Lymphoma. 37(3–4): 259–271. 

50. Eickelberg, O. et al. 1999. Extracellular matrix deposition by primary human lung 

fibroblasts in response to TGF-beta1 and TGF-beta3. Am. J. Physiol. 276(5–1): 

L814–824. 

51. Fathy, E.M. et al. 2016. Image-enhanced bronchoscopic evaluation of bronchial 

mucosal microvasculature in COPD. Int J Chron Obstruct Pulmon Dis. 11: 2447–

2455. 

52. Franceschi, C. et al. 2007. Inflammaging and anti-inflammaging: a systemic 

perspective on aging and longevity emerged from studies in humans. Mech. Ageing 

Dev.. 128(1): 92–105. 

53. Freund, A. et al. 2010. Inflammatory Networks during Cellular Senescence: Causes 

and Consequences. Trends Mol Med. 16(5): 238–246. 

54. Gabryelska, A. et al. 2019. IL-33 Mediated Inflammation in Chronic Respiratory 

Diseases-Understanding the Role of the Member of IL-1 Superfamily. Front 

Immunol. 10: 692. 

55. Gao, J. et al. 2015. Mechanism of Action of IL-7 and Its Potential Applications and 

Limitations in Cancer Immunotherapy. Int J Mol Sci. 16(5): 10267–10280. 

56. García, J.R. et al. 2001a. Human beta-defensin 4: a novel inducible peptide with a 

specific salt-sensitive spectrum of antimicrobial activity. FASEB J. 15(10): 1819–

1821. 

57. García, J.R. et al. 2001b. Identification of a novel, multifunctional beta-defensin 

(human beta-defensin 3) with specific antimicrobial activity. Its interaction with 

plasma membranes of Xenopus oocytes and the induction of macrophage 

chemoattraction. Cell Tissue Res. 306(2): 257–264. 

58. Garlanda, C., Dinarello, C.A., Mantovani, A. 2013. The interleukin-1 family: back 

to the future. Immunity. 39(6): 1003–1018. 



 

79 

59. Ghanei, M. et al. 2010. Effect of TGFß1 and TIMP2 on disease activity in asthma 

and COPD. Iran J Allergy Asthma Immunol. 9(2): 79–86. 

60. Gibson, G.J. et al. 2013. Respiratory health and disease in Europe: the new European 

Lung White Book. Eur. Respir. J. 42(3): 559–563. 

61. Givi, M.E. et al. 2012. Dendritic cells in pathogenesis of COPD. Curr. Pharm. Des. 

18(16): 2329–2335. 

62. Gosselink, J.V. et al. 2010. Differential expression of tissue repair genes in the 

pathogenesis of chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care 

Med. 181(12): 1329–1335. 

63. Haarmann, H. et al. 2015. The role and regulation of Moraxella catarrhalis-induced 

human beta-defensin 3 expression in human pulmonary epithelial cells. Biochem. 

Biophys. Res. Commun. 467(1): 46–52. 

64. Hackett, T.-L. et al. 2014. Fibroblast signal transducer and activator of transcription 

4 drives cigarette smoke-induced airway fibrosis. Am. J. Respir. Cell Mol. Biol. 

51(6): 830–839. 

65. Halbert, R.J. et al. 2006. Global burden of COPD: systematic review and meta-

analysis. Eur. Respir. J. 28(3): 523–532. 

66. Hallstrand, T.S. et al. 2014. Airway epithelial regulation of pulmonary immune 

homeostasis and inflammation. Clin. Immunol. 151(1): 1–15. 

67. Hansen, S. et al. 2015. A review of the equine age-related changes in the immune 

system: comparisons between human and equine aging, with focus on lung-specific 

immune-aging. Ageing Res. Rev. 20: 11–23. 

68. Harder, J. et al. 2001. Isolation and characterization of human beta -defensin-3, a 

novel human inducible peptide antibiotic. J. Biol. Chem. 276(8): 5707–5713. 

69. Hayashi, T. et al. 1996. Immunohistochemical study of metalloproteinases and their 

tissue inhibitors in the lungs of patients with diffuse alveolar damage and idiopathic 

pulmonary fibrosis. Am. J. Pathol. 149(4): 1241–1256. 

70. Herfs, M. et al. 2012. Proinflammatory cytokines induce bronchial hyperplasia and 

squamous metaplasia in smokers: implications for chronic obstructive pulmonary 

disease therapy. Am. J. Respir. Cell Mol. Biol. 47(1): 67–79. 

71. Higaki, M. et al. 2015. Interleukin-10 modulates pulmonary neutrophilic 

inflammation induced by cigarette smoke exposure. Exp. Lung Res. 41(10): 525–534. 

72. Hogg, J.C. 2004. Pathophysiology of airflow limitation in chronic obstructive 

pulmonary disease. Lancet. 364(9435): 709–721. 

73. Hogg, J.C. et al. 2004. The nature of small-airway obstruction in chronic obstructive 

pulmonary disease. N. Engl. J. Med. 350(26): 2645–2653. 

74. Hsu, S.M., Raine, L., Fanger, H. 1981. The use of antiavidin antibody and avidin-

biotin-peroxidase complex in immunoperoxidase technics. Am. J. Clin. Pathol. 

75(6): 816–821. 

75. Hulina-Tomašković, A. et al. 2019. Pro-inflammatory effects of extracellular Hsp70 

and cigarette smoke in primary airway epithelial cells from COPD patients. 

Biochimie. 156: 47–58. 

76. Ito, K., Mercado, N. 2014. STOP accelerating lung aging for the treatment of COPD. 

Exp. Gerontol. 59: 21–27. 

77. Iwasaki, A., Medzhitov, R. 2015. Control of adaptive immunity by the innate immune 

system. Nat. Immunol. 16(4): 343–353. 



 

80 

78. Jarczak, J. et al. 2013. Defensins: natural component of human innate immunity. 

Hum. Immunol. 74(9): 1069–1079. 

79. Karakiulakis, G. et al. 2007. Cell type-specific effect of hypoxia and platelet-derived 

growth factor-BB on extracellular matrix turnover and its consequences for lung 

remodeling. J. Biol. Chem. 282(2): 908–915. 

80. Kawano, N. et al. 1997. Expression of gelatinase A, tissue inhibitor of 

metalloproteinases-2, matrilysin, and trypsin(ogen) in lung neoplasms: An 

immunohistochemical study. Human Pathology. 28(5): 613–622. 

81. Kim, V., Criner, G.J. 2013. Chronic Bronchitis and Chronic Obstructive Pulmonary 

Disease. Am J Respir Crit Care Med. 187(3): 228–237. 

82. Kobayashi, S.D., DeLeo, F.R. 2009. Role of neutrophils in innate immunity: a 

systems biology-level approach. Wiley Interdiscip Rev Syst Biol Med. 1(3): 309–333. 

83. Kohut, M.L., Senchina, D.S. 2004. Reversing Age-Associated Immunosenescence 

via Exercise. Exercise Immunology Review. 10: 6–41. 

84. Köktürk, N. et al. 2003. The cellular inflammation of bronchial biopsies in chronic 

obstructive pulmonary diseases. Tuberk Toraks. 51(2): 123–131. 

85. Kumar, V., Sharma, A. 2010. Mast cells: emerging sentinel innate immune cells with 

diverse role in immunity. Mol. Immunol. 48(1–3): 14–25. 

86. La Rocca, G. et al. 2007. Cigarette smoke exposure inhibits extracellular MMP-2 

(gelatinase A) activity in human lung fibroblasts. Respir. Res. 8: 23. 

87. Lagente, V. et al. 2005. Role of matrix metalloproteinases in the development of 

airway inflammation and remodeling. Brazilian Journal of Medical and Biological 

Research. 38(10): 1521–1530. 

88. Lalley, P.M. 2013. The aging respiratory system--pulmonary structure, function and 

neural control. Respir Physiol Neurobiol. 187(3): 199–210. 

89. Lange, P. et al. 2015. Lung-Function Trajectories Leading to Chronic Obstructive 

Pulmonary Disease. N. Engl. J. Med. 373(2): 111–122. 

90. Lechapt-Zalcman, E. et al. 2006. Transforming growth factor-beta1 increases airway 

wound repair via MMP-2 upregulation: a new pathway for epithelial wound repair? 

Am. J. Physiol. Lung Cell Mol. Physiol. 290(6): L1277–1282. 

91. Lee, J.E. et al. 2004. The 70 kDa heat shock protein suppresses matrix 

metalloproteinases in astrocytes. Neuroreport. 15(3): 499–502. 

92. Lee, K.-H. et al. 2018. Cigarette Smoke Extract Enhances IL-17A-Induced IL-8 

Production via Up-Regulation of IL-17R in Human Bronchial Epithelial Cells. Mol. 

Cells. 41(4): 282–289. 

93. Lee, N., Shin, M.S., Kang, I. 2012. T-cell biology in aging, with a focus on lung 

disease. J. Gerontol. A Biol. Sci. Med. Sci. 67(3): 254–263. 

94. Li, A. et al. 2015. IL-22 Up-Regulates β-Defensin-2 Expression in Human Alveolar 

Epithelium via STAT3 but Not NF-κB Signaling Pathway. Inflammation. 38(3): 

1191–1200. 

95. Li, J. et al. 2016. System biology analysis of long-term effect and mechanism of Bufei 

Yishen on COPD revealed by system pharmacology and 3-omics profiling. Sci Rep. 

6: 25492. 

96. Lillie, R.D., Pizzolato, P., Donaldson, P.T. 1976. Hematoxylin substitutes: a survey 

of mordant dyes tested and consideration of the relation of their structure to 

performance as nuclear stains. Stain Technol. 51(1): 25–41. 

97. Lowery, E.M. et al. 2013. The aging lung. Clin Interv Aging. 8: 1489–1496. 



 

81 

98. Luzina, I.G. et al. 2015. The cytokines of pulmonary fibrosis: Much learned, much 

more to learn. Cytokine. 74(1): 88–100. 

99. MacNee, W. 2009. Accelerated lung aging: a novel pathogenic mechanism of chronic 

obstructive pulmonary disease (COPD). Biochem. Soc. Trans. 37(4): 819–823. 

100. MacNee, W. 2016. Is Chronic Obstructive Pulmonary Disease an Accelerated Aging 

Disease? Ann Am Thorac Soc. 13(5): 429–437. 

101. Mercado, N., Ito, K., Barnes, P.J. 2015. Accelerated ageing of the lung in COPD: 

new concepts. Thorax. 70(5): 482–489. 

102. Milan-Mattos, J.C. et al. 2019. Effects of natural aging and gender on pro-

inflammatory markers. Brazilian Journal of Medical and Biological Research. 52(9). 

103. Miller, T.L. et al. 2008. Dissociation between the effects of oxygen and pressure on 

matrix metalloproteinase-2, -7, and -9 expression in human airway epithelial cells. 

Am J Perinatol. 25(8): 481–489. 

104. Miotto, D. et al. 2003. Interleukin-13 and -4 expression in the central airways of 

smokers with chronic bronchitis. Eur. Respir. J. 22(4): 602–608. 

105. Mocchegiani, E. et al. 2009. NK and NKT cells in aging and longevity: role of zinc 

and metallothioneins. J. Clin. Immunol. 29(4): 416–425. 

106. Moliva, J.I. et al. 2014. Molecular composition of the alveolar lining fluid in the 

aging lung. Age (Dordr). 36(3): 9633. 

107. Mori, H., Cardiff, R.D. 2016. Methods of Immunohistochemistry and 

Immunofluorescence: Converting Invisible to Visible. Methods Mol. Biol. 1458: 1–

12. 

108. Mortaz, E., Folkerts, G., Redegeld, F. 2011. Mast cells and COPD. Pulm Pharmacol 

Ther. 24(4): 367–372. 

109. Mukaida, N. 2003. Pathophysiological roles of interleukin-8/CXCL8 in pulmonary 

diseases. Am. J. Physiol. Lung Cell Mol. Physiol. 284(4): L566-577. 

110. Nadigel, J. et al. 2013. IL-8 production in response to cigarette smoke is decreased 

in epithelial cells from COPD patients. Pulm Pharmacol Ther. 26(5): 596–602. 

111. Nagaoka, I. et al. 2008. Evaluation of the effect of human beta-defensins on 

neutrophil apoptosis. Int. Immunol. 20(4): 543–553. 

112. Panda, A. et al. 2010. Age-associated decrease in TLR function in primary human 

dendritic cells predicts influenza vaccine response. J. Immunol. 184(5): 2518–2527. 

113. Perotin, J.-M. et al. 2014. Delay of airway epithelial wound repair in COPD is 

associated with airflow obstruction severity. Respir. Res. 15: 151. 

114. Pesci, A. et al. 1998. Neutrophils infiltrating bronchial epithelium in chronic 

obstructive pulmonary disease. Respir Med. 92(6): 863–870. 

115. Pilmane, M., Shine, J., Iismaa, T.P. 1998. Distribution of galanin immunoreactivity 

in the bronchi of humans with tuberculosis. Ann. N. Y. Acad. Sci. 863: 445–449. 

116. Qu, B. et al. 2015. The detection and role of heat shock protein 70 in various 

nondisease conditions and disease conditions: a literature review. Cell Stress 

Chaperones. 20(6): 885–892. 

117. Rabe, K.F. et al. 2007. Global strategy for the diagnosis, management, and prevention 

of chronic obstructive pulmonary disease: GOLD executive summary. Am. J. Respir. 

Crit. Care Med. 176(6): 532–555. 

118. Rennard, S.I. et al. 2007. Clinical Management of Chronic Obstructive Pulmonary 

Disease. CRC Press, 624p. 



 

82 

119. Rigden, H.M. et al. 2016. Squamous Metaplasia Is Increased in the Bronchial 

Epithelium of Smokers with Chronic Obstructive Pulmonary Disease. PLoS One. 

11(5). 

120. Rohani, M.G., Parks, W.C. 2015. Matrix remodeling by MMPs during wound repair. 

Matrix Biol. 44–46: 113–121. 

121. Rohmann, K. et al. 2011. Innate immunity in the human lung: pathogen recognition 

and lung disease. Cell Tissue Res. 343(1): 167–174. 

122. Saito, A., Horie, M., Nagase, T. 2018. TGF-β Signaling in Lung Health and Disease. 

Int J Mol Sci. 19(8). 

123. Salvi, S.S., Barnes, P.J. 2009. Chronic obstructive pulmonary disease in non-

smokers. Lancet. 374(9691): 733–743. 

124. Sariahmetoglu, M. et al. 2007. Regulation of matrix metalloproteinase-2 (MMP-2) 

activity by phosphorylation. FASEB J.. 21(10): 2486–2495. 

125. Sarir, H. et al. 2008. Cells, mediators and Toll-like receptors in COPD. Eur. J. 

Pharmacol. 585(2–3): 346–353. 

126. Scheller, J. et al. 2011. The pro- and anti-inflammatory properties of the cytokine 

interleukin-6. Biochim. Biophys. Acta. 1813(5): 878–888. 

127. Sharma, G., Hanania, N.A., Shim, Y.M. 2009. The Aging Immune System and Its 

Relationship to the Development of Chronic Obstructive Pulmonary Disease. Proc 

Am Thorac Soc. 6(7): 573–580. 

128. Shaw, A.C. et al. 2010. Aging of the Innate Immune System. Curr Opin Immunol. 

22(4): 507–513. 

129. Shaykhiev, R., Crystal, R.G. 2014. Early events in the pathogenesis of chronic 

obstructive pulmonary disease. Smoking-induced reprogramming of airway 

epithelial basal progenitor cells. Ann Am Thorac Soc. 11 Suppl 5: S252-258. 

130. Shibata, S. et al. 2018. Basophils trigger emphysema development in a murine model 

of COPD through IL-4-mediated generation of MMP-12-producing macrophages. 

Proc. Natl. Acad. Sci. U.S.A. 115(51): 13057–13062. 

131. Singh, D. et al. 2010. Sputum neutrophils as a biomarker in COPD: findings from the 

ECLIPSE study. Respir. Res. 11: 77. 

132. Solli, A.I. et al. 2013. Tissue- and cell-specific co-localization of intracellular 

gelatinolytic activity and matrix metalloproteinase 2. J. Histochem. Cytochem. 61(6): 

444–461. 

133. Srivastava, P.K., Dastidar, S.G., Ray, A. 2007. Chronic obstructive pulmonary 

disease: role of matrix metalloproteases and future challenges of drug therapy. Expert 

Opin Investig Drugs. 16(7): 1069–1078. 

134. Stefanini, M., De Martino, C., Zamboni, L. 1967. Fixation of ejaculated spermatozoa 

for electron microscopy. Nature. 216(5111): 173–174. 

135. Stewart, A.G., Thomas, B., Koff, J. 2018. TGF-β: Master regulator of inflammation 

and fibrosis. Respirology. 23(12): 1096–1097. 

136. Tang, Y. et al. 2014. The role of the serum IL-33/sST2 axis and inflammatory 

cytokines in chronic obstructive pulmonary disease. J. Interferon Cytokine Res. 

34(3): 162–168. 

137. Taylor, A. et al. 2007. IL-10 inhibits CD28 and ICOS costimulations of T cells via 

src homology 2 domain-containing protein tyrosine phosphatase 1. J. Allergy Clin. 

Immunol. 120(1): 76–83. 



 

83 

138. Taylor, J.D. 2010. COPD and the response of the lung to tobacco smoke exposure. 

Pulm Pharmacol Ther. 23(5): 376–383. 

139. Tetlow, L.C., Freemont, A.J., Woolley, D.E. 1999. Bronchial cartilage atrophy in 

chronic bronchitis: observations on chondrolytic processes. Pathobiology. 67(4): 

196–201. 

140. Thannickal, V.J. et al. 2015. Blue Journal Conference. Aging and Susceptibility to 

Lung Disease. American Journal of Respiratory and Critical Care Medicine. 191(3): 

261. 

141. Toapanta, F.R., Ross, T.M. 2009. Impaired immune responses in the lungs of aged 

mice following influenza infection. Respir. Res. 10: 112. 

142. Tobin, G. et al. 1990. Peptidergic innervation of the major salivary glands of the 

ferret. Peptides. 11(4): 863–867. 

143. Tsan, M.-F., Gao, B. 2004. Heat shock protein and innate immunity. Cell. Mol. 

Immunol. 1(4): 274–279. 

144. Turino, G.M. 2007. Proteases in COPD: a critical pathway to injury. Chest. 132(6): 

1724–1725. 

145. Vareille, M. et al. 2011. The airway epithelium: soldier in the fight against respiratory 

viruses. Clin. Microbiol. Rev. 24(1): 210–229. 

146. Vogelmeier, C.F. et al. 2017. Global Strategy for the Diagnosis, Management, and 

Prevention of Chronic Obstructive Lung Disease 2017 Report. GOLD Executive 

Summary. Am. J. Respir. Crit. Care Med. 195(5): 557–582. 

147. Wang, Y. et al. 2018. Role of inflammatory cells in airway remodeling in COPD. Int 

J Chron Obstruct Pulmon Dis. 13: 3341–3348. 

148. Wei, B., Sheng Li, C. 2018. Changes in Th1/Th2-producing cytokines during acute 

exacerbation chronic obstructive pulmonary disease. J. Int. Med. Res. 46(9): 3890–

3902. 

149. WHO. 2018. The top 10 causes of death. World Health Organization. 

(http://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death). 

Accessed on 18 Jul. 2018. 

150. WHO. 2019a. Chronic obstructive pulmonary disease (COPD). World Health 

Organization.(https://www.who.int/news-room/fact-sheets/detail/chronic-

obstructive-pulmonary-disease-(copd)). Accessed on 09 Apr. 2019. 

151. WHO. 2019b. World health statistics overview 2019: monitoring health for the 

SDGs, sustainable development goals. Geneva: World Health Organization, 

WHO/DAD/2019.1, 28p. 

152. Winter, J., Wenghoefer, M. 2012. Human Defensins: Potential Tools for Clinical 

Applications. Polymers. 4(1): 691–709. 

153. Wu, H. et al. 2014. Interleukin-33/ST2 signaling promotes production of interleukin-

6 and interleukin-8 in systemic inflammation in cigarette smoke-induced chronic 

obstructive pulmonary disease mice. Biochem. Biophys. Res. Commun. 450(1): 110–

116. 

154. Wu, X. et al. 2013. Genotoxicity and reduced heat shock protein 70 in human airway 

smooth muscle cells exposed to cigarette smoke extract. J. Huazhong Univ. Sci. 

Technol. [Med. Sci.]. 33(6): 827–833. 

155. Xia, Y.C. et al. 2013. Pro-inflammatory and immunomodulatory functions of airway 

smooth muscle: emerging concepts. Pulm Pharmacol Ther. 26(1): 64–74. 



 

84 

156. Xie, J. et al. 2010. Reduced heat shock protein 70 in airway smooth muscle in patients 

with chronic obstructive pulmonary disease. Exp. Lung Res. 36(4): 219–226. 

157. Xu, J. et al. 2002. Matrix metalloproteinase-2 from bronchial epithelial cells induces 

the proliferation of subepithelial fibroblasts. Clin. Exp. Allergy. 32(6): 881–888. 

158. Yanagi, S. et al. 2005. Isolation of human beta-defensin-4 in lung tissue and its 

increase in lower respiratory tract infection. Respir. Res. 6: 130. 

159. Yanagisawa, H. et al. 2017. Role of IL-17A in murine models of COPD airway 

disease. Am J Physiol Lung Cell Mol Physiol. 312(1): L122–L130. 

160. Yang, D. et al. 2002. Mammalian defensins in immunity: more than just microbicidal. 

Trends Immunol. 23(6): 291–296. 

161. Ye, H. et al. 2011. Transforming growth factor-β1 suppresses the up-regulation of 

matrix metalloproteinase-2 by lung fibroblasts in response to tumor necrosis factor-

α. Wound Repair and Regeneration. 19(3): 392–399. 

162. Yoshida, T., Tuder, R.M. 2007. Pathobiology of cigarette smoke-induced chronic 

obstructive pulmonary disease. Physiol. Rev. 87(3): 1047–1082. 

163. Zaunders, J.J., Lévy, Y., Seddiki, N. 2014. Exploiting differential expression of the 

IL-7 receptor on memory T cells to modulate immune responses. Cytokine Growth 

Factor Rev. 25(4): 391–401. 

164. Zeng, Z. et al. 2018. Reduced MBD2 expression enhances airway inflammation in 

bronchial epithelium in COPD. Int J Chron Obstruct Pulmon Dis. 13: 703–715. 

165. Zhou, L. et al. 2018. Over-expression of nuclear factor-κB family genes and 

inflammatory molecules is related to chronic obstructive pulmonary disease. Int J 

Chron Obstruct Pulmon Dis. 13: 2131–2138. 

166. Zhu, J. et al. 2007. Plasma cells and IL-4 in chronic bronchitis and chronic obstructive 

pulmonary disease. Am. J. Respir. Crit. Care Med. 175(11): 1125–1133. 

167. Zielinski, M. et al. 2018. Influence of Gaseous Pollutants on COPD Exacerbations in 

Patients with Cardiovascular Comorbidities. Adv. Exp. Med. Biol. 86(5): 227–233. 

168. Zou, M., Zhang, X., Xu, C. 2016. IL6-induced metastasis modulators p-STAT3, 

MMP-2 and MMP-9 are targets of 3,3′-diindolylmethane in ovarian cancer cells. Cell 

Oncol. 39(1): 47–57. 

169. Zuo, L. et al. 2019. Inflammaging and Oxidative Stress in Human Diseases: From 

Molecular Mechanisms to Novel Treatments. Int J Mol Sci. 20(18): 4472. 

 

  



 

85 

LIST OF PUBLICATIONS 
 

Scientific publications included in international data databases   

(Web of Science, SCOPUS, ERIH PLUS) (4) 

 

1. Vitenberga, Z., Pilmane, M. 2017. Inflammatory, anti-inflammatory and 

regulatory cytokines in relatively healthy lung tissue as an essential part of the 

local immune system. Biomedical papers of the Medical Faculty of the 

University Palacký, Olomouc, Czechoslovakia. 2017 Jun; 161(2): 164–173. 

PubMed, Scopus. 

2. Vitenberga, Z., Pilmane, M. 2018. Age-related lung tissue remodeling due to 

the local distribution of MMP-2, TIMP-2, TGF-β and Hsp70. Biotech 

Histochem. 2018 Jan; 12: 1–10. PubMed, Scopus. 

3. Vitenberga, Z., Pilmane, M., Babjoniševa, A. 2019. The evaluation of 

inflammatory, anti-inflammatory and regulatory factors contributing to the 

pathogenesis of COPD in airways. Pathol Res Pract. 2019 Jan; 215(1): 97–

105. PubMed, Scopus. 

4. Vitenberga, Z., Pilmane, M., Babjoniševa, A. 2019. An insight into COPD 

morphopathogenesis: chronic inflammation, remodeling, and antimicrobial 

defense. Medicina (Kaunas). 2019 Aug 17; 55(8). pii: E496. PubMed, Scopus. 

 

Scientific articles in peer-reviewed journals published abroad (2) 

 

1. Vitenberga, Z., Pilmane, M., Babjoniševa, A. 2015. Cytokines and defensins 

in tissue biopsies obtained by bronchoscopy from patients with post-

intubation tracheal stenosis. British Journal of Medicine and Medical 

Research. 2015 Aug; 10: 8. 

2. Vitenberga, Z., Pilmane, M., Babjoniševa, A. 2017. COPD affected lung 

tissue remodeling due to the local distribution of MMP-2, TIMP-2, TGF-β1 

and HSP-70. Papers on Anthropology. 2017 Sep; XXVI/2: 157–167.  

 

Abstracts and presentations in international conferences (9) 

 

1. Vitenberga Z., Pilmane M., Babjoniševa A. 2015. Local expression of 

interleukins in relatively normal lung tissue. The 8th Baltic Morphology 

Conference: Interdisciplinary Nature of Contemporary Morphology [Vilnius, 

Lithuania, 2015]. Abstract book, p 69. (Oral presentation) 



 

86 

2. Vitenberga Z., Pilmane M. 2016. The appearance and distribution of 

inflammatory, anti-inflammatory and regulatory interleukins in relatively 

healthy lung tissue. ERS International Congress [London, UK, 2016]. 

European Respiratory Journal. 2016 Sep; 48 (Suppl. 60), abstr. No. PA1830. 

(Poster presentation) 

3. Vitenberga Z., Pilmane M., Babjoniseva A. 2017. Inflammatory, anti-

inflammatory and regulatory cytokines IL-1α, IL-4, IL-6, IL-7, IL-8 and IL-

10 in COPD affected lung tissue. XXV International Symposium on 

Morphological Sciences [Xian, China, 2017]. Annals of Anatomy. ISMS2017-

2-017: 56–57. (Oral presentation) 

4. Vitenberga Z., Pilmane M., Babjoniseva A. 2017. COPD affected lung tissue 

remodeling due to the local distribution of MMP-2, TIMP-2, TGF-β1 and 

Hsp-70. The 9th Baltic Morphology Conference [Tartu, Estonia, 2017]. 

Abstract book, p 97. (Oral presentation) 

5. Pilmane M., Vitenberga Z. 2018. Characterization of lung tissue of newborns 

with bronchopulmonary dysplasia (BPD). 8th International conference of 

UENPS [Bucharest, Romania, 2018]. Journal of Pediatric and Neonatal 

Individualized Medicine. 2018: 7(2). (Poster presentation) 

6. Vitenberga Z., Pilmane M., Babjoniseva A. 2018. Tumor necrosis factor 

alpha and interleukins IL-1, IL-4, IL-6, IL-7, IL-8, IL-10, and IL-12 with 

complex inflammatory, anti-inflammatory and regulatory functions are 

contributing to the pathogenesis of COPD in lung airways. Cytokines 2018 

(6th Annual Meeting of the International Cytokine & Interferon Society (ICIS)) 

[Boston, USA, 2018]. Abstract book, p 122. (Poster presentation) 

7. Vitenberga Z., Pilmane M., Babjoniševa A. 2018. The evaluation of local 

antimicrobial peptides and immunity regulating cytokines in COPD affected 

lung. Autumn Immunology Conference 2018 (AIC2018) [Chicago, USA, 

2018]. Abstract book, p 60. (Oral presentation and poster presentation) 

8. Vitenberga Z., Pilmane M., Babjoniševa A. 2019. Insight into COPD 

Morphopathogenesis: Chronic Inflammation, Tissue Remodeling, and 

Antimicrobial Defense. Rīga Stradiņš University International Conference on 

Medical and Health Care Sciences, Knowledge for Use in Practice [Rīga, 

Latvia, 2019]. Abstract book, p 567. (Oral presentation) 

9. Vitenberga Z., Pilmane M., Babjoniševa A. 2019. Chronic inflammation, 

remodeling and antimicrobial defense aspects of COPD morpho-

pathogenesis. 10th Scientific Conference Baltic Morphology [Kaunas, 

Lithuania, 2019]. Abstract book, p 567. (Oral presentation)  



 

87 

 

Abstracts and presentations in local conferences (5) 

 

1. Vitenberga Z., Pilmane M., Babjoniševa A. 2015. Bronhoskopiski iegūtu 

audu morfoloģiskā un imūnhistoķīmiskā analīze pacientiem ar pēcintubācijas 

trahejas stenozi (Eng. Morphological and immunohistochemical analysis of 

bronchoscopically obtained tissues in patients with post-incubation tracheal 

stenosis). Annual Rīga Stradiņš University Scientific Conference, 2015 [Rīga, 

Latvia, 2015]. Abstract book, p 110. (Poster presentation) 

2. Pilmane M., Vitenberga Z. Tipiskas un netipiskas audu reakcijas ar dažādām 

plaušu anomālijām un iekaisumu sirgstošu jaundzimušo plaušās (Eng. Typical 

and atypical tissue reactions with various lung abnormalities and 

inflammation in the lungs of newborns). Annual Rīga Stradiņš University 

Scientific Conference, 2016 [Rīga, Latvia, 2016]. Abstract book, p 147. 

(Poster presentation) 

3. Vitenberga Z., Pilmane M., Babjoniševa A. Iekaisuma, pretiekaisuma un 

regulējošo interleikīnu ekspresija relatīvi veselu Latvijas iedzīvotāju plaušu 

audos (Eng. Expression of inflammatory, anti-inflammatory and regulatory 

interleukins in the lung tissues of a relatively healthy Latvian population). 

Annual Rīga Stradiņš University Scientific Conference, 2016 [Rīga, Latvia, 

2016]. Abstract book, p 53. (Oral presentation) 

4. Vitenberga Z., Pilmane M., Babjoniševa A. Iekaisuma, pretiekaisuma un 

regulējošo interleikīnu izvērtējums HOPS skartos plaušu audos (Eng. 

Evaluation of inflammatory, anti-inflammatory and regulatory interleukins in 

COPD-affected lung tissue). Annual Rīga Stradiņš University Scientific 

Conference, 2017 [Rīga, Latvia, 2017]. Abstract book, p 93. (Oral 

presentation) 

5. Vitenberga Z., Pilmane M., Babjoniševa A. Iekaisuma procesu raksturojošu 

citokīnu novērtējums pacientiem ar hroniski obstruktīvu plaušu slimību (Eng. 

Evaluation of inflammatory cytokines in patients with chronic obstructive 

pulmonary disease). Annual Rīga Stradiņš University Scientific Conference, 

2018 [Rīga, Latvia, 2018]. Abstract book, p 152. (Oral presentation) 

  



 

88 

ACKNOWLEDGMENTS 

 
I would like to express my greatest gratitude to the supervisor of my 

dissertation, Dr. habil. med. Professor Māra Pilmane for her encouragement, 

help, time and effort, tireless patience and support during both my doctoral 

studies and in creation of the Doctoral Thesis, and taking first steps in science. 

Sincere thanks for the kindly given and entrusted lung tissue material from the 

historical collection to be studied in this dissertation. I am grateful for the 

motivation, sincerity, trust and professional lead.  

Special thanks to Dr. med. Aurika Babjoniševa for provided knowledge, 

support, valuable advice and assistance in obtaining research tissue material. 

Special thanks to the chairman and members of the doctoral council, 

official reviewers, and the Doctoral Thesis first discussion commission for the 

evaluation and recommendations provided, also the work and time invested. 

I would like to express my gratitude to the RSU IAA both current and 

former staff for their support and encouragement. I would especially like to thank 

the laboratory assistants Natālija Moroza and Maija Urtāne for their help in 

preparing histological preparations. I would especially like to thank the RSU IAA 

engineers for their help in preparing microphotographs. 

I thank Alma mater Rīga Stradiņš University for the opportunity to 

complete doctoral studies and the Doctoral Thesis. I thank the Department of 

Doctoral Studies for its support, responsiveness and assistance during doctoral 

studies and in the management of the Doctoral Thesis towards defense. I would 

like to thank the Statistics Unit for their assistance in learning statistical methods. 

I would like to thank the staff of the Publishing and Printing Unit for their help 

in the technical design of the dissertation and summaries.  

My sincere thanks to the family for their invaluable support, endurance, 

understanding and care, especially to my husband Artūrs, also to everyone who 

was around. 


