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a b s t r a c t 

Lung implantable devices have been widely adopted as mechanical interventions for a wide variety of 

pulmonary pathologies. Despite successful initial treatment, long-term efficacy can often be impacted by 

fibrotic or granulation tissue formation at the implant sites. This study aimed to explore the lung-device 

interface by identifying the adhered proteome on lung devices explanted from patients with severe em- 

physema. In this study, scanning electron microscopy is used to visualize the adhesion of cells and pro- 

teins to silicone and nitinol surfaces of explanted endobronchial valves. By applying high-resolution mass- 

spectrometry, the surface proteome of eight explanted valves is characterized, identifying 263 unique pro- 

tein species to be mutually adsorbed on the valves. This subset is subjected to gene enrichment analysis, 

matched with known databases and further validated using immunohistochemistry. Enrichment analy- 

ses reveal dominant clusters of functionally-related ontology terms associated with coagulation, pattern 

recognition receptor signaling, immune responses, cytoskeleton organization, cell adhesion and migration. 

Matching results show that extracellular matrix proteins and damage-associated molecular patterns are 

cardinal in the formation of the surface proteome. This is the first study investigating the composition of 

the adhered proteome on explanted lung devices, setting the groundwork for hypothesis generation and 

further exploration. 

Statement of significance 

This is the first study investigating the composition of the adhered proteome on explanted lung devices. 

Lung implantable devices have been widely adopted as mechanical interventions for pulmonary patholo- 

gies. Despite successful initial treatment, long-term efficacy can often be impacted by fibrotic or granu- 

lation tissue formation around the implant sites. We identified the adhered proteome on explanted lung 

devices using several techniques. We identified 263 unique protein species to be mutually adsorbed on 

explanted lung devices. Pathway analyses revealed that these proteins are associated with coagulation, 

pattern recognition receptor signaling, immune responses, cytoskeleton organization, cell adhesion and 

migration. Furthermore, we identified that especially extracellular matrix proteins and damage-associated 

molecular patterns were cardinal in the formation of the surface proteome. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Since the first silicone T-tube airway stent was surgically im- 

lanted in the 1960s, lung device interventions have been widely 

dopted as a therapeutic modality within the field of pulmonology 

1] . Successful clinical trials have allowed various compositions of 

tents and valves to become commercially available and integrated 

ithin the treatment protocol of pulmonary disorders [ 2 , 3 ]. The 

urrent generation of devices are composed of silicone, a highly 

urable, non-toxic and chemically inert polymer [4] , often com- 

ined with medical-grade nitinol, a nickel-titanium shape memory 

lloy exhibiting superelasticity and high strain accommodation [5] . 

mplantation via a minimally-invasive endoscopic approach, makes 

hese devices a compelling alternative to traditional surgical ap- 

roaches [6] . Airway stents have a long history in the management 

f central airway obstructions [7] , whereas coils and endobronchial 

ne-way valves are engineered primarily for lung volume reduction 

rocedures in patients with severe emphysema [8] . With advances 

n this field, the number of applications of lung implantable de- 

ices continues to grow. 

Despite a successful initial treatment with stents or valves, long 

erm efficacy can often be impacted by fibrotic or granulation tis- 

ue formation at the implant sites, causing dysfunction of the de- 

ice, often requiring re-interventions ( Fig. 1 ). Secondary to granula- 

ion tissue formation, biofilm formation, colonization and hemop- 

ysis can occur [9] . These host responses can be present in up to

0% of patients treated with lung implantable devices [9–11] . 

Tissue trauma during implantation, in vivo mechanical injuries, 

nd a foreign body response are all possible mechanisms through 

hich the patient’s cascade of inflammation and wound healing 

ould be evoked [ 12 , 13 ]. A skewed balance from favorable tissue

egeneration, remodeling, and tolerance towards chronic inflamma- 

ion, implant encapsulation, and fibrosis reduces the probability of 

xtended implant success [14] . To date, no studies have been per- 

ormed investigating the biological mechanisms driving the host 

esponse to airway and lung biomaterials. 

With this study, we aimed to explore the lung-device interface 

y characterizing the surface proteomic signature of endobronchial 

alves from patients with severe emphysema. We identified the 

dhered proteome of these devices using a discovery proteomic 

pproach, which we further validated using surface immunohis- 

ochemistry, to investigate the potential molecular signals induc- 

ng interactions between the airway wall and the biomaterial, trig- 

ering biological responses. This study lays the groundwork for 

ollow-up investigations of the lung-device interface, as well as the 

m

ig. 1. Endoscopic images showing granulation tissue formation at the implant site

ndobronchial valve prior to implantation. B) Endoscopic image taken directly after placem

2 
ellular and molecular mechanisms driving the host response to 

ung devices. 

. Materials and methods 

.1. Patient characteristics 

This study included four patients that were treated with en- 

obronchial silicone-nitinol valves (Zephyr® endobronchial valves, 

ulmonX Corp, CA, USA) for emphysema at the University Medi- 

al Center Groningen (UMCG), who required endobronchial valve 

aintenance procedures following this therapy. The study was ap- 

roved by the medical ethics committee of the University Medical 

enter Groningen (UMCG), Groningen, The Netherlands. All sub- 

ects provided written informed consent, and the data was cap- 

ured in the Breathe-NL registry (NCT02815683). Valves included 

n this study were explanted following collateral ventilation, local 

ungal infection, accidental valve migration, or granulation tissue 

ormation ( Table 1 ). Per subject two valves were included in our 

tudy. Implant sites were bronchoscopically imaged directly after 

mplantation and during revision bronchoscopies. 

.2. Scanning electron microscopy and elemental analysis 

Samples were fixed in a mixture of 2% glutaraldehyde and 

% paraformaldehyde in 0.1M sodium cacodylate pH7.3. A post- 

xation was performed with 1% osmiumtetroxide in 0.1 M sodi- 

mcacodylate for 30 minutes at room temperature. Samples were 

ehydrated with ethanol (30%-50%-70%-3 × 100%) after which the 

amples were incubated in a 1:1 mixture of 100% ethanol and 

etramethylsilane for 10 minutes, followed by 10 minutes with 

ure tetramethylsilane and subsequentially airdried. Samples were 

lued to metal stubs using double sided carbon tape, sputter 

oated with 3 nm palladium/gold and imaged in a Zeiss Supra55 

canning electron microscope operated at 3 KV using the SE2 de- 

ector. Elemental analysis was carried out according to the proto- 

ol described by de Boer et al. (2018) [15] in the same SEM at 10

V and the X-rays were detected using an Oxford X-Max 150 en- 

rgy dispersive X-ray (EDX) detector by summing 8 frames with 50 

s pixel dwell-time. Imagemaps were generated with Oxford Aztec 

oftware at 512 × 416 pixels. 

.3. Removal and extraction of adsorbed protein layer from valves 

Immediately after removal from the patient, valves were sub- 

erged in phosphate-buffered saline (PBS) and washed three times 
 of an emphysema patient treated with endobronchial valves. A) Image of an 

ent of the valves, C) Endoscopic image taken at the same position one year later. 
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Table 1 

Patient characteristics. FEV1 (Forced Expiratory Volume), FVC (Forced Vital Capacity), RV (Residual Volume). 

Patient 1 2 3 4 

Length of implantation (months) 2 21 8 11 

Reason for admission Collateral ventilation Fungi infection Migration Granulation tissue 

Age (years) 66 60 67 69 

Sex (M/F) F F M F 

BMI (kg/m 

2 ) 32 27 22 22 

Smoking status (current/ex-smoker) ex Ex ex ex 

FEV1 (% predicted) 37 15 28 20 

FVC (% predicted) 57 48 85 68 

RV (% predicted) 209 286 215 235 

Inhaled corticosteroids (Y/N) Y Y Y Y 

Bronchodilators (Y/N) Y Y Y Y 

Mucolytics (Y/N) N N N N 

Positive microbiology Aspergillus N N H. Influenzae 
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o remove any non-adherent tissue. Valves were decellularized 

hrough incubation at 37 °C in 1 × 0.5% EDTA Trypsin for 10 min 

ollowed by a wash with PBS. Proteins were mechanically and 

hemically eluted from the surface through submersion in SDS 

ample buffer containing 62.5 mM Tris-HCl (pH 6.8), 2% sodium 

odecyl sulfate (SDS), 0.002% bromophenol blue, 10% glycerol, 

.7135 M (5%) β-mercaptoethanol for 24 h in a thermomixer at 

9 °C with 600 rpm. 

Samples were loaded on an 8 % pre-cast RunBlue gel (Expe- 

eon), and shortly run at 100 V for 1-5 min. Gel staining was 

erformed using InstantBlue (Expedeon) followed by a wash with 

ltrapure water. Coomassie-stained samples were excised in one 

el slice which was further cut into small pieces and de-stained 

sing 70% 50 mM NH 4 HCO 3 and 30% acetonitrile. Reduction was 

erformed using 10 mM dithiothreitol (DTT) dissolved in 50 mM 

H 4 HCO 3 for 30 min at 55 ̊C. Next, the samples were alkylated us- 

ng 55 mM iodoacetamide in 50 mM NH 4 HCO 3 for 30 min at room

emperature and protected from light. Subsequently, samples were 

ashed for 10 min with 50 mM NH 4 HCO 3 and for 15 min with

00% acetonitrile. The remaining fluid was removed and gel pieces 

ere dried for 15 min at 55 ̊C. The tryptic digest was performed 

y addition of sequencing-grade modified trypsin (10 ng/mL in 50 

M NH 4 HCO 3 ) and incubation overnight at 37 ̊C. Peptides were 

xtracted using 5% formic acid followed by a second elution with 

% formic acid in 75% acetonitrile. Samples were dried in a Speed- 

ac centrifuge and dissolved in 20 μL 5% formic acid. 

.4. Qualitative LC/MS analysis 

Online chromatography of peptides was performed with an 

ltimate 30 0 0 nano-HPLC system (Thermo Fisher Scientific, MA, 

SA) coupled online to a Q Exactive Plus mass spectrome- 

er with a NanoFlex source (Thermo Fisher Scientific) equipped 

ith a stainless-steel emitter. Tryptic digests were loaded onto 

 mm × 300 μm i.d. trapping micro columns at the flow rate 

f 20 μL/min. After loading and washing for 3 minutes, peptides 

ere forward-flush eluted onto a 50 cm x 75 μm i.d. nanocol- 

mn, packed with Acclaim C18 PepMAP100 2 μm particles (Thermo 

isher Scientific). The following mobile phase gradient was deliv- 

red at the flow rate of 300 nL/ min: 2–45% of acetonitrile with 

.1% formic acid in H 2 O (solvent) in 90 min; 50–80% solvent in 1

in; 80% solvent during 9 min, and back to 2% solvent in 1 min

nd held at 2% solvent for 19 min. 

Mass spectrometry (MS) data were acquired using a data- 

ependent top-15 method dynamically choosing the most abun- 

ant not-yet-sequenced precursor ions from the survey scans (m/z 

00–1650) with a dynamic exclusion time of 20 s. Sequencing was 

erformed via higher energy collisional dissociation (HCD) frag- 

entation with a target value of 2e4 ions determined with predic- 
3 
ive automatic gain control. Isolation of precursors was performed 

ith a window of 1.8 Da. Survey scans were acquired at a reso- 

ution of 70,0 0 0 at m/z 200. Resolution for HCD spectra was set 

o 17,500 at m/z 200 with a maximum ion injection time of 50 

s. Normalized collision energy was set at 28. The S-lens radio 

requency (RF) level was set at 60 and the capillary temperature 

t 250 ̊C. Precursor ions with single, unassigned, or six and higher 

harge states were excluded from fragmentation selection. 

.5. Protein identification 

Raw mass spectrometry data were analyzed using PEAKS X + 

Bioinformatics Solutions Inc., Waterloo, Ontario, Canada) and 

atched against the Human Uniprot/Swissprot database (down- 

oaded April 4, 2019, 20404 entries) combined with the MaxQuant 

ontaminants database. The retrieved sets of valve specific pro- 

eome data were further processed to remove non-human proteins 

nd contaminants that were flagged by the MaxQuant contami- 

ants database as well as Keratins and immunoglobulins that were 

ot-flagged. 

.6. Bioinformatic analyses 

A Venn analysis was performed on the eight sets of PEAKs- 

erived protein lists derived from the 8 explanted valves to eval- 

ate the intra-patient and inter-patient variability in terms of ad- 

orbed proteins using the web-based program, InteractiVenn [16] . 

ntra-patient valve proteome variability was determined by carry- 

ng out a Venn analysis on the protein lists from both valves of 

ach patient. The percentage of overlap in proteins between the 

wo valves of each patient was calculated. The protein lists from 

oth valves of each patient were then combined, removing du- 

licates, and a Venn analysis was repeated with the combined 

ets from each patient to evaluate the inter-patient variability in 

dsorbed proteins ( Fig. 2 ). The percentage of overlap in proteins 

etween the valves of all four patients was calculated. Finally, a 

ist of unique protein species was created by combining the orig- 

nal eight sets of mass spectrometry data and removing dupli- 

ates. Proteins that were identified in at least 6 out of the 8 valves 

ere defined as “mutually adsorbed” and compiled in a list further 

nalysis. 

Next, an unranked gene list was derived from the list of mu- 

ually adsorbed proteins. This gene list was subjected to a func- 

ional and pathway enrichment analysis to identify significantly 

nriched (i.e. over represented) functional categories and path- 

ays. The web-based tool, g:Profiler, was used for these analyses 

ith a specific search for terms and pathways from the updated 

esources, Gene Ontology (GO) and REACTOME [17] . The following 

O categories were included: biological process, cellular component 
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Fig. 2. Scanning electron microscope (SEM) images and elemental analysis of the surface of an explanted endobronchial valve (EBV) a) SEM image of a clean valve 

prior to implantation, showing the nitinol wire frame and silicone membrane b-d) SEM images of cells and organic material adhering to the explanted EBV surface. e) SEM 

image of an explanted endobronchial valve with x-ray mapping (f-k) of elemental Carbon (C), Nitrogen (N), and Oxygen (O) showing the adhesion of organic material and 

Silicone (Si), Nickel (Ni), Titanium (Ti) depicting the material exposed on the valve surface. 
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nd molecular function. All GO annotations derived computationally 

r automatically assigned in the absence of curator review, were 

xcluded from this analysis. A cumulative hypergeometric test was 

dopted to measure the gene-enrichment in annotation terms, fol- 

owed by a correction for multiple testing using the g:Profilers de- 

ault g:SCS (sets Count and Sizes) method [17] . 

The biological process and REACTOME enrichment analyses re- 

ults were further analyzed and visualized according to the pro- 

ocol described by Reimand et al. (2019) [18] . Terms with a size 

maller than 5 or greater than 350 genes were excluded to im- 

rove the interpretation of less concentrated biological pathways. 

nrichments were mapped using the Cytoscape desktop program 

v3.8.2) [19] based EnrichmentMap Pipeline Collection (v1.1.1). The 

nrichmentMap (v3.3.1) plugin was used to collapse redundancies 

nd visualize the commonly enriched pathways in a network lay- 

i

4 
ut [20] . The enrichment results were mapped as a network of 

ene-sets (nodes), representing statistically significant terms and 

nriched genes, and connections (edges), representing the degree 

f overlap of genes between gene-sets. Next, using the cluster- 

aker2 (v1.3.1) [21] and AutoAnnotate plugin (v1.3) [22] the gene- 

ets were grouped into clusters by applying the Markov cluster 

MCL) algorithm, based on the edge weights of their similarity 

oefficients. The clusters were automatically annotated using the 

ordCloud algorithm (v3.1.3) [23] . Annotations were manually ad- 

usted to better represent the incorporated gene-sets. 

.7. Matching mutual implant proteome with published datasets 

Extracellular matrix (ECM) and ECM-associated gene signatures 

n the mutual implant proteome were identified with reference 
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o The Matrisome project [24] . The Matrisome project has char- 

cterized the human “matrisome”, an ensemble of extracellular 

atrix and ECM-associated proteins. This database contains over 

0 0 0 genes coding for core ECM proteins (collagens, proteogly- 

ans, and ECM glycoproteins) and ECM-associated proteins (ECM- 

egulators, secreted factors, and ECM-affiliated proteins). Further- 

ore, the mutual implant proteome was also matched for in- 

racellular and extracellular damage-associated molecular patterns 

DAMPs), the reference list was developed by referring to the most 

ecent DAMP reviews [25–27] . 

.8. Validation by immunohistochemistry staining 

Explanted valves were submerged in PBS and washed three 

imes to remove any non-adherent tissue. Valves were decellular- 

zed through incubation at 37 °C in 1 × 0.5% EDTA Trypsin for 10 

inutes, followed by a wash with PBS. Decellularized valves were 

xed with 2% paraformaldehyde for 20 minutes at RT and washed 

ith PBS. The valves were sectioned and trimmed using a wire 

utter to fit in an 8-well chambered coverslips (9.4 × 10.7 × 9.3 

m ³). Sections intended for immunostaining were then blocked 

ith 1% BSA for 30 minutes at RT. Primary and secondary anti- 

odies were prepared with experiment-specific dilutions (see be- 

ow) in 1% BSA in PBS. Following blocking, samples were incu- 

ated with the primary antibody overnight at 4 °C. After 16h of in- 

ubation, samples were washed three times with 0.1% Tween/PBS 

nd incubated with a fluorochrome-conjugated secondary antibody 

or 60 minutes. Following another 3 rounds of washes with 0.1% 

ween/PBS, followed by one wash with PBS, immunostained valves 

ere fitted into an 8-well borosilicate glass chambered coverslips 

#1.5H μ-Slide 8 Well high glass coverslip bottom, 170 μm + /- 

μm, D263M Schott glass, 80807, Ibidi, Gräfelfing, Germany) and 

ubmerged in PBS for imaging. Image acquisition was performed 

sing a Zeiss Cell Discover 7 microscope with bright field and flu- 

rescent capabilities, equipped with a widefield Axiocam 506 b/w 

igital camera. All images were captured with consistent expo- 

ure settings and 5x or 20x objectives used in combination with 

 0.5x Optovar lens to obtain a 2.5x and 10x magnification. Im- 

ges were processed using FIJI [28] to generate maximal intensity 

-projections for the stacks. Primary antibodies used were rabbit 

nti-fibronectin (1:100; ab2413, Abcam Cambridge, England), rab- 

it anti-vitronectin (1:100; ab45139, Abcam), rabbit anti-S100A8 

1:100; orb48527, Biorbyt, Cambridge, England), rabbit anti-HMGB1 

1:100; GTX101277, GeneTex), rabbit IgG isotype control (1:500 

TX35035 GeneTex). The secondary antibody used was Alexa fluor- 

55 anti-rabbit (1:50 0; ab150 078, Thermofischer Scientific). Three 

ontrol sections were included to evaluate the specificity of the 

ositive immunosignals. These included a section with no stain- 

ng, staining with only the secondary antibody, and staining with 

n rabbit IgG isotype control antibody. 

.9. Statistical analyses 

For the functional and pathway enrichment analyses, a cu- 

ulative hypergeometric test was adopted to measure the gene- 

nrichment in annotation terms, followed by a correction for mul- 

iple testing using the g:Profilers default g:SCS (sets Count and 

izes) method [17] . Results were considered statistically significant 

hen the false discovery rate (FDR) adjusted p-value (Q-value) was 

0.05. For the enrichment map, gene-sets were filtered based on 

heir Q-value, with a threshold of ≤0.001, as well as their similarity 

core. The similarity score threshold was set at 0.375 derived from 

he default Jaccard-Overlap combined metric (50% Jaccard + 50% 

verlap). 
5 
. Results 

.1. Valve surface characterization 

Fig. 1 depicts the formation of granulation tissue around an im- 

lanted medical device for emphysema (endobronchial valve), one 

ear after initial implantation. The formation of granulation tis- 

ue was observed to be overgrowing, directly impairing the move- 

ent of the duck-bill valve mechanism, reducing the effectiveness 

f the device. We examined the surface of explanted endobronchial 

alves using SEM ( Fig. 2 ). Adhesion of cellular material and a pro-

ein matrix were visible on the surface of the valves. To further 

haracterize the surface, an elemental mapping analysis was per- 

ormed. The EDX analysis exhibited the adherence of molecules 

ontaining the organic elements, Carbon (C), Nitrogen (N) and Oxy- 

en (O) on the surface of the valves, distributed over both the Niti- 

ol and Silicone surfaces ( Fig. 2 ). The elemental analysis supported 

he adherence of cellular material visualized in the EM images. In 

ddition to the confirmation of visible adhered organic material, 

he EDX analysis described a widespread organic element signal 

ispersed over the entire surface of the valve. The nitrogen signal, 

eing a core component of amino acids, most likely described the 

istribution of adhered proteins. 

.2. Identification of proteins adsorbed on explanted endobronchial 

alves 

Next, the proteomic signature on the surface of the valves was 

nalyzed. The surface proteome of each valve varied greatly, with 

he number of unique proteins in each dataset ranging from 169 to 

74 ( Fig. 3 a). To obtain an overview of the intra-patient and inter- 

atient variability a Venn analysis was carried out ( Fig. 3 a-b). More 

han 56% of the proteome overlapped between the two valves of 

ach patient. A total of 956 unique protein species were identified 

rom the eight valves. A total of 263 unique protein species were 

dentified on the surface of at least 6 out of 8 valves and this list

f mutually adsorbed proteins was further analyzed. 

.3. Functional annotation and matching 

The 263 genes that encode for the assembled set of mutually 

dsorbed proteins were subjected to a gene ontology-based en- 

ichment analysis, identifying overrepresented gene ontology func- 

ional categories and REACTOME pathways. A total of 333 biologi- 

al processes (BP), 104 molecular functions (MF), 88 cellular compo- 

ents (CC) and 85 REACTOME pathways were found to be enriched 

ithin our input gene list. Enrichments were ranked based on their 

djusted p-value; the top 20 ontology terms from each category 

ere further evaluated ( Fig. 4 ). All of the top 20 BP enrichments

ere associated with immune system processes, with neutrophil 

ctivity being exceptionally enriched. The top 20 CC annotations 

howed that the adhered proteome was predominantly of extra- 

ellular origin. The most highly enriched term among all the func- 

ional categories was the CC extracellular exosome (7.3e10 −134 ). A 

otal of 209 of the 263 genes (80%) were annotated with the CC 

xtracellular region term, indicating the high prevalence of extra- 

ellular proteins. 

To better visualize the significantly enriched biological path- 

ays, gene-sets from the REACTOME and BP enrichments were 

inked and clustered based on their similarity ( Fig. 4 ). Prominent 

lusters identified were associated with coagulation, pattern recog- 

ition receptor (PRR) signaling, the immune response, cytoskeleton 

rganization, cell adhesion and migration. These results were con- 

istent with the foreign body response and the clinical observation 

f granulation tissue formation. Other clusters identified were as- 

ociated with humoral antimicrobial responses, peptidase activity, 
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Fig. 3. Venn analysis illustrating the intra and inter-patient variability in the number of unique protein species adsorbed onto the surface of explanted endobronchial 

valves. (a) Venn analyses illustrating the overlap of proteins adsorbed on the two valves explanted from each patient. (b) Venn analysis illustrating the overlap of proteins 

between the sets of valves of each patient. 
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edox/oxidative stress responses, carbohydrate metabolism, ubiqui- 

in and growth signaling. 

Based on the observation of heavy extracellular protein enrich- 

ent and PRR binding/signaling, the mutual protein list was ad- 

itionally matched for extracellular matrix (ECM) proteins with 

he matrisome classification defined by “The Matrisome Project”

24] and for DAMP proteins with reference to recent DAMP reviews 

25–27] . A total of 69 unique proteins were matched, 27 ECM 

nd ECM-associated proteins were matched from the matrisome, 

7 DAMPs were from the DAMP literature, and 15 proteins from 

oth ( Fig. 5 ). Among this list, were core matrix proteins (fibrino- 

en, fibronectin and vitronectin), proteases (Cathepsins, MMPs), 

rotease inhibitors (SERPINs), calcium binding proteins (S100s), 

NA binding proteins (HMGB1, Histones), defensins (DEFA) and 

eat shock proteins (HSPs), indicating the importance of the fi- 

rotic response and the host inflammatory response towards cel- 

ular damage in forming the adhered proteome on endobronchial 

alves. 

.4. Immunohistochemical validation of ECM and DAMP proteins 

An immunohistochemical validation of the identified proteomic 

rofiles was performed ( Fig. 6 ). The candidate proteins, fibronectin, 

itronectin, HMGB1 and S100A8 were all identified through LC/MS 

o be mutually adsorbed on explanted valves. These proteins were 

elected as representatives for the dominant ECM and DAMP pro- 

ein groups identified in the mutual proteomic profile. The IgG 

sotype control and secondary control demonstrated minimal, low 

ntensity, positive immunosignals. Performing no primary or sec- 

ndary staining presented a diffuse positive signal on the sur- 

ace of the nitinol frame, likely due to reflection of the excita- 

ion beam. Staining of all four proteins demonstrated strong pos- 

tive immunosignals on the explanted valves, a result consistent 

ith our MS data. Positive staining was observed on both the 

rame and membrane surface of the valve. However, the signals 

or all four proteins predominantly localized to surface points on 

op of the nitinol frame, with an especially high prevalence at 

urved sections of the frame. HMGB1 and S100A8 demonstrated 

 dispersed puncta-like staining whereas the fibronectin and vit- 

onectin staining were more abundant in a strand-like shape and 

istribution. 

. Discussion 

This study was the first to analyze the adhered proteome on 

ung implantable medical devices. The types of proteins adhered 
6 
o these devices provide important molecular cues for host inflam- 

atory, fibrotic and foreign body reactions, potentially leading to 

dverse treatment effects [14] . Granulation and fibrotic tissue for- 

ation are important responses to implanted lung devices, which 

an compromise the device function [9–11] . Here, we showed that 

 40% of adhered proteins are shared between 6 out of 8 explanted 

ndobronchial valves, indicating common biological pathways be- 

ng involved in the formation of the adhered proteome of endo- 

ronchial valves. A thorough analysis of the biological pathways 

ssociated with the common adhered proteins indicated that es- 

ecially ECM proteins and DAMPs are cardinal in the formation of 

he adhered proteome. ECM proteins are structural components of 

he matrix supporting cells, but are also important drivers of the 

ound healing and fibrotic responses, while DAMPs are molecules 

eleased upon cellular damage triggering a local inflammatory re- 

ction. The presence of ECM proteins (Fibronectin, Vitronectin) and 

AMPs (HMGB1, S100A8) was further validated using immunohis- 

ochemistry. Together, these factors may contribute to the host re- 

ponse of lung implantable medical devices. 

Endobronchial valves are composed of a duck-bill unidirectional 

alve attached to a nitinol frame. All components are either com- 

osed of, or covered by silicone [29] . Silicone and nitinol have good 

iocompatibility profiles [ 5 , 30 ]. However, exposure to silicone and 

itinol implants in vivo can evoke cellular responses leading to 

athological wound healing [ 11 , 31 ]. A wound healing response is 

nevitable following implantation. Whether the response leads to 

avorable tissue regeneration, remodeling, and tolerance of the de- 

ice or instead triggers chronic inflammation, implant encapsula- 

ion, and fibrosis is dependent on a multi-faceted interaction be- 

ween the device and the unique biology of the patient [14] . A cru- 

ial mediator of this interaction is the one-of-a-kind surface pro- 

eome that develops on the surface of a device, within seconds 

f implantation-induced injury to local connective vascular tissue 

32] . The initial layer, consisting primarily of plasma proteins, is 

radually replaced through a competitive protein exchange coordi- 

ated by the physicochemical and structural properties of the bio- 

aterial surface, the surrounding proteins, and the conditions of 

he microenvironment. Protein-surface interactions can also induce 

onformational changes in the adsorbed protein structure (e.g. α- 

elix loss), exposing concealed binding domains or neo-epitopes. 

oth the composition and conformation of the proteins adsorbed 

n the biomaterial surface can influence the host response by pro- 

iding surface ligands for integrin-mediated anchorage of platelets 

nd leukocytes and other resident lung cell types such as bronchial 

pithelial cells (source) and lung fibroblasts [ 14 , 33 , 47 ]. Integrin-

ediated binding to adsorbed proteins can, through outside-in sig- 
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Fig. 4. Functional and pathway enrichment analysis of proteins found to be mutually adsorbed on explanted EBVs. a-d) Results from the enrichment analysis, depict- 

ing the top 20 most significant enrichments of REACTOME and Gene Ontology terms, Molecular Function, Biological Process, Cellular Component. e) An enrichment map 

visualization of pathway enriched gene-sets. ∗ = FDR adjusted p-value. 
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aling, trigger functional response such as migration, proliferation 

nd degranulation in many cell types [34] . 

Protein binding was observed on both the silicone and ex- 

osed nitinol surfaces. Silicone has a high protein-surface affin- 

ty due to its hydrophobic nature [35] . The shared proteomic pro- 

le we have assembled contains predominantly proteins found in 

ound healing fluid, a product of coagulation and inflammation. 

or most of the proteins identified, the biological relevance in in- 

uencing the host response still remains largely unknown. The de- 

ree to which each protein’s influence can be described is also 
7 
imited by our qualitative proteomic profiling, as some protein ef- 

ects are conferred in a dose-dependent manner. Adsorbed plasma 

nd ECM proteins including, complement 3, fibrinogen, albumin, 

bronectin, and vitronectin are examples of the proteins identi- 

ed in this study that readily bind to silicone [ 36 , 37 ] and nitinol

urfaces [38] . These proteins have also been thoroughly described 

hrough in vitro studies to, upon adsorption, direct key components 

f the host response [33] . Adsorbed matrix proteins fibrinogen, fi- 

ronectin and vitronectin facilitate every stage of the foreign body 

esponse by providing surface epitopes for integrin-mediated ad- 
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Fig. 5. List of proteins identified following matching of the proteins mutually adsorbed on explanted endobronchial valves with a Matrisome, an ensemble of extracellular 

matrix (ECM) and ECM-associated proteins compiled by “The Matrisome Project”[24], and extracellular and intracellular DAMPs referenced from recent DAMP reviews [25–

27] . 
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esion and activation of platelets, neutrophils, macrophages and 

broblasts to the implant [ 14 , 33 ]. C3, when adsorbed, can amplify

he immune response by initiating complement cascades through 

he alternative pathway [39] . Albumin acts as a dysopsonin, in- 

ibiting phagocytosis and conferring a protective effect [35] . The 

dentification of these key proteins and dominant enrichment clus- 

ers associated with coagulation, immune response and cell adhe- 

ion, suggests involvement of the surface proteome in the forma- 

ion of granulation and fibrotic tissue around the valves. 

A foreign body response is an expected consequence of any 

iomaterial intervention. [14] . However, the respiratory system 

resents an additional challenge for biocompatibility. Lung devices 

ncounter the lungs’ kinetic nature featuring both repetitive (e.g. 

reathing) and explosive motion (e.g. coughing). Next to the acute 

elease of DAMPs upon implantation, the repetitive stress and pres- 

ure applied on the airway epithelial layer by the implanted device 

ay induce chronic DAMP release, sustaining a local inflammatory 

esponse, potentially leading to granulation tissue formation. Sev- 

ral DAMPs were identified to be deposited on the valves, includ- 

ng high-mobility group box 1 (HMGB1), Cathelicidin antimicrobial 

eptide (CAMP/LL-37), and S100 proteins. These DAMPs act as lig- 

nds for the receptor of advanced glycation end-products (RAGE), 

hich was implicated in the pathophysiology of COPD [40–43] . 

AMPs can activate toll-like receptors and subsequently induce 

F- κB transcription factor activity, both biological processes found 

o be enriched in the adsorbed proteome [44] . The adherence 

f DAMPs is rarely discussed in literature, however, a recent in 

itro study showed that cell-derived DAMPs, adsorbed to polymeric 
8 
urfaces, strongly induced NF- κB/AP-1 transcription factor activity 

nd pro-inflammatory cytokine secretion in macrophages through 

oll-like receptor signaling [45] . 

The valves included in this study were implanted between 2 

nd 21 months (2,8,11,21 months) before being explanted due to 

omplications ( Table 1 ). The adsorbed proteome tends to stabilize 

fter competitive protein exchange [46] . Hence, the adhered pro- 

eins we have identified are likely to be components of a stable 

rotein layer, continuing to influence the biological response to the 

mplants long after the initial wound healing response. Although 

hese proteins can trigger abnormal wound healing, the cellular- 

zation of implants is essential for gaining immune tolerance. If a 

egree of tolerance is not attained, microtrauma following cough- 

ng for example, will repeatedly trigger a foreign body response to 

he lung device. On the other hand, the unidirectional valve system 

epends on a free moving silicone duck-bill. This sets a threshold 

or cellularization, beyond which implant function can be impaired. 

ence, the same proteins that may conform beneficial tissue inte- 

ration in subcutaneous implants, could also impair the function 

f the valve in the airway. 

Further investigations of protein adhesion and cellularization of 

evices with patient controls and an in vitro model would con- 

ribute to the characterization of biological responses to biomate- 

ials implanted within the lungs. Through analysis of the biologi- 

al and clinical characteristics of patients receiving lung implants, 

redictor-based models for lung implant therapy may be created. 

indings from this research line will guide future lung implant de- 

ign and clinical guidelines for material-based treatment. 
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Fig. 6. Immunohistochemical validation of candidate extracellular matrix proteins and damage associated molecular patterns identified through LC-MS to be mutu- 

ally adsorbed on the surface of endobronchial valves. Explanted endobronchial valves were stained with anti-vitronectin n = 4 (a), anti-fibronectin n = 4 (b), anti-HMGB1 

n = 2 (c), and anti-S100A8 n = 2 (d) antibodies. White boxes, labeled as (i) and (ii) indicate sections with a greater magnification for better illustration. Rabbit IgG isotype n = 2 

(e), secondary antibody only n = 4 (f) and no antibody staining n = 3 (g) controls are shown. n = # of explanted valves stained. 
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. Conclusion 

The findings of this study have demonstrated that an MS-based 

iscovery proteomics analysis of the proteins adsorbed on implant 

urfaces can provide meaningful biological insight into the inter- 

ction between a biomaterial and the lung. We have addition- 

lly identified several adhered proteins and associated biological 

athways that may be responsible for an abnormal wound heal- 

ng response to implantable lung devices, including DAMPs and 

CM components. These findings set the groundwork for hypoth- 

sis generation and further exploration of the cellular and molecu- 

ar mechanisms contributing to pathological wound healing around 

ung implants. 
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