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Abstract 

Pulmonary diseases including but not limited to lung cancer, chronic obstructive 

pulmonary disease (COPD), cystic fibrosis (CF) and pulmonary fibrosis (PF) are 

common causes of death, with acute hospital admissions due to respiratory 

pathology having increased by more than three-fold compared to other causes of 

hospitalization within the last decade. Treatment options are scarce, and survival 

rates are low, and identification of biomarkers for primary lung cancer and factors 

which influence mortality and morbidity following lung transplantation (LTx) are 

arguably some of the most central problems to tackle in the aims of prolonging 

survival for patients with advanced pulmonary disease.  

The aims of the research included in this thesis were to identify biomarkers which 

can potentially aid in the diagnosis and monitoring of lung cancer, as well as 

tentatively predict prognosis for the affected patients. Furthermore, this work aims 

to clarify how different factors such as infectious diseases caused by fungi and 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) affect survival and 

the development of chronic lung allograft dysfunction (CLAD) after LTx. 

The methods used in the five papers included in this thesis include collection of 

blood and exhaled breath particles (EBP) from patients with primary non-small cell 

lung cancer (NSCLC) and coronavirus disease 2019 (COVID-19), proteomic 

analysis of blood and EBP by proximity extension assay (PEA) and mass 

spectrometry (MS), and chart reviews of Scandinavian lung transplant recipients 

with fungal colonization or COVID-19. 

The results of papers I and II revealed several proteins in blood and EBP 

respectively to be potential biomarkers for the diagnosis and prognosis of primary 

NSCLC. In paper III it was shown that a combination of proteins and analysis of 

protein concentration in exhaled air can likely serve as a biomarker panel of sorts to 

distinguish between patients with and without polymerase chain reaction (PCR) 

verified COVID-19. Paper IV suggested that fungal colonization following LTx 

does not negatively impact outcomes, irrespective of fungal genus, and paper V 

showed significantly decreased mortality after COVID-19 for vaccinated LTx 

recipients, as well as higher mortality rates for patients infected in early stages of 

the COVID-19 pandemic. 

The work included in this thesis demonstrates the feasibility of using less invasive 

methods such as liquid biopsies in the form of blood, and EBP to explore potential 

biomarkers for advanced pulmonary disease. It also suggests several promising 

proteins for further exploration in this matter. Furthermore, we shed light on the 

actual impact of fungal colonization in LTx recipients, showing that this may not be 

a major cause for concern, as previously believed. Finally, we highlight the 

importance of vaccination against COVID-19 in LTx recipients and show the 

success of two different sociopolitical approaches taken during the pandemic. 
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Populärvetenskaplig sammanfattning 

Lungan är ett komplext organ, som skiljer sig från de flesta andra organ i kroppen 

genom att de står i direktkontakt med omgivningen genom andningen. Detta kan 

introducera skadliga ämnen och mikroorganismer som kan orsaka infektioner och 

skada i lungorna. Utöver det finns det även flera allvarliga lungsjukdomar som på 

sikt kan vara dödliga trots existerande behandlingsalternativ. Exempel på sådana 

sjukdomar innefattar lungcancer, som kan behandlas både medicinskt och 

kirurgiskt, samt kroniskt obstruktiv lungsjukdom (KOL) och cystisk fibros (CF), 

med flera, där det enda slutgiltiga behandlingsalternativet är lungtransplantation 

(LTx). Prognosen för långtidsöverlevnad efter både lungcancer och LTx är tyvärr 

dålig, varför det är viktigt att undersöka alternativa metoder för diagnosticering och 

behandling, samt vilka faktorer som kan tänkas påverka utfallet för dessa patienter.  

Metoderna som i dagsläget används för att kliniskt diagnosticera och följa 

lungcancer är mer eller mindre invasiva och medför risk för skada och obehag hos 

patienterna. Det är därför av stor vikt att identifiera alternativa tillvägagångssätt för 

att upptäcka och uppskatta prognos för lungcancer, som till exempel genom 

minimalt invasiva blodprover eller icke-invasiva prover på utandningsluften. 

Genom att undersöka kompositionen av proteiner i sådana prover kan man utforska 

om det går att identifiera några nya så kallade biomarkörer som skulle kunna vara 

till nytta för tidigare detektion och/eller monitorering av sjukdomsförloppet vid 

primär lungcancer eller andra luftvägssjukdomar, till exempel coronavirussjukdom 

2019 (COVID-19). 

Liknande problematik finns inom fältet för LTx, med jämförelsevis mycket kort 

överlevnad hos dessa patienter i förhållande till medelöverlevnaden efter andra 

former av organtransplantation. De vanligaste komplikationerna efter LTx är olika 

former av akut och kronisk rejektion, infektioner, njursvikt samt utveckling av 

cancersjukdom. Särskilt problemen kronisk rejektion (CLAD) och infektiösa 

komplikationer är oerhört aktuella inom detta forskningsområde och det hade varit 

enormt fördelaktigt för både patienter och samhället i stort att lyckas öka kunskapen 

kring hur dessa företeelser påverkar utfallet efter LTx. Det är dessa ovan nämnda 

problem som denna avhandling syftar till att vidga kunskapen inom. 

Delarbete I 

I delarbete I utforskar vi användandet av blod som substrat för identifiering av nya 

potentiella biomarkörer. Genom insamling av blod från patienter med primär icke-

småcellig lungcancer (NSCLC) vid tre separata tillfällen, ett före operation och två 

efter, kunde dynamiken i hur koncentrationen av olika proteiner i blodet förändrades 

analyseras. Vi fann här att proteinuttrycket av de två proteinerna ”major 

histocompatibility complex class 1 polypeptide-related sequence A/B” (MIC-A/B) 
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och ”tumor necrosis factor ligand superfamily 6” (FASLG) var signifikant stigande 

efter att man opererat bort patienternas lungcancer jämfört med innan operationen. 

Detta antyder att operationen har varit lyckad och att cancercellerna som innan 

operationen eventuellt undertryckte produktionen av dessa proteiner är borta. 

Dessutom visade sig proteinuttrycket av FASLG att vara signifikant lägre bland 

patienter som senare fick återfall i sin sjukdom eller gick bort. Detta stödjer det 

potentiella användandet av just proteinet FASLG som en biomarkör för att förutsäga 

prognosen för enskilda patienter med NSCLC. Vi såg också att proteinet 

”hepatocyte growth factor” (HGF) hade en nedåtgående trend efter operationen, 

detta var dock inte signifikant. Resultaten validerades med hjälp av större studier på 

liknande material som finns att tillgå i ett genbibliotek online.   

Delarbete II 

I det andra arbetet fortsatte vi sökandet efter biomarkörer för NSCLC, men denna 

gång i utandningsluften. Här samlade vi in partiklar i utandningsluften (EBP) och 

mätte partikelflödet (PFR) hos patienter med och utan NSCLC för att sedan kunna 

jämföra grupperna. Resultaten visade att PFR hos patienter med NSCLC var 

signifikant högre än hos lungfriska kontrollpatienter. Analys av proteinuttrycket i 

EBP visade signifikant högre preoperativ koncentration av fem proteiner hos 

patienter med NSCLC jämfört med kontrollpatienter. Efter operationen visade sig 

tre av de fem proteinerna, ”microfibrillar-associated protein 5” (MFAP5), 

”phospholipid transfer protein” (PLTP) och ”mesenchymal epithelial transition” 

(MET) ha en sjunkande trend hos cancerpatienterna och uttrycket var inte längre 

signifikant högre bland cancerpatienterna jämfört med kontrollpatienterna. Detta 

kan tyda på radikalt borttagande av cancern som tidigare ökade produktionen av 

dessa proteiner. För att validera resultaten analyserades även uttrycket av proteinet 

MET i blod och vi fann en tydlig korrelation mellan proteinuttrycket av just MET i 

EBP och blod, vilket styrker resultaten. Ytterligare validerades resultaten genom 

användning av större datasamlingar i en digital genbank. 

Delarbete III 

I delarbete III undersöker vi kompositionen av EBP hos patienter som har varit 

inlagda med verifierad coronavirussjukdom 2019 (COVID-19) med hjälp av 

masspektrometri och jämför denna med friska kontrollpatienter samt patienter som 

har luftvägssymptom men utan verifierad COVID-19. Här såg vi en markant ökning 

i mängden producerade partiklar per volym utandad luft (PEV) hos sjuka patienter 

jämfört med friska kontroller. Proteinuttrycket visade sig också skilja sig signifikant 

mellan de tre grupperna och proteiner som har sin verkan i inflammatoriska 

processer var uppreglerade bland de COVID-19 positiva patienterna. Med hjälp av 
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maskininlärning skapades en modell som med 92% säkerhet kunde bedöma om en 

patient var positiv för COVID-19 eller ej baserat på proteinuttrycket i EBP. 

Delarbete IV 

I detta fjärde delarbete valde vi att utforska hur kolonisering och infektion med 

svamp i luftvägarna påverkar överlevnaden och förekomsten av CLAD hos 

lungtransplanterade patienter. Här kunde vi visa att enbart kolonisering utan invasiv 

infektion inte påverkade vare sig överlevnaden eller utvecklingen av CLAD hos 

dessa patienter, oavsett om det gällde kolonisering innan eller efter LTx. Vi såg 

dock att den underliggande sjukdomen KOL visade sig vara en riskfaktor för 

utvecklandet av CLAD, samt att sjukdomen CF agerade som en skyddande faktor 

för död bland patienter med postoperativ svampkolonisering. Dessa fynd beror 

sannolikt till stor del på dessa patientgruppers underliggande hälsotillstånd och 

ålder. Vidare såg vi att invasiva svampinfektioner (IFI) utgjorde en signifikant ökad 

risk för patienterna att utveckla CLAD jämfört med enbart kolonisering, samt att 

saminfektion med bakterier och/eller virus vid tidpunkten för svampkolonisering 

inte påverkade något av utfallen. 

Delarbete V 

I det femte och sista delarbetet som ingår i denna avhandling fortsatte vi utforska 

hur infektionssjukdomar påverkar utfallet efter LTx. I och med den nyligen 

genomgångna pandemin fann vi det intressant att studera just COVID-19. Vi 

samlade in data från patientjournaler tillhörande lungtransplanterade patienter som 

alla hade genomgått minst en episod av COVID-19 vid ett av de tre 

universitetssjukhusen Lund (Skånes universitetssjukhus), Göteborg (Sahlgrenska 

universitetssjukhuset) eller Köpenhamn (Rigshospitalet). Resultaten visade att 

vaccination med minst två doser av ett vaccin mot COVID-19 signifikant minskar 

risken för dödlighet bland lungtransplanterade patienter som drabbas av sjukdomen. 

Vi såg även att infektion med den första varianten av viruset ”Wuhan” medförde en 

större risk för död jämfört med infektioner orsakade av den senaste varianten 

”Omicron”. Gällande de substantiella skillnaderna i hur grannländerna Sverige och 

Danmark hanterade pandemin rent sociopolitiskt verkar detta inte ha påverkat 

utfallet för lungtransplanterade patienter, då ingen ökad risk för död eller CLAD 

sågs för något av de två länderna. 
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Introduction 

The respiratory system 

The respiratory system is in a unique position together with the gastrointestinal tract, 

by standing in direct contact with the surrounding environment (1). With every 

breath, air is inhaled, heated, humidified and filtered from external particles and 

pathogens (2). As the air reaches the alveoli in the most distal parts of the airways, 

the gas exchange takes place across the epithelial-endothelial interface, and oxygen 

(O2) enters the bloodstream while carbon dioxide (CO2) exits it. In spite of 

mechanical barriers and several layers of immune mechanisms, pathogens manage 

to make their way into the airways on a daily basis, and sometimes these can cause 

pathological reactions in the host, leading to damaged lung tissue (3).  

Architecture and physiology 

The respiratory system is made up of the proximal and the distal airways, of which 

the distal airways are located within the thoracic cavity. The proximal airways are 

located outside of the thoracic cavity and are made up of the oral and nasal cavities, 

the pharynx, and the larynx, while the distal airways consist of the trachea, the 

bronchi, the bronchioles, the alveolar ducts, and the alveoli (Figure 1) (4). The 

respiratory tract is divided into 23 generations, as described by the Weibel 

classification in 1963. At each generation the airway is divided into two smaller 

airways, starting at generation zero, which is the trachea, and ending in the 23rd 

generation which is the alveolar sacs (5). The first approximately 15 generations, 

ending in the terminal bronchioles, make up the conducting zone of the airways, 

transporting, heating, and humidifying the air inhaled. This part of the airways is 

also known as the dead space, as no gas exchange takes place here. Generations 16 

– 19 are sometimes referred to as the transitional zone, with the occasional alveolus 

along the walls of the respiratory bronchioles. The transitional zone merges with the 

respiratory and acinar zones, where alveolar ducts are completely covered by alveoli 

(generations 20 – 23). This is where the gas exchange takes place and what makes 

up the bulk of the pulmonary tissue (6). Alveoli are made up of different types of 

cells, the majority of which are type I pneumocytes which are squamous cells 

forming an interface with the microvasculature of the lung tissue, ideal for gas 

exchange. A small fraction of the alveolar surface is made up of type II 
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pneumocytes, which are cuboidal cells, responsible for the production of surfactant, 

and are able to self-renew and differentiate into type I pneumocytes (7). Other cells 

residing within the respiratory tract include basal cells, club cells, ciliated cells, 

goblet cells, and more. Basal cells are the stem cells of the airways, facilitating 

epithelial regeneration, while club cells secrete anti-inflammatory proteins and 

goblet cells secrete mucous. Throughout the respiratory tract, the ciliated cells are 

responsible for the mucociliary clearance, acting as miniscule brooms, sweeping 

unwanted microbes and particles in a peripheral direction to be expelled from the 

lungs through coughing or swallowing (Figure 1) (8). 

 

Figure 1: Macroscopic and microscopic anatomy of the airways. Anatomic overview of the proximal 
and distal airways, including major anatomical landmarks and cellular types of the different parts of the 
respiratory tract. Figure created in BioRender.com and used with permission. 

  

Covering the inside of the airways is the respiratory tract lining fluid (RTLF), a 

layer of mucous, creating a protective barrier between the airway epithelial cells and 

the inhaled air. The RTLF consists of water, ions, macromolecules such as mucins, 

proteoglycans and lipids and surfactant (9). Surfactant is created by the type II 

pneumocytes and is an important component of the RTLF as it is responsible for 

lowering the surface tension in the airways, minimizing the force needed for each 

inhaled breath, and preventing the collapse of the alveoli upon exhalation (10, 11). 
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Surfactant is made up of approximately 90% lipids, the most abundant one in 

mammals being the phospholipid dipalmitoyl phosphatidylcholine (DPCC) (11). 

Zooming out, each lung consists of lobes and anatomical segments, supplied with 

air from the terminal branches of the lobar bronchi, and blood from the pulmonary 

arteries (12). The right lung, being slightly larger than the left lung, consists of ten 

segments and three lobes (upper, middle, and lower) while the left lung consists of 

eight to nine segments and two lobes (upper and lower) (4, 13). Surrounding the 

lungs is the visceral pleura, which also creates the oblique and horizontal fissures 

separating the lobes of the lungs by invaginating upon itself. The visceral pleura 

transitions to the parietal pleura at the apex of the lungs, which then runs along the 

inside of the chest wall (14). The two pleural sheets create a small airtight space 

containing the serous pleural liquid, which lubricates and facilitates the movement 

of the lungs without friction (15). Further protecting the structures inside the chest 

cavity are 12 pairs of ribs, originating from the thoracic vertebrae and ending in the 

costal cartilage, adhering to the sternum (16). The diaphragm is the muscle that 

forms the convex base of the thoracic cavity and it is attached to the xiphoid portion 

of the sternum, the lower six ribs and the lumbar spine, separating the thorax from 

the abdomen and aiding the breathing process by expanding and compressing the 

lungs (13, 17-19).  

Pulmonary function 

Normal breathing is powered by several muscles, the primary one being the 

diaphragm. Contraction of the diaphragm generates negative intrathoracic pressure, 

drawing air into the lungs where gas exchange takes place. The lung function of a 

person depends on several factors, including sex, age, height and comorbidities. 

Lung capacity can be evaluated by pulmonary function tests (PFT) such as 

spirometry, which yields several measurements, amongst which are forced 

expiratory volume in one second (FEV1), forced vital capacity (FVC), and 

FEV1/FVC ratio (20). FEV1 measures how many liters of air a person can exhale 

forcefully in one second after full inhalation, while the FVC measures a person’s 

total capacity for forced exhalation after a full inhalation, independent time 

(Figure 2). The ratio between the two reflects whether there are any air flow 

limitations, as is the case in patients with for example chronic obstructive pulmonary 

disease (COPD) (20, 21). 
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Figure 2: Example of spirometry maneuver. Diagram depicting a spirometry maneuver and different 
lung volumes. Figure created in BioRender.com. FEV1: forced expiratory volume in one second, FVC: 
forced vital capacity, TLC: total lung capacity, RV: residual volume. 

Cardiopulmonary circulation 

The circulation is powered by the heart, acting as a pump to perfuse all organs with 

oxygenated blood. The pulmonary circulation is a low-pressure system, containing 

approximately 20% of the total blood volume at each point in time, pumped into the 

lungs via the pulmonary arteries, which originate from the right ventricle. The blood 

is then pumped back to the left atrium through the pulmonary veins, oxygenated and 

ready to be pumped out by the left ventricle into the rest of the body. The bronchial 

arteries, supplying the walls of the conducting airways with blood, receive less than 

1% of the total pulmonary blood flow (22, 23). Within the lungs, the arteries closely 

follow the structure of the airways, reaching the alveoli where the arteries containing 

deoxygenated blood branch into arterioles which guide the blood into the capillary 

beds, where O2 enters the bloodstream and CO2 leaves it (23). After passing through 

the capillaries, oxygenated blood enters the venules and the pulmonary venous 

system and is led back to the left atrium of the heart (24). 
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Gas exchange and acid-base balance 

The gas exchange between blood and air takes place in the capillary beds, 

surrounding the alveoli in the respiratory zone of the airways. The capillaries within 

the lungs have an average diameter of 6.3 µm and the total length of capillaries in 

the human lung has been estimated to be around 7 000 km, creating a very large 

alveolar surface area. The wall of each capillary is only a few cell layers thin, 

consisting of squamous epithelial cells. The thin cell walls of the capillaries lie 

against the alveolar walls which consist mainly of pneumocytes, with an interstitial 

compartment in between. These three components together make up the septal wall, 

over which the gas exchange takes place. The interstitial compartment contains a 

small volume of fluid which can increase in pathological states and create 

pulmonary oedema, limiting the gas exchange. There are also a variety of cell types 

within the interstitium, including macrophages, fibroblasts, mast cells and pericytes 

(24). The gas exchange itself is driven by passive diffusion due to differences in 

pressure gradients of both O2 and CO2 between blood and air, the rate of which is 

determined by the diffusion capacity, which in turn is dependent on the capillary 

surface area and septal wall thickness (25). 

The acid-base balance of the body is upheld by the kidneys and the lungs, the 

kidneys having the capacity to regulate the blood potential of hydrogen (pH) slower 

and over longer time compared to the lungs which can alter the pH in a matter of 

minutes (26). The cells of the body produce CO2, which is an acid, when performing 

cell respiration, which combines with water (H2O) to create hydrogen ions (H+) and 

bicarbonate (HCO3
-) which lowers the blood pH. Thus, breathing can regulate the 

body’s pH-balance by changing the frequency and volume of each breath. A higher 

minute volume (MV) results in larger amounts of CO2 being expelled from the body, 

increasing the pH, while a lower MV leads to increased retainment of CO2, lowering 

the pH (25).  

Hydration and dehydration of CO2: 

CO2 + H2O ↔  H2CO3 ↔ H+ +  HCO3
−

 (25) 

Lung cancer 

Cancers of the respiratory system, including the trachea, the bronchi and the lungs, 

are the fourth most common cause of death on a global level according to the World 

Health Organization (WHO) (27). Lung cancer is the most common form of 

malignancy in the population as a whole, causing over 1.3 million deaths annually, 

corresponding to almost 13% of all cancer-related deaths (28, 29). Approximately 

85% of all lung cancer cases are caused by non-small cell lung cancer (NSCLC), a 
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type of cancer that encompasses several subtypes including lung adenocarcinoma 

(LUAD), squamous cell carcinoma (SCC) and large-cell carcinoma (30, 31). Out of 

the three subtypes LUAD makes up the greatest portion of NSCLC cases, 

accounting for approximately 40% of all lung cancer cases, while SCC is the type 

of NSCLC that is most often linked to a history of smoking (31, 32).  

Diagnosis and prognosis 

As of today, there are still no widely implemented screening methods for lung 

cancer, despite there being studies proving that screening with low-dose computed 

tomography (CT) reduces lung cancer mortality (33). Furthermore, lung cancer 

often presents without symptoms or with late onset of symptoms including but not 

limited to coughing, increased production of sputum, dyspnea and increased 

frequency of respiratory infections (30, 34). This often leads to late detection, and 

approximately 75% of patients have either locally advanced or metastasized disease 

at diagnosis (35). As a result of this, the survival rates for NSCLC remain 

devastatingly low with 5-year survival rates ranging from 67% for patients with 

Tumor, Node, Metastasis (TNM) stage I (T1 – T2, N0, M0), all the way down to 

less than 5% for patients with stage IIIB or higher (34). 

Diagnosis and staging of lung cancer relies not only on imaging such as 

conventional x-rays, computed tomography (CT) and positron emission tomography 

(PET), but also on more invasive methods such as bronchoscopy and biopsies. These 

procedures are necessary to determine the type of lung cancer and whether there are 

any targetable genetic alterations present within the cells. However, these methods 

are potentially harmful to the patient and are costly (36). Alternative, less invasive 

means of diagnosing and monitoring NSCLC over time would therefore be 

beneficial for both patients and society. 

Treatment options 

Treatment of lung cancer can be divided into the categories surgery, chemotherapy, 

radiation, targeted therapies and immunotherapy. Surgical resection of the primary 

tumor is the most common choice of treatment for low stage (stage I – II) localized 

NSCLC. The preferred surgical approach is most often removal of the entire lobe in 

which the tumor resides, a so-called lobectomy, but depending on size and location 

of the tumor, the type of surgery can also be a lesser resection, a bilobectomy or 

even a pneumonectomy. Surgical treatment also involves exploration of lymph node 

stations, with removal of cancer affected nodes (37). Chemotherapy is used less 

frequently as a primary treatment option for NSCLC since the development of 

targeted therapies, but the use of cisplatin and carboplatin, typically in combination 

with other treatment methods, is still highly relevant. These drugs interfere with the 

deoxyribonucleic acid (DNA) repair system in the cancer cells, leading to DNA 
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damage and cell death. The use of targeted therapies is on the rise, with more and 

more genetic alterations being identified as potential targets. This enables more 

personalized care, based on the specific genetic characteristics of the cancer cells in 

each patient (38). Immunotherapy on the other hand, consists of antibodies that 

target ligands on the cancer cells, inhibiting the binding of the activating antigen, 

thus disturbing the cell cycle of the malignant cells (39). Lastly, radiotherapy is 

mostly used in conjunction with other treatment methods, to control local or regional 

advances of the disease, and to lessen symptoms for the patient (38, 40). 

Lung transplantation 

Solid organ transplantation (SOT) has been around as a method of treating critically 

ill patients for decades, with the first successful kidney transplant (KTx) being 

performed in 1954 in Boston, USA (41, 42). Since then, the field of SOT has been 

ever evolving, and in 1963 the first human lung transplant (LTx) took place. In 1971 

the first successful single LTx could finally take place, extending the life of a patient 

by almost 11 months, and in 1988 the first successful double LTx was carried out 

(43). Undoubtedly, the discovery of the immunosuppressant cyclosporine A in the 

1970’s had a major role in this, being the first calcineurin inhibitor of its kind. 

Calcineurin inhibitors specifically inhibit a step in the proliferation process of T-

cells, successfully acting as an immunosuppressant without unwanted cytostatic 

effects (44). Around the same time, Dr. Frank Veith discovered that the use of a 

shorter part of the donor bronchus minimized the risk of the otherwise common 

problem of ischemic complications to the bronchus of the transplanted lung, as the 

bronchial circulation is not re-anastomosed in LTx (43).  

Surgical techniques 

The mode of entry into the thoracic cavity has changed over the years, starting off 

as a midline sternotomy, which was later converted to bilateral anterior clamshell 

incisions and a transverse sternotomy in the late 1980´s. Nearing the 2000´s the 

bilateral anterolateral clamshell incisions without a sternotomy were introduced, 

which is now the standard approach used. The modern surgical technique of 

sequentially attaching each lung at the mainstem bronchus level was originally 

pioneered by Dr. Henri Metras in 1950, however it was only taken into regular use 

in 1990. In the four decades between those years, LTx was performed en bloc, which 

was later shown to cause higher rates of airway dehiscence (43). 
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Immunosuppression 

The first ever LTx recipient was treated with a combination of steroids, azathioprine 

and cytoablative radiation of the thymus. The patient died from kidney failure after 

only 18 days but showed no signs of rejection of the lungs. Between 1963 and the 

discovery of cyclosporine A in the 1970’s, not a single LTx recipient survived long 

enough to be discharged from the hospital. In 1983 cyclosporine A was approved 

for use by the Food and Drug Administration (FDA), after which it became a vital 

part of the standard immunosuppressive regimen in SOT recipients (43). 

Outcomes 

As of today, LTx is the standard treatment option for patients with end-stage 

pulmonary diseases of non-malignant etiologies, and more than 4 500 lung 

transplantations are now being performed annually around the globe (45). 

Underlying pulmonary diseases that may be cause for LTx in advanced stages 

include COPD, CF, pulmonary fibrosis (PF), pulmonary hypertension (PH), alpha-

1 antitrypsin deficiency (A1AD) as well as less common diseases such as graft 

versus host disease (GvHD), and others (46). However, long-term survival of LTx 

recipients remains a pressing issue, with the median survival following LTx only 

reaching six years (47, 48). The most common complications following LTx are 

infections, malignancies, kidney failure and chronic rejection in the form of chronic 

lung allograft dysfunction (CLAD). CLAD affects up to 50% of all LTx recipients 

within five years of transplantation, and can be categorized as being either 

obstructive or restrictive, the obstructive form called bronchiolitis obliterans 

syndrome (BOS) being more common compared to the restrictive form restrictive 

allograft syndrome (RAS) (48). 

Fungal infections 

Pulmonary diseases affect the lung function in different ways, compromising the 

structural and immunological integrity of the lungs. This can predispose patients to 

infections caused by bacteria, viruses and fungi, which can be challenging to 

identify due to similar symptoms to the underlying pulmonary disease. LTx 

recipients especially are at risk for serious infections due to decreased mucociliary 

clearance and intense immunosuppressive regimens, which if undiagnosed can lead 

to more serious complications and poor outcomes in the form of rejection or death 

(49, 50). The most common fungi to infect and colonize LTx recipients are different 

subspecies of the mold Aspergillus species (spp.) and the yeast Candida spp., and 

the general consensus is that invasive fungal infections (IFI) caused by these 

microorganisms are associated with increased early mortality, partly because of the 

frequency with which IFI causes severe bacterial coinfections (51, 52). However, 
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the exact knowledge of how less aggressive fungal infections and fungal 

colonization affect LTx recipients remains lacking, with previous research 

suggesting different outcomes based on the infecting agent genus and the preventive 

measures taken (51, 53-55).  

The most common fungal infectious agents are Aspergillus fumigatus and 

Candida albicans. The incidence of severe infections with the previously more 

common fungus Pneumocystis jirovecii has declined substantially due to 

prophylactic treatment (56, 57). The manifestations of infections caused by molds 

and yeasts differ slightly, with molds such as Aspergillus spp. being more likely to 

cause systemic engagement with multi organ disease and fungemia, while yeasts 

like Candida spp. often cause more localized complications like mediastinitis and 

infections of the pleural space (57). The spores of the strain Aspergillus fumigatus 

are comparatively small, and although the fungus is a facultative aerobe, it thrives 

in the hypoxic environment that it creates by microvascular invasion and thrombosis 

in the small airways, which also contributes to the inflammatory response which is 

an important part of the fungus’ virulence (58). While the most common way of 

infection by Aspergillus spp. is through inhalation, respiratory infections caused by 

Candida spp. most often reach the lungs through hematological dissemination 

originating from the skin or the gastrointestinal tract, even though it is a natural part 

of the oropharyngeal flora (59). 

Preoperative fungal colonization is common and can also cause overgrowth into 

the newly transplanted allograft. To limit the consequences of these opportunistic 

infections, prophylactic antifungal treatment is administered in varying intensities 

and durations after LTx depending on local clinical policies (60). There is however 

no widely accepted treatment protocol for antifungal prophylaxis, and several 

different regimens are applied using substances like triazoles, tetrazoles and 

amphotericin B (50). The use of these types of medications has limitations and can 

cause drug interactions, altering the concentrations of vital immunosuppressants 

like calcineurin inhibitors by competitive inhibition of the metabolizing enzyme 

family cytochrome P450 (CYP450) (61, 62). 

COVID-19 

The family of coronaviridae consisting of enveloped positive-sense, single-stranded 

ribonucleic acid (RNA) viruses has caused respiratory tract infections long before 

the emergence of the novel severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) back in December of 2019 (63, 64). It is estimated that approximately 2% 

of the globe’s population are healthy carriers of coronaviridae, and that this family 

of viruses cause between 5 – 10% of all acute respiratory infections in humans. 

Infection with SARS-CoV-2 gives rise to the coronavirus disease 2019 (COVID-
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19), which if symptomatic can cause a multitude of different symptoms, most often 

respiratory symptoms of pneumonia, coughing, shortness of breath, fevers, myalgia, 

headaches and gastrointestinal symptoms (65). The occurrence of ageusia and 

anosmia, the loss of the sense of taste and smell, which became recognized 

symptoms among the public, has been shown to vary between different populations 

(66). Severe infection with SARS-CoV-2 can manifest as acute respiratory distress 

syndrome (ARDS), septic shock with multi organ failure and death (67). By march 

2020 the WHO declared the disease a global pandemic, and as of today there have 

been over 750 million confirmed cases and more than 7 million deaths caused by 

COVID-19 (65, 68). 

COVID-19 has turned out to be highly contagious, and transmission of the virus 

happens both through direct droplet transmission, airborne aerosol generation and 

indirectly through contact with contaminated surfaces. Studies have shown 

alarmingly long survival times of the virus on non-porous surfaces like glass or steel 

of up to 28 days (65). Upon entering the body, the spike protein (S1) on the virus 

binds to the angiotensin-converting enzyme 2 (ACE2) receptor which is highly 

expressed on pulmonary epithelial cells, and is cleaved by the protease 

transmembrane protease serine 2 (TMPRSS2), which enables fusion between virion 

and host cell membranes (Figure 3) (69). Inside the host cells the virus replicates 

and synthesizes proteins, spreading through the body by way of infiltrating adjacent 

cells (70).  

 

Figure 3: SARS-CoV-2 binding to human cells. Simplified image of the binding of a SARS-CoV-2 virion 
to a human cell by attachment of S1 to the ACE2 receptor and subsequent cleavage by TMPRSS2. 
Figure created in BioRender.com. SARS-CoV-2: severe acute respiratory syndrome coronavirus 2, S1: 
spike protein 1. ACE2: angiotensin-converting enzyme 2, TMPRSS2: transmembrane protease serine 2. 
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Factors influencing the severity of disease in infected individuals include viral 

load and degree of inflammation and immune response. The initial innate immune 

response results in a cytokine storm which in turn triggers the adaptive immune 

response. As the disease progresses, cells are damaged and die, which causes the 

formation of hyaline membranes and increased vascular permeability, contributing 

to the impaired oxygen diffusion and fatality of COVID-19. Impaired viral clearance 

is common in certain groups of individuals such as older persons and 

immunocompromised patients like LTx recipients (71-73). 

Particles in exhaled air 

Access to the distal airways is instrumental in the care of patients with advanced 

pulmonary disease. However, this is not always easy, and clinicians are mostly 

limited to strategies of varying invasiveness, like transthoracic biopsies or 

bronchoscopy, introducing a risk of complications at each performed procedure. 

Several alternative methods for sampling of the small airways have been suggested, 

including induced sputum, bronchoalveolar lavage fluid (BALF), exhaled breath 

condensate (EBC), and volatile organic compounds (VOC) (74-77). While there is 

research suggesting the usefulness of these methods in the exploration of changes 

within the diseased lungs, no clinically useful biomarkers have yet been discovered, 

and the methods are significantly limited by low specificity as well as salivary 

contamination, among other things (74, 76, 78, 79). Therefore, the emergence of the 

relatively new method for collection of particles in exhaled air (PExA), was a 

welcome addition to the repertoire of methods for detecting novel biomarkers in a 

patient’s breath. The PExA method (Gothenburg, Sweden) was coined in 2004 and 

has since been applied to discover biomarkers for several different types of 

pulmonary diseases, including asthma, COPD, primary graft dysfunction (PGD) and 

lung cancer in both spontaneously breathing patients and in conjunction with 

mechanical ventilation (74, 80). 

Within the PExA device there is an optical particle counter (OPC) and an inertial 

impactor, which each count and stratify the patient’s exhaled particles by size, 

ranging from 0.33 – 4.55 µm in diameter (81). This renders both a particle flow rate 

(PFR), measured as particle flow per litre of exhaled air, and exhaled breath particles 

(EBP), which are collected onto a membrane that can be frozen at -80°C and 

analyzed at a later timepoint. These measurements are acquired by instructing the 

patient to follow a specific breathing maneuver, breathing into a mouthpiece which 

is attached to the device and contains a three-way valve. Air is inhaled through a 

filter, eliminating contamination from room air, and is exhaled into the machine 

(Figure 4) (74). By fully exhaling and inhaling into the device, the small airways 

open and close repeatedly, generating EBP from the RTLF, and the use of this 

method has been shown to produce samples which resemble the composition of 
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BALF, with particles predominantly originating from generations 14 – 17 of the 

small airways (81, 82). 

 
Figure 4: The PExA device. Image of the PExA device which was used to collect EBP and measure 
PFR in papers I – III. Mouthpiece with three-way valve and tube connected to HEPA-filter on the right 
side. © Embla Bodén. PExA: particles in exhaled air, EBP: exhaled breath particles, PFR: particle flow 
rate, HEPA: high efficiency particulate air. 
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Aims 

Paper I 

The aim of the first paper was to identify potential protein biomarkers in plasma 

from patients diagnosed with primary NSCLC, and to evaluate the biomarkers’ 

potential for being used to clinically diagnose disease and evaluate surgical 

treatment of NSCLC. 

Paper II 

The aim of the second paper was to investigate the feasibility of using a device for 

collection of EBP and measurement of PFR to identify potential biomarkers for 

primary LUAD. 

Paper III 

The aim of the third paper was to explore the differences in particle production and 

proteomic composition of EBP between patients with PCR-verified COVID-19, 

patients with respiratory symptoms but no COVID-19, and healthy controls, to 

identify potential biomarkers for pulmonary disease.  

Paper IV 

The aim of the fourth paper was to shed light on the impact of fungal colonization 

of the respiratory tract within the first year after LTx on the two outcomes survival 

and development of chronic rejection of the lung allograft. We further aimed to 

explore what factors may potentially influence the outcomes in the setting of fungal 

colonization.  

Paper V 

The fifth and final paper aimed to elucidate what factors influence the outcomes 

following infection with COVID-19 in LTx recipients in the two neighboring 
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countries Sweden and Denmark in a setting of vastly differing sociopolitical 

approaches to the recent COVID-19 pandemic. 
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Material and methods 

Study populations 

Paper I 

The first paper in this thesis includes a total of 29 patients with primary NSCLC, 

admitted to Skåne University Hospital (SUS), Lund for surgical resection of the 

tumour. The genotypes LUAD and SCC were included, and the stages of cancer in 

the included subjects ranged from IA – IIIA (T1a – T4, N0 – N2, M0), according to 

the International Association for the Study of Lung Cancer’s (IASLC) TNM seventh 

edition staging system (83). Blood samples were collected at three timepoints, once 

before surgery and twice after, resulting in a total of 86 collected samples due to one 

patient not being available for sampling at the first timepoint following surgery. 

Exclusion criteria included symptoms of ischemic heart disease, any unstable 

medical condition such as heart failure New York Heart Association (NYHA) class 

III or IV, serum creatinine > 140 μmol/L, glycated haemoglobin (HbA1c) > 48.0 

mmol/mol, as well as signs of liver cirrhosis, bleeding disorders or drug abuse (84). 

The follow-up time for survival was 3.5 years (Figure 5).  
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Figure 5: Schematic overview of paper I. Study overview of paper I. A: Twenty-nine patients with 
primary NSCLC were included. Blood samples were obtained before surgical resection of NSCLC, 3 – 5 
days after surgery and one month after surgery. B: Proteomic analysis was performed using PEA 
technology. C: Protein expression patterns were validated in larger cohorts found in NCBI’s GEO. Figure 
created in BioRender.com. NSCLC: non-small cell lung cancer, PEA: proximity extension assay, NCBI: 
National Center for Biotechnology Information, GEO: gene expression omnibus.  

Paper II 

This second paper includes patients with primary LUAD admitted for surgical 

resection at SUS, Lund, and control patients without any pulmonary disease who 

were admitted for other cardiothoracic surgical procedures. In total, thirty-five 

patients were included, of which 17 were LUAD patients and 18 were control 

patients. Cancer patients were included if the cancer stage was lower or equal to a 

pathological TNM (pTNM) of N2/IIIA according to the seventh edition of the 

IASLC’s TNM staging criteria (83). Samples of exhaled breath were obtained at 

two timepoints for LUAD patients, once before surgery and once after. The control 

patients were only sampled once, prior to surgery. The follow-up time for survival 

was three years after surgery (Figure 6). 

 
Figure 6: Schematic overview of paper II. Study overview of paper II. A: Seventeen patients with 
primary LUAD and 18 control patients were included. Samples of blood and EBP were collected prior to 
and one month after surgical resection of LUAD for cancer patients and before surgery for control 
patients. B: Proteomic analysis was performed using PEA technology. Protein expression patterns were 
validated in with an ELISA and by accessing larger cohorts in NCBI’s GEO. Figure created in 
BioRender.com. LUAD: lung adenocarcinoma, EBP: exhaled breath particles, PExA: particles in exhaled 
air, PEA: proximity extension assay, ELISA: enzyme-linked immunosorbents assay, MET: hepatocyte 
growth factor, NCBI: National Center for Biotechnology Information, GEO: gene expression omnibus.  
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Paper III 

The third paper is a prospective study in which patients with PCR-verified COVID-

19, patients with respiratory symptoms but repeated negative PCR-tests for COVID-

19, and voluntary healthy controls are included. All patients were recruited between 

May and November 2020. A total of 48 patients were included in the three 

subgroups, with 20 COVID-19 positive patients (COV-POS), 16 symptomatic but 

COVID-19 negative patients (COV-NEG), and 12 healthy controls (HCO) (Figure 

7). All symptomatic patients were recruited either as inpatients from the infectious 

ward or directly from the emergency department at SUS, Lund. All patients gave 

samples of exhaled breath at one point in time. The study is registered at 

ClinicalTrials.gov with the trial register number NCT04503057. 

 
Figure 7: Flow chart of patient inclusion and sample exclusion. Forty-eight patients were recruited 
and divided into groups. Subsequently 13 samples were excluded due to collection of less than 100 ng 
of EBP. One sample in the HCO group was excluded due to technical issues in the MS analysis. COVID-
19: coronavirus disease 2019, PCR: polymerase chain reaction, COV-POS: COVID-19 positive, COV-
NEG: COVID-19 negative, HCO: healthy controls, ng: nanograms, MS: mass spectrometry, EBP: 
exhaled breath particles. 
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Paper IV 

In the fourth paper, which uses chart reviews to investigate factors influencing 

outcomes after LTx, a total of 134 patients transplanted at SUS, Lund between the 

years 2011 – 2020 are included. Follow-up was terminated on 2023-06-01. 

Exclusion criteria included age below 18 years, death within 30 days of LTx, re-

transplantation, and loss of follow-up due to the patient’s home clinic being 

elsewhere in the country (Figure 8). Retrospective chart reviews were performed, 

extracting data from local medical records on fungal colonization and infection. 

Fungal colonization was defined according to the International Society for Heart 

and Lung Transplantation’s (ISHLT) consensus guidelines (85). IFI was defined 

according to the European Organization for Research and Treatment of Cancer 

(EORTC), and the Mycoses Study Group Education and Research Consortium’s 

(MSGERC) consensus guidelines (86). Fungal colonization either before LTx or 

during the first twelve months after LTx was recorded. The patients were divided 

into three subgroups: IFI, fungal colonization, and no fungal event. Patients with 

fungal colonization were further divided into subgroups depending on the genus of 

the colonizing agent. 

 

Figure 8: Flow chart of inclusion, and exclusion criteria in paper IV. A total of 174 transplantations 
between 2011 – 2020 resulted in the inclusion of 134 LTx recipients. The subjects were divided into the 
three subgroups IFI, fungal colonization, and no fungal incident. LTx: lung transplantation, IFI: invasive 
fungal infection. 
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Paper V 

The fifth and final paper in this thesis includes a total of 318 LTx recipients from 

both Sweden and Denmark, transplanted between the years 1993 – 2023. All 

patients included have had at least one episode of PCR-verified COVID-19 after 

LTx and were alive at the start of the pandemic. All subjects were followed for one 

year (365 days) after the first positive PCR-test, or until death, whichever came first. 

All included patients were 18 years of age or older. The patients were divided into 

subgroups based on vaccination status at the time of infection (fully vaccinated, n = 

282, unvaccinated, n = 36), country of residence (Sweden, n = 188, Denmark, n = 

130) and dominant strain of SARS-CoV-2 at the time of infection (Wuhan, n = 29, 

Alpha, n = 31, Delta, n = 24, Omicron, n = 235), as demonstrated earlier by others 

(87). The periods of different dominating strains of SARS-CoV-2 were as follows: 

Wuhan (January 2020 – December 2020), Alpha (January 2021 – July 2021), Delta 

(August 2021 – December 2021) and Omicron (January 2022 – December 2023) 

(Figure 9). For the purposes of balancing the subgroups of patients, the strains of 

SARS-CoV-2 were further categorized as early (Wuhan and Alpha) or late (Delta 

and Omicron). Full vaccination against SARS-CoV-2 was defined as having 

received at least two doses of any vaccine against COVID-19. 

 
Figure 9: Overview of COVID-19 cases in Sweden and Denmark. Number of cases of COVID-19 in 
LTx recipients per month in the two neighboring countries Sweden and Denmark, divided by the dominant 
strain of SARS-CoV-2 at the time of infection. COVID-19: coronavirus disease 2019, LTx: lung 
transplantation, SARS-CoV-2: severe acute respiratory sydrome coronavirus 2. 
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Sample collection 

In papers I – III samples in the form of blood and EBP are acquired and used for the 

purpose of proteomic analyses. 

Blood sampling 

Blood from patients with primary NSCLC in studies I and II was drawn at all 

timepoints. The blood samples were taken in lab with the use of BD Vacutainer 

Eclipse Signal Blood Collection Needle with Integrated Holder (22G x 1) (Becton, 

Dickinson and Company, Plymouth, UK) and K2E (EDTA) 6 mL blood collection 

tubes (Becton, Dickinson and Company, New Jersey, USA). Two tubes of blood 

were obtained from each patient at each timepoint. The blood was spun in the MPW-

352R cooling centrifuge (Med.Instruments, Warsaw, Poland) for ten minutes at 

5000 rounds per minute (rpm), at room temperature (22°C), within 30 minutes of 

collection, after which the plasma was aliquoted into 1.5 mL SafeSeal micro tubes 

(Sarstedt, Nümbrecht, Germany) and stored in freezers at −80°C until analysis. 

Particles in exhaled air 

The particles in exhaled air (PExA, Gothenburg, Sweden) method was used to 

collect EBP and measure PFR from patients in studies I – III. Here, the study 

subjects are instructed to breathe according to a special breathing maneuver into a 

mouthpiece which is attached to the device. The mouthpiece makes up a three-way 

valve, preventing the mixing of inhaled and exhaled air (Figure 4). The maneuver 

entails full exhalation, the holding of breath on emptied lungs for approximately 

five seconds, and full inhalation followed by a slow exhalation into the device (74, 

88). The maneuver is repeated until a set amount of total accumulated EBP has been 

collected, typically between 100 – 300 ng. All breathing is done through the mouth, 

with the application of a nose clip, through a high efficiency particulate air (HEPA) 

filter to eliminate contamination from particles in the room air. 

Within the machine there is an optical particle counter (OPC) and an inertial 

impactor, serving to quantify the EBP as well as stratify them into size bins 

depending on diameter, ranging from 0.33 – 4.55 µm. The device further measures 

the flow and volume of exhaled air, yielding the PFR. The machine is kept at body 

temperature to prevent condensation, and the EBP are collected onto LCR 

membrane filters (Hydrophilic polytetrafluoroethylene filter, 0.45 µm pore size, 

Millipore, Merck, Darmstadt, Germany) (89). The filters with the sample material 

on them are stored at -80°C until analysis.  
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Proteomic analyses 

Different techniques for the analysis of the proteomic composition of blood and 

EBP respectively are used throughout studies I – III. A summary with explanations 

for the methods proximity extension assay (PEA), enzyme-linked immunosorbent 

assay (ELISA), and mass spectrometry (MS) follows below. 

Proximity extension assay 

The use of PEA is applied in papers I and II and is based on predetermined protein 

panels consisting of 92 unique proteins, created by the company Olink (Olink 

Proteomics AB, Uppsala, Sweden). Each of the available panels focuses on an area 

of research and cannot be changed upon request. In study I, the panel entitled 

“Target 96 Oncology II” was used. This panel is made up of proteins related to 

various forms of malignancies and was thus deemed relevant to the topic of lung 

cancer. In the second study the panel entitled “Target 96 Cardiometabolic” was 

used, due to it being the only available panel which did not require dilution of the 

samples which already held very small amounts of biological material.  

The PEA analysis is an immunoassay which requires dual antibody recognition to 

yield a signal. For each protein in the chosen panel there is a matched antibody pair, 

carrying unique oligonucleotides, which hybridize when brought into proximity by 

binding to the same protein. The hybridized DNA-tags are then detected by the 

Fluidigm BioMark PCR system, resulting in cyclic amplification depending on the 

amount of the protein detected in each sample. The data output is presented as 

normalized protein expression (NPX), a relative means of quantification on a log2 

scale for protein expression levels. A predetermined limit of detection (LOD) of 

15% is used, excluding proteins with lower expression from further analysis. NPX 

values are relative and thus cannot be compared between proteins. For further 

information on detection limits, assay characteristics, assay performance, and 

validation is available on the manufacturer’s webpage (90). 

Mass spectrometry 

In the third study, we used high-performance liquid chromatography-mass 

spectrometry (HPLC-MS/MS) to analyze the proteomic composition of EBP from 

patients with COVID-19, patients with respiratory symptoms, and healthy controls. 

The collected samples were incubated in 2% sodium dodecyl sulfate (Sigma-

Aldrich, St. Louis, USA) in 50 millimolar (mM) triethylammonium bicarbonate 

(TEAB) (Thermo Fisher Scientific, Massachusetts, USA) at 37°C for two hours. 

After the first incubation 400 mM dithiothreitol (Sigma-Aldrich, St. Louis, USA) 

was added before another 45 minutes of incubation. The samples were alkylated in 
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darkness for 30 minutes with the addition of 800 mM iodoacetamide (Sigma-

Aldrich, St. Louis, USA). Lastly, 12% aqueous phosphoric acid was added to a final 

concentration of 1.2%. 

Next, the samples in 1.2% phosphoric acid were collected onto S-Trap columns 

(Protify, New York, USA) with 90% methanol and 100 mM TEAB. The proteins 

were later digested with MS-grade endoproteinase Lys-C (Lys-C) (Promega, 

Fitchburg, USA) during a two-hour incubation at 37°C. Following this incubation, 

a total amount of 1.45 µg of sequence grade trypsin (Promega, Fitchburg, USA) was 

added in two doses over the course of a night. Peptides were then eluted with 50 mM 

TEAB, 0.2% formic acid (Sigma-Aldrich, St. Louis, USA) and 50% acetonitrile 

(Sigma-Aldrich, St. Louis, USA) and dried in a vacuum concentrator (SpeedVac, 

Eppendorf, Hamburg, Germany) at 45°C and stored at -20°C for later analysis.  

The digested peptides were separated with the use of nanoflow chromatography 

in a liquid chromatography (LC) system (Evosep One, Odense, Denmark). The 

standard 60 samples per day method with a gradient length of 21 minutes was used 

in conjunction with an Evosep column containing 1.5 µm ReproSil-Pur C18-AQ 

particles. The LC system was connected to a captive source using the timsTOF Pro 

mass spectrometer (Bruker Daltonics, Billerica, Massachusetts, USA). The 

instrument was set to the data-dependent acquisition parallel accumulation serial 

fragmentation (DDA-PASEF) mode with ten scans per cycle and accumulation and 

ramp times of 100 milliseconds each. Dynamic exclusion was activated at 0.4 

minutes. 

For analysis of the raw MS data the system MaxQuant version 2.0.20 (Max 

Planck Institute, Munich, Germany) was used, applying the Andromeda database 

search algorithm, and the files were searched against the UniProt human protein 

database as well as the UniProt SARS-CoV-2 proteome database (ID: 

UP000464024) (91). The false discovery rate (FDR) was set to 1% for protein- and 

peptide levels and the first pass (MS1) match tolerance was set at 20 and 40 parts 

per million (ppm) for the first and main search, respectively. Missed cleavages of 

two were allowed. 

Machine learning 

In paper III we applied a machine learning model to predict which patients were 

positive for COVID-19. The model was built in R, using RStudio version 4.2.0 

(RStudio, Massachusetts, USA), with the CARET package (version 6.0-93). 

Imputation was used for missing values and was done in Perseus version 2.0.5.0 

(Max Planck institute of biochemistry, Germany). Features included in the model 

were chosen based on analysis of variance (ANOVA) scores and number of missing 

values, resulting in the use of 11 proteins and the number of particles per exhaled 
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volume of air (PEV) (Table 1). The created biomarker panel was exported into R 

and the measurements were randomly divided into a training (n = 22) and a testing 

group (n = 12). The training set was used to train a random forest model with tenfold 

cross validation, using 100 repeats and 1000 trees. The optimal number of random 

candidate variables was decided through receiver operating characteristics (ROC), 

and was set at two, and the results were based on the model’s application on the test 

set of the data. Results are reported as accuracy, sensitivity, specificity and area 

under the ROC curve (AUC-ROC). 

Protein abbreviation Full name of protein 

ORM1 Orosomucoid 1 

IGHG1 Immunoglobin heavy constant gamma 1 

CAPN1 Calpain 1 

CASP14 Caspase 14 

IGLC6 Immunoglobin lambda constant 6 

APOA1 Apolipoprotein A1 

TF Transferrin 

IGKC Immunoglobin kappa constant 

EPPK1 Epiplakin 1 

SFTPB Surfactant protein B 

IGHA1 Immunoglobin heavy constant alpha 1 

Table 1: Proteins included in the biomarker panel. Abbreviation and full name of all proteins which 
were included in the biomarker panel used in the machine learning model in paper III. 

Validation 

Enzyme-linked immunosorbents assay 

An ELISA was performed within the scope of paper II to confirm the results 

regarding the expression patterns of the protein MET in EBP. The analysis was 

performed on plasma from the included patients in the study, using the Ray 

Biotech Catalog ELH-HGFR kit (RayBiotech Incorporated, Georgia, USA) for 

human samples. The analysis was performed with the use of a 96-well microplate 

containing a known quantity of antigens, binding to the specific antibody that the 

kit is made for, enabling detection. The addition of a chromogenic substance to the 

wells in the plate results in a color change which can be read, quantifying the amount 

of the protein in each well (92). 

Gene expression omnibus 

To validate the findings of the proteomic analyses in papers I and II, we explored 

data from other researchers, deposited in the National Center for Biotechnology 
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Information’s (NCBI) gene expression omnibus (GEO) (National Library of 

Medicine, Maryland, USA) (93). Here, data from larger cohorts were identified, and 

protein expression patterns were validated where possible. The datasets used 

contained information from proteomic analyses of NSCLC tissue and healthy lung 

tissue (GSE10072 and GSE1980). 

Chart review 

For papers IV and V, we conducted chart reviews of the included LTx recipients’ 

medical records and extracted data from the local systems Melior (Sweden) (paper 

IV and V) and Sundhedsplatformen (Denmark) (paper V). Data regarding fungal 

infections, fungal colonization, antifungal treatment, demographics, and follow-up 

appointments, including data on PFT, histology, rejection and survival were 

collected within the scope of study IV. For paper V we similarly collected data 

regarding any episodes of COVID-19 in LTx recipients, the treatment thereof, 

demographics, vaccination status, PFT, and the outcomes survival and chronic 

rejection. Each patient’s medical record was reviewed manually. 

Statistical analysis 

For all papers included in this thesis, statistical significance was defined as **** (p 

< 0.0001), *** (p < 0.001), ** (p < 0.01), * (p < 0.05), and not significant (ns) (p > 

0.05). 

Paper I 

The descriptive statistics in paper I are presented as mean, range, number of subjects 

(n) and percentage. Statistical analyses were carried out by statisticians at Olink, 

using R, and in GraphPad Prism version 9.3.0 (GraphPad, California, USA). The 

data was analyzed through the fitting of a linear mixed-effects regression model. 

Subject ID and type of cancer were treated as random effects. Adjustments for 

multiple comparisons were made with the Benjamini-Hochberg approach and an 

FDR of 0.05, and Tukey’s method. The emmeans package in R was used for Posthoc 

testing, comparing all timepoints in a pairwise manner. Additional comparisons of 

subgroups were made with the Mann-Whitney test.  
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Paper II 

In paper II we performed an a priori power analysis with hedges g, based on results 

from an earlier publication (94). A statistical power of 87% and an effect size of 

1.82 was reached. Descriptive statistics are presented as mean, range, standard error 

of the mean (SEM), n, and percentage. All analyses were performed in GraphPad 

Prism version 9.2.0. The statistical tests used include the student’s t-test, simple 

linear regression and Pearsson’s correlation. 

Paper III 

In paper III the data was normalized in the software NormalizerDe, using robust 

linear regression normalization (95). Protein expression was defined as a label free 

quantification value (LFQ). Further statistical analyses were performed in Perseus 

version 2.0.5.0 and RStudio version 2.4.0. Denoted decoy proteins and 

contaminants were removed, as were proteins detected in less than 45% of samples 

in one or more groups. Significant differences were identified with ANOVA and 

Posthoc testing was conducted with Tukey’s method. Differentially expressed 

proteins were determined with an s0 of 0.1, and the FDR was set to 0.05. A heatmap 

of LFQ values was created using the R package pheatmap, using Euclidean 

clustering and showing protein expression as normalized z-scores. For analysis of 

protein – protein interactions and reactome pathways, the stringApp version 11.5 in 

the software Cytoscape version 3.9.1 (Cytoscape, California, USA) was used. 

Subcellular locations were determined with CellWhere version 1.1 (96). 

Paper IV 

All statistical analyses were performed in RStudio version 2023.12.1. Data were 

presented as mean, range, hazard ratio (HR) with 95% confidence intervals (CI), n, 

and percentage. Propensity score weighting (PSW) was used to achieve balance 

between subgroups, as calculated by linear regression. Survival and CLAD-free 

survival were visualized with Kaplan Meier curves. Censoring was used for patients 

with no event at the end of follow-up. Statistical risk was calculated with weighted 

cox proportional hazards models and results were presented as HR with 95% CI. 

Both univariate and multivariate analyses were carried out. 

Paper V 

Demographic data are presented as n, percentage, mean and range. Statistical 

calculations were conducted in RStudio, with R version 4.1.2. Subgroups were 

balanced through PSW, and propensity scores were calculated with a logistic 

regression model. Charlson comorbidity index (CCI) was calculated for each patient 



43 

according to the ICD-10 CCI algorithm (97). Survival and CLAD-free survival were 

visualized with Kaplan Meier curves, censoring subjects with no event at the end of 

follow-up. Statistical differences in risk were calculated with weighted cox 

proportional hazards models and the results were reported as HR with 95% CI. Both 

univariate and multivariate models were fitted to the data. 
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Results 

Paper I 

Descriptive results 

A total of 29 patients with primary NSCLC were included. Blood samples were 

collected at three timepoints: before surgical resection (n = 29), within the first week 

after (n = 28), and at one month post resection (n = 29), resulting in a total of 86 

blood samples. There was one missing sample at the second timepoint due to one 

patient no longer being admitted to the hospital at this time. The mean age in the 

cohort was 71 years (range 46 – 84 years), the number of male patients was 48 

(48%), and the fractions of patients diagnosed with LUAD versus SCC were 0.72 

and 0.28 respectively, which corresponds to numbers reported in other parts of the 

world (98). 

Proteomic analysis 

The predetermined protein panel entitled “Target 96 Oncology II” consisting of 92 

unique proteins was used in paper I. Proteomic analysis of plasma could detect all 

92 proteins in more than 75% of the samples. Sixty-three of the 92 proteins (68%) 

were revealed to be expressed in significantly differing levels between the three 

timepoints after adjusting for multiple testing. The 12 proteins with the lowest 

adjusted p-values were chosen for further literature review and analysis (Table 2). 

Protein abbreviation Full name of protein 

IL-6 Interleukin-6 

MUC-16 Mucin-16 

Furin Furin 

TGFα Protransforming growth factor alpha 

HGF Hepatocyte growth factor 

VEGFA Vascular endothelial growth factor A 

MIC-A/B MHC class 1 polypeptide-related sequence A/B 

AREG Amphiregulin 

DLL1 Delta-like protein 1 

FASLG Tumor necrosis factor ligand superfamily member 6 

GPNMB Transmembrane glycoprotein NMB 

TNFRSF6B Tumor necrosis factor receptor superfamily member 6B 

Table 2: Top 12 proteins chosen for further analysis. Abbreviation and full name of the top 12 proteins 
with the lowest adjusted p-values which were chosen for further review and analysis in paper I. 
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Pairwise comparisons of protein expression levels between all three timepoints: 

preoperative, one-week postoperative, and one-month postoperative, were done for 

each of the 12 proteins (Figure 10). These analyses revealed significantly elevated 

expression of the proteins AREG, DLL1, Furin, IL-6, TGFα, and TNFRSF6B at 

both postoperative timepoints compared to preoperative levels. A similar trend 

could be seen for the proteins MUC-16 and VEGFA, although statistical 

significance was not reached. Moreover, the levels of expressed MIC-A/B in plasma 

were also significantly higher at both postoperative timepoints compared to 

preoperative levels (preoperative NPX = 3.82 ± 0.70, one-week postoperative NPX 

= 4.20 ± 1.69 (p < 0.0001), one-month postoperative NPX = 4.00 ± 1.70 (p = 

0.0009)). The results also showed a significant elevation in expression of the protein 

FASLG at the one-month postoperative timepoint compared to preoperative 

expression levels (preoperative NPX = 8.34 ± 0.45, one-month postoperative NPX 

= 8.63 ± 0.34 (p < 0.0001)). The same expression pattern could be identified for the 

protein GPNMB. Finally, the expression levels of the protein HGF were 

significantly elevated at the one-week postoperative timepoint compared to 

preoperative levels, however, there was a lowering trend between the two 

postoperative measurements (preoperative NPX = 8.04 ± 0.60, one-week 

postoperative NPX = 8.58 ± 0.58 (p < 0.0001), one-month postoperative NPX = 

8.15 ± 0.45 (p = 0.23)) (Table 3). 
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Figure 10: Protein expression over time for the top 12 proteins in paper I. Protein expression 
compared between preoperative and postoperative samples depicted, expressed as NPX. IL-6: 
interleukin-6, MUC-16: mucin-16, TGF-alpha: transforming growth factor alpha, HGF: hepatocyte growth 
factor, VEGFA: vascular endothelial growth factor A, MIC-A/B: MHC class I polypeptide-related sequence 
A/B, AREG: amphiregulin, DLL1: delta-like protein 1, FASLG: tumor necrosis factor ligand superfamily 
member 6, GPNMB: transmembrane glycoprotein NMB, TNFRSF6B: tumor necrosis factor receptor 
superfamily member 6B, NPX: normalized protein expression (NPX), ns: not significant. 

 

 
Table 3: Top 12 proteins NPX values at all timepoints. Expression levels of each of the top 12 proteins 
in paper I, expressed as NPX ± SD. NPX: normalized protein expression, SD: standard deviation, vs.: 
versus. 

Comparing protein expression between patients who died or experienced relapse 

and patients with progression-free survival 

Of the 29 patients included in this study, four experienced relapse of NSCLC or died 

within the follow-up time. Proteomic analysis revealed consistently lower 

expression of the protein FASLG in these four patients, at all timepoints, compared 

to patients with progression-free survival (PFS). The largest difference was 

observed in preoperative values (dead/relapse NPX = 7.91 ± 0.11, PFS NPX = 8.40 

± 0.45 (p < 0.05)) (Figure 11). A cox proportional hazards model showed a negative 

parameter estimate of -3.126, indicating that a decrease in the predictor variable is 

associated with an increased hazard of the event (p = 0.0672). Larger numbers are 

likely needed to reach significance. Similar analyses were also performed for the 
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proteins HGF and MIC-A/B, however no associations between expression levels 

and specific outcomes could be seen. 

 
Figure 11: Expression of FASLG depending on outcome. Expression levels of the protein FASLG at 
all three timepoints, divided by outcome in the form of PFS or death/relapse of NSCLC. FASLG: tumor 
necrosis factor ligand superfamily member 6, NPX: normalized protein expression, ns: not significant, 
PFS: progression-free survival. 

Validation 

The NCBI’s GEO was searched for relevant datasets, and two separate cohorts of 

NSCLC tissue were used for validation of the current study’s findings. Gene 

expression is expressed as normalized probe intensity (NPI). One dataset 

(GSE10072) described the gene expression in LUAD tissue and healthy lung tissue 

from different individuals and showed a significantly higher expression of MIC-A 

(NM_000247) in healthy tissue compared to cancer tissue (NPI healthy controls = 

8.18 ± 0.04, NPI cancer = 8.00 ± 0.03 (p = 0.0044)). Another dataset (GSE19804) 

described the gene expression in NSCLC tissue and adjacent healthy lung tissue in 

the same individuals. Here MIC-A (NM_000247) was also expressed in higher 

levels in healthy tissue (NPI healthy tissue = 8.19 ± 0.05, NPI NSCLC = 8.00 ± 0.06 

(p = 0.0166)). The second dataset was also able to validate the present study’s 

findings of higher expression of the protein FASLG (AF288573) in subjects with 

PFS, showing elevated expression in healthy lung tissue compared to NSCLC tissue 

(NPI healthy tissue = 4.56 ± 0.05, NPI NSCLC = 4.42 ± 0.04 (p = 0.0239)) (Table 

4). The expression patterns for the proteins HGF and GPNMB could not be 

validated. 
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Table 4: Gene expression of MIC-A and FASLG in tissue. Expression of the proteins MIC-A and 
FASLG in NSCLC tissue and healthy lung tissue, expressed as NPI, used for validation of findings in 
paper I. MIC-A: MIC-A/B: MHC class I polypeptide-related sequence A, FASLG: tumor necrosis factor 
ligand superfamily member 6, NPI: normalized probe intensity, GEO: gene expression omnibus. 

Paper II 

Descriptive results 

Paper II includes a total of 35 patients, seventeen of whom had primary LUAD and 

18 control patients without any pulmonary disease admitted for various cardiac 

procedures. Samples of EBP and PFR were collected at two timepoints for LUAD 

patients, once before surgical resection (n = 15) and once one month after surgery 

(n = 16). Control patients were only sampled preoperatively (n = 18). The mean age 

in the entire cohort was 70 years (range 43 – 83 years) and the number of male 

patients was 21 (60%). Survival of the LUAD patients was followed for three years. 

All patients but one were alive at the end of follow-up. 

Elevated PFR in LUAD patients 

When comparing the preoperative PFR between the healthy controls and the LUAD 

patients, a significantly higher value could be seen in the cancer patients (PFR 

LUAD = 18 490 ± 3 306, PFR control = 4 021 ± 899 (p < 0.0001)) (Figure 12). At 

the one-month follow-up appointment the PFR was still significantly elevated in 

LUAD patients compared to the preoperative samples from the control patients 

(p = 0.0001). There was no significant difference in PFR when comparing the 

LUAD group to themselves between the two timepoints (PFR preoperatively = 

18 490 ± 3 306, PFR at follow-up = 30 210 ± 6 500 (p = 0.1142)). 
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Figure 12: Differences in PFR and protein expression between LUAD and control patients. A: PFR 
from patients with primary LUAD compared to control patients prior to surgery. B: Protein expression 
patterns for the five investigated proteins in paper II compared between LUAD patients and control 
patients. 

Proteomic analysis 

Eighty-nine of the 92 proteins in Olink’s “Target 96 Cardiometabolic” panel were 

found in more than 75% of the sent in EBP samples. Of these, five proteins were 

shown to be expressed in significantly higher concentrations in the preoperative 

samples of LUAD patients compared to control patients (Table 5). At the one-month 

postoperative measurement, the expression levels of the three proteins PLTP, MET 

and MFAP5 were no longer significantly elevated compared to the control patients 

(Figure 12). 
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Protein abbreviation Full name of protein 

CFHR5 Complement factor H-related protein 5 

MFAP5 Microfibrillar-associated protein 5 

PLTP Phospholipid transfer protein 

HGF-R/MET Hepatocyte growth factor receptor/mesenchymal epithelial 

transition 

CA4 Carbonic anhydrase 4 

Table 5: The five proteins with increased expression in LUAD. Abbreviation and full name of the five 
proteins with significantly increased expression levels in patients with LUAD compared to healthy 
controls. 

 

A heatmap of the five proteins was created, showing clustering of patients within 

their respective subgroups. The heatmap uses the standardized z-score for 

visualization of protein expression, with orange representing a lower expression, 

and blue indicating a higher expression (Figure 13). 

 
Figure 13: Heatmap of the five proteins of interest in paper II. Heatmap depicting relative protein 
expression of five proteins from paper II. Protein expression visualized as normalized z-score, with higher 
levels representing greater expression. 

Validation 

The findings of paper II were validated through analysis of the expression of MET 

in plasma from all patients included in this study, as well as by searching the NCBI’s 

GEO for matching datasets. 
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The expression of MET was analysed in plasma with the use of an ELISA, which 

showed a significantly higher expression of the protein in LUAD patients before 

surgical resection compared to control patients (expression LUAD = 3 921 ± 144 

pg/mL, expression control patients = 2 358 ± 161 pg/mL (p < 0.0001)). Furthermore, 

there was a significant correlation between the protein levels of MET in EBP and 

plasma when looking at all included patients (Figure 14). 

 
Figure 14: Concentration of MET in plasma and correlation between plasma and EBP levels. A: 
Preoperative expression of the protein MET in plasma from patients with LUAD and control patients. B: 
Correlation between MET expression in plasma and EBP from all patients included in the study. MET: 
hepatocyte growth factor, LUAD: lung adenocarcinoma, EBP: exhaled breath particles, NPX: normalized 
proitein expression. 

 

The findings of the present study were also validated by searching the NCBI’s 

GEO for datasets with matching characteristics to the current study. A dataset 

(GSE10072) describing the gene expression in LUAD tissue and healthy lung tissue 

from patients without cancer was used. Protein expression is expressed as NPI. The 

dataset revealed significantly elevated expression of the protein PLTP 

(NM_006227) in LUAD tissue compared to healthy lung tissue (NPI cancer = 9.99 

± 0.10, NPI healthy tissue = 9.29 ± 0.12 (p = 0.008)). The same results were seen 

for the protein MET (BG170541, BE870509), with significantly elevated expression 

in cancer tissue compared to healthy lung tissue (BG170541: NPI cancer = 9.52 ± 

0.19, NPI healthy tissue = 8.79 ± 0.07 (p = 0.0008), BE870509: NPI cancer = 8.16 

± 0.07, NPI healthy tissue = 7.88 ± 0.03 (p = 0.003)) (Table 6). 
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Table 6: Validation of protein expression patterns. Expression of the proteins PLTP and MET in 
NSCLC tissue and healthy lung tissue, expressed as NPI, used for validation of findings in paper II. 
PLTP: phospholipid transfer protein, MET: hepatocyte growth factor, NPI: normalized probe intensity. 

Paper III 

Descriptive results 

In this paper, a total of 48 patients with PCR-verified COVID-19 (COV-POS, n = 

20), respiratory symptoms but no COVID-19 (COV-NEG, n = 16) and healthy 

controls (HCO, n = 12) were included. All patients gave samples of EBP at one 

timepoint, averaging seven days post the date of positive COVID-19 test (range 1 – 

9 days). The median age with interquartile range (IQR) in each of the subgroups 

was; COV-POS 56 years (IQR: 53 – 64), COV-NEG 69 years (IQR: 53 – 80) and 

HCO 44 years (IQR: 29 – 46). The number of male subjects included in this study 

were 22 (46%). The incidences of obesity and a diagnosis of COPD or asthma were 

higher in the COV-POS subgroup compared to the COV-NEG and the HCO 

subgroups (obesity: COV-POS, n = 10 (50%), COV-NEG, n = 4 (25%), HCO, n = 

1 (8.3%), COPD/asthma: COV-NEG, n = 4 (20%), COV-NEG, n = 1 (6.25%), HCO, 

n = 0 (0%)). Both the COV-POS and the COV-NEG subgroups exhibited similar 

symptomatology, although there was a higher incidence of dyspnoea in the COV-

POS subgroup (COV-POS, n = 19 (95%), COV-NEG, n = 9 (56%), HCO, n = 0 

(0%)). 

Analysis of particle flow  

The number of particles per exhaled volume of air (PEV) was calculated for each 

patient and was compared between subgroups. The results showed a significantly 

increased PEV in both COV-POS and COV-NEG patients compared to HCO 

(median PEV, COV-POS = 11 902 (IQR: 6 119 – 17 893), median PEV, COV-NEG 

= 8 159 (IQR: 5 406 – 12 000), median PEV, HCO = 3 622 (IQR: 2 506 – 5 790)). 

Further analyses revealed no significant correlations between PEV and age (r2 = 

0.06954), or PEV and sex (p = 0.3254). 
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When looking at the particle distribution patterns in the three subgroups, the 

patients with symptoms (COV-POS and COV-NEG) revealed a trend of exhaling 

smaller particles compared to the HCO subgroup. Moreover, the HCO patients 

exhibited a bimodal particle size distribution curve, as opposed to the right skewed 

distribution curve of the symptomatic patients (Figure 15). 

 
Figure 15: PEV and particle distribution pattern divided by subgroup. A: PEV in COV-POS, COV-
NEG and HCO patients. B: Particle distribution pattern of EBP in COV-POS, COV-NEG and HCO 
patients. COV-POS: COVID-19 positive, COV-NEG: COVID-19 negative, HCO: healthy control, PEV: 
particles per exhaled volume of air, ns: not significant, EBP: exhaled breath particles. 

Protein identification through LC-MS/MS  

A total of 34 membranes (n COV-POS = 12, n COV-NEG = 12, n HCO = 10), all 

holding more than 100 ng of EBP were selected for proteomic analysis through LC-

MS/MS. After exclusion of potential contaminants, the analysis identified 267 

unique proteins across all three subgroups. Of these, 146 were present in over 45% 

of the samples in at least one of the three subgroups. One protein was found to be 

expressed exclusively in the COV-POS subgroup, namely immunoglobin heavy 

constant gamma 3 (IGHG33), and was seen in 50% of the COV-POS samples. The 

mean number of identified proteins in a single sample was 110.1 ± 15.8. No proteins 

related to the virus SARS-CoV-2 were reliably detected in any of the samples. 

Quantitative proteomics 

The proteins identified through LC-MS/MS were quantified, yielding LFQ-values. 

Twenty-six proteins were shown to differ significantly in expression levels between 

the three subgroups. These proteins were mostly related to extracellular processes 

but did include proteins which are naturally found in cell membranes, and 

intracellularly. Analysis of the reactome pathways revealed differences in 

expression levels of proteins related to the innate immune system and neutrophil 
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and platelet degranulation (Figure 16). A clustering analysis revealed three distinct 

subgroups, one of which was made up of eight of the COV-POS EBP samples 

(66.7%). The second and third clusters consisted of three COV-NEG EBP samples 

and the remaining 23 EBP samples respectively (Figure 17). 

 
Figure 16: Reactome pathway analysis. Analysis of the reactome pathways of the proteins which were 
significantly differentially expressed in paper III. See paper III for full names of proteins. 
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Figure 17: Clustering analysis of significantly differing proteins. A clustering analysis of the 
differentially expressed proteins in paper III was performed, revealing three distinct clusters of patients. 
COV-POS: COVID-19 positive, COV-NEG: COVID-19 negative, HCO: healthy control, see paper III for 
full names of proteins. 

 

Nine of the identified proteins were significantly upregulated in COV-POS 

samples compared to COV-NEG and HCO samples, among which were three 

immunoglobins: immunoglobin kappa constant (IGKC), immunoglobin heavy 

constant gamma 1 (IGHG1) and immunoglobin lambda constant 3 (IGLC3), and 

one protein involved in wound healing, epiplakin (EPPK1). Five proteins of 

particular interest regarding COVID-19 were differentially expressed in COV-POS 

patients compared to the other two subgroups (Table 7). Furthermore, the expression 

of pulmonary surfactant-associated protein B (SFTPB) was significantly lower in 

both COV-POS and COV-NEG patients compared to the HCO subgroup. Eight 
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proteins were significantly downregulated in COV-NEG samples compared to HCO 

samples. 

Protein abbreviation Full name of protein 

TF Serotransferrin 

APOA1 Apolipoprotein A-1 

CASP14 Caspase-14 

CAPN1 Calpain-1 

ORM1 Alpha-1-acid glycoprotein 1 

Table 7: Differentially expressed proteins of interest in COVID-19. Abbreviation and full name of the 
five proteins of specific interest in COVID-19 with significantly differing expression between the 
subgroups. 

 

 
Figure 18: COV-POS patients showed significantly differentially expressed proteins in EBP. The 
x-axis show the difference in intensity, and the y-axis shows the negative log p-value. Significantly 
differentially expressed are highlighted in red (upregulated) and blue (downregulated). A: Comparison of 
COV-POS and HCO. B: Comparison of COV-POS and COV-NEG. C: Comparison of COV-NEG and 
HCO. COV-POS: COVID-19 positive, COV-NEG: COVID-19 negative, HCO: healthy control, EBP: 
exhaled breath particles, see paper III for full names of proteins. 
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Figure 19: The six most abundant differentially expressed proteins. Differences in protein 
expression of the six most abundant proteins (A – F) compared between COV-POS, COV-NEG, and 
HCO. ORM1: alpha-1-acid glycoprotein 1, CASP14: Caspase-14, APOA1: apolipoprotein 1, CAPN1: 
calpain 1, SFTPB: pulmonary surfactant associated protein B, TF: transferrin, COV-POS: COVID-19 
positive, COV-NEG: COVID-19 negative, HCO: healthy control, LFQ: label free quantification.  

Machine learning classification 

A biomarker panel consisting of 11 proteins and the PEV was used for building the 

random forest machine learning model (Table 8). The machine learning model was 

run on the training group, consisting of 22 randomly selected samples, and ranked 

the 12 factors in the biomarker panel according to importance. The model resulted 

in a ROC-AUC of 0.97 for the training dataset (95% CI: 0.88 – 1.06). Running of 

the model on the testing dataset (n = 12) yielded a ROC-AUC of 0.81 (95% CI: 0.52 

– 1.1) and an accuracy of 0.92 (95% CI: 0.62 – 0.99), only misclassifying one COV-

POS sample as being negative (Figure 20). The specific misclassified sample came 

from a 51-year-old female patient on day eight post positive PCR-test for COVID-

19, and who was discharged the following day. The final machine learning model 

was determined to have a sensitivity of 75% and a specificity of 100%. 
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Biomarker abbreviation Full name 

PEV Particles per exhaled volume of air 

ORM1 Alpha-1-acid glycoprotein 1 

IGHG1 Immunoglobin heavy constant gamma 1 

CAPN1 Calpain-1 

CASP14 Caspase-14 

IGLC6 Immunoglobin lambda-6 chain C region 

APOA1 Apolipoprotein A-1 

TF Serotransferrin 

IGKC Immunoglobin kappa constant 

EPPK1 Epiplakin 1 

SFTPB Pulmonary surfactant associated protein B 

IGHA1 Immunoglobin alpha-1 chain C region 

Table 8: Proteins and markers included in the biomarker panel. Abbreviations and full names for all 
proteins included in the biomarker panel used for machine learning, plus PEV. PEV: particles per exhaled 
volume of air. 

 

 
Figure 20: Biomarker panel used for machine learning, ROC-AUC, and classification of samples. 
A: Biomarkers included in the biomarker panel used for machine learning, ranked by estimated 
importance to the model. B: ROC-AUC for the training cohort. C: Classification of samples in the testing 
cohort by the machine model. ROC-AUC: reciever operating characteristics area under the curve. 
COVID-19: coronavirus disease 2019, NEG: negative, POS: positive. 
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Paper IV 

Descriptive results 

The fourth paper in this thesis includes 134 LTx recipients transplanted at SUS, 

Lund between 2011 – 2020. In total, 125 patients underwent double LTx (93.5%), 

seven patients underwent single LTx (5%), and two patients underwent heart- and 

lung transplantation (1.5%). The mean age in the study cohort was 52 years (range 

19 – 68 years), and the number of male patients was 70 (52%). The mean follow-up 

time was 4.5 years (1 646 days, range 30 – 4 448 days). Nineteen of the included 

patients did not have any fungal colonization or infection after LTx, 14 patients had 

an IFI, and 101 patients were colonized by fungus post LTx. The infecting or 

colonizing agent was a yeast or a yeast-like fungus in 61 cases, referred to as 

candidal (Candida spp., Saccharomyces spp., Pneumocystis jirovecii or multiple 

spp.), and a mold in 54 cases, referred to as non-candidal (Aspergillus spp., 

Paecilomyces spp., Rhizopus spp. Or multiple spp.). The mean time from LTx to a 

positive culture for fungus was 2.1 months, with 64 patients (56%) being colonized 

or infected within one month of transplantation. Fungal colonization prior to LTx 

was present in 56 cases (42%), with eight patients subsequently developing 

postoperative IFI, 42 continuing to be colonized post LTx as well, and six having 

no fungal event after transplantation. Eighty-one patients (60%) died or developed 

graft failure leading to retransplantation within the follow-up time, and 41 patients 

(31%) developed CLAD. 

Survival depending on fungal colonization 

Patients who were colonized by fungus post LTx were compared to patients without 

a postoperative fungal event in the aspect of survival. Analyses revealed no 

statistically significant increase in the risk of death for colonized patients (HR = 

1.06 (95% CI: 0.60 – 1.90), p = 0.832). Comparing all three subgroups (colonized, 

IFI, no event) showed consistent results, with no increased risk of death for either 

group (HR, colonized = 1.08 (95% CI: 0.57 – 2.06), p = 0.805, HR, IFI = 1.57 (95% 

CI: 0.63 – 3.93), p = 0.333) (Figure 21). 
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Figure 21: No significant difference in the risk of mortality between subgroups. Comparison of the 
risk of death with 95% CI between the three subgroups IFI, fungal colonization and, no fungal event. The 
risk of death was not increased in either subgroup. Numbers at risk table beneath indicates the number 
of patients alive at each time point. CI: confidence interval, IFI: invaive fungal infection.   

 

The application of multivariate analyses, exploring the risk of death depending 

on postoperative fungal colonization, but including the factors preoperative 

colonization and underlying pulmonary disease, revealed consistent results, with no 

significantly increased risk of death for postoperatively colonized patients (HR = 

1.37 (95% CI: 0.69 – 2.72), p = 0.370). However, the model did show that the 

underlying condition CF is a protective factor for the outcome death in LTx 

recipients (HR, CF = 0.30 (95% CI: 0.09 – 0.95), p = 0.041, HR, COPD = 1.65 (95% 

CI: 0.66 – 4.08), p = 0.282, HR, PF = 1.38 (95% CI: 0.45 – 4.29), p = 0.573, HR, 

A1AD = 0.76 (95% CI: 0.23 – 2.53), p = 0.654, HR, PH = 0.31 (95% CI: 0.06 – 

1.54), p = 0.153, HR, preoperative fungal colonization = 1.65 (95% CI: 0.80 – 3.39), 

p = 0.173).  

When comparing patients depending on fungal colonization prior to LTx, the 

results were similar, showing no significantly increased risk of death for colonized 

patients compared to non-colonized (HR = 1.50 (95% CI: 0.82 – 2.75), p = 0.186). 

Development of CLAD depending on fungal colonization 

Comparisons of CLAD-free survival, including survival free of CLAD progression, 

were made. The results showed no significantly increased risk of CLAD for 



62 

postoperatively colonized patients compared to patients with no fungal event (HR = 

0.82 (95% CI: 0.38 – 1.77), p = 0.612). When comparing all three subgroups of 

patients (colonized, IFI, no event) there were still no significantly differing risks 

between the groups (HR, colonized = 1.04 (95% CI: 0.45 – 2.49), p = 0.932, HR, 

IFI = 1.01 (95% CI: 0.25 – 4.03), p = 0.994) (Figure 22). 

 

Figure 22: No significant difference in the risk of CLAD compared between subgroups. 
Comparison of the risk of developing CLAD with 95% CI between the three subgroups IFI, fungal 
colonization, and no fungal event. The risk of CLAD was not increased in either subgroup. Numbers at 
risk table beneath indicates the number of patients alive and without CLAD at each time point. CLAD: 
chronic lung allograft dysfunction, CI: confidence interval, IFI: invasive fungal infection. 

 

A multivariate model was fitted to further explore the risk of developing CLAD 

depending on postoperative fungal colonization. This model included preoperative 

fungal colonization and underlying pulmonary condition. The results showed no 

significantly increased risk of CLAD development or progression for colonized 

patients (HR = 1.19 (95% CI: 0.61 – 2.31), p = 0.612), but did reveal the underlying 

disease COPD to be a significant risk factor for the development or progression of 

CLAD (HR, CF = 4.16 (95% CI: 0.68 – 25.54), p = 0.124, HR, COPD = 7.35 (95% 

CI: 1.11 – 48.88), p = 0.039, HR, PF = 2.47 (95% CI: 0.32 – 19.04), p = 0.386), HR, 

A1AD = 2.93 (95% CI: 0.38 – 22.89), p = 0.305, HR, PH = 5.08 (95% CI: 0.64 – 

40.34), p = 0.124, HR, preoperative fungal colonization = 0.81 (95% CI: 0.30 – 

2.22), p = 0.681). 
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When finally comparing the risk of CLAD depending on preoperative fungal 

colonization, the results were in line with the previous findings, showing no 

significantly increased risk of developing CLAD for preoperatively colonized 

patients (HR = 1.19 (95% CI: 0.61 – 2.31), p = 0.612). 

Invasive fungal infection increases the risk of CLAD 

When comparing the outcomes of patients with postoperative fungal colonization 

and IFI, there was no statistically increased risk of death for invasively infected 

patients (HR = 1.17 (95% CI: 0.36 – 3.79), p = 0.791). There was however a 

significantly increased risk of developing CLAD for the patients with IFI compared 

to only colonized patients (HR = 2.57 (95% CI: 1.32 – 5.02), p = 0.006).  

The effect of fungal genus 

Due to existing literature suggesting there to be a difference in outcomes after IFI 

based on what type of fungus is causing the infection, we investigated whether this 

would be true for fungal colonization alone. The analysis showed no such 

correlation. There was no significant increase in the risk of neither death nor CLAD 

development for patients colonized with non-candidal fungi compared to patients 

colonized with candidal fungi (HR, mortality = 1.53 (95% CI: 0.91 – 2.55), p = 

0.106, HR, CLAD = 0.99 (95% CI: 0.48 – 2.03), p = 0.982). 

Bacterial and viral coinfections 

Bacterial coinfections were present at the time of positive fungal cultures or within 

the first year after LTx in the cases of no fungal event in 84 of all included patients 

(63%). Viral coinfections were present in 36 patients (27%). In the subgroup of 

patients with postoperative fungal colonization 55 patients (54%) had bacterial 

coinfections and 22 had viral coinfections (22%). In the subgroup with 

postoperative IFI these numbers were ten (71%) and five (36%) respectively. Of 

the patients with no fungal event after LTx, all had positive bacterial cultures at 

some point during the first year after LTx, and 14 (74%) had positive viral cultures. 

When looking into the risks of death and CLAD development, and factoring in 

coinfections, no significant impact was found. 

Paper V 

Descriptive results 

Paper V includes a total of 318 LTx recipients who were transplanted at one of the 

three Scandinavian LTx centres Lund, Sweden (n = 56), Gothenburg, Sweden (n = 

132) or Copenhagen, Denmark (n = 130). All patients had at least one episode of 

PCR-verified COVID-19 post LTx, and the follow-up was 365 days after verified 
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COVID-19. Of all included patients, a total of 31 (10%) underwent single LTx, 253 

(79%) underwent double LTx, 10 (3%) underwent heart- and lung transplantation, 

and the remaining 24 patients (8%) underwent retransplantation. The mean age in 

the cohort was 55 years (range 18 – 78 years) and the number of male patients 

included was 155 (49%). The mean time elapsed from LTx to date of positive PCR 

test for COVID-19 was 7.1 years (2 607 days, range 1 – 10 613 days), the mean time 

from LTx to the end of follow-up was 7.9 years (2 889 days, range 283 – 10 978 

days), and the mean time from positive PCR test for COVID-19 to end of follow-up 

was 338 days (range 2 – 265 days). Within the follow-up time of one year, a total 

of 33 patients dies (10%), a low death rate compared to global numbers (99). Thirty-

six patients (11%) developed CLAD or experienced progression of a pre-existing 

CLAD diagnosis within the follow-up period. 

The patients were divided into subgroups depending on country of residence 

(Sweden, n = 188 and Denmark, n = 130), vaccination status at date of positive 

PCR-test for COVID-19 (fully vaccinated, n = 282 and unvaccinated, n = 36), and 

time of infection (early, n = 83 and late, n = 235). 

Outcome depending on country of residence 

Comparison of the survival between patients from Sweden and Denmark revealed 

no statistically increased risk of death for either country (HR, Sweden = 1.49 (95% 

CI: 0.68 – 3.26), p = 0.314) (Figure 23). The same was true for the risk of developing 

CLAD or experiencing progression to a higher grade of CLAD (HR, Sweden = 0.63 

(95% CI: 0.32 – 1.25), p = 0.187) (Figure 24). 
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Figure 23: Survival compared between Sweden and Denmark. Kaplan Meier curve showing survival 
analysis, with no significant difference in the risk of death between the two countries. 
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Figure 24: CLAD-free survival compared between Sweden and Denmark. Kaplan Meier curve 
showing survival analysis, with no significant difference in the risk of CLAD development or progression 
between the two countries. CLAD: chronic lung allograft dysfunction. 

Outcome depending on infecting strain of SARS-CoV-2 

When comparing survival between patients who were infected by the four different 

strains of SARS-CoV-2 which were dominant during different periods of the 

pandemic, a significantly increased risk of death for patients infected with the early 

strain Wuhan could be seen compared to patients infected with the late strain 

Omicron (HR, Wuhan = 3.59 (95% CI: 1.53 – 8.44), p = 0.003). The risk of 

developing CLAD or progressing to a higher grade of CLAD was shown not to 

differ significantly between any of the strains of the virus. 

Outcome depending on vaccination status 

Analysis of the risks of death and CLAD development or progression depending on 

the patients’ vaccination status were also carried out. The results showed a 

significantly increased risk of death for unvaccinated patients compared to fully 

vaccinated patients (HR, unvaccinated = 3.49 (95% CI: 1.46 – 8.34), p = 0.005) 

(Figure 25). These results remained consistent when further dividing the patients by 

country of residence, showing an increased risk of death for Swedish unvaccinated 

patients compared to both Swedish vaccinated (HR unvaccinated = 3.55 (95% CI: 

1.54 – 8.22), p = 0.003) and Danish vaccinated patients (HR unvaccinated = 4.56 

(95% CI: 1.81 – 11.46), p = 0.001). 
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Figure 25: Survival compared between vaccinated and unvaccinated patients. Kaplan Meier curve 
showing survival analysis, with no significant difference in the risk of death between fully vaccinated 
patients and unvaccinated patients. COVID-19: coronavirus disease 2019. 

 

When assessing the risk of CLAD development or progression between 

unvaccinated and fully vaccinated patients, no significant differences in risk could 

be found (HR, unvaccinated = 1.87 (95% CI: 0.57 – 6.11), p = 0.303) (Figure 26). 

Moreover, an analysis of survival compared between patients with and without 

development or progression of CLAD was done, showing no significantly increased 

risk of death for patients who developed CLAD or experienced progression of a pre-

existing CLAD diagnosis (HR, development or progression of CLAD = 1.20 (95% 

CI: 0.41 – 3.47), p = 0.740). 
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Figure 26: CLAD-free survival compared between vaccinated and unvaccinated patients. Kaplan 
Meier curve showing survival analysis, with no significant difference in the risk of CLAD development or 
progression between patients with full vaccination and unvaccinated patients. CLAD: chronic lung 
allograft dysfunction, COVID-19: coronavirus disease 2019. 
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Discussion 

Paper I 

With cancers of the respiratory tract being the fourth most common cause of death 

on a global level, it is arguably one of the more pressing areas of research. The non-

small cell category of lung cancer, mainly made up of cases of LUAD and SCC, is 

challenging to diagnose in early stages, partly due to discrete symptoms, and poor 

outcomes are all too common (100, 101). Earlier publications have shown reduced 

mortality rates in primary lung cancer by screening of at-risk patients with low-dose 

CT (102). Despite this, no screening protocol is widely accepted, due to hesitations 

regarding the handling of false-positive findings as well as logistical and economic 

issues. The development of more cost efficient and less invasive methods would be 

an invaluable addition to the field. 

In paper I liquid biopsies in the form of plasma were used for the exploration of 

potential biomarkers for primary NSCLC. Blood samples were collected once prior 

to surgical resection of the tumor, and twice after. All patients served as their own 

internal controls to minimize bias from inherently differing protein expression 

patterns between individuals. Proteomic composition of the samples was analysed 

with PEA technology, and significant differences in protein expression were 

identified in 63 proteins. The twelve proteins with the lowest overall p-values were 

further explored. 

Despite previously published results suggesting that MIC-A/B could not be used 

to differentiate between different types of pulmonary diseases, they were among the 

top twelve chosen proteins in paper I (103). These proteins function as ligands to 

several different immune cells and are involved in antitumoral responses of the 

immune system. These proteins are naturally expressed in various forms of cancer, 

including NSCLC. However, the production of tumour-related proteases by the 

malignant cells has been shown to induce shedding of MIC-A/B, permitting the 

cancer cells to remain undetected by immune cells (104, 105). High levels of 

expressed MIC-A/B have also been suggested to be a positive prognostic factor for 

patients undergoing primary resection for NSCLC (106, 107). The findings of paper 

I, showing significantly increased expression of MIC-A/B after surgery, indicates 

radical removal of the NSCLC, previously suppressing expression. This was also 

validated by larger datasets from the NCBI’s GEO.  
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Another one of the twelve proteins investigated in depth in paper I is the protein 

FASLG, which is activated by binding of the ligand, FAS, and is involved in the 

initiation of different forms of induced cell death. The signalling pathways in which 

FASLG is active also has a role in apoptotic cell death of damaged cells like cancer 

cells (108). The results of paper I showed significantly increased expression of 

FASLG one month after resection of the cancer, which is corroborated by a study 

by Ali et al., demonstrating that FASLG is naturally expressed to a higher degree in 

healthy tissues, as well as the previously mentioned online GEO (109). The effects 

of FASLG are inhibited by another protein called TNFRSF6B, which was also 

among the twelve investigated proteins in paper I (110, 111). In the data collected 

for paper I, the expression of TNFRSF6B was not higher prior to surgical resection 

of the cancer compared to postoperative expression levels, although previous 

research has been able to demonstrate this (108, 110, 111). Interestingly, the levels 

of FASLG expressed in patients with poor outcomes, defined as recurrence of 

tumour burden or death, were consistently lower at all three timepoints compared to 

patients still alive and in remission at the end of follow-up. This suggests a 

usefulness of FASLG as a promising prognostic biomarker for NSCLC. 

A protein called HGF, produced by fibroblasts in the lungs, was also among the 

more significant proteins in this paper. It is a proto-oncogene which stimulates cell 

motility, invasion, and morphogenesis. It also acts as a mitogen for both healthy and 

damaged cells (112). Earlier studies have showed increased levels of HGF in tumour 

tissue from patients with NSCLC, and increased levels of HGF in plasma have been 

suggested to correlate with poorer survival (113). In paper I, the plasma levels of 

HGF showed a decreasing trend between the two postoperative timepoints, and it is 

likely that with more time the difference would have become more evident (Figure 

10). 

Among the 12 proteins chosen for detailed literature review was also GPNMB. 

This is a glycoprotein, involved in the inhibition of T-cell activation, and it has been 

proven to be overexpressed in several human cancers, including NSCLC (114, 115). 

Moreover, overexpression of GPNMB has been linked to the potential of metastasis 

in malignant tumours (116). In this paper, the expression of GPNMB was 

significantly decreased at the first timepoint after surgical resection of NSCLC, and 

then significantly increased again at the second postoperative timepoint. 

The eight proteins AREG, DLL1, furin, IL-6, MUC-16, TGFα, TNFRSF6B, and 

VEGFA were all significantly elevated at both postoperative timepoints, 

approximately one week and one month after surgery, respectively. This may be due 

to a general inflammatory response caused by the surgical procedure. In conjunction 

with surgery, inflammatory cells are recruited and activated, releasing substances 

like bradykinin, which can in turn lead to increased levels of the protein AREG (117, 

118). The elevated plasma levels of IL-6, TGFα and DLL1 can likely be explained 

by these proteins’ prominent role in the inflammatory response (119-123). In the 

process of wound healing and tissue remodelling, the proteins VEGFA and furin are 
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important, and MUC-16 is an important protein in maintaining the barrier function 

of the airway mucosa (124-129).  

This paper has shown promising results, especially regarding the proteins MIC-

A/B and FASLG. Of note though, the substrate used is plasma, introducing a risk of 

systemic contamination of samples. Further research on larger cohorts and with 

longer follow-up times would be beneficial. In conclusion, all 12 investigated 

proteins in paper I have either been previously shown to be elevated in states of 

inflammation and wound healing, or have a correlation with NSCLC, confirming 

the value of further research on their potential use as biomarkers for primary 

NSCLC. 

Paper II 

In continuation of paper I, this second paper explores the potential for using 

exhaled air and the particles originating from the distal airways (EBP) as a source 

for biomarkers. Here, patients with primary LUAD and control patients gave 

samples of EBP which were analysed with PEA technology. Due to very small 

sample sizes, in the range of nanograms, the panel applied for proteomic analysis 

was chosen based on not needing to dilute the samples (“Target 96 

Cardiometabolic” panel). 

The finding of significantly increased PFR in the group of patients with LUAD 

compared to control patients indicates the potential of this method to be used in the 

process of screening at-risk patients in the future. Additionally, the downwards trend 

of PFR in the month following surgical resection for the cancer patients suggests a 

potential for monitoring of disease progression as well. 

In paper II the cancer patients had significantly higher preoperative levels of the 

proteins PLTP, CA4, CFHR5, MFAP5, and MET in exhaled breath compared to 

control patients. However, at the second sampling for the patients with LUAD, one 

month after surgical resection of the tumour, the expression levels of the proteins 

PLTP, MFAP5, and MET were lower to the point where they were no longer 

significantly elevated compared to the control patients. This could potentially be 

due to radical removal of the suppressant, in this case the cancer. 

The protein PLTP is a glycoprotein regulating the transportation of 

phospholipids, and it is naturally expressed in the pulmonary epithelium. It has also 

been shown to have a significant involvement in the development of cancer and has 

been suggested to hold anti-inflammatory properties (130). In paper II, the 

expression of PLTP showed changes between preoperative and postoperative 

samples from cancer patients, indicating a potential for use in the evaluation of 

surgical treatment of LUAD.  
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Another protein which was found to differ significantly between patients with 

and without LUAD was CA4, a protein involved in the local pH-regulation within 

the lungs. It has also been demonstrated that low expression of CA4 is linked to 

LUAD, and poor outcomes in the form of metastasis and shorter survival (131-133). 

In the second paper of this thesis, the expression levels of CA4 were surprisingly 

elevated in LUAD patients at both timepoints compared to control patients, 

suggesting that this may not be an optimal protein for further exploration as a 

biomarker in EBP for LUAD. 

The protein family CFHR 1 – 5 are proteins involved in the complement system, 

binding to complement factors. Defective variants of CFHR5 have previously been 

shown to be involved in the pathological process of hemolytic uremic syndrome. 

However, the expression of the protein CFHR1 has been demonstrated to be 

suppressed in LUAD and has been linked to poorer survival (134). Unfortunately, 

CFHR1 was not part of the protein panel, which was used in paper II, why there are 

no results on the expression pattern of this specific protein. 

The extracellular protein MFAP5 is commonly upregulated in cancer-associated 

fibroblasts, which is also the case in NSCLC (135, 136). The protein is involved in 

the differentiation of these cells and has a role in the process of epithelial 

mesenchymal transition, which is central to cancer metastasis (136-139). In this 

project, the levels of MFAP5 in EBP were initially expressed in significantly higher 

levels in LUAD patients prior to surgery, compared to control patients, but one 

month later this difference was no longer significant. This shows the potential for 

this protein to be used as a biomarker for LUAD, or to be included in a future 

biomarker panel. 

Finally, the protein MET was also found to be one of three proteins with a trend 

of lowering expression levels in EBP of cancer patients after surgical resection of a 

primary LUAD. This is the first time MET is identified as a potential biomarker for 

LUAD in EBP, and the results are promising, standing in line with previous findings 

(140). This protein acts as a receptor for the protein HGF, and is involved in cellular 

migration, proliferation, morphogenesis, and survival. Previous research has shown 

that mutations in the gene coding for the production of MET are associated with 

several types of cancer, including NSCLC, and elevated expression of MET in 

tumour cells has been correlated with a negative impact on survival in LUAD 

patients (141, 142). The results of paper II were validated both through an ELISA 

of soluble MET in plasma, and through the use of NCBI’s GEO. 

Paper III 

The massive impact of the COVID-19 pandemic on health care systems all around 

the world was a major reason for the creation of paper III. Utilizing similar, but even 
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more advanced methods as in papers I and II, this project aimed to identify 

biomarkers for COVID-19. In paper III, samples of EBP were collected from 

patients with PCR-verified COVID-19, patients with respiratory symptoms but no 

verified COVID-19, and healthy controls. By using LC-MS/MS, an average of 110 

proteins were detected in each sample of EBP, something that has not been possible 

to achieve with other methods like the analysis of EBC (143, 144). The proteins 

discovered in the collected samples of this project are involved in immune 

activation, blood coagulation, the acute phase response and cell adhesion among 

other things and are known to be found in RTLF. The additional analysis of exhaled 

particle patterns adds depth to the results of paper III, and this has previously been 

suggested to reflect pulmonary health (145). 

The results of this project showed an increase in the accumulated amount of 

particles exhaled from patients with respiratory symptoms, a phenomena that has 

been previously established (145-147). When looking at the subgroups of patients 

in this study, the COV-POS patients demonstrated a significant increase in particle 

production, with a somewhat skewed distribution pattern towards the smaller 

particle sizes. Similarly, the COV-NEG patients also had an increase in particle 

production, although not as pronounced as the COV-POS patients. Suggesting 

disease-dependent variation between samples. This validates the previous findings 

of EBP being a suitable means of monitoring pulmonary diseases (148, 149). 

An increased understanding of how changes to the RTLF affect its properties, and 

how different respiratory diseases impacts the proteomic environment in the lungs 

would be of great value. With the methods used in this part of my thesis work, a 

new dimension to the processes of diagnosing and monitoring pulmonary disease is 

added. While bronchoscopy samples of BALF provide vast amounts of information, 

this is an invasive method which comes with risks for the patient. The analysis of 

EBP in the current paper provided findings that were well aligned with previous 

studies, showing overexpression of several proteins of interest (150). The three 

proteins ORM1, alpha-1 antitrypsin, and haptoglobin are all involved in the body’s 

response to inflammation and were found to be expressed at significantly higher 

levels in the COV-POS patients compared to HCO and COV-NEG patients. 

The protein ORM1, which was identified in almost all analysed samples, is 

excreted from hepatic cells as a response to stress but has also been suggested to be 

produced by alveolar cells in similar situations (151). Additionally, increased 

expression of this protein has been implicated in COVID-19 previously, through 

studies of patient plasma, also showing correlation with disease severity (150). 

Another protein by the name APOA1 was also significantly elevated in EBP from 

COV-POS patients compared to COV-NEG patients. This is a protein which is 

expressed in the pulmonary epithelium, and earlier publications have shown 

involvement of APOA1 in antioxidative and antiviral processes (152-155). Contrary 

to the findings in paper III, others have demonstrated decreased levels of APOA1 in 
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plasma of patients with COVID-19 (156, 157). However, there is literature 

supporting the current findings, with results of correlating APOA1 expression levels 

and lymphocyte infiltration in the lungs, such as in lung injury (158, 159). This 

suggests local origin of the increased expression of APOA1, making it a suitable 

biomarker for lung injury and COVID-19. 

The glycoprotein TF, which is secreted from pulmonary epithelial cells and 

alveolar macrophages, is also involved in the bodily reaction to stress (160). This 

protein is known for having iron binding properties, but has also been implicated in 

the coagulation cascade, leading to a state of increased coagulation, something that 

is also seen in patients with COVID-19 (161). Interestingly, earlier research has 

been able to show a specific increase in levels of TF in BALF, with plasma levels 

showing opposite changes with lowered levels of the protein in patients with ARDS, 

presenting it as an interesting biomarker for disease processes specific to the lungs 

(162). In addition to this, the levels of TF in EBP from COV-NEG patients were 

downregulated compared to HCO, indicating that this biomarker could potentially 

be disease specific for COVID-19. 

It would be of immense value to identify methods for continuous evaluation of 

pulmonary health. In the setting of COVID-19, the virus SARS-CoV-2 induces 

apoptosis of infected cells, leading to lower production of surfactant (163). Reduced 

expression of the protein SFTPB has also been demonstrated to precede clinical 

signs of ARDS (164, 165). This was also reflected in the proteomic composition of 

the samples in paper III, revealing lowered levels of SFTPB in symptomatic 

patients, possibly offering a way of identifying varying degrees of pulmonary 

damage in real time, something that is not possible in the clinic as of today.  

Somewhat surprisingly, no proteins related directly to the SARS-CoV-2 virus 

were identified in the EBP samples. This has also been the case in another study, 

utilizing PCR analysis to analyse EBP, identifying viral proteins in only 12% of the 

samples (166). On the other hand, studies using material from the nasopharyngeal 

region have been successful in isolating proteins directly related to the virus (167, 

168). The reason for not detecting such proteins in the current project may be the 

origin of the samples. 

For validating the potential of the proposed biomarkers in this project, a 

biomarker panel consisting of 11 proteins and PEV values was applied to a random 

forest machine learning model, which was in turn used to try to differentiate between 

COVID-19 positive and negative EBP samples. The model achieved an accuracy of 

92%, adding to our conviction that this type of biomarker panel can in fact be useful 

in the diagnosis of COVID-19. 

The results of this paper are promising; however, the sample size is relatively 

small, necessitating more studies like this one before conclusions are drawn. This 

also introduces a level of uncertainty regarding the sensitivity and specificity of the 
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machine learning model, and further interesting differences in protein expression 

levels may have been detected with a larger cohort.  

Paper IV 

For patients with end-stage pulmonary diseases like COPD, CF or PF, the only 

definitive treatment option is LTx. However, survival is short, and there are several 

pressing problems which need to be tackled to improve the outcomes for LTx 

recipients. One such problem is the frequency of postoperative infections, which 

together with rejection are one of the leading causes of death after LTx. In fact, both 

bacterial and viral infections post transplantation have been shown to negatively 

impact outcomes (57, 169, 170). In addition to this, a considerable proportion of 

LTx recipients are colonized by fungus either prior to or after transplantation, 

although the knowledge of how this affects this category of patients over time is 

sparse. Different studies have resulted in different results, with some suggesting a 

connection between fungal infections and poor outcomes, and others not showing 

such a correlation (57, 171-176).  

In paper IV we investigated the impact of fungal colonization on the outcomes 

survival and CLAD-free survival in LTx recipients. In this cohort 42% of the 

patients were colonized by fungus prior to LTx, and 87% of the patients were 

colonized after. Over 50% of the included patients presented with positive fungal 

cultures within one month of LTx. Despite high numbers of colonized patients, the 

results showed no significant impact on neither death nor CLAD development. They 

did however reveal a significant negative impact of IFI on the risk of developing 

CLAD compared to fungal colonization alone. Of the patients with IFI after LTx, 

approximately 50% were colonized by fungus before transplantation. 

On the topic of IFI, a smaller study by Chong et al., including 91 LTx recipients 

with IFI caused by yeasts or molds, showed an increased mortality rate in infected 

patients compared to non-infected patients (170). Two other larger studies, 

including patients infected only by molds, showed three-month and one-year 

mortality rates of 22% and 44% respectively (177, 178). In paper IV, the mean 

follow-up time was 4.5 years, and the one-year mortality rate was only 16%. When 

looking solely at the colonized patients, this number was even lower at 11%, 

highlighting the importance of separating fungal colonization and IFI as two 

different entities. 

In support of the results mentioned above, two retrospective studies including 191 

and 161 LTx recipients respectively showed a connection between IFI caused by 

both molds and yeasts and poor outcomes (179, 180). There are very few studies 

though, which investigate the impact of fungal colonization alone, and these are 

limited by the exclusion of yeasts and yeast-like fungi like Candida spp. And 
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Pneumocystis jirovecii. Moreover, the results have been incohesive, with some 

studies suggesting a negative impact of fungal colonization, and others not (172, 

176, 181-183).  

There is ongoing discussion on the topic of infection severity depending on the 

type of infecting fungus, with some believing that infections caused by the likes of 

Aspergillus spp. and other molds are more difficult to manage and constitute a 

greater risk compared to yeasts like Candida spp. (169, 184, 185). On the other 

hand, the significant dangers of candidemia have led to other researchers advocating 

the inclusion of yeasts in studies of fungal infections (186). The results of paper IV 

showed no significantly increased risk of neither death nor CLAD development for 

patients colonized with non-candidal fungi compared to patients colonized with 

candidal spp. of fungi. These results are corroborated by a large multi-centre study 

by Law et al., showing a lack of association between airway colonization of 

Aspergillus spp. and the development of BOS (176). 

Naturally there are many factors influencing the outcomes after LTx, including 

bacterial and viral coinfections, single LTx and preoperative fungal colonization of 

the diseased lungs (169, 187-189). In this fourth project, multivariate analysis 

including the abovementioned factors showed no association with poor outcomes in 

the form of death or CLAD development. They did however reveal the underlying 

condition CF to act as a protective factor for the risk of death, something that is 

likely explained by the low age and lack of comorbidities in this subgroup of LTx 

recipients (190). On a similar note, the emergence of COPD as a significant risk 

factor for the development of CLAD may be explained by greater age and poorer 

health status of these patients (191). 

Although the results of paper IV differ somewhat from the majority of previous 

findings, they also add a new layer to the matter, showing that fungal colonization 

by fungi of any genus does not negatively impact the outcomes after LTx. This has 

to our knowledge not been demonstrated before. Furthermore, there are natural 

explanations to the difference in results, the most important ones being the inclusion 

of both yeasts and molds, and the separation of colonization and IFI in the current 

paper. The relatively small sample sizes in some of the subgroups in paper IV does 

introduce some uncertainty, and further studies on multiple centres and larger 

cohorts should be encouraged.  

Paper V 

During the COVID-19 pandemic the LTx recipients were a group of patients 

especially at risk, in part due to the high doses of immunosuppressive drugs required 

to prevent rejection (192, 193). Despite the close proximity and many similarities 

between Sweden and Denmark, the two Scandinavian countries opted for vastly 
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differing approaches to the pandemic. Many European countries, including 

Denmark, opted for a stricter approach with mandatory restrictions, while Sweden 

kept society mostly open and used recommendations rather than restrictions. This 

has led to a lot of discourse, with some claiming that Sweden failed in their handling 

of the pandemic, while others have suggested similar effects on the limiting of social 

contacts regardless of whether the restrictions were obligatory or voluntary (194-

197). Furthermore, there has been an increase in the measured sense of loneliness 

among people living in more restrictive countries during the pandemic (198, 199). 

In paper V we evaluate the effects of PCR-verified COVID-19 on the outcomes 

for LTx recipients in Scandinavia. The current cohort shows a cumulative mortality 

rate of 10%, which is among the lowest numbers reported in this type of research, 

with previous studies reporting mortality rates between 8 – 55% in LTx recipients 

specifically (200-202). The current results also reveal that there does not seem to be 

any significant differences in the outcomes death and CLAD development between 

patients from Sweden and Denmark. 

Due to antigenic drift there were several different strains of the SARS-CoV-2 

virus which circulated and dominated in different time periods during the pandemic 

(203). When comparing survival and CLAD-free survival between patients infected 

with the different strains of SARS-CoV-2, the results revealed a significantly 

increased risk of death for patients infected early in the pandemic compared to 

patients who were infected at later stages. These results are in line with previous 

publications, which also show that the late strain Omicron causes less severe 

infections compared to earlier strains (194, 204). Other factors which are likely to 

have impacted the decreasing mortality of the virus over time include vaccine 

availability and clinical experience (194). No differences in the risk of CLAD 

development or progression were found when comparing patients infected with the 

different strains of SARS-CoV-2. 

The fast development and distribution of the mRNA vaccines against COVID-19 

undoubtedly played a significant role in curbing the spread of the virus during the 

pandemic. Interestingly though, LTx recipients have been shown to exhibit lower 

humoral response rates compared to non-transplant recipients, with response rates 

after two doses of a vaccine below 40% (192, 193). This is likely due to the 

treatment of LTx recipients with anti-metabolites like mycophenolic acid (205). 

Moreover, the antibody titres following vaccination of LTx recipients decline faster 

over time. This can and has in part been combatted by third and fourth booster doses 

(192). In paper V, we investigate the impact of two or more doses of any vaccine 

against COVID-19 on outcomes. The results showed a significantly reduced risk of 

death for vaccinated patients compared to unvaccinated patients, but there was no 

difference in the risk of developing or progressing in a pre-existing CLAD 

diagnosis. This further strengthens the claim that vaccination against COVID-19 is 

effective in reducing the risk of death in infected patients. This is in line with 

previous publications (206). 
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The risk of decreases in pulmonary function following respiratory tract infections 

in LTx recipients is well established, and a persistent decline in FEV1 which cannot 

be explained by other aetiologies constitutes a CLAD diagnosis, a complication 

previously suggested to be linked to COVID-19 (207-209). In the current cohort, 

only 11% of the included patients developed CLAD or experienced progression to 

a greater CLAD grade within the first twelve months post COVID-19. These 

numbers are lower than the estimated one-year CLAD incidence in Scandinavia, 

possibly due to the general decline in transmission of other respiratory viruses 

during the pandemic (210, 211). The high CLAD-free survival rates in the current 

study support the findings that COVID-19 in LTx recipients does not negatively 

affect graft function within the first year after infection, a fact that has also been 

shown by others (208, 212).  

This project showed no significant differences in outcomes between Swedish and 

Danish LTx recipients with COVID-19, despite major differences in sociopolitical 

approach to the pandemic. However, patients in both countries have likely practiced 

varying degrees of self-isolation regardless of legal reinforcements. Going forward 

it would be beneficial to conduct similar studies with longer follow-up times to 

expand the understanding of how coronaviridae affect the long-term outcomes of 

LTx recipients. 
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Ethical aspects 

All papers included in this thesis are conducted in accordance with the declaration 

of Helsinki and are approved by local ethical review boards.  

Ethical statements 

• Paper I: The study is performed in accordance with the declaration of 

Helsinki and approved by the Swedish Ethical Review Authority with Dnr: 

2017/519. All patients signed written and informed consents prior to 

enrollment. 

 

• Paper II: The study is conducted in accordance with the declaration of 

Helsinki and is approved by the Swedish Ethical Review Authority with 

Dnr: 2017/519. All included patients signed a written, informed consent 

prior to enrollment. 

 

• Paper III: The study is approved by the Swedish Ethical Review Authority 

with Dnr: 2018/129, 2020–018640427. All patients signed an informed 

consent form before taking part in the study.  

 

• Paper IV: The study was conducted in accordance with the declaration of 

Helsinki and is approved by the Swedish Ethical Review Authority with 

Dnr: 2020-07115 and 2020-01864. 

 

• Paper V: The study is conducted in accordance with the declaration of 

Helsinki and is approved by the Swedish Ethical Review Authority with 

Dnr: 2020-02153 and 2020-01771. 
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Ethical considerations 

Before conducting any research, which involves humans or animals, the added value 

of the information which stands to be potentially gained should always be weighed 

against the risks of inflicting mental or physical harm. Below follow some specific 

considerations which I have reflected upon in the process of working with the 

projects included in my thesis. 

White coat syndrome 

As with all medical research including patients and patient samples, one must be 

careful not to push the subjects in a way that introduces discomfort or suffering. 

Research is and should be based on voluntary contributions, but due to the inherent 

power imbalance between a physician and their patient, the line between free will 

and the feeling of owing something to the person that helps you can become blurred.  

The patients included in papers I – III all signed written and informed consent 

forms prior to giving blood- and/or EBP samples. To reduce the pressure a patient 

may feel to agree to being in a study, I made a point of always leaving the room for 

an amount of time before asking the patient to finally sign the consent form. By 

doing this, I hope that each person had time to read and consider the implications of 

joining a study without the pressure of onlooking eyes. However, this issue will 

always be present, and it is important that each researcher takes steps to mitigate the 

effects of white coat syndrome. 

Sensitive patient information 

All papers included in this thesis include patient information acquired from personal 

medical charts, especially papers IV and V. Therefore, all patient information is 

presented on group levels, and all personal data is stored in a coded manner, with 

the code corresponding to each individual being physically locked in with limited 

access. All biological material is also stored with each person’s corresponding code 

in biobanks and will be kept in accordance with the local laws regulating human 

biobanks. 
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Conclusions 

Paper I 

The first study to be included in this thesis shows that the use of quantitative 

proteomics offers information on molecular interactions, signaling pathways, and 

biomarker identification by providing the relative protein abundance in select 

samples. Using plasma as a proteomic source from patients with NSCLC, this study 

implies that the three proteins MIC-A/B, FASLG, and HGF are valuable biomarkers 

and may not only be used as indicators of radical removal of NSCLC but also to 

predict outcomes for these patients.  

Paper II 

In this paper, PFR and EBP were used to analyze the proteomic data from patients 

with primary LUAD for the first time. The significant difference in PFR between 

patients with and without a cancer diagnosis is a potentially useful distinguishing 

factor between these patient categories. Analysis of the EBPs revealed the two 

proteins PLTP and MET to be significantly elevated in patients with LUAD, which 

was further validated with microarray data from a separate cohort. PLTP and MET 

are thus potential biomarkers for the diagnosis and evaluation of surgical resection 

of primary LUAD.  

Paper III 

In this paper, we showed that mass spectrometry based proteomic analysis of EBPs 

enables new possibilities for diagnostics of pulmonary diseases and detection of 

biomarkers. The number of particles produced is indicative of pulmonary disease 

status, and the protein composition differs significantly between healthy persons 

and patients infected with SARS-CoV-2. Potential biomarkers in EBP include 

extracellular acute-phase proteins, surfactant-associated proteins, and intracellular 

proteins. The potential for the use of an EBP biomarker panel in combination with 

analyses of particle concentration for the diagnosis of COVID-19 is promising. 
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Paper IV 

In this fourth paper of my thesis work, chart reviews of local medical records were 

performed to shed light on the impact of fungal colonization post LTx on survival 

and the risk of CLAD development. The results show that fungal colonization alone 

does not negatively impact neither survival nor the risk of CLAD development, 

while patients with IFI showed an increased risk of developing CLAD. Further 

analyses revealed the underlying pulmonary condition COPD to be a risk factor for 

CLAD development in patients with postoperative fungal colonization, and CF to 

be a protective factor for death in this same group of patients. Coinfection with 

either bacteria or viruses did not have any impact on the outcomes. 

Paper V 

The fifth and final paper included in this thesis explores how COVID-19 affects 

Scandinavian LTx recipients, and what factors impact these effects. The results 

clearly demonstrate the efficiency of two or more doses of a vaccine against 

COVID-19, with a significantly higher risk of death for unvaccinated compared to 

vaccinated patients. Furthermore, we saw an increased risk of poor outcomes after 

COVID-19 for patients infected with the earliest strain of SARS-CoV-2 (Wuhan) 

compared to patients who were infected later in the pandemic (Omicron). Lastly, 

we also compared the outcomes between patients from Sweden and Denmark, two 

neighboring Scandinavian countries with vastly differing sociopolitical approach to 

the pandemic. Here we saw no difference in the outcomes of Swedish versus Danish 

patients.  
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Future perspectives 

The research which has led to the creation of the five papers included in this thesis 

spans the exploration of minimally invasive methods for biomarker detection and 

factors which influence the two outcomes death and CLAD development after LTx. 

It identifies several promising proteins for further investigation as potential 

biomarkers for primary NSCLC. It also offers clarity to largely unknown effects of 

fungal colonization on LTx outcomes, as well as sheds light on the results of two 

vastly differing sociopolitical strategies to the recent COVID-19 pandemic. A 

natural next step would be the continuation of the work, which is started in papers I 

and II, by performing larger studies, including more subjects and several centres, to 

deepen the understanding of what role the proteins MET, HGF, FASLG, MIC-A/B, 

and PLTP play in the pathogenesis of primary NSCLC. Additional measurements 

and follow-up appointments, and assays performed on other substrates such as 

tumour tissue, would add a lot of value to the field. Furthermore, additional 

proteomic analyses of the first two papers’ material by using MS would increase the 

robustness of the results, and potentially identify more interesting biomarkers. 

The theory of a biomarker panel, which is discussed in paper III, is highly 

relevant, and it would be interesting to explore the potential for creating such a panel 

for other diseases than COVID-19, namely NSCLC, but perhaps also other 

infectious diseases such as fungal infections. 

The work performed in paper IV introduces an argument for evaluating the use 

of prophylactic antifungal treatment in LTx recipients. The use of such medications 

is not without complications, and it would be interesting to perform additional chart 

reviews, looking at the antifungal treatment of LTx recipients with fungal 

colonization in more depth. Collaborations with other LTx centres would also add 

value. On a similar note, it would be interesting to expand the scope of paper V, 

looking at LTx centres outside of Scandinavia as well. The COVID-19 pandemic 

was likely not the last pandemic this world will see, and more research on which 

preventive strategies work, and how to best handle fragile patient populations in the 

future is highly relevant. 
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Abstract: Non-small cell lung cancer (NSCLC) is associated with low survival rates, often due to
late diagnosis and lack of personalized medicine. Diagnosing and monitoring NSCLC using blood
samples has lately gained interest due to its less invasive nature. In the present study, plasma
was collected at three timepoints and analyzed using proximity extension assay technology and
quantitative real-time polymerase chain reaction in patients with primary NSCLC stages IA–IIIA
undergoing surgery. Results were adjusted for patient demographics, tumor, node, metastasis (TNM)
stage, and multiple testing. Major histocompatibility (MHC) class 1 polypeptide-related sequence
A/B (MIC-A/B) and tumor necrosis factor ligand superfamily member 6 (FASLG) were significantly
increased post-surgery, suggesting radical removal of cancerous cells. Levels of hepatocyte growth
factor (HGF) initially increased postoperatively but were later lowered, potentially indicating radical
removal of malignant cells. The levels of FASLG in patients who later died or had a relapse of NSCLC
were lower at all three timepoints compared to surviving patients without relapse, indicating that
FASLG may be used as a prognostic biomarker. The biomarkers were confirmed using microarray
data. In conclusion, quantitative proteomics could be used for NSCLC identification but may also
provide information on radical surgical removal of NSCLC and post-surgical prognosis.

Keywords: non-small cell lung cancer; biomarkers; proteomics

1. Introduction

Lung cancer is the number one cause of cancer-related deaths globally, causing around
1.8 million deaths annually [1,2]. Non-small cell lung cancer (NSCLC) accounts for approx-
imately 85% of lung cancer cases, with lung adenocarcinoma (LUAD) and squamous cell
carcinoma of the lung (SCC) being the most common forms [3,4]. The aim of this study
was to identify protein biomarkers in the plasma of patients with primary NSCLC and
to evaluate their potential usefulness in diagnosing and evaluating surgical resection of
NSCLC. In this study, the tumor, node, and metastasis (TNM) 7th edition for lung cancer
were used [5]. The methods used in the clinic to detect, diagnose, histologically subtype,
and monitor lung cancer are mainly chest X-ray, bronchoscopy, and biopsy. An X-ray has
a relatively low sensitivity and small tumors or tumors that are overshadowed by boney
structures run a high risk of evading detection [6]. Furthermore, repeated radiographies in
the form of a chest X-ray, computed tomography (CT), and positron emission tomography
(PET), in lung cancer patients lead to radiation exposure levels exceeding recommended
rates [7]. Bronchoscopy is time-consuming, costly, and invasive and comes with a risk of
complications [8–10].

Next generation sequencing (NGS) is commonly used for guiding the choice of post-
surgical treatment. NGS allows detection of changes such as substitutions, indels and
rearrangements in, for example, proto-oncogenes in the tumor tissue [11]. Surgical removal
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of the tumor mass is a widely used treatment option for the early stages of NSCLC and is
the form of treatment with the highest success rate [12–16]. Treatment of NSCLC can induce
remission, but the majority of patients experience relapse and disease progression [17,18].
Unfortunately, this high recurrence rate of NSCLC is also responsible for the high mortality
rate [19,20]. The survival rates for lung cancer overall and, specifically for NSCLC, are
low, ranging from 15–19% 1 year survival for stage IV to 81–85% 1 year survival for
stage I [4,21–23]. Yet another hindrance to the long-term survival of NSCLC patients is
failure to diagnose the cancer at an early stage [1,24]. Earlier diagnosis leads to better
survival rates, fewer treatment-associated comorbidities, lower health care costs, and early
identification. Surgical removal of low stage NSCLC has been shown to generate 5-year
survival rates as high as 70% [1,21,25]. Despite this, screening of at-risk populations for
lung cancer is only commonplace in certain parts of the world [26,27]. The Dutch–Belgian
Randomized Lung Cancer Screening Trial (NELSON) study, a randomized controlled trial
of current and former smokers using low dose radiation CT, without contrast, revealed
increased numbers of non-symptomatic NSCLC patients in early stages eligible for surgery,
along with lower mortality in the screened cohort [28]. The national lung screening trial
(NLST) in Sweden also showed a significantly lower mortality among screened patients
but was not able to show any differences between low-dose CT and conventional chest
X-ray as a screening method [29].

The search for biomarkers in cancer is an ongoing hot topic. Proteins may potentially
be used for monitoring, predicting prognosis, measuring response to treatment, and de-
tecting relapse [30]. Unfortunately, there are few known prognostic biomarkers for lung
cancer in clinical use [31,32]. Discovering candidate biomarkers in blood has emerged as
an attractive alternative to conventional techniques due to its minimally invasive nature, it
does not require elaborate preparation, and allows for repeated sampling with ease and
minimal risk for the patient. In the current study, we explored potential biomarkers in
blood drawn before and after surgical resection of NSCLC.

2. Materials and Methods

The current study is a clinical study, performed in accordance with the Declaration of
Helsinki and approved by the local ethics committee (Dnr: 2017/519). All patients signed
written and informed consent forms prior to enrollment.

2.1. Study Population

A total of 29 patients undergoing surgery for resection of primary NSCLC (LUAD
or SCC), stages IA–IIIA (T1a–T4, N0–N2, M0), according to the International Association
for the Study of Lung Cancer’s (IASLC) TNM 7th edition, were included (Table 1) [5]. A
total of 86 blood samples were collected; of these, 29 samples were preoperative, 28 were
obtained 3–5 days post-surgery, and 29 were obtained 1 month after surgery (Figure 1).
Timepoints for sampling were chosen based on the expected postoperative inflammation
approximately 1 week post-surgery and the presumed downregulation of inflammation by
1 month post-surgery. It has previously been suggested that inflammation post-operation
should be monitored for the first 4–7 days [33]. Exclusion criteria were chosen to minimize
the risk of pathological processes other than NSCLC affecting the results of the proteomic
analysis. Exclusion criteria include symptoms of ischemic heart disease, any unstable
medical disorder, heart failure NYHA class III or IV, serum creatinine >140 µmol/L, diabetic
subjects with glycated hemoglobin (HbA1c) > 48.0, as well as signs of liver cirrhosis,
bleeding disorder or drug abuse. All patients were followed in regard to survival over
3.5 years after surgery.
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Table 1. Patient characteristics. Descriptive statistics are presented as mean, range, number of pa-
tients, and percentage. Total number of patients is n = 29. WHO = World Health Organization,
R0 = macroscopically and microscopically radical, R1 = macroscopically but not microscopically radical.

n = 29

Sex, n (%)
Male 14 (48)

Female 15 (52)

Age, years
Mean (range) 71 (46–84)

Mortality, n (%)
Alive 26 (90)

Deceased 3 (10)
Time from diagnosis to death, days

Mean (range) 603 (264–786)
Time from surgery to death, days

Mean (range) 551 (211–736)

Comorbidities, n (%)
None known 17 (59)

Coronary artery disease 2 (7)
Diabetes mellitus 3 (10)

Hypertension 10 (34)
Arrhythmias 1 (3)

WHO performance status prior to surgery, n (%)
0 15 (52)
1 14 (48)

Smoking history, n (%)
Current 4 (14)

Former (> 6 weeks) 21 (72)
Never 4 (14)

Histopathological classification, n (%)
Adenocarcinoma 21 (72)

Squamous cell carcinoma 8 (28)

Tumor stage, n (%)
IA 13 (45)
IB 8 (28)

IIA 3 (10)
IIB 2 (7)

IIIA 3 (10)

Lung resection, n (%)
Wedge resection 2 (7)

Segmental resection 2 (7)
Lobectomy 23 (79)

Bilobectomy 1 (3)
Pneumonectomy 1 (3)

Radicality, n (%)
R0 26 (90)
R1 3 (10)

Neoadjuvant therapy, n (%)
Combined chemotherapy and radiotherapy 2 (7)

Adjuvant therapy, n (%)
Single therapy, chemotherapy 6 (21)

Combined chemotherapy and radiotherapy 1 (3)
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Figure 1. Schematic figure of study workflow. (A): Sampling-29 patients with primary non-small
cell lung cancer (NSCLC) were included and blood plasma was sampled at three timepoints; before
surgery, 3–5 days post-surgery, and 1 month post-surgery. (B): Olink’s proximity extension assay
(PEA) technology was used to quantify the proteins in the plasma samples. (C): Validation-Protein ex-
pression patterns in plasma were validated with microarray data from NCBI’s GEO DataSets website.

2.2. Olink-Proximity Extension Assay (PEA)

A total of 92 proteins were analyzed using Olink’s Target 96 Oncology II panel (Olink,
Uppsala, Sweden). The Target 96 Oncology II panel consists of pre-determined proteins.
The panel was chosen based on proteins related to lung cancer. For more information on
this panel, see the manufacturer’s webpage (https://www.olink.com/products-services/
target/oncology-ii-panel/, accessed date on 27 August 2022).

The PEA analysis is a dual-recognition immunoassay that can be performed on very
small plasma or serum samples down to 1.0 µL. The small amount of biospecimen needed
is enough because of the exponential amplification that happens later on in the process. For
every protein in the panel, there is a matched pair of antibodies that each carry a unique
DNA tag (oligonucleotide). The oligonucleotides hybridize when brought into proximity
due to the binding of the antibody pair to the same protein. Dual antibody binding is
required which ensures a high specificity. Non-matched binding of antibodies to a protein
does not yield a signal. The hybridized DNA tags include unique barcodes that can be
detected by the system Fluidigm BioMarkTM HD standard real-time quantitative PCR. The
oligonucleotides are then amplified in the presence of DNA polymerase, the number of
cycles being determined by the protein concentration in each sample. Olink adds specially
tailored blocking reagents to the analysis to reduce sample matrix interference. The qPCR
is performed on eighty-eight customer samples and eight control samples that are assayed
against the chosen panel of ninety-two proteins. This generates more than 8000 data points.

The PCR technique used by Olink allows for the readout of 96 protein assays in
96 samples simultaneously. The data are presented as normalized protein expression (NPX),
a relative protein quantification unit on a log2 scale, for each protein biomarker in each

https://www.olink.com/products-services/target/oncology-ii-panel/
https://www.olink.com/products-services/target/oncology-ii-panel/
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sample. This allows for the identification of changes in individual protein levels across
the sample set. A high NPX value equals a high protein concentration. Olink’s built-in
quality control system uses three internal controls in each of the 96 wells of the sample plate.
Additional sample controls for estimation of precision by intra- and inter-CVs (coefficients
of variance), negative controls for the setting of the background levels for each protein,
to calculate the limit of detection (LOD), and plate controls to compensate for potential
variation between run plates are added.

Proteins with less than 15% detectability, i.e., proteins found in less than 15% of
samples, according to Olink’s predetermined LOD were removed from the analysis. All
92 proteins in the Olink Target 96 Oncology II panel remained in the analysis. All samples
were analyzed simultaneously. Further information on detection limits, assay characteris-
tics, assay performance, and validation for each protein is available on the manufacturer’s
webpage (http://www.olink.com, accessed date on 27 August 2022).

2.3. Confirmation of the Findings in Larger Cohorts

Microarray data from larger cohorts of subjects with NSCLC as well as healthy lung
tissue were accessed through the NCBI’s GEO DataSets website (https://www.ncbi.nlm.
nih.gov/gds, accessed date on 23 September 2022) (National Library of Medicine, Rockville
Pike, Bethesda, MD, USA). In the current study dataset GEO: GSE10072 describing gene
expression in NSCLC tumor tissue and healthy lung tissue from separate controls, and
dataset GEO: GSE19804 describing paired NSCLC tumor tissue and adjacent healthy lung
tissue were used to validate the patterns of protein expression found in plasma.

2.4. Statistical Analysis

Descriptive statistics are presented in the form of mean, range, subject number (n), and
percentage of subjects. Statistical analyses were carried out by Olink through their offered
statistical analysis services and in GraphPad Prism version 9.3.0 (GraphPad Software,
San Diego, CA, USA). Olink analyses the data by fitting a linear mixed-effects regression
model with each patient and cancer type considered as random effects. p-values are
adjusted for multiple testing using the Benjamini–Hochberg approach with a false discovery
rate (FDR) set to 0.05. Posthoc testing of the significant proteins is performed by calculating
estimated marginal means, comparing the timepoints in a pairwise manner. p-values
generated by the posthoc test were adjusted for multiple comparisons with Tukey’s method.
Comparisons of smaller groups of samples were performed with the Mann–Whitney test. A
cox proportional hazards model was performed in GraphPad Prism. Statistical significance
was defined as **** (p < 0.0001), *** (p < 0.001), ** (p < 0.01), * (p < 0.05) and ns (p > 0.05).

3. Results
3.1. Proteomic Analysis

All 92 unique proteins in the Olink Target 96 Oncology II panel were detected in
more than 75% of the samples. Of the 92 proteins, 63 (68%) were found to have a sig-
nificant difference between the three timepoints after adjusting the p-values for multiple
testing. The 12 proteins with the lowest adjusted overall p-values generated by a lin-
ear mixed-effects regression model were interleukin-6 (IL-6), mucin-16 (MUC-16), furin,
protransforming growth factor alpha (TGFα), hepatocyte growth factor (HGF), vascular
endothelial growth factor A (VEGFA), MHC class 1 polypeptide-related sequence A/B
(MIC-A/B), amphiregulin (AREG), delta-like protein 1 (DLL1), tumor necrosis factor ligand
superfamily member 6 (FASLG), transmembrane glycoprotein NMB (GPNMB), and tumor
necrosis factor receptor superfamily member 6B (TNFRSF6B) (Table 2).

http://www.olink.com
https://www.ncbi.nlm.nih.gov/gds
https://www.ncbi.nlm.nih.gov/gds
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Table 2. Protein levels of the twelve proteins with the lowest overall p-values. Protein levels
preoperatively, 1 week post-surgery (3–5 days post-surgery), and 1 month post-surgery. Protein levels
are expressed as normalized protein expression (NPX), a relative protein quantification unit on a log2

scale. Statistical significance is listed in the table, ns was defined as (p > 0.05).

Protein
Abbreviation Protein

NPX Preop
(Mean ±

SD)

NPX 1 Week
(Mean ±

SD)

NPX 1 Month
(Mean ± SD)

p-Value
Preop vs.
1 Week

p-Value
Preop vs.
1 Month

p-Value
1 Week vs.
1 Month

AREG Amphiregulin 2.63 ± 0.51 3.33 ± 0.59 2.88 ± 0.58 p < 0.0001 p = 0.0237 p < 0.0001

DLL1 Delta-like protein 1 9.54 ± 0.33 9.87 ± 0.31 9.78 ± 0.29 p < 0.0001 p < 0.0001 ns

Furin Protein furin 9.35 ± 0.41 10.03 ± 0.36 9.64 ± 0.33 p < 0.0001 p < 0.0001 p < 0.0001

IL-6 Interleukin-6 3.86 ± 0.95 6.57 ± 0.97 4.59 ± 1.09 p < 0.0001 p = 0.0016 p < 0.0001

MIC-A/B
MHC class 1

polypeptide-related
sequence A/B

3.82 ± 0.70 4.20 ± 1.69 4.00 ± 1.70 p < 0.0001 p = 0.0009 p = 0.0003

MUC-16 Mucin-16 4.71 ± 0.74 5.24 ± 0.81 7.37 ± 1.26 ns p < 0.0001 p < 0.0001

TGFα Transforming
growth factor alpha 2.62 ± 0.35 3.18 ± 0.37 2.91 ± 0.34 p < 0.0001 p < 0.0001 p < 0.0001

TNFRSF6B

Tumor necrosis
factor receptor

superfamily
member 6B

5.54 ± 0.67 6.15 ± 0.57 5.78 ± 0.64 p < 0.0001 p = 0.0214 p = 0.0003

VEGFA Vascular endothelial
growth factor A 10.05 ± 0.63 10.69 ± 0.55 10.22 ± 0.49 p < 0.0001 ns p < 0.0001

FASLG

Tumor necrosis
factor ligand
superfamily
member 6

8.34 ± 0.45 8.22 ± 0.38 8.63 ± 0.34 ns p < 0.0001 p < 0.0001

GPNMB Transmembrane
glycoprotein NMB 7.03 ± 0.17 6.89 ± 0.20 7.11 ± 0.13 p < 0.0001 p = 0.0207 p < 0.0001

HGF Hepatocyte growth
factor 8.04 ± 0.60 8.58 ± 0.58 8.15 ± 0.45 p < 0.0001 ns p < 0.0001

3.2. Comparing Three Timepoints: Pre-Op vs. 3–5 Days Post-Op vs. 1 Month Post-Op

Pairwise comparisons of preoperative, 3–5 days post-surgery, and 1 month post-
surgery samples for every protein in the assay revealed significantly elevated plasma levels
of six proteins (AREG, DLL1, furin, IL-6, TGFα, and TNFRSF6B) in both the 3–5 days
post-surgery and the 1 month post-surgery samples compared to the preoperative samples.
Furthermore, the plasma levels of the proteins MUC-16 and VEGFA were also elevated
but did not reach significant levels compared to samples preoperatively vs. 3–5 days for
MUC-16 and preoperatively vs. 1 month for VEGFA (Table 2).

The levels of MIC-A/B were significantly increased 3–5 days post-surgery com-
pared to pre-operative levels (pre-op 3.82 ± 0.70 NPX, 3–5 days post-op 4.20 ± 1.69 NPX
[p < 0.0001]) as well as levels 1 month post-surgery (pre-op 3.82 ± 0.70 NPX, 1 month
post-op 4.00 ± 1.70 NPX [p = 0.0009]) (Figure 2, Table 2).

Plasma levels of FASLG were significantly higher at 1 month post-surgery compared to
pre-operative levels (pre-op 8.34 ± 0.45 NPX, 1 month post-op 8.63 ± 0.34 NPX [p < 0.0001])
(Figure 2, Table 2). GPNMB followed the same pattern as FASLG (Figure 2, Table 2).

Plasma levels of HGF were significantly higher 3–5 days post-surgery compared to
pre-operative levels (pre-op 8.04 ± 0.60 NPX, 3–5 days post-op 8.58 ± 0.58 NPX [p < 0.0001])
and decreased back to preoperative levels 1 month post-surgery (pre-op 8.04 ± 0.60 NPX,
1 month post-op 8.15 ± 0.45 NPX [p = 0.23]) (Figure 2, Table 2).
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Figure 2. The twelve most significantly differing proteins in plasma from non-small cell lung cancer
(NSCLC) patients. Adenocarcinoma datapoints are portrayed as circles and squamous cell carcinoma
datapoints are portrayed as triangles. Plasma samples were taken preoperatively, 3–5 days post-
surgery, and 1 month post-surgery. Protein levels pictured for interleukin-6 (IL6), mucin-16 (MUC-16),
protein furin, transforming growth factor alpha (TGF-alpha), hepatocyte growth factor (HGF), vascular
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endothelial growth factor A (VEGFA), MHC class I polypeptide-related sequence A/B (MIC-A/B),
amphiregulin (AREG), delta-like protein 1 (DLL1), tumor necrosis factor ligand superfamily mem-
ber 6 (FASLG), transmembrane glycoprotein NMB (GPNMB), and tumor necrosis factor receptor
superfamily member 6B (TNFRSF6B). Protein levels are expressed as normalized protein expression
(NPX), a relative protein quantification unit on a log2 scale. Statistical significance was defined as
**** (p < 0.0001), *** (p < 0.001), ** (p < 0.01), * (p < 0.05) and ns (p > 0.05).

3.3. Comparison of Dead or Relapsed NSCLC to Survivors without Relapse

Four of the twenty-nine patients included in this study died or had recurring NSCLC
within the follow-up time of 3.5 years. In these patients, lower levels of FASLG were seen
at all three timepoints compared to the survivors without relapse. The most significant
difference was found between preoperative FASLG levels in patients who died or in patients
with a relapse of NSCLC compared to survivors with no relapse (dead or relapsed patients’
pre-operative levels 7.91 ± 0.11 NPX, survivors’ pre-operative levels 8.40 ± 0.45 NPX
[p < 0.05]) (Figure 3). A Cox Proportional-Hazards Model was performed and showed a
parameter estimate for preoperative NPX-values of FASLG of -3.126. A negative parameter
estimate indicates a decrease in the examined predictor variable (in this case NPX levels)
which increases the hazard for the event (death or relapse) (p-value of 0.0672). Due to
the low mortality and recurrence rate (n = 4), a bigger cohort might be needed to show
such significance.
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Figure 3. Plasma levels of tumor necrosis factor ligand superfamily member 6 (FASLG) compared
between patients who died or had a relapse of cancer (dead/relapse) and patients still alive (alive).
The comparisons were performed with Mann–Whitney tests. (A) comparison of preoperative samples,
(B) comparison of 3–5 days post-surgical samples, (C) comparison of 1 month post-surgical samples.
Protein levels are expressed as normalized protein expression (NPX), a relative protein quantification
unit on a log2 scale. Statistical significance was defined as * (p < 0.05) and ns (p > 0.05).

The association of survival and death or relapse was also examined for the two proteins
HGF and MIC-A/B; however, no association could be found.

3.4. Validation Using GEO DataSets Microarray Data

Microarray data from two separate NSCLC cohorts deposited at the NCBI’s GEO
DataSets website were used for validation of protein expression patterns found in plasma.
One dataset describing gene expression in NSCLC tumor tissue and healthy lung tis-
sue from controls (GEO: GSE10072) showed a significantly higher expression of MIC-A
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(GenBank NM_000247) in healthy control subjects compared to NSCLC (MIC-A control
8.18 ± 0.04, MIC-A NSCLC 8.00 ± 0.03 [p = 0.0044]). A second dataset describing gene
expression in NSCLC tissue and adjacent healthy lung tissue (GEO: GSE19804) also showed
a significantly higher expression of MIC-A (GenBank NM_000247) in healthy lung tis-
sue compared to tumor tissue (MIC-A control 8.19 ± 0.05, MIC-A NSCLC 8.00 ± 0.06
[p = 0.0166]). Additionally, in this dataset, there was a significantly higher expression of
FASLG (GenBank AF288573) in healthy tissue compared to tumor tissue (FASLG control
4.56 ± 0.05, FASLG NSCLC 4.42 ± 0.04 [p = 0.0239]). The proteins HGF and GPNMB
were also investigated in the datasets, but the findings of this current study could not be
validated. The unit of gene expression is normalized probe intensity (Table 3).

Table 3. Gene expression of proteins MIC-A and FASLG according to separate cohorts accessed
through the NCBI’s GEO DataSets website. Dataset GEO: GSE10072 comparing tissue from patients
with NSCLC (n = 58) and healthy control patients (n = 49). Dataset GEO: GSE19804 comparing tissue
from NSCLC (n = 60) and adjacent healthy lung tissue (n = 60). Gene expression was calculated by
microarray techniques and expressed as normalized probe intensity.

Protein GenBank GEO Gene Expression Cancer Gene Expression Control Significance

MIC-A NM_000247 GSE10072 8.00 ± 0.03 8.18 ± 0.04 p = 0.0044

MIC-A NM_000247 GSE19804 8.00 ± 0.06 8.19 ± 0.05 p = 0.0166

FASLG AF288573 GSE19804 4.42 ± 0.04 4.56 ± 0.05 p = 0.0239

4. Discussion

Cancer is one of modern healthcare’s greatest challenges, causing millions of deaths
every year. NSCLC is difficult to diagnose in its early stages and, once diagnosed, treatment
of NSCLC is problematic as the disease often recurs even after initial remission [17,18].
Recently, Field et al. showed that lung cancer mortality was significantly reduced by low-
dose CT screening [34]. Whilst screening does occur in many international centers, there
is still a hesitation towards installing the practice, largely due to a missing organization
of handling false-positive results. Screening using low-dose CT includes pre-scanning
blood sampling and analyzing, as well as follow-up of kidney insufficiency, which requires
additional setup and might therefore be challenging in some healthcare settings. Screening
using blood samples would require less organization and would be more cost-effective
than screening using low-dose CT and is therefore a highly promising field.

The present study explores the use of proteomics based on plasma to diagnose and
predict the surgical outcome of NSCLC. In the current study, the patients included were
sampled at three timepoints and served as their own controls. By omitting a separate control
group, we minimize the risk of inherently different protein expression levels between
individuals affecting the analyses. We used matched pair antibody-based PEA to analyze
the incidence of 92 proteins within our patient cohort. The dual antibody binding of the
method ensures a high specificity of the detected proteins, making the analytical method
preferred over other antibody-based technologies that generate results in lower specificity
due to the use of single antibody binding. In the present study, significant differences in
plasma protein levels were found in 63 of the 92 analyzed proteins. Of those 63 proteins, the
12 proteins with the highest levels of significance were selected and presented separately.

MIC-A/B, which act as ligands to several immune cells including NK-cells, cytotoxic
T-cells, and CD8+ T-cells, were found to be significant and among the 12 most signifi-
cant proteins in the present study. MIC-A and MIC-B are expressed by many cancers,
including NSCLC, and are involved in cell-mediated antitumoral responses [35,36]. Ex-
pression of tumor-related proteases has been shown to induce the shedding of MIC-A/B
in some cancers, thereby allowing the malignant cells to evade cell-mediated antitumor
immunity [35,36]. Furthermore, high expression of MIC-A/B has been found to be a
positive prognostic factor in patients undergoing surgery for NSCLC, and a higher expres-
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sion of MIC-A specifically has been associated with significantly longer survival times
in NSCLC [37,38]. The significant increase of MIC-A/B levels after surgical removal of
NSCLC in the present study indicates that the suppressant of the protein has been radically
removed and MIC-A/B may therefore be used as an indicator of radical removal of NSCLC.
This is further validated by the findings of the microarray data (Table 3) (Figure 2). In
a current study by Djureinovic et al., the authors used Olink proteomics’ Oncology II
panel to differentiate between NSCLC and different lung pathologies, both benign and
malignant. In this study, MIC-A/B could not be used to differentiate between different
lung pathologies. This is interesting but not entirely surprising as the disease areas studied
are different in this publication and our current study [39].

FASLG, a member of the tumor necrosis factor ligand superfamily, was also found to be
among the 12 most significant proteins in the present study. The binding of FAS to FASLG
induces activation-induced cell death (AICD), cytotoxic T-cell- and NK-cell-induced cell
death. The signaling pathway in which FASLG is active has a role in the apoptotic response
of damaged cells, such as cancer cells [40]. The FASLG signaling pathway can be inhibited
by the protein decoy receptor 3 (DcR3), which has been found to be elevated in lung and
colon cancers [41,42]. DcR3 is often referred to as TNFRSF6B. TNFRSF6B is also to be found
among the proteins in the Olink Target 96 Oncology II panel. Overexpression of DcR3
results in inhibited FASLG-induced cell death and cancerous cells evading the immune
system [40]. In the current study, however, the plasma levels of TNFRSF6B were not higher
prior to surgical treatment of NSCLC compared to samples taken at 3–5 days post-surgery
and 1 month post-surgery. This could be explained by the fact that preoperative expression
of TNFRSF6B was already higher than among healthy subjects, which would be in line with
previous findings [41,42]. Moreover, recently Ali et al. showed that expression of FASLG is
naturally higher in more differentiated, healthy tissues [43]. In the present study, plasma
levels of FASLG were significantly higher 1 month after the surgical removal of NSCLC,
potentially indicating that the NSCLC that had previously been suppressing the expression
of FASLG has been radically removed (Figure 2). This is also validated by the patterns
of gene expression in the accessed microarray data (Table 3). Interestingly, the levels of
FASLG in plasma in patients who later died or had a relapse of NSCLC were lower at all
three timepoints compared to the patients still alive with no relapse (Figure 3). This finding
indicates that FASLG can be used as a prognostic biomarker for NSCLC as well as for the
evaluation of radical surgical removal of NSCLC.

The protein HGF, a proto-oncogene that codes for a protein produced by fibroblasts
in the lungs, stimulates cell motility, invasion, and morphogenesis, and acts as a potent
mitogen for both healthy and cancerous cells in the bronchial epithelium [44]. Expression of
HGF has been found to be elevated in tumor tissue of patients with NSCLC and especially
in patients with tumor recurrence. Increased levels of HGF in plasma has been shown to
correlate with poorer overall survival, and patients with stage I lung cancer with high levels
of expressed HGF have a poorer prognosis than patients with stage II–III lung cancer with
low expression of HGF [31]. Additionally, in a study by Masuya et al., it was shown that
stromal expression of HGF in NSCLC cells correlated to a higher Ki-67 proliferation index,
indicating a higher proliferation rate. It has also been shown that elevated expression
of the HGF-receptor c-Met is associated with significantly lower survival [45]. In the
present study, levels of HGF in plasma were initially significantly increased 3–5 days post-
surgery but significantly lower between the 1 week and the 1 month timepoints, where
the levels were again found to be in the same range as the pre-operative levels. Given the
significant decrease in the relatively short follow-up time, a longer follow-up may have
revealed a significant decrease over time compared to pre-operative levels of HGF among
the surviving patients without relapse (Figure 2). In another publication using Olink’s PEA
technology to study protein expression in cancerous cells in a fine-needle aspirate from
NSCLC patients, HGF was among the top 49 abundant proteins and could be correlated to
different stages of NSCLC, in line with the current study [46].
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The glycoprotein NMB, or GPNMB, has been shown to be overly expressed in several
human cancers, including NSCLC [47]. In a publication by Li et al., it was shown that
overexpression of GPNMB has a role in the metastasis of cancerous tumors [48]. GPNMB is
known to be expressed in monocyte-derived dendritic cells (Mo-DCs), where it is involved
in inhibiting T-cell activation [49]. In the present study, plasma levels of GPNMB were
significantly decreased 3–5 days post-surgery, and then significantly increased 1 month
post-surgery (p < 0.0001 and p < 0.05, respectively).

The plasma levels of AREG, DLL1, f”rin,’IL-6, MUC-16, TGFα, TNFRSF6B, and VEGFA
were all significantly elevated after 3–5 days and 1 month aftersurgery. The increase may, in
part, be explained by the inflammatory response caused by the surgical trauma itself. Due
to surgical trauma, inflammatory cells including CD4+ T-cells are recruited, and bradykinin
is released. Elevated levels of bradykinin may explain the increased levels of AREG [50,51].
Among the cytokines released due to surgical trauma and inflammation, IL-6 and TGFα
are well characterized within the process of inflammation [52–54]. DLL1 is also known to
play a central role in inflammation by increased production of IFN-γ and acting as a ligand
in the NOTCH signaling pathway, which plays a role in regulating macrophage-mediated
inflammation [55,56]. Angiogenesis driven by VEGFA is important in wound healing and
is well known to be upregulated after surgery [57]. In tissue remodeling, such as in wound
healing, expression of matrix metalloproteinases (MMPs) is enhanced by furin which is
also in itself enhanced in immune cells, acting to attenuate the inflammatory response
that follows surgical trauma [58–60]. MUC-16, a mucin naturally expressed in airway
epithelium, functions to ensure both integrity and barrier function, thus contributing to
the mucosal immune defense mechanism [61,62]. Thus, all of the aforementioned proteins
(AREG, DLL1, furin, IL-6, MUC-16, TGFα, TNFRSF6B, and VEGFA) have previously been
shown to have a connection to inflammation after surgery, which could explain the findings
of the present study. Furthermore, proteins that have been shown to have an established
connection to lung cancer show a significant change in protein expression levels after
surgical removal of the tumor. A summary of the 12 proteins’ modes of action can be seen
in Table 4.

To validate the patterns of protein expression found in plasma, the NCBI’s GEO
DataSets website was searched for deposited microarray data. We accessed data from lung
cancer biopsies and healthy lung tissue and were able to validate MIC-A and FASLG. We
accessed two datasets, in both of which the expression of MIC-A was significantly higher
in healthy lung tissue compared to tumor tissue. In one of the datasets, the expression
of FASLG was also significantly higher in the controls compared to the tumor tissue.
These results support the findings of the current study and encourage the status of these
two proteins as potential biomarkers for diagnosing and predicting the outcome of NSCLC.

Table 4. Description of the top 12 proteins with the lowest p-values modes of action.

Protein
Abbreviation Protein Mode of Action

AREG Amphiregulin

Cytokine in the epidermal growth factor family. Binds to epidermal
growth factor receptors and activates signaling in inflammatory

processes, cell metabolism, and the cell cycle. Produced by
immune cells [63].

DLL1 Delta-like protein 1
A NOTCH ligand. Regulates immune cells. Released from T-cells and

eosinophilic cells. Secretion is enhanced by interleukin 1β. Has a
positive correlation to systemic inflammation [64].

Furin Protein furin
Cleaves and activates matrix metalloproteases, integrins, and

cadherins (cell adhesion molecules). Expression is upregulated by
tissue hypoxia [65].
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Table 4. Cont.

Protein
Abbreviation Protein Mode of Action

IL-6 Interleukin-6

Involved in B-cell stimulation and induction of hepatic acute phase
proteins. Increases thousand-fold in blood during inflammation.

Signaling is dominated by signal transducer and activator of
transcription 3 (STAT3) activation [66].

MIC-A/B MHC class 1 polypeptide-related
sequence A/B

Cancer cell-surface molecules. Activates cytolytic properties in
natural killer cells and cytotoxic T-cells. Shedding of MIC-A/B by

cancer cells leads to their escape from cell-mediated
antitumor immunity [37].

MUC-16 Mucin-16
Glycoprotein is expressed by epithelial cells. Major component of
mucus providing hydration and lubrication. Regulates mucosal

defense of epithelial cells [61].

TGFα Transforming growth factor alpha Expressed by wound macrophages. Mediates angiogenesis,
epidermal regrowth, and formation of granulation tissue [67].

TNFRSF6B Tumor necrosis factor receptor
superfamily member 6B

A soluble receptor also known as DcR3. Inhibits FASLG-induced cell
death which potentially leads to the survival of malignant cells [42].

VEGFA Vascular endothelial growth factor A
Induces angiogenesis and is important in wound healing. Plasma
levels have been proven to rise post-surgery corresponding to the

extent of the operative intervention [57].

FASLG Tumor necrosis factor ligand
superfamily member 6

Produced by activated T-cells and natural killer cells. Induces cell
death of damaged cells. Naturally higher expression in healthy tissue.

The binding of DcR3 to FASLG inhibits its function [40].

GPNMB Transmembrane glycoprotein NMB
A transmembrane protein expressed by monocytic dendritic cells.

Can inhibit T-cell activation [49]. Involved in metastasis of
small-cell lung cancer [48].

HGF Hepatocyte growth factor
A proto-oncogene, the protein stimulates cell motility, invasion, and
morphogenesis. Acts as a potent mitogen [44]. High expression in

NSCLC correlates with poor overall survival [31].

Limitations

Proteins found in plasma are not necessarily specific to the lung and might reflect
other processes such as malignancies and inflammation in other parts of the body. Given
the inflammatory response secondary to the surgical trauma itself, additional samples at
later timepoints would be preferable, for example at six, twelve, and eighteen months
after surgery, since they could potentially reveal additional biomarkers related to NSCLC.
Because of the number of biomarker candidates, it is perhaps more realistic to envision that
characterization of NSCLC would take the shape of identifying a protein pattern to use as
a biomarker rather than the discovery of one single protein [24]. One of the datasets used
for the validation of this study’s findings consists of tumor tissue and healthy lung tissue
from the same subjects. The use of a matched cohort increases the risk of selection bias
which could potentially affect the differences in protein expression levels between tumor
tissue and healthy tissue as the tissues are matched and the healthy lung tissue thus still
originates from a patient with NSCLC.

5. Conclusions

Quantitative proteomics offers information on molecular interactions, signaling path-
ways, and biomarker identification by providing relative protein abundance. Using plasma
as a proteomic source from patients with NSCLC, the present study implies that MIC-A/B,
FASLG, and HGF are all valuable biomarkers and may not only be used as markers for
radical removal of NSCLC but also to predict outcomes.
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Exhaled phospholipid transfer protein 
and hepatocyte growth factor receptor in lung 
adenocarcinoma
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Malin Malmsjö2, Oskar Hallgren2 and Sandra Lindstedt1,2* 

Abstract 

Background: Screening decreases mortality among lung cancer patients but is not widely implemented, thus there 
is an unmet need for an easily accessible non-invasive method to enable early diagnosis. Particles in exhaled air offer a 
promising such diagnostic tool. We investigated the validity of a particles in exhaled air device (PExA) to measure the 
particle flow rate (PFR) and collect exhaled breath particles (EBP) to diagnose primary lung adenocarcinoma (LUAD).

Methods: Seventeen patients listed for resection of LUAD stages IA–IIIA and 18 non-cancer surgical control patients 
were enrolled. EBP were collected before and after surgery for LUAD, and once for controls. Proteomic analysis was 
carried out using a proximity extension assay technology. Results were validated in both plasma from the same 
cohort and with microarray data from healthy lung tissue and LUAD tissue in the GSE10072 dataset.

Results: Of the 92 proteins analyzed, levels of five proteins in EBP were significantly higher in the LUAD patients 
compared to controls. Levels of phospholipid transfer protein (PLTP) and hepatocyte growth factor receptor (MET) 
decreased in LUAD patients after surgery compared to control patients. PFR was significantly higher in the LUAD 
cohort at all timepoints compared to the control group. MET in plasma correlated significantly with MET in EBP.

Conclusion: Collection of EBP and measuring of PFR has never been performed in patients with LUAD. In the present 
study PFR alone could distinguish between LUAD and patients without LUAD. PLTP and MET were identified as poten-
tial biomarkers to evaluate successful tumor excision.

Keywords: Exhaled breath particles, Hepatocyte growth factor receptor, Lung cancer, Particle flow rate, Phospholipid 
transfer protein, Lung adenocarcinoma

Background
Lung cancer is the leading cause of cancer mortality, 
causing almost 1.8  million deaths worldwide in 2020 
and accounting for 18% of all cancer deaths [1]. Despite 
advances in treatment, 5-year survival is poor, rang-
ing from above 25% for women with non-small cell lung 

cancer (NSCLC) to below 5% for men with small-cell lung 
cancer in the Swedish National Lung Cancer Registry [2]. 
Most lung cancers are detected in advanced stages when 
curative treatment is no longer an option. Screening 
with low-dose computed tomography has proven effec-
tive in two large, randomized trials, with successful early 
detection and reduced mortality [3, 4]. However, lung 
cancer screening is not widely implemented due to dif-
ficult logistics, overdiagnosis and false-positive findings 
[5, 6]. The addition of risk-based screening models based 
on sociodemographic factors, clinical symptoms and 
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biomarkers, alone or combined, could enhance the effi-
cacy of lung cancer screening. Biomarkers can be found 
in different sample types, such as blood, urine, or exhaled 
air, and can be based on circulating cells, nucleic acids, 
proteins, or other molecules. Despite great efforts to 
identify suitable biomarkers, no method is yet established 
in clinical use due to lack of significant improvement in 
predictive performance, and sampling procedures can be 
complex and costly [7]. However, there are some proteins 
of interest that have a known connection to LUAD. One 
of these is hepatocyte growth factor receptor (MET). In 
approximately 70% of LUAD tumor tissue the MET gene 
is significantly overexpressed [8], moreover, overexpres-
sion of MET in plasma of patients with LUAD is a known 
phenomenon [9]. Given this, we investigated the correla-
tion between levels of MET in EBP and s-MET in plasma 
in this study.

Collection of exhaled air allows for investigation of 
exhaled breath particles (EBP) [10], volatile organic 
compounds [11] and exhaled breath condensate (EBC) 
[12, 13], offering a unique isolated matrix of the res-
piratory system for biomarker analysis. Volatile organic 
compounds might reflect the presence of neoplasms or 
disease processes not specific to the lungs, and EBC is 
hampered by salivary contamination, whereas EBP reflect 
the distal airways selectively [14, 15], which is why EBP 
have gained much interest as a potential source of bio-
markers. The respiratory tract lining fluid (RTLF) covers 
the epithelial surfaces of the distal airways. As small air-
ways and alveoli open and close, particles from the RTLF 
enter the large airways and are subsequently exhaled 
[16]. The particle flow from the airways is measured as 
the particle flow rate (PFR) of EBP, which are collected 
for subsequent analysis [14, 15, 17]. In this study, patients 
undergoing lung cancer surgery for lung adenocarcinoma 
(LUAD) and patients without LUAD were enrolled. We 
aimed to evaluate proteins in EBP as well as analyzing 
PFR before and 1 month after surgery and comparing 
the results between LUAD patients and control patients, 
thereby evaluating the potential to use EBP and PFR as 
diagnostic tools. Analyzing EBP and PFR have previously 
been proven useful in diagnosing and evaluating other 
pulmonary diseases such as asthma, acute respiratory 
distress syndrome (ARDS) and primary graft dysfunction 
(PGD) in lung transplant recipients and in patients with 
COVID-19 by us and other research groups [10, 14, 15, 
17–19].

Patients and methods
This study is a prospective observational clinical trial 
with the aim to analyze exhaled breath particles from 
patients with LUAD and control patients to identify pro-
tein biomarkers and evaluate their potential usefulness 

in diagnosing and evaluating surgical resection of LUAD. 
We also aimed to investigate differences in particle flow 
rate between patients with LUAD and control patients. 
The study is approved by the Swedish Ethical Review 
Authority (Dnr. 2017/519). All patients signed a written, 
informed consent prior to enrollment.

Patient demographics
A total of 35 patients were included: 17 LUAD patients 
scheduled for resection and 18 patients without LUAD 
scheduled for other non-cancer surgery, referred to as 
the control group. Inclusion criteria were TNM staging 
system up to pTNM N2/IIIA (TNM 7th edition [20]). 
Follow-up with survival was recorded 3 years after sur-
gery. Demographic data are shown in Table  1 and the 
histopathological stage of the LUAD patients is shown 
in Table 2. A flow chart of enrolled subjects is shown in 
Additional file 1: Fig. S1.

Collection of particles in exhaled air
The device to measure particles in exhaled air (PExA 
2.0, PExA AB, Gothenburg, Sweden) contains an opti-
cal particle counter connected to an impactor for collec-
tion of EBP using a standardized breathing maneuver as 
described previously in detail [10]. Particles were quanti-
fied and divided into eight size bins ranging from 0.41 to 
4.55 μm in diameter. Number of particles (count, n) and 
total accumulated mass (ng) were measured. PFR was 
described as particles per liter of exhaled air. Particles 
were collected onto a membrane (Millipores LCR mem-
brane, Merck KGaA, Darmstadt, Germany) for biochem-
ical analysis. In the LUAD group, sampling was carried 
out at two timepoints: the day before surgery (n = 15), 
and 1 month postoperatively (n = 16). Control patients 
were sampled at one timepoint, the day before surgery. 
An overview of the study is shown in Fig. 1.

Analysis of exhaled breath particles
The Olink Target 96 Cardiometabolic panel (Olink Pro-
teomics AB, Uppsala, Sweden) was used to analyze 
92 proteins with the proximity extension assay (PEA), 
according to the manufacturer’s instructions [21]. Pro-
teins with less than 15% detectability were excluded 
according to Olink’s predetermined limit of detection 
(LOD). The analysis is based on a calculated normalized 
protein expression (NPX), a relative protein quantifica-
tion unit on a  log2 scale. This allows for identification of 
changes in individual protein levels across the sample set. 
A high NPX value indicates a high protein concentration. 
NPX values are relative and thus cannot be compared 
between proteins. All EBP samples were analyzed at the 
same time.
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Table 1 Patient characteristics

Characteristics for patients with lung adenocarcinoma (LUAD) and non-cancer surgical control patients. All data are reported as n (%) or mean (range). BMI body mass 
index. Significance was defined as: p < 0.0001 (****), p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), and p > 0.05 (not significant, ns)

All patients (n = 35) LUAD (n = 17) Control (n = 18) Significance

Sex

 Male 21 (60) 6 (35) 15 (83) p = 0.0059

 Female 14 (40) 11 (65) 3 (17) p = 0.0059

Age, years 70 (43–83) 72 (59–83) 68 (43–80) p = 0.3381

BMI, kg/m2 27.5 (19.6–38.0) 27.4 (21.1–35.6) 27.6 (19.6–38.0) p = 0.8799

Comorbidities

 Coronary artery disease 14 (40) 2 (12) 12 (67) p = 0.0016

 Diabetes mellitus 13 (37) 3 (18) 10 (56) p = 0.0354

 Hypertension 22 (63) 8 (47) 14 (78) p = 0.0858

WHO performance status prior to 
surgery

 0 13 (37) 9 (53) 4 (22) p = 0.0858

 1 15 (43) 8 (47) 7 (39) p = 0.7380

 2 7 (20) 0 (0) 7 (39) p = 0.0076

Smoking history

 Current 2 (6) 2 (12) 0 (0) p = 0.2286

 Former (> 6 weeks) 26 (74) 11 (65) 15 (83) p = 0.2642

 Never 7 (20) 4 (23) 3 (17) p = 0.6906

Fig. 1 Overview of workflow. A Patient enrollment, describes sampling of exhaled breath particles (EBP) and plasma from lung adenocarcinoma 
patients (LUAD) and non-cancer surgical controls (Co). Samples were collected preoperatively for both cohorts and at 1-month post-surgery for the 
LUAD cohort. B Validation, (1) Proximity extension assay (PEA) technology. (2) Standard sandwich enzyme-linked immunosorbent assay with specific 
antibodies for hepatocyte growth factor (MET) in plasma from all patients and timepoints (n = 49). (3) Deposited microarray data were used for 
validation of proteins in EBP
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Heatmap
A heatmap was created in R version 4.1.3 using the 
packages “readxl” and gplots”. The data were standard-
ized to allow comparison between the proteins and the 
protein levels were expressed as the z-score for each 
sample.

Blood sampling
Blood was collected on the day before and 1 month 
after surgery in the LUAD group and the day before 
surgery in the control group. The blood was collected 
in ethylenediaminetetraacetic acid (EDTA) tubes (BD 
Vacutainer, Becton, Dickenson and company, Franklin 
Lakes, USA). The samples were centrifuged for 10 min 
at 5000 rpm, at 22 °C, within 30 min of collection, 
and the plasma was thereafter stored at −80 °C until 
analysis.

MET in plasma using ELISA
An enzyme-linked immunosorbent assay (ELISA) tar-
geting soluble MET (s-MET) (HGFR/c-MET ELISA kit 
(ELH-HGFR-1), RayBiotech Life Inc., Atlanta, GA, US) 
was performed on plasma according to the manufactur-
er’s instructions.

Validation of proteins
The GSE10072 dataset which contains deposited micro-
array data describing gene expression in biopsies from 
primary LUAD (n = 58) and lung biopsies from healthy 
controls residing in the same area (n = 49) was selected 
from the Gene Expression Omnibus (GEO; https:// 

www. ncbi. nlm. nih. gov/ gds) to validate protein expres-
sion in EBP [22]. Unit of gene expression was expressed 
as normalized probe intensity (NPI).

Statistical analysis
A power calculation with a statistical power of 87% 
and an effect size of 1.82 as calculated by hedges g was 
performed, using the results of biochemical analy-
sis of surfactant A of a previously published study [10]. 
Descriptive statistics are presented as mean, range and 
standard error of mean (SEM). Student’s t-test, simple 
linear regression and Pearson’s correlation test were per-
formed using GraphPad Prism version 9.2.0 for Windows 
(GraphPad Software, San Diego, California USA). Sig-
nificance was defined as: p < 0.0001 (****), p < 0.001 (***), 
p < 0.01 (**), p < 0.05 (*), and p > 0.05 (not significant, ns).

Results
Particle flow rate from the airways was significantly higher 
in patients with LUAD
Particle flow rate (PFR) was measured before and 
1 month after surgery and was compared to patients 
without LUAD. A significantly higher PFR was seen 
among LUAD patients before surgery compared to the 
control patients (18,490 ± 3306 particles/L in LUAD 
patients, 4021 ± 899 particles/L in the control group 
[p < 0.0001]), (Fig.  2b). The PFR was still significantly 
increased 1 month after surgery compared to the patients 
without LUAD (p = 0.0001). Comparing PFR in LUAD 
patients before and after surgery, no significant differ-
ence was found (18,490 ± 3306 particles/L before sur-
gery and 30,210 ± 6500 particles/L 1 month after surgery 
(p = 0.1142).

Proteomic analysis of exhaled breath particles 
revealed differential levels between LUAD and patients 
without LUAD
A total of 89 unique proteins were detected using PEA 
technology and all were found in more than 75% of sam-
ples. A table of all 89 detected proteins can be found 
in Additional file 2: Table S1. Five proteins had a signifi-
cantly higher protein concentration before surgery in the 
LUAD group compared to patients without LUAD: com-
plement factor H-related protein 5 (CFHR5), microfibril-
lar-associated protein 5 (MFAP5), phospholipid transfer 
protein (PLTP), hepatocyte growth factor receptor/mes-
enchymal epithelial transition (HGF-R/MET) and car-
bonic anhydrase 4 (CA4), (Fig.  2a). These five proteins 
clustered as shown in the heatmap, the orange color rep-
resenting a lower z-score (Fig. 3). One month after sur-
gery, the three proteins, PLTP, MET and MFAP5, showed 
a decreasing trend, and when compared to patients 

Table 2 Staging, resection type and radicality

Histopathological stage, type of resection and radicality in lung adenocarcinoma 
patients. All data reported as n (%). R0 microscopic radicality, R1 microscopic 
margins positive for tumor

n = 17
Histopathological classification

Adenocarcinoma 17 (100)

Tumor stage

IA 10 (59)

IB 4 (24)

IIA 1 (6)

IIB 0 (0)

IIIA 2 (12)

Lung resection

Segmental resection 2 (12)

Lobectomy 15 (88)

R0 16 (94)

R1 1 (6)

https://www.ncbi.nlm.nih.gov/gds
https://www.ncbi.nlm.nih.gov/gds
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without LUAD, the significance was no longer found, 
possibly indicating tumor removal.

MET protein expression in plasma was elevated in LUAD 
patients
To further confirm if our findings in EBP also could 
be detected in plasma, MET in plasma was analyzed 
using ELISA. A significantly higher MET concentra-
tion was found before surgery in the LUAD group com-
pared to the control group (3921 ± 144 pg/mL in LUAD 
patients, 2358 ± 161 pg/mL in patients without LUAD 

[p < 0.0001]), in line with the findings in EBP (Fig. 4a). 
There was a significant correlation of protein levels in 
EBP and plasma in all patients (Fig. 4b).

Survival
Postoperative 3-year survival follow-up was carried out 
for LUAD patients. All patients except one were still alive 
at 3 years.

Fig. 2 Particle flow rate (PFR) from the airways as well as five proteins in exhaled breath particles (EBP) were significantly higher in patients with 
lung adenocarcinoma (LUAD) compared to patients without LUAD. A PFR was significantly higher in patients with LUAD. B The Figure shows 
normalized protein expression (NPX) of phospholipid transfer protein (PLTP), hepatocyte growth factor (MET), carbonic anhydrase 4 (CA4), 
microfibrillar-associated protein 5 (MFAP5) and complement factor H-related protein 5 (CFHR5) before surgical removal of LUAD compared to 
patients without LUAD (control patients). Data are presented as mean ± SEM. Significance was defined as: p < 0.0001 (****), p < 0.001 (***), p < 0.01 
(**), p < 0.05 (*), and p > 0.05 (not significant, ns)
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Validation of EBP data using dataset GSE10072 microarray 
data
Deposited microarray data from the dataset GSE10072 
were used to validate the EBP findings. The pro-
teins PLTP (gene ID NM_006227) and MET (gene ID 
BG170541 and BE870509) were significantly elevated in 
LUAD tissue compared to lung tissue from non-LUAD 
patients (PLTP: 9.66 ± 0.10 NPI in LUAD patients, 
9.29 ± 0.12 NPI in non-LUAD patients [p = 0.008], MET 
BG170541: 9.52 ± 0.19 NPI in LUAD patients, 8.79 ± 0.07 
NPI in non-LUAD patients [p = 0.0008], MET BE870509: 
8.16 ± 0.07 NPI in LUAD patients, 7.88 ± 0.03 NPI in 
non-LUAD patients [p = 0.003]) (Table 3).

Discussion
This study explored the potential use of proteomics, 
based on EBP to detect possible biomarkers to diagnose 
patients with LUAD. In the present study patients under-
going lung cancer surgery were compared to patients 
without LUAD with similar age and smoking history. 

Using the PExA system, the PFR as well as proteins in 
EBP were analyzed in the two groups. The PFR reflects 
the number of exhaled particles and has the advantage 
of providing the examiner with an immediate result. 
The PFR was more than four times higher in the LUAD 
patients before the surgery compared to control patients 
indicating that PFR alone could be used to differenti-
ate between patients with and without LUAD. Over the 
course of 1 month after surgery the PFR decreased among 
the LUAD patients, which might indicate tumor removal.

Given that protein content in EBP samples is consid-
erably small, in the range of nanograms, the subsequent 
analysis of the EBP protein composition in the cur-
rent study was performed using a unique technology, 
the proximity extension assay (PEA), which enables a 
robust high-throughput, multiplex immunoassay in 
very small biological samples. The technology is built 
upon pre-designed protein panels. Most of the PEA 
panels require some extent of dilution of the sample. In 
this early study, Olink’s cardiometabolic panel, which 

Fig. 3 Clustering of five proteins in exhaled breath particles (EBP) from lung adenocarcinoma patients compared to control patients. The heatmap 
displays levels of hepatocyte growth factor receptor (MET), complement factor H-related protein 5 (CFHR5), phospholipid transfer protein (PLTP), 
microfibrillar-associated protein 5 (MFAP5) and carbonic anhydrase 4 (CA4) expressed as z-score on the x-axis. The y-axis displays the individual 
sample identification codes
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is the most sensitive panel and thus requires the least 
amount of biospecimen, was selected for technical rea-
sons. The panel includes proteins involved in cellular 
metabolism, adhesion, and immunological processes. 
Patients with LUAD had significantly higher levels of 
PLTP, CA4, CFHR5, MFAP5, and MET compared to the 
control patients without LUAD, indicating that these 
proteins have a diagnostic potential for LUAD using 
EBP. One month after removal of the LUAD, expression 
of MET, PLTP and MFAP5 all decreased, which could 
be attributed to the radical tumor removal. All proteins 
that were found to be significantly higher expressed in 
EBP have a clear connection to cancer physiology, espe-
cially MET. More information on the involvement of 
the studied proteins is laid out in the Additional file 3. 

High levels of MET in plasma have been correlated with 
a significantly poorer overall survival [23]. A significant 
correlation was found between MET in EBP and s-MET 
in plasma among all LUAD patients before surgery. No 
correlation between mortality and levels of MET could 
be seen in the current study. One month after surgery, 
both EBP and plasma levels of MET decreased but were 
still higher than MET in EBP and plasma in patients 
without LUAD. Our results are in line with previous 
findings of MET in LUAD tumor tissue and plasma 
[24]. However, this is the first time MET has been 
detected in EBP. MET in EBP seems to reflect MET in 
blood in our cohort; however, MET in plasma does not 
have to be disease specific whilst MET in EBP specifi-
cally comes from the RTLF and thus processes in the 
lung and cannot be traced to other processes or malig-
nancies in other organs in the body [25–28].

PLTP was among the other significant proteins found 
in EBP, which is expressed in different types of neoplasms 
and is involved in cancer development [29]. In the pre-
sent study, significantly higher levels of PLTP were seen 
in LUAD patients compared to control patients before 
surgical removal of the lung cancer; however, after sur-
gery the levels of PLTP had decreased and there was 
no longer any significant difference when compared to 
the control patients, potentially indicating successful 
removal of the tumor. CA4 was also found to be signifi-
cantly different, and low expression of CA4 can promote 

Fig. 4 MET concentrations in plasma correlates to levels in exhaled breath particles (EBP). A Concentration of hepatocyte growth factor (MET) 
in plasma in patients with lung adenocarcinoma (LUAD) and patients without LUAD (control patients). Data are presented as mean ± SEM. 
B Correlation of MET in plasma and EBP for all patients at all timepoints (number of patients 35, number of samples 49) are shown. Protein level in 
EBP is expressed as normalized protein expression (NPX). Significance was defined as: p < 0.0001 (****), p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), and 
p > 0.05 (not significant, ns)

Table 3 Gene expression of the proteins PLTP and MET

Dataset GSE10072 from Gene Expression Omnibus compares tissue from 
patients with LUAD (n = 58) and healthy control patients (n = 49). Gene 
expression was calculated by microarray techniques and expressed as 
normalized probe intensity

Protein GenBank Gene 
expression 
cancer

Gene 
expression 
control

Significance

PLTP NM_006227 9.66 ± 0.10 9.29 ± 0.12 p = 0.0080

MET BG170541 9.52 ± 0.19 8.79 ± 0.07 p = 0.0008

MET BE870509 8.16 ± 0.07 7.88 ± 0.03 p = 0.0030
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proliferation of cancer cells, whereas overexpression 
can suppress proliferation of cancer cells [30]. Surpris-
ingly, higher levels of CA4 were found in EBP samples 
in LUAD patients both preoperatively and after surgi-
cal removal of the tumor in the present study compared 
to control patients, indicating that CA4 might not be a 
good candidate for evaluating LUAD in EBP. In the cur-
rent study significantly higher levels of MFAP5 were seen 
in EBP from LUAD patients before surgery compared to 
patients without LUAD; however, 1 month after surgery, 
the levels of MFAP5 had decreased, which might indicate 
that MFAP5 may be used as a biomarker in EBP to evalu-
ate the successful surgical removal of LUAD. MFAP5 is 
known for signaling through the notch signaling pathway 
that activates cell proliferation and promotes the epi-
thelial mesenchymal transition which leads to enhanced 
motility, invasion, and potential for metastasis in NSCLC 
[31–33]. Among the identified proteins PLTP and MET, 
as well as PFR were found significant, and based on the 
literature and support of external data these biomark-
ers were suggested as diagnostics in EBP for LUAD. 
However, some other proteins found are interesting but 
potentially less significant in EBP. CFHR5 is a protein 
in a family of 5, where CFHR1 previously been corre-
lated to LUAD but not CFHR5. While defective CFHR5 
may contribute to atypical hemolytic uremic syndrome, 
CFHR1 has been shown to be downregulated in tissue 
from LUAD tumors compared to healthy adjacent tissue. 
Given that CFHR1 was not included in the protein panel 
applied in this study, CFHR1 could not be analyzed. 
Given these unclarities, CFHR1 was not chosen for vali-
dation in the plasma. CA4 and MFAP5 showed reverse 
expression in EBP in the LUAD cohort then expected, in 
addition the two proteins could not be validated in any 
external data. Given these results CA4 and MFAP5 was 
seen as a less suitable biomarker in EBP.

To validate EBP findings we used microarray data 
from biopsies of healthy lung tissue and from LUAD tis-
sue deposited in the dataset GSE10072. In this dataset, 
the gene expression of both PLTP and MET was higher 
in LUAD tissue compared to healthy lung tissue. These 
results are in line with the findings of the present study 
and support the use of those two biomarkers for diag-
nosing LUAD and to evaluate the successful surgical 
removal of LUAD. However, the levels of mRNA do not 
always correlate fully to corresponding proteins levels 
and tumors are very heterogeneous which indicate that 
further studies are of importance.

Conclusion
For the first time, PFR was measured and EBP were col-
lected and analyzed in LUAD patients with the poten-
tial to identify novel biomarkers for the diagnosis and 

prognosis of LUAD. The PFR alone enabled the pos-
sibility of distinguishing between LUAD and patients 
without LUAD. Collection of EBP made it possible to 
perform a proteomic analysis of the respiratory system. 
Here, the proteins PLTP and MET were significantly 
higher in LUAD patients, which was further validated 
with microarray data from LUAD biopsies in a separate 
cohort. PLTP and MET have been identified as potential 
biomarkers for LUAD diagnosis and in the evaluation of 
successful tumor excision.

Strengths and limitations
The strength of this study is that it explores a novel tech-
nique of sampling proteins from particles in exhaled 
air. The technique itself has an advantage in that it sam-
ples particles exclusively from the small airways directly 
onto a membrane and thus dilution is avoided. Studies 
exploring exhaled breath proteomics in lung cancer are 
scarce and here we present both pre- and postoperative 
results. Furthermore, collection of EBPs is a completely 
non-invasive method, without risk to the patient. The 
non-invasiveness of the method makes it possible for 
non-clinicians to perform the sampling, which is advan-
tageous in a screening setting. However, the current 
study does not explore the differences in PFR depending 
on the size of the tumor, nor how early one may detect 
lung cancer using this method. However, these questions 
will be further explored in future studies.
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Additional file 1: Figure S1 

Flow chart of enrolled subjects. A total of 35 patients were enrolled in the study: 17 with lung 

adenocarcinoma (LUAD) and 18 non-cancer surgical controls. The LUAD group was sampled at two 

timepoints, once before surgery and once 1 month after surgery. The control group was sampled once 

before surgery. Every sampling includes collection of exhaled breath particles (EBP) and blood 

plasma. All collected plasma samples were analyzed with an ELISA to validate the expression of the 

protein hepatocyte growth factor (MET). 



Additional file 2: Table S1 

 Protein UniProt ID Protein name 

1. PRCP P42785 Lysosomal Pro-X carboxypeptidase 

2. CA1 P00915 Carbonic anhydrase 1 

3. ICAM1 P05362 Intercellular adhesion molecule 1 

4. CHL1 O00533 Neural cell adhesion molecule L1-like protein 

5. TGFBI Q15582 Transforming growth factor-beta-induced protein ig-h3 

6. ENG P17813 Endoglin 

7. PLTP P55058 Phospholipid transfer protein 

8. SERPINA7 P05543 Thyroxine-binding globulin 

9. IGFBP3 P17936 Insulin-like growth factor-binding protein 3 

10. CR2 P20023 Complement receptor type 2 

11. SERPINA5 P05154 Plasma serine protease inhibitor 

12. FCGR3B O75015 Low affinity immunoglobulin gamma Fc region receptor III-B 

13. IGFBP6 P24592 Insulin-like growth factor-binding protein 6 

14. CDH1 P12830 Cadherin-1 

15. CCL5 P13501 C-C motif chemokine 5 

16. CCL14 Q16627 C-C motif chemokine 14 

17. GNLY P22749 Granulysin 

18. NOTCH1 P46531 Neurogenic locus notch homolog protein 1 

19. PAM P19021 Peptidyl-glycine alpha-amidating monooxygenase 

20. PROC P04070 Vitamin K-dependent protein C 

21. CST3 P01034 Cystatin-C 

22. NCAM1 P13591 Neural cell adhesion molecule 1 

23. PCOLCE Q15113 Procollagen C-endopeptidase enhancer 1 

24. LILRB1 Q8NHL6 Leukocyte immunoglobulin-like receptor subfamily B member 1 

25. MET P08581 Hepatocyte growth factor receptor 

26. LTBP2 Q14767 Latent-transforming growth factor beta-binding protein 2 

27. IL7R P16871 Interleukin-7 receptor subunit alpha 

28. VCAM1 P19320 Vascular cell adhesion protein 1 

29. SELL P14151 L-selectin 

30. F11 P03951 Coagulation factor XI 

31. COMP P49747 Cartilage oligometric matrix protein 

32. CA4 P22748 Carbonic anhydrase 4 

33. PTPRS Q13332 Receptor-type tyrosine-protein phosphatase S 

34. MBL2 P11226 Mannose-binding protein C 

35. TIMP1 P01033 Metalloproteinase inhibitor 1 

36. ANGPTL3 Q9Y5C1 Angiopoietin-related protein 3 

37. REG3A Q06141 Regenerating islet-derived protein 3-alpha 

38. SOD1 P00441 Superoxide dismutase [Cu-Zn] 

39. CD46 P15529 Membrane cofactor protein 

40. ITGAM P11215 Integrin alpha-M 

41. TNC P24821 Tenascin 

42. NID1 P14543 Nidogen-1 

43. CFHR5 Q9BXR6 Complement factor H-related protein 5 

44. SPARCL1 Q14515 SPARC-like protein 1 

45. PLXNB2 O15031 Plexin-B2 

46. MEGF9 Q9H1U4 Multiple epidermal growth factor-like domains protein 9 

47. ANG P03950 Angiogenin 

48. ST6GAL1 P15907 Beta-galactoside alpha-2,6-sialyltransferase 1 

49. DPP4 P27487 Dipeptidyl peptidase 4 

50. FCN2 Q15485 Ficolin-2 

51. FETUB Q9UGM5 Fetuin-B 

52. CES1 P23141 Liver carboxylesterase 1 

53. CRTAC1 Q9NQ79 Cartilage acidic protein 1 

54. TCN2 P20062 Transcobalamin-2 



55. PRSS2 P07478 Trypsin-2 

56. ICAM3 P32942 Intercellular adhesion molecule 3 

57. SAA4 P35542 Serum amyloid A-4 protein 

58. CNDP1 Q96KN2 Beta-Ala-His dipeptidase 

59. FCGR2A P12318 Low affinity immunoglobulin gamma Fc region receptor II-a 

60. NRP1 O14786 Neuropilin-1 

61. EFEMP1 Q12805 EGF-containing fibulin-like extracellular matrix protein 1 

62. TIMD4 Q96H15 T-cell immunoglobulin and mucin domain-containing protein 4 

63. FAP Q12884 Prolyl endopeptidase FAP 

64. TIE1 P35590 Tyrosine-protein kinase receptor Tie-1 

65. THBS4 P35443 Thrombospondin-4 

66. F7 P08709 Coagulation factor VII 

67. GP1BA P07359 Platelet glycoprotein Ib alpha chain 

68. LYVE1 Q9Y5Y7 Lymphatic vessel endothelial hyaluronic acid receptor 1 

69. CA3 P07451 Carbonic anhydrase 3 

70. TGFBR3 Q03167 Transforming growth factor beta receptor type 3 

71. DEFA1 P59655 Neutrophil defensin 1 

72. CD59 P13987 CD59 glycoprotein 

73. APOM O95445 Apolipoprotein M 

74. OSMR Q99650 Oncostatin-M-specific receptor subunit beta 

75. LILRB2 Q8N423 Leukocyte immunoglobulin-like receptor subfamily B member 2 

76. UMOD P07911 Uromodulin 

77. CCL18 P55774 C-C motif chemokine 18 

78. COL18A1 P39060 Collagen alpha-1(XVIII) chain 

79. LCN2 P80188 Neutrophil gelatinase-associated lipocalin 

80. KIT P10721 Mast/stem cell growth factor receptor Kit 

81. C1QTNF1 Q9BXJ1 Complement C1q tumor necrosis factor-related protein 1 

82. GAS6 Q14393 Growth arrest-specific protein 6 

83. IGLC2 P0DOY2 Ig lambda-2 chain C regions 

84. PLA2G7 Q13093 Platelet-activating factor acetylhydrolase 

85. TNXB P22105 Tenascin-X 

86. MFAP5 Q13361 Microfibrillar-associated protein 5 

87. VASN Q6EMK4 Vasorin 

88. LILRB5 O75023 Leukocyte immunoglobulin-like receptor subfamily B member 5 

89. C2 P06681 Complement C2 

Proteins detected in EBP (n = 89) using Olink proteomics Cardiometabolic protein panel. 



Exhaled phospholipid transfer protein and hepatocyte growth 

factor receptor in lung adenocarcinoma 

Jesper Andreasson, MD1,2, Embla Bodén, MD1,2, Mohammed Fakhro, MD, PhD3, Camilla von 

Wachter4, Franziska Olm, PhD1,2 Malin Malmsjö, MD, PhD2, Oskar Hallgren, PhD2, Sandra 

Lindstedt, MD, PhD1, 2 

1Department of Cardiothoracic Surgery, Skåne University Hospital, Sweden 

2Lund University, Department of Clinical Sciences, Sweden 

3Department of Cardiothoracic Surgery, Rigshospitalet, University of Copenhagen, Denmark  

4Ludwig-Maximilians-University, Munich, Germany 

 

 

 

 

 

Corresponding author: 

Sandra Lindstedt  

Entrégatan 7, 22242, Lund, Sweden 

sandra.lindstedt_ingemansson@med.lu.se  

 

 

 

 

 

 

 

 

 

 

 

 

mailto:sandra.lindstedt_ingemansson@med.lu.se


Additional file 3: Discussion 

The proteins studied in this paper are all linked to processes central to cancer such as inflammation, 

cell proliferation, metastasis or anti-tumor immune mediated responses. The over- or under expression 

of these protein biomarkers impacts upon cancer development and progression in different ways. A 

literature search was conducted to gain understanding of how each protein functions within this field. 

PLTP (phospholipid transfer protein) is a glycoprotein that regulates transportation of phospholipids, 

and is highly expressed in pulmonary epithelial cells. PLTP is expressed in different types of 

neoplasms and is involved in cancer development (1). Silencing of PLTP in a murine model has been 

shown to result in increased inflammation, suggesting an anti-inflammatory role for PLTP. 

Expression of PLTP is elevated in patients with chronic obstructive pulmonary disease (COPD) and 

the activity of the protein correlates negatively with lung function as determined by forced expiratory 

volume in the first second (FEV1) (2). 

 

CA4 (carbonic anhydrase 4) is a zinc membrane-associated metalloenzyme which catalyzes the 

interconversion of water and carbon dioxide into ions of carbonic acid and was also found in exhaled 

breath particles (EBP). CA4 is normally found in healthy lung tissue and has a role in regulating the 

local pH of the lung, but it is expressed in lower levels in lung cancer patients in general and in those 

with lung adenocarcinoma (LUAD) specifically (3-5). Lower levels have also been linked to lymph 

node metastasis and a shorter overall survival in lung cancer (5). 

 

MFAP5 (microfibrillar-associated protein 5) is an extracellular microfibril-associated glycoprotein, 

upregulated in cancer-associated fibroblasts in multiple malignancies, including non-small cell lung 

cancer (NSCLC) (6, 7). Among others, MFAP5 is central to cancer-associated fibroblast 

differentiation and epithelial mesenchymal transition (7, 8). MFAP5 signals through the Notch 

signaling pathway that activates cell proliferation and promotes the epithelial mesenchymal transition 

which leads to enhanced motility, invasion, and potential for metastasis in NSCLC (8-10). 

CFHR (complement factor H-related protein 5) is a family of five proteins, CFHR1–5, which can each 

bind to the complement component C3b. While defective CFHR5 may contribute to atypical 



hemolytic uremic syndrome, CFHR1 has been shown to be downregulated in tissue from LUAD 

tumors compared to healthy adjacent tissue. Patients with lower expressed levels of CFHR1 were 

found to have a significantly shorter overall survival (11). 

 

MET (hepatocyte growth factor receptor) is a transmembrane receptor tyrosine kinase for hepatocyte 

growth factor (HGF) involved in epithelial cellular migration, proliferation, morphogenesis, and 

survival. Mutation of MET is linked to several forms of cancer, including NSCLC (12). Studies have 

shown that patients with elevated expression of MET intratumorally have significantly lower survival 

compared to patients with MET-negative tumors (13). Furthermore, MET amplification is involved in 

the acquired resistance that develops in many patients treated with epidermal growth factor receptor 

(EGFR) inhibitor (14). 
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Proteomic characteristics and diagnostic 
potential of exhaled breath particles in patients 
with COVID-19
Gabriel Hirdman1,2,3, Embla Bodén1,2,3, Sven Kjellström4, Carl‑Johan Fraenkel5,6, Franziska Olm1,2,3, 
Oskar Hallgren1,2,3 and Sandra Lindstedt1,2,3,7* 

Abstract 

Background SARS‑CoV‑2 has been shown to predominantly infect the airways and the respiratory tract and too 
often have an unpredictable and different pathologic pattern compared to other respiratory diseases. Current clinical 
diagnostical tools in pulmonary medicine expose patients to harmful radiation, are too unspecific or even invasive. 
Proteomic analysis of exhaled breath particles (EBPs) in contrast, are non‑invasive, sample directly from the pathologi‑
cal source and presents as a novel explorative and diagnostical tool.

Methods Patients with PCR‑verified COVID‑19 infection (COV‑POS, n = 20), and patients with respiratory symptoms 
but with > 2 negative polymerase chain reaction (PCR) tests (COV‑NEG, n = 16) and healthy controls (HCO, n = 12) 
were prospectively recruited. EBPs were collected using a “particles in exhaled air” (PExA 2.0) device. Particle per 
exhaled volume (PEV) and size distribution profiles were compared. Proteins were analyzed using liquid chromatog‑
raphy‑mass spectrometry. A random forest machine learning classification model was then trained and validated on 
EBP data achieving an accuracy of 0.92.

Results Significant increases in PEV and changes in size distribution profiles of EBPs was seen in COV‑POS and 
COV‑NEG compared to healthy controls. We achieved a deep proteome profiling of EBP across the three groups 
with proteins involved in immune activation, acute phase response, cell adhesion, blood coagulation, and known 
components of the respiratory tract lining fluid, among others. We demonstrated promising results for the use of an 
integrated EBP biomarker panel together with particle concentration for diagnosis of COVID‑19 as well as a robust 
method for protein identification in EBPs.

Conclusion Our results demonstrate the promising potential for the use of EBP fingerprints in biomarker discovery 
and for diagnosing pulmonary diseases, rapidly and non‑invasively with minimal patient discomfort.

Keywords Exhaled breath particles, Proteomics, COVID‑19, LC–MS/MS, Breath analysis
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Introduction
In late December 2019, doctors in Wuhan, China, noti-
fied the world of a new cluster of patients with pneu-
monia of unknown origin [1]. A novel virus, originating 
from the betacoronavirus family was rapidly sequenced 
and identified and named severe acute respiratory coro-
navirus 2 (SARS-CoV-2) causative of the respiratory 
disease, coronavirus disease 2019 (COVID-19) [2]. The 
specifics of the pathophysiology of SARS-CoV-2 infec-
tion remain poorly understood. Individuals are primarily 
infected via the airways, where SARS-CoV-2 binds with 
host angiotensin-converting enzyme 2 (ACE2) via its 
receptor-binding domain on the spike protein resulting 
in internalization of the virus into host cells [3]. The sub-
sequent imbalance between the protective and adverse 
axis of the RAS pathway causes decreased stability of the 
pulmonary endothelium, inflammatory and thrombotic 
processes causing respiratory distress [4].

The COVID-19 pandemic highlighted many of the 
diagnostical challenges of pulmonary disease. Common 
diagnostical techniques include RT-PCR swabs for viral 
detection, auscultation, blood work, chest x-ray and com-
puter tomography scans (CT-scans) [5]. However, only 
bronchoalveolar lavage (BAL) performed during bron-
choscopy under sedation can properly detect pathologi-
cal changes in the otherwise unreachable small airways. 
Furthermore, all current diagnostical methods have their 
weaknesses regarding sensitivity, specificity, or potential 
harm to patients. Novel diagnostical methods in pulmo-
nary medicine are therefore urgently needed.

Exhaled breath is a carrier of valuable information 
from the respiratory system and analysis of particles and 
biomarkers provides an attractive such approach. Sam-
ples are collected non-invasively and provide a localized 
sample of the most distal parts of human lungs. Cur-
rently two such approaches are actively being researched. 
Measurements of the volatile compounds in breath, an 
alcohol breath analyzer being a common example, or the 
detection and analysis of exhaled breath particles (EBP). 
Compared with volatile compounds, EBPs can offer more 
specific insights into disease processes because an array 
of molecules can be measured. EBPs originate from the 
respiratory tract lining fluid that covers the epithelial sur-
face of the distal parts of the lung. EBPs are thought to 
be generated during opening and closing of the distal air-
ways but can also be generated through shear stress [6]. 
The protein composition of EBPs closely resembles that 
of BAL fluid of which changes in the proteomic compo-
sition have been connected to different pulmonary dis-
eases [7].

A few studies have investigated the proteomic charac-
teristics and changes in COVID-19 patients in plasma, 
BAL, sputum and pulmonary tissue [8–11]. Yet, none 

have yet investigated the proteomic profile of COVID-
19 in EBPs. Furthermore, the proteomic composition of 
EBPs and alterations in human disease are still poorly 
understood. We therefore investigated the proteomic 
composition of EBPs in healthy subjects, in patients 
with respiratory symptoms but with repeated nega-
tive PCR test for COVID-19 infection and in COVID-
19 infected patients through high-performance liquid 
chromatography-mass spectrometry (HPLC–MS/MS) 
to identify potential biomarkers in exhaled breath for 
rapid, non-invasive diagnosis and evaluation of pulmo-
nary disease status.

Methods
Patients
Patients were recruited prospectively between the 
14th of May and 14th of November 2020. A total of 
48 patients participated in the study and split into two 
groups: PCR-verified COVID-19 infection (COV-POS, 
n = 20), repeat PCR-negative but COVID-19 sympto-
matic patients (COV-NEG, n = 16) and additionally 
healthy volunteers were included as controls (HCO, 
n = 12). Patients were recruited as either inpatients at 
the infectious disease wards or the emergency depart-
ment at Skåne university hospital in Sweden. Mean 
age was 57 years (range 21–70). All patients signed an 
informed consent form before taking part in the study. 
The study was approved by the Swedish Ethical Review 
Authority EPN Dur 2018/129, 2020–018640427 and 
registered at ClinicalTrials.gov with the trial register 
number NCT04503057.

Particle collection
Particles were collected using a PExA 2.0 device (PExA, 
Gothenburg, Sweden). The instrument uses a two-way 
valve that allows participants to inhale particle-free air 
through a HEPA filter and exhale into the instrument. 
Particles are measured by their size and quantity by an 
optical particle counter and sized into 16 size bins and 
collected on a membrane by an inertial impactor within 
the device. The bin sizes averages ranges from 0.33  µm 
to 3.67  µm. Exhaled flow and volume are measured by 
an ultrasonic flow meter. A breathing maneuver, previ-
ously described, was used for the EBP collection until a 
goal amount of 120 ng of sampled particles had been col-
lected [6, 12]. The particles are measured and expressed 
as number of particles per volume (PEV) and relative 
counts per particle size. All samples were immediately 
transferred after collection and stored at − 80 °C for later 
analysis. No participants reported any adverse events in 
connection to EBP sampling.
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Statistical analysis of particle data
All statistical test related with PEV were done using 
Graphpad Prism 9 (Graphpad Software, San Diego, CA). 
Descriptive statistics in the form of median and inter-
quartile range was used for particle and patient data. 
Kruskal–Wallis test with Dunn’s post hoc test was used 
to compare PEV between groups. For statistical analy-
sis between correlation of PEV to age the data were first 
transformed into its natural logarithms and then ana-
lyzed using Pearson parametric correlation coefficients 
and reported as R2. For comparison of PEV between 
sexes Mann–Whitney-U was used. For comparison of 
relative particle sizes between groups log transformed 
particle data was analyzed with a mixed effects model 
REML and Tukey’s multiple comparisons test. Statisti-
cal significance was defined as ****p < 0.0001, ***p < 0.001, 
**p < 0.01, *p < 0.05 and NS (p > 0.05).

Sample preparation for LC–MS/MS
EBP samples were incubated in 2% sodium dodecyl sul-
fate (SDS, Sigma-Aldrich, St. Louis, USA) in 50  mM 
Triethylammonium bicarbonate (TEAB, Thermo Fisher 
Scientific) at 37  °C for 2  h with subsequent addition of 
400 mM dithiothreitol (Sigma-Aldrich) and further incu-
bation for 45 min.. Alkylation was performed in the dark 
for 30  min with the addition of 800  mM iodacetamide 
(Sigma-Aldrich) after which 12% aqueous phosphoric 
acid was added to a final concentration of 1.2%. Proteins 
were collected onto S-TRAP columns (Protifi, Farming-
dale, USA) with a mixture of 90% methanol and 100 mM 
TEAB. Digestion of proteins was performed with 1  µg 
of Lys-C (Lys-C, Mass Spec Grade, Promega, Fitch-
burg, USA) incubated at 37  °C for 2  h after which 1  µg 
of trypsin (Promega sequence grade) was added over-
night with addition of 0.45 µg Trypsin after 12 h. Peptides 
were then eluted with 50  mM TEAB, 0.2% formic acid 
(FA, Sigma-Aldrich) and 50% acetonitrile (ACN, Sigma-
Aldrich) with 0.2% formic acid and dried by speedvac 
(Eppendorf, Hamburg, Germany) at 45  °C and re-dis-
solved in 20 uL of 0.1% FA and 2% ACN solution.

LC–MS/MS
Digested peptides were separated with nanoflow 
reversed-phase chromatography with an Evosep One liq-
uid chromatography (LC) system (Evosep One, Odense, 
Denmark) after loading the samples on Evosep tips. Sepa-
ration was performed with the 60 SPD method (gradient 
length 21 min) using an 8 cm × 150 µm Evosep column 
packed with 1.5 μm ReproSil-Pur C18-AQ particles. The 
Evosep One was coupled to a captive source mounted on 
a timsTOF Pro mass spectrometer from Bruker Dalton-
ics (Billerica, Massachusetts, USA). The instrument was 

operated in the DDA PASEF mode with 10 PASEF scans 
per acquisition cycle and accumulation and ramp times 
of 100 ms each. Singly charged precursors were excluded, 
the ‘target value’ was set to 20,000 and dynamic exclu-
sion was activated and set to 0.4  min. The quadrupole 
isolation width was set to 2 Th for m/z < 700 and 3 Th for 
m/z > 800.

LC–MS/MS data analysis
MaxQuant (v2.0.20, Max Planck institute of biochemis-
try, Munich, Germany) using the Andromeda database 
search algorithm was used to analyze raw MS data [13]. 
Spectra files were searched against the UniProt filtered 
and reviewed human protein database using the follow-
ing parameters: Type: TIMS-DDA LFQ, Variable modi-
fications: Oxidation (M), Acetyl (Protein N-term) and 
Fixed modifications: Carbamidomethyl (C). Digestion, 
Trypsin/P, Match between runs: False. FDR was set at 
1% for both protein and peptide levels. MS1 match toler-
ance was set as 20 ppm for the first search and 40 ppm 
for the main search. Missed cleavages allowed was set to 
2. Subsequently the Spectra files were searched against 
the UniProt SARS-CoV-2 proteome database (Proteome 
ID: UP000464024) using the same parameters. Data was 
first normalized with NormalyzerDE using robust linear 
regression normalization [14]. Perseus (v2.0.5.0, Max 
Planck institute of biochemistry, Germany) and RStudio 
(v4.2.0, RStudio, Boston, MA, US) were used for down-
stream analysis of proteomics data. Proteins denoted as 
decoy hits, contaminants, only identified by site were 
removed. Next proteins identified in less than 45% of 
samples in at least one group were removed. Significant 
differences in protein intensities between groups were 
determined with an ANOVA q-value of < 0.05 and post 
hoc Tukey’s test of the log2-transformed LFQ intensi-
ties. Differentially expressed proteins were determined 
using and s0 of 0.1 and FDR of 0.05. For the heatmap 
LFQ values were normalized with a Z-score and rendered 
in RStudio using the pheatmap package using euclidean 
clustering. Protein–protein interaction and Reactome 
Pathways were analyzed using STRING v11.5 using the 
stringApp within Cytoscape v3.9.1. Subcellular loca-
tion determined with CellWhere v.1.1 [15]. Statistical 
significance was defined as ****p < 0.0001, ***p < 0.001, 
**p < 0.01, *p < 0.05 and NS (p > 0.05).

Machine learning classification model
A diagnostic classification model was built using the R 
CARET package (version 6.0–93). For the machine learn-
ing analysis, missing values were first imputed in Perseus 
with a width of 0.3 and a down shift of 1.3. Independent 
feature selection was used within Perseus and based on 
ANOVA scores and least number of missing values. The 
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top 11 proteins as well as each subject´s PEV count was 
determined to give the smallest error percentage. The 
following biomarker panel was selected: ORM1, IGHG1, 
CAPN1, CASP14, PEV, IGLC6, APOA1, TF, IGKC, 
EPPK1, SFTPB and IGHA1 and the data subsequently 
exported into R. The cohort was split randomly in a 60/40 
split for training (n = 22) and testing (n = 12) respectively 
with subjects classified as either positive (COV-POS, 
n = 12) or negative (COV-NEG and HCO, n = 22). A ran-
dom forest model was trained on the training set with 
tenfold cross validation repeated 100 times and using 
1000 trees. Receiver operating characteristic (ROC) was 
used to select the optimal number of randomly drawn 
candidate variables (mtry) and set at 2. The results of the 
model are based on application of the model on the test 
set and reported as accuracy, sensitivity and specificity 
and area under the ROC curve (AUC-ROC).

Results
Patient demographics
Median age and sex were similar between COV-POS 
and COV-NEG with median age being lower in HCO. 
COV-POS patients had a higher incidence of obesity and 

asthma in comparison to COV-NEG and HCO. Symp-
tomatology were similar between COV-POS and COV-
NEG regarding fever, throat pain, stomach pain and 
myalgia but differed significantly regarding dyspnea with 
95% of COV-POS patients reporting it as a symptom. 
No symptoms were reported in the HCO group. EBP 
measurements were on average sampled on day 7 post 
COVID-19 positive test but ranged between 1 and 9 days. 
A summary of participant information can be found in 
Table 1.

Analysis of exhaled particle data
EBPs were collected and particles per exhaled volume 
(PEV) were measured over time, summed, and com-
pared between groups. There was a significant increase 
in PEV in COV-POS and COV-NEG patients compared 
to HCO. COV-POS exhaled a median of 11,902 parti-
cles (Interquartile range (IQR): 6119–17,893) and COV-
NEG a median of 8,159 (IQR: 5406–12,000) compared to 
a median of 3,622 (IQR: 2506–5790) in the HCO group. 
Figure  1A demonstrates this large intra-group varia-
tion in IQR range in PEV in COV-POS and COV-NEG. 

Table 1 Patient characteristics

Characteristics for patients with PCR-verified COVID-19 infection (COV-POS), COVID-19 PCR-negative patients with respiratory symptoms (COV-NEG) and healthy 
controls (HCO)

IQR Interquartile range

*Or days since seeking medical care if unknown. Descriptive statistics presented as number of patients and percentage

Characteristics COV-POS COV-NEG HCO

Number of participants 20 16 12

Sex: Male 10 (50%) 8 (50%) 4 (44%)

Age (Median) 56 (IQR: 53–64) 69 (IQR: (53–80) 44 (IQR: 29–46)

Days since symptom debut* 8 (IQR: 3.75–10) 2 (IQR: 1–4.75) 0

Clinical diagnosis

 Infectious etiology

  Viral 20 (100%) 5 (31.3%) 0 (0%)

  Bacterial 0 (0%) 4 (25%) 0 (0%)

  Unknown 0 (0%) 5 (31,3%) 0 (0%)

  Non‑infectious respiratory symptoms 0 (0%) 2 (12.5%) 0 (0%)

 Comorbidities

  Asthma 1 (5%) 0 (0%) 0 (0%)

  COPD 3 (15%) 1 (6.25%) 0 (0%)

  Obesity 10 (50%) 4 (25%) 1 (8.3%)

 Symptoms

  Coughing 14 (70%) 8 (50%) 0 (0%)

  Fever 11 (55%) 6 (38%) 0 (0%)

  Throat pain 2 (10%) 3 (19%) 0 (0%)

  Stomach pain 4 (20%) 4 (25%) 0 (0%)

  Dyspnea 19 (95%) 9 (56%) 0 (0%)

  Myalgia 3 (15%) 1 (6%) 0 (0%)

  Hospitalized 20 (100%) 7 (44%) 0 (0%)
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Furthermore, there was no correlation between PEV and 
age  (r2 = 0.06954) or between sexes in PEV (p = 0.3254).

Patients with respiratory symptoms (COV-POS and 
COV-NEG) skewed towards exhaling smaller particles 
in comparison to the HCO group. In these patients, par-
ticle bin size 1, accounting for particles with a median 
diameter of 0.33 µm constituted on average 33% of total 
exhaled particles compared to just 18% for the same par-
ticle bin size in HCO. The HCO group presented with a 
bimodal distribution of relative particle size distribution 
in comparison with the right skewed distribution in the 
symptomatic groups. Figure 1B presents particle size dis-
tributions between the three groups.

LC–MS/MS based protein identification of exhaled particles
Patient samples with 100  ng or more collected parti-
cles were selected for LC–MS/MS protein identifica-
tion yielding a total of 34 samples for further analysis. 12 
samples each from the COV-POS and COV-NEG groups 
were analyzed and 10 samples from the HCO group. A 
flow chart summarizing sample exclusion can be seen 
in Additional file 1: Fig. S1. In total 267 unique proteins 
could be identified across all three groups after exclusion 
of potential contaminants. 146 proteins were present in 

45% of samples in at least one group, identifying immu-
noglobulin heavy constant gamma 3 (IGHG33) as the 
only unique protein found in the COV-POS group, iden-
tified in 50% (n = 6) of all samples in the group. Mean 
number of proteins identified per sample was 110.1 (SD: 
15.8). No viral SARS-CoV-2 proteins could reliably be 
detected in any of the samples.

LC–MS/MS quantitative proteomics of exhaled particles
Subsequently, identified proteins were quantified with 
label free quantification (LFQ) of exhaled particles. In 
total 26 proteins were identified as significantly differ-
entially expressed and summarized in Table  2. Signifi-
cantly differentiated proteins were mainly extracellular 
proteins, as shown in Fig. 2, but included proteins local-
ized to the cell membrane and intracellular proteins. 
Reactome pathway analysis revealed differentially 
expressed proteins related to, among other things, the 
innate immune system as well as neutrophil and plate-
let degranulation. Clustering analysis of significantly 
differentiated proteins among groups revealed three 
distinct groups, of which 67% (n = 8) of COV-POS 
patients compromised one cluster as shown in Fig.  3. 
A second cluster was comprised of three COV-NEG 

Fig. 1 Exhaled breath particle concentrations and particle size distributions differed significantly between symptomatic and healthy patients. 
Particles in exhaled air were measured using an optical particle counter. A Particles per exhaled volumes (PEV) for patients with PCR‑verified 
COVID‑19 infection (COV‑POS), patients with respiratory symptoms but with > 2 negative polymerase chain reaction (PCR) tests for COVID‑19 
(COV‑NEG) and healthy controls (HCO) Data shown as individual values (black dots) with lower and upper boundary of boxplots representing 
25th and 75th percentile. Statistical significance was tested with Kruskal–Wallis test with Dunn’s multiple hypothesis testing correction. B Relative 
particle size counts per particle size bin for COV‑POS, COV‑NEG and HCO. Data are shown as mean ± standard error of mean. Statistical significance 
was tested using ANOVA with Tukey’s multiple comparisons correction and significance values are shown between COV‑POS and HCO. Statistical 
significance was defined as ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 and NS (p > 0.05)
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samples and the last cluster of the remaining samples, 
including four COV-POS samples. Nine proteins were 
significantly upregulated in COV-POS patients in com-
parison to the COV-NEG and HCO groups and are 
shown in Fig. 4A, B. In comparing COV-NEG to HCO, 
eight proteins were found to be significantly downreg-
ulated as shown in Fig.  4C. The upregulated proteins 
included three immunoglobulins: Immunoglobin kappa 
constant (IGKC), Immunoglobulin heavy constant 
gamma 1 (IGHG1) and immunoglobin lambda con-
stant 3 (IGLC3) as well as Epiplakin (EPPK1), a protein 
involved in wound healing. Figure 5 presents boxplots 
of proteins significantly differentially expressed of par-
ticular interest in COV-POS patients and include Sero-
transferrin (TF, F), Apolipoprotein A-I (APOA1, C), 
Caspase-14 (CASP14, B), Calpain-1 (CAPN1, D), and 
Alpha-1-acid glycoprotein 1 (ORM1 1, A), a modulator 
of the immune system during the acute-phase reaction. 
Pulmonary surfactant-associated protein B (SFTPB, 

E) was significantly downregulated in COV-POS and 
COV-NEG patients versus the HCO group.

Machine learning classification of samples
A machine learning (ML) random forest classification 
model was built using 11 proteins found in all groups and 
subjects PEV counts. For training, 22 samples were ran-
domly selected, and variables ranked by the ML model 
according to importance (Fig. 6A). The ROC-AUC for the 
training data was determined to be 0.97 (CI 0.88–1.06). 
Next the model was tested on the remaining 12 samples 
and achieved an accuracy of 0.92 (CI 0.62–0.99), with 
only one COVID-19 positive sample misclassified as 
negative, in the testing cohort. The misclassified sample 
belonged to a 51-year-old female that had tested positive 
8-days prior to particle collection and was subsequently 
discharged from the hospital the following day, possibly 
affecting the classification. Sensitivity for the model was 
determined as 75% and specificity as 100%. AUC-ROC in 

Table 2 Significantly differentially expressed proteins

Summary of significantly differentially expressed proteins between PCR-verified COVID-19 infection (COV-POS), COVID-19 PCR-negative patients with respiratory 
symptoms (COV-NEG) and healthy controls (HCO) and their adjusted p-value (ANOVA q-value) and Andromeda score from the MaxQuant search engine

Gene names Protein names ANOVA q-value Mean difference Andromeda 
score

COV-POS COV-NEG HCO

IGHG1 Ig gamma‑1 chain C region 0.004 4.4 ‑3.0 ‑4.4 323

IGKC Ig kappa chain C region 0.011 3.1 ‑3.1 2.2 323

ORM1 Alpha‑1‑acid glycoprotein 1 0.012 2.8 − 2.8 − 2.6 165

SFTPB Pulmonary surfactant‑associated protein B 0.016 − 2.7 − 2.2 2.7 69

TF Serotransferrin 0.021 2.9 − 2.9 0.0 323

IGHA1 Ig alpha‑1 chain C region 0.022 1.3 − 2.9 2.9 323

CASP14 Caspase‑14 0.027 − 2.6 2.6 1.5 323

EPPK1 Epiplakin 0.029 2.6 − 1.4 − 2.6 292

CAPN1 Calpain‑1 catalytic subunit 0.033 − 2.3 2.3 1.4 61

IGLC6 Ig lambda‑6 chain C region 0.034 2.5 − 2.5 1.4 229

APOA1 Apolipoprotein A‑I 0.036 2.4 − 2.4 0.0 308

CAT Catalase 0.036 − 1.4 2.2 − 2.2 323

DSC3 Desmocollin‑3 0.037 − 2.2 2.2 − 1.7 270

VCL Vinculin 0.040 − 1.8 − 1.8 1.8 52

PKP1 Plakophilin‑1 0.041 − 2.1 2.1 0.0 323

TGM1 Protein‑glutamine gamma‑glutamyltransferase K 0.043 − 1.8 1.8 − 1.5 261

PSMA3 Proteasome subunit alpha type‑3 0.043 − 2.1 2.1 1.7 88

ZG16B Zymogen granule protein 16 homolog B 0.043 0.0 − 2.2 2.2 323

ARG1 Arginase‑1 0.044 − 2.1 2.1 0.0 323

SERPINA1 Alpha‑1‑antitrypsin 0.044 2.2 − 2.2 0.0 323

ACTN4 Alpha‑actinin‑4 0.046 2.0 − 1.3 − 2.0 65

S100A14 Protein S100‑A14 0.047 − 1.9 1.9 0.0 227

TXN Thioredoxin 0.048 − 1.3 − 1.8 1.8 84

PIGR Polymeric immunoglobulin receptor 0.048 − 1.6 − 1.6 1.6 109

HP Haptoglobin 0.049 2.0 0.0 − 2.0 188

PLBD1 Phospholipase B‑like 1 0.049 − 1.9 1.9 0.0 76
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the training data was 0.97 (CI 0.88–1.06) and AUC-ROC 
of the test data 0.81 (CI 0.52–1.1).

Discussion
This study presents a novel method for analyzing the pro-
teome of exhaled breath particles for diagnosis and char-
acterization of disease. Sampling of approximately 100 ng 
of exhaled particles allowed for detection of an average 
of 110 proteins per sample. This is in stark comparison 
to the commonly used exhaled breath condensate (EBC) 
analysis, where the low protein concentrations often 
require pooling of samples to identify similar numbers of 
proteins [16, 17]. We achieved a deep proteomic profiling 
of EBP across the three groups with proteins involved in 
immune activation, acute phase response, cell adhesion, 
blood coagulation, and known components of the respir-
atory tract lining fluid (RTLF), among others. EBP sam-
pling moreover allowed for the analysis of the respiratory 
tract health status in two-dimensions. Both in terms of 
the proteome of the exhaled particles as well as the par-
ticle concentrations and size distributions, which in turn 
have previously been implicated in respiratory disease 
[18].

In accordance with other published work, we identi-
fied an increase in particle production in patients with 
respiratory symptoms [18, 22, 23]. Particle production 
is thought to depend on the bulk rheological proper-
ties of RTLF. Studies have shown that modifications to 
the viscoelastic properties of RTLF, such as inhalation of 
isotonic saline, significantly change particle production, 
possibly explaining the increases in particle production 
found in our study [24]. COVID-19 patients exhibited 
a significant increase in particle production with a ten-
dency towards the smaller particles. Similarly, COV-NEG 
patients, meaning patients with respiratory symptoms, 
likewise presented with a slightly lower increase in par-
ticle concentrations suggestive of a disease-dependent 
variation in surfactant composition. Thus, EBP collection 
is a promising new method for monitoring pulmonary 
health status over the course of an infection and has pre-
viously been investigated in other diseases [25, 26].

Proteins in the RTLF originate from various sources, 
including respiratory epithelial cells, resident inflamma-
tory cells, and plasma proteins that leak from the capillary 
membrane. Proteins in the RTLF have broad mechanis-
tic roles, including microbial defence, wound healing, 

Fig. 2 Schematic of protein–protein interaction network with subcellular location and Reactome Pathways for significantly differentiated proteins. 
Protein–protein interaction and Reactome Pathways created with STRING v11.5 inside Cytoscape v3.9.1 and subcellular location determined with 
CellWhere v1.1. Only significantly differentiated proteins found within the STRING database are mapped. Image created with biorender
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maintaining the viscoelastic properties of the fluid, and 
nutrient transport, among others. Understanding and 
being able to monitor the proteomic changes would 
therefore be an attractive approach for diagnosis and 
disease monitoring directly from the infection or patho-
logical focus. Proteomic analysis of BALF is one such 
approach and allows direct sampling of the RTLF, yet it 
is highly invasive and can only be performed on a limited 
scale in the clinic and for biomarker research. Previously 
reported overexpressed proteins in BALF in COVID-19 
patients, correspond well to our findings, particularly 
for the six most abundant proteins in all samples [27]. 

Of particular interest in biomarker research for infec-
tious diseases are acute phase proteins, which increase 
in expression in response to inflammation. Three acute 
phase proteins were significantly overexpressed in EBP in 
COVID-19 patients compared to COV-NEG and HCO. 
These proteins were ORM1, alpha 1 antitrypsin, and hap-
toglobin. Of these three, ORM1 was identified in almost 
all samples and significantly increased in the COV-POS 
group compared with both COV-NEG and HCO in EBP. 
ORM1 is mainly excreted from hepatic cells in response 
to various stress-related stimuli, but extrahepatic pro-
duction has been reported, such as from alveolar type 

Fig. 3 COVID‑19 positive patients exhibited a clustered expression profile of exhaled breath proteins. Protein intensities of the 27 differentially 
expressed proteins were log10 transformed, normalized with a Z‑score and displayed as colors ranging from blue to red with white boxes indicating 
missing values. Rows are clustered using Euclidean distance and cluster into three distinct expression profiles indicated by gap between rows. 
Samples are grouped into patients with PCR‑verified COVID‑19 infection (COV‑POS), patients with respiratory symptoms but with > 2 negative 
polymerase chain reaction (PCR) tests for COVID‑19 (COV‑NEG) and healthy controls (HCO)
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II cells upon lipopolysaccharide (LPS) induction in rats 
[28]. ORM1 has previously been of interest for pulmo-
nary infections. Hamid et  al. found that ORM1 plasma 
levels were a sensitive and specific biomarker for mortal-
ity prediction in children with pneumonia [29]. Plasma 
proteomic studies in COVID-19 patients, have similarly 
found increased expression levels, and correlations to 
disease severity have been reported [27]. Sampling of 
ORM1 from the RTLF using EPB collection, therefore, 
presents an opportunity for direct detection of stress-
related changes in the lungs, possibly long before such 
changes can be seen in plasma or detected through phys-
iological changes (see Additional file 2).

Of further interest in biomarker discovery in COVID-
19 are stress response proteins. APOA1 is such a marker 
and was found to be significantly increased between 
COV-POS and COV-NEG. It has previously been impli-
cated in the inflammatory response and immune regula-
tion, including antioxidative and antiviral properties and 
is expressed in the lung epithelium [30–33]. Recently 
published plasma proteomic studies of COVID-19, in 

contrast, report finding decreased levels of APOA1 
[9, 34]. However, in BAL, increases in concentrations 
have been reported correlating with lymphocyte con-
centrations or severity of lung injury [35, 36]. APOA1 
might therefore be a highly specific diagnostic pro-
tein for lung injury with upregulation localized to the 
RTLF and, together with ORM1 forms a signature of 
an early response to pulmonary infection. Other stress 
response proteins include serotransferrin (TF). It is an 
iron-binding transported glycoprotein mainly synthe-
sized by hepatocytes and, to a certain degree, in lym-
phocytes [37, 38]. In the human lung, TF is primarily 
synthesized and excreted by pulmonary epithelial cells 
and submucosal glands, and alveolar macrophages [39]. 
TF in BAL have been reported to be present in much 
higher concentrations in comparison with plasma, mak-
ing it a particularly interesting protein in EBP research 
[40]. TF is mainly known for the iron-binding activity. 
However, new evidence points to its activity within the 
coagulation cascade, interfering with antithrombin/SER-
PINC1 and factor XIIa leading to increased coagulation 

Fig. 4 COVID‑19 positive patients showed statistically significant differentially expressed proteins in exhaled breath. X‑axis show difference 
in intensities and y‑axis negative log p‑value calculated using a student’s t‑test. Significantly differentially expressed upregulated proteins are 
highlighted in red and downregulated proteins are highlighted in blue. A Volcano plot of differentially expressed proteins between PCR‑verified 
COVID‑19 infection (COV‑POS) and healthy controls (HCO). B Volcano plot of differentially expressed proteins between COV‑POS and patients 
with respiratory symptoms but with > 2 negative polymerase chain reaction (PCR) tests for COVID‑19 (COV‑NEG). C Volcano plot of differentially 
expressed proteins between patients with respiratory symptoms but with > 2 negative polymerase chain reaction (PCR) tests for COVID‑19 
(COV‑NEG) and healthy controls (HCO)
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indicating an increased tendency for procoagulant dis-
orders in COVID-19 patients [41]. Increased levels of TF 
have been reported in BAL fluid in patients with ARDS 
and patients at risk of ARDS while simultaneously being 
downregulated in plasma, presenting it as an exciting 
biomarker candidate in EBP [42]. Furthermore, TF abun-
dance was discordantly downregulated in COV-NEG 
patients in comparison to HCO, suggestive of a COVID-
19 causative specific increase in EBP.

COVID-19 utilizes ACE2 receptors to access and infect 
pulmonary surfactant-producing alveolar type II (ATII) 
cells [43]. Subsequent viral-induced lysis and apoptosis of 
ATII cells and consequent loss of surfactant in COVID-
19 patients are an important part of the pathology and 
are linked to diffuse alveolar damage, protein leakage and 
hyaline membrane formation [44]. In accordance, lev-
els of SFTPB were significantly decreased in the EBP of 
diseased lungs, indicating that EBP collection and anal-
ysis could offer a simple and effective way of sampling 

the health status of the distal parts of the lungs, which 
has not been possible in the clinic before. Reduction of 
SFTPB levels in the alveolar space has been shown to 
precede the clinical development of ARDS and decrease 
the surface tension, perhaps an important mechanism 
for increased particle production in these individuals [45, 
46]. Surfactant is mainly composed of Dipalmitoylphos-
phatidylcholine and has previously been studied in EBP, 
showing decreases in smokers’ lungs [47]. Exogenous 
administrated surfactant has been shown to improve 
oxygenation in COVID-19 ARDS, and early administra-
tion could provide a benefit, showing the potential for 
EBP collection and analysis in rapidly aiding clinicians in 
driving therapeutic decisions. [48].

No viral proteins were identified in any of the sam-
ples by LC–MS/MS analysis. Previous attempts at 
detecting viral SARS-CoV-2 proteins using the more 
sensitive PCR analysis corroborate these results with 
detection of SARS-CoV-2 in only 3 of 25 samples using 

Fig. 5 The six most abundant differentially expressed proteins between groups. Differences in protein expression between PCR‑verified COVID‑19 
infection (COV‑POS), patients with respiratory symptoms but with > 2 negative polymerase chain reaction (PCR) tests for COVID‑19 (COV‑NEG) and 
healthy controls (HCO). Boxplots of COV‑POS (orange), COV‑NEG (grey) and HCO (blue) for A Alpha‑1‑acid glycoprotein 1 (ORM1), B Caspase‑14 
(CASP14), C Apolipoprotein 1 (APOA1), D Calpain 1 (CAPN1), E Pulmonary surfactant associated protein B (SFTPB), and F Transferrin (TF). Data are 
presented as individual values (black dots). Line in boxplots represents mean and the lower and upper boundary of boxplots representing 25th and 
75th percentile with whiskers below and above boxes representing 10th and 90th percentile, respectively. Statistical significance was tested with 
ANOVA and Tukey’s honest significance test and defined as ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 and NS (p > 0.05)
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the standardize breathing maneuver [19]. Although 
attempts at identifying SARS-CoV-2 proteins by LC–MS/
MS methods have been successful, for example in gargle 
solution and nasopharyngeal nose swaps, these repre-
sent samples from the upper respiratory tract, which may 
explain the lack of detection in the lower tract sampling 
method of EBP [20, 21].

In order to examine the diagnostic potential of EBP 
for lung diseases we composed an integrated proteomic 
biomarker panel with particle production counts for a 
machine learning algorithm. The classifier consequen-
tially achieved an overall accuracy of 92% in our test data 
illustrating the robust potential for future protein and 
particle production fingerprints in diagnosing pulmonary 
disease, rapidly and non-invasively with minimal patient 
discomfort.

While this study shows promising results for the use 
of EBP it includes a few limitations. Firstly, the study 
includes a relatively small sample size. Correct sensi-
tivity and specificity values for the machine classifier 
are therefore difficult to accurately quantify and more 

differences in EBP expression could be undetected due 
to low power. Furthermore, days since symptom onset 
were unmatched between groups, possibly affecting 
PCR readout accuracy of COVID-19 and proteomic 
changes in EBP. All patients with negative COVID-19 
PCR tests have therefore been reviewed for the pres-
ence of a positive COVID-19 tests in the days during 
the patients entire hospital stay in the days following 
EBP sampling. Future studies of EBP in COVID-19 and 
similar diseases will be needed to improve and further 
evaluate the diagnostical accuracy.

EBP collection allows for the detection of upregu-
lated proteins localized to the lung milieu and enables 
clinicians to obtain direct insight into disease-related 
activity at the source. Our data show promising results 
to stratify protein expression patterns to distinguish-
ing healthy RTLF from diseased. Together with particle 
production data, a complete picture of RTLF compo-
sition and viscoelastic function can be discerned and 
used to drive clinical decision-making.

Fig. 6 Random forest machine learning model classification of EBP data to predict COVID‑19 disease status. A Scaled variable importance for the 
classification model ranked by mean decrease in accuracy of the model. B Receiver operating characteristics of the random forest model in the 
training cohort. C Outcome of the model on the test cohort shown as predicted value for COVID‑19 status with 1.0 as certain and < 0.5 as negative 
for COVID‑19. Only one sample was misclassified by the model



Page 12 of 13Hirdman et al. Clinical Proteomics           (2023) 20:13 

Conclusion
Mass-spectrometry-based proteomic analysis of 
exhaled breath particles enables exciting new possi-
bilities for pulmonary diagnostics and biomarker dis-
covery. Particle production is indicative of pulmonary 
disease status, and protein composition differs signifi-
cantly between healthy and infected patients. Potential 
biomarkers in EBP include extracellular acute-phase 
proteins, decreases in surfactant-associated proteins, 
and intracellular proteins. Furthermore, we have shown 
promising potential for the use of an EBP biomarker 
panel together with particle concentration for diagno-
sis of COVID-19 as well as a robust method for protein 
identification in EBP.
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Figure S1. Flow chart of patient inclusion and sample exclusion. In total 48 subjects were 

recruited and split into three groups based on symptoms and COVID-19 PCR test results. 

Subsequently 13 samples were excluded due to insufficient particle collection (< 100 ng of 

sampled material). One sample in the Healthy control group further failed the mass 

spectrometry analysis due to technical reasons. The remaining samples were then used for 

training and testing a machine learning classifier. 



Supplementary Table 1 – LC-MS/MS identified proteins with their statistical differences. 

Summary of all comparisons between PCR-verified COVID-19 infection (COV-POS), PCR-

negative patients with respiratory symptoms (COV-NEG) and healthy controls (HCO) and their 

adjusted p-value (ANOVA q-value) and Andromeda score from the MaxQuant search engine. 

Gene names Protein names ANOVA q-value Mean difference Andromeda Score 

A2M Alpha-2-macroglobulin 
0,194 

0.0 0.0 0.0 107 

A2ML1 Alpha-2-macroglobulin-like protein 1 
0,962 

0.0 0.0 0.0 323 

ACPP Prostatic acid phosphatase 
0,920 

0.0 0.0 0.0 50 

ACTB Actin, cytoplasmic 1 
0,157 

0.0 0.0 0.0 323 

ACTC1 Actin, alpha cardiac muscle 1 
0,862 

0.0 0.0 0.0 42 

ACTG1 Actin, cytoplasmic 2 
0,448 

0.0 0.0 0.0 54 

ACTN4 Alpha-actinin-4 
0,046 

2.0 -1.3 -2.0 65 

AHNAK Neuroblast differentiation-associated 

protein AHNAK 0,455 

0.0 0.0 0.0 37 

ALDOA Fructose-bisphosphate aldolase A 
0,864 

0.0 0.0 0.0 49 

ALOX12B Arachidonate 12-lipoxygenase, 12R-

type 0,125 

0.0 0.0 0.0 309 

AMY2B Alpha-amylase 2B 
0,685 

0.0 0.0 0.0 323 

ANXA1 Annexin A1 
0,862 

0.0 0.0 0.0 323 

ANXA2 Annexin A2 
0,243 

0.0 0.0 0.0 323 

APOA1 Apolipoprotein A-I 
0,036 

2.4 -2.4 0.0 308 

ARG1 Arginase-1 
0,044 

-2.1 2.1 0.0 323 

ASAH1 Acid ceramidase 
0,061 

-1.8 0.0 1.8 65 

ASPRV1 Retroviral-like aspartic protease 1 
0,097 

-1.5 1.5 0.0 292 

AZGP1 Zinc-alpha-2-glycoprotein 
0,541 

0.0 0.0 0.0 323 

BLMH Bleomycin hydrolase 
0,071 

-1.7 1.7 0.0 201 

BPIFA1 BPI fold-containing family A 

member 1 0,135 

0.0 0.0 0.0 323 

BPIFB1 BPI fold-containing family B 

member 1 0,558 

0.0 0.0 0.0 206 

C3 Complement C3 
0,202 

0.0 0.0 0.0 95 

CALML3 Calmodulin-like protein 3 
0,291 

0.0 0.0 0.0 77 

CALML5 Calmodulin-like protein 5 
0,961 

0.0 0.0 0.0 323 

CAPN1 Calpain-1 catalytic subunit 

0,033 

-

2.3 

2.3 1.4 61 

CASP14 Caspase-14 

0,027 

-

2.6 

2.6 1.5 323 

CAT Catalase 

0,036 

-

1.4 

2.2 -2.2 323 

CDSN Corneodesmosin 
0,308 

0.0 0.0 0.0 60 

CFL1 Cofilin-1 
0,307 

0.0 0.0 0.0 99 

CLU Clusterin 
0,810 

0.0 0.0 0.0 69 

CPA4 Carboxypeptidase A4 
0,965 

0.0 0.0 0.0 72 

CRNN Cornulin 
0,307 

0.0 0.0 0.0 55 

CSTA Cystatin-A 
0,822 

0.0 0.0 0.0 323 

CTSD Cathepsin D 
0,995 

0.0 0.0 0.0 224 

DCD Dermcidin 
0,369 

0.0 0.0 0.0 164 

DMBT1 Deleted in malignant brain tumors 1 

protein 1,000 

0.0 0.0 0.0 167 

DSC1 Desmocollin-1 
0,314 

0.0 0.0 0.0 323 

DSC3 Desmocollin-3 

0,037 

-

2.2 

2.2 -1.7 270 

DSG1 Desmoglein-1 
0,163 

0.0 0.0 0.0 323 



DSP Desmoplakin 
0,102 

0.0 1.4 -1.4 323 

ECM1 Extracellular matrix protein 1 
0,452 

0.0 0.0 0.0 116 

EEF1A1 Elongation factor 1-alpha 1 
0,893 

0.0 0.0 0.0 50 

EEF2 Elongation factor 2 
0,750 

0.0 0.0 0.0 85 

EIF6 Eukaryotic translation initiation 

factor 6 0,370 

0.0 0.0 0.0 41 

ENO1 Alpha-enolase 
0,997 

0.0 0.0 0.0 323 

EPPK1 Epiplakin 
0,029 

2.6 -1.4 -2.6 292 

FABP5 Fatty acid-binding protein,. 

epidermal 0,703 

0.0 0.0 0.0 219 

FGA Fibrinogen alpha chain 
0,160 

0.0 0.0 0.0 126 

FGB Fibrinogen beta chain 
0,062 

1.4 -1.4 0.0 125 

FGG Fibrinogen gamma chain 
0,097 

1.4 -1.4 0.0 164 

GAPDH Glyceraldehyde-3-phosphate 

dehydrogenase 0,064 

0.0 1.6 -1.6 323 

GGCT Gamma-glutamylcyclotransferase 
0,134 

0.0 0.0 0.0 323 

GGH Gamma-glutamyl hydrolase 

0,100 

-

1.4 

1.4 0.0 32 

GSDMA Gasdermin-A 

0,063 

-

1.8 

1.8 0.0 215 

GSTP1 Glutathione S-transferase P 
0,822 

0.0 0.0 0.0 38 

HAL Histidine ammonia-lyase 
0,281 

0.0 0.0 0.0 109 

HBA1 Hemoglobin subunit alpha 
0,961 

0.0 0.0 0.0 323 

HBB Hemoglobin subunit beta 
0,812 

0.0 0.0 0.0 323 

HIST1H2AJ Histone H2A type 1-J 
0,484 

0.0 0.0 0.0 72 

HIST1H2B

O 

Histone H2B type 1-O 

0,066 

1.5 -1.5 0.0 132 

HIST1H4A Histone H4 

0,063 

-

1.4 

-1.5 1.5 15 

HP Haptoglobin 
0,049 

2.0 0.0 -2.0 188 

HPX Hemopexin 
0,355 

0.0 0.0 0.0 84 

HSPA1B Heat shock 70 kDa protein 1B 
0,325 

0.0 0.0 0.0 22 

HSPA5 78 kDa glucose-regulated protein 

0,063 

-

1.8 

0.0 1.8 137 

HSPB1 Heat shock protein beta-1 
1,000 

0.0 0.0 0.0 323 

IDE Insulin-degrading enzyme 
0,811 

0.0 0.0 0.0 29 

IGHA1 Ig alpha-1 chain C region 
0,022 

1.3 -2.9 2.9 323 

IGHG1 Ig gamma-1 chain C region 
0,004 

4.4 -3.0 -4.4 323 

IGHG2 Ig gamma-2 chain C region 
1,000 

0.0 0.0 0.0 165 

IGHG3 Ig gamma-3 chain C region 
1,000 

0.0 0.0 0.0 7 

IGJ Immunoglobulin J chain 
0,267 

0.0 0.0 0.0 34 

IGKC Ig kappa chain C region 
0,011 

3.1 -3.1 2.2 323 

IGLC6 Ig lambda-6 chain C region 
0,034 

2.5 -2.5 1.4 229 

IL36G Interleukin-36 gamma 
0,361 

0.0 0.0 0.0 181 

JUP Junction plakoglobin 

0,061 

-

1.7 

1.7 0.0 323 

KLK7 Kallikrein-7 
0,122 

0.0 0.0 0.0 20 

KPRP Keratinocyte proline-rich protein 

0,063 

-

1.6 

1.6 0.0 323 

LCN1 Lipocalin-1 
0,160 

0.0 0.0 0.0 65 

LDHA L-lactate dehydrogenase A chain 
0,225 

0.0 0.0 0.0 64 

LGALS7 Galectin-7 
0,818 

0.0 0.0 0.0 107 

LMNA Prelamin-A/C 
0,992 

0.0 0.0 0.0 125 

LTF Lactotransferrin 
0,072 

0.0 -1.7 1.7 323 

LYZ Lysozyme C 

0,067 

-

1.7 

0.0 1.7 103 



MUC5B Mucin-5B 
0,277 

0.0 0.0 0.0 70 

MYH9 Myosin-9 
0,617 

0.0 0.0 0.0 323 

NCCRP1 F-box only protein 50 
0,813 

0.0 0.0 0.0 41 

ORM1 Alpha-1-acid glycoprotein 1 
0,012 

2.8 -2.8 -2.6 165 

PEBP1 Phosphatidylethanolamine-binding 

protein 1 1,000 

0.0 0.0 0.0 39 

PIGR Polymeric immunoglobulin receptor 

0,048 

-

1.6 

-1.6 1.6 109 

PIP Prolactin-inducible protein 
0,610 

0.0 0.0 0.0 219 

PKM Pyruvate kinase PKM 
0,991 

0.0 0.0 0.0 94 

PKP1 Plakophilin-1 

0,041 

-

2.1 

2.1 0.0 323 

PLBD1 Phospholipase B-like 1 

0,049 

-

1.9 

1.9 0.0 76 

PNP Purine nucleoside phosphorylase 
0,588 

0.0 0.0 0.0 159 

POF1B Protein POF1B 
0,153 

0.0 0.0 0.0 184 

PRDX1 Peroxiredoxin-1 
0,792 

0.0 0.0 0.0 174 

PRDX2 Peroxiredoxin-2 
0,746 

0.0 0.0 0.0 113 

PRH1 Salivary acidic proline-rich 

phosphoprotein 1/2 0,359 

0.0 0.0 0.0 133 

PSMA2 Proteasome subunit alpha type-2 
0,269 

0.0 0.0 0.0 109 

PSMA3 Proteasome subunit alpha type-3 

0,043 

-

2.1 

2.1 1.7 88 

PSMA5 Proteasome subunit alpha type-5 

0,062 

-

1.6 

1.6 1.3 53 

PSMA6 Proteasome subunit alpha type-6 
0,717 

0.0 0.0 0.0 32 

PSMA7 Proteasome subunit alpha type-7 
0,118 

0.0 -1.3 1.3 64 

PSMB1 Proteasome subunit beta type-1 
0,925 

0.0 0.0 0.0 14 

PSMB3 Proteasome subunit beta type-3 
0,997 

0.0 0.0 0.0 82 

PSMB5 Proteasome subunit beta type-5 

0,101 

-

1.4 

0.0 1.4 36 

RNASE7 Ribonuclease 7 
0,814 

0.0 0.0 0.0 31 

S100A14 Protein S100-A14 

0,047 

-

1.9 

1.9 0.0 227 

S100A16 Protein S100-A16 
0,384 

0.0 0.0 0.0 10 

S100A7 Protein S100-A7 
0,780 

0.0 0.0 0.0 323 

S100A8 Protein S100-A8 
0,722 

0.0 0.0 0.0 298 

S100A9 Protein S100-A9 
0,851 

0.0 0.0 0.0 323 

SBSN Suprabasin 
0,897 

0.0 0.0 0.0 323 

SCGB2A1 Mammaglobin-B 
0,955 

0.0 0.0 0.0 31 

SDR9C7 Short-chain dehydrogenase/reductase 

family 9C member 7 0,848 

0.0 0.0 0.0 11 

SERPINA1 Alpha-1-antitrypsin 
0,044 

2.2 -2.2 0.0 323 

SERPINA12 Serpin A12 

0,096 

-

1.5 

1.5 0.0 173 

SERPINA3 Alpha-1-antichymotrypsin 
0,625 

0.0 0.0 0.0 49 

SERPINB12 Serpin B12 
0,310 

0.0 0.0 0.0 323 

SERPINB13 Serpin B13 
0,143 

0.0 0.0 0.0 115 

SERPINB2 Plasminogen activator inhibitor 2 
0,875 

0.0 0.0 0.0 75 

SERPINB3 Serpin B3 
0,200 

0.0 0.0 0.0 323 

SERPINB4 Serpin B4 
0,560 

0.0 0.0 0.0 281 

SERPINB7 Serpin B7 
0,312 

0.0 0.0 0.0 40 

SFTPA1 Pulmonary surfactant-associated 

protein A1 0,145 

0.0 0.0 0.0 323 

SFTPB Pulmonary surfactant-associated 

protein B 0,016 

-

2.7 

-2.2 2.7 69 

TAGAP T-cell activation Rho GTPase-

activating protein 0,436 

0.0 0.0 0.0 2 



TF Serotransferrin 
0,021 

2.9 -2.9 0.0 323 

TGM1 Protein-glutamine gamma-

glutamyltransferase K 0,043 

-

1.8 

1.8 -1.5 261 

TGM3 Protein-glutamine gamma-

glutamyltransferase E 0,821 

0.0 0.0 0.0 323 

TGM5 Protein-glutamine gamma-

glutamyltransferase 5 0,864 

0.0 0.0 0.0 310 

TKT Transketolase 
0,140 

0.0 0.0 0.0 142 

TOLLIP Toll-interacting protein 
1,000 

0.0 0.0 0.0 11 

TPI1 Triosephosphate isomerase 
0,239 

0.0 0.0 0.0 36 

TPM3 Tropomyosin alpha-3 chain 
0,998 

0.0 0.0 0.0 39 

TPP1 Tripeptidyl-peptidase 1 
0,996 

0.0 0.0 0.0 102 

TTR Transthyretin 
0,291 

0.0 0.0 0.0 245 

TUBA1C Tubulin alpha-1C chain 
0,856 

0.0 0.0 0.0 62 

TUBB2B Tubulin beta-2B chain 
1,000 

0.0 0.0 0.0 105 

TXN Thioredoxin 

0,048 

-

1.3 

-1.8 1.8 84 

UBA52 Ubiquitin-60S ribosomal protein L40 

0,065 

-

1.8 

1.8 0.0 323 

VCL Vinculin 

0,040 

-

1.8 

-1.8 1.8 52 

YOD1 Ubiquitin thioesterase OTU1 
0,448 

0.0 0.0 0.0 35 

YWHAZ 14-3-3 protein zeta/delta 
0,956 

0.0 0.0 0.0 141 

ZG16B Zymogen granule protein 16 

homolog B 0,043 

0.0 -2.2 2.2 323 

 

 


